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Abstract

Background: The influence of B-cyclodextrin (3-CD) polymers on drug release from hydroxypropyl methyl-
cellulose (HPMC) matrices has not been reported in the literature. Aim: The influence of monomeric 3-CD
and both soluble and insoluble -CD polymers on drug release from tablets containing either 30% or 50%
hydroxypropyl methylcellulose has been studied using diflunisal (DF) as model drug. Method: The DF-3-CD
inclusion complex (1:1 M) was prepared by coevaporation and characterised using X-ray diffraction, differ-
ential thermal analysis, and IR spectroscopy. The dissolution assays were performed according to the USP
paddle method. Results: The incorporation of B-CD in the complexed form increases drug release from
hydroxypropyl methylcellulose tablets in comparison with the physical mixture because of the better sol-
ubilization of the drug. The soluble polymer promotes drug release to a higher extent than the physical
mixture with monomeric B-CD, but the insoluble polymer, which is itself a hydrogel, gives rise to the most
retarded release profile, probably by retention of the drug in its structure. The formulations containing
physical mixtures with either B-CD or the soluble polymer present an optimum adjustment to zero-order
release kinetics, and the inclusion complex followed non-Fickian diffusion according to the Korsmeyer-
Peppas model. Conclusion: The release profile of DF from a HPMC matrix can be modulated in different
ways by the use of either monomeric or polymeric B-CD.
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Introduction

Hydrophilic polymers have been extensively used in
the preparation of oral controlled drug delivery systems, as
they are advantageous both from the economic and the
technologic points of view. Hydroxypropyl methylcel-
lulose (HPMC) is one of the most employed carrier
material for pharmaceutical applications!. This poly-
mer displays good compression nature, can accommo-
date high levels of drug loading, and it is considered
nontoxic and exhibits a high swelling capacity?. Upon
contact with water, HPMC hydrates rapidly, leading
to a transition from the glassy to the rubbery state,
which results in the formation of a gel layer with a

significant effect on the release kinetics of an incorpo-
rated drug>.

Drug release from HPMC matrices is a complex
process which is determined by different mechanisms
such as polymer swelling and relaxation, drug dissolu-
tion, and diffusion and polymer erosion*®.

The profiles of drug release from HPMC matrices can
be modified using different common excipients such as
lactose, microcrystalline cellulose, and starch’ and also
in the presence of cyclodextrins (CDs)®. CDs are cyclic
oligosaccharides made up of linked glucopyranose
units; their more characteristic feature is the presence
of a cavity that exhibits a hydrophobic character,
while the outside of the molecule is hydrophilic®.
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This relatively nonpolar cavity can form inclusion com-
pounds that have been widely used to improve the solu-
bility, bioavailability, and stability of pharmaceuticals'®.

The influence of monomeric CDs on drug release
from HPMC matrices has been reported previously, but
to our knowledge, the influence of B-cyclodextrin poly-
mers (3-CDPs) on drug release from HPMC matrices
has not been reported in the literature, and this is the
main novelty of this work.

Complexation with monomeric CDs can either
enhance or retard drug release from HPMC matrices
depending on the characteristics of the system such as
drug solubility, drug loading, and diffusivity of the
complexes formed. The effect of - and hydroxypropyl-
B-CD on the release of sulfamethizole and diclofenac
sodium from HPMC tablets was found to be a balance
between the increase in dissolution rate and the
decrease in diffusion rate'!. Complexation with B-CD
increased carbamazepine, ketoprofen, and naproxen
release from HPMC matrices because of the solubility
enhancements!?"'4, In addition, the release of vinpocet-
ine from HPMC tablets was improved significantly in the
presence of $-CD and sulfobutylether-B-CD as a result of
complexationls, but in the case of ibuprofen16, the incor-
poration of B-CD as diluent led to a small increase.

CDs can be linked by covalent bonds giving rise to
CDPs. Both soluble and insoluble B-CDPs can be
obtained by cross-linking with bifunctional or multi-
functional reagents. The application fields of these
materials are in continuous development as new CDPs
are being synthesized. There is limited evidence in the
literature about the use of CDPs for the enhancement of
drug release. A B-CDP was studied as a controlled release
system based on pH-dependent inclusion complexation
using methyl orange as model compound'’. Water-soluble
cationic 3-CDPs were proposed as drug carrier systems
with better hemolytic activity than B-CD'8. In addition,
the cross-linking of hydroxypropyl-B-CD with ethyle-
neglycol diglycidyl ether yielded a hydrogel with good
controlled release ability and high drug loadings'%%°.

As it was said before, the main novelty of our work
is the incorporation of both soluble and insoluble
B-CDPs cross-linked with epichlorohydrin to HPMC
matrices. The aim of this article was to investigate the
possible use of these polymers of CDs to modulate,
either to enhance or to retard, the release of a model
drug from HPMC matrices. Diflunisal (DF), 5-(2,4-
difluorophenyl)-2-hydroxy benzoic acid, a nonsteroi-
dal anti-inflammatory drug, was chosen as a model
compound because previous studies had shown
that the inclusion of DF in the cavity of B-CD was
very favorable®!. Therefore, this work compares the
release of DF from HPMC tablets containing either
monomeric B-CD or B-CD-soluble and $-CD-insoluble
polymers.

Materials and methods

Materials

DF (MW 250.2) was supplied by Merck Sharp and
Dohme (Madrid, Spain), and HPMC K4M was obtained
from Colorcon (Orpington, UK). B-CD (MW 1135) was
kindly donated by Roquette (Lestrem, France), and the
B-CD-soluble polymer (batch no. CYL-265) was pur-
chased from Cyclolab (Budapest, Hungary). The insoluble
polymer of B-CD cross-linked with epichlorohydrin
(50CD69EP) was synthesized by bulk polymerization in
our laboratory as described by Garcia-Zubiri et al.?2

Preparation and characterization of DF-3-CD
inclusion complex

The inclusion complex between DF and B-CD in 1:1
molar ratio has been prepared by the coevaporation
method using ammonium aqueous solution (pH 12).
DF (150 mg) and B-CD (750 mg) were dissolved in
aqueous solution (pH 12), and the solvent was elimi-
nated by vacuum evaporation (Buchi-R144) at 60°C.

The formation of the complex was evidenced by
X-ray diffractometry (Bruker axs D8 ADVANCE, CuK,,
40 kV, 30 mA), IR spectroscopy (Nicolet FTIR spectrom-
eter), and differential thermal analysis (DTA/TGA 851
Mettler Toledo) in comparison with the DF-B-CD
physical mixture in the same molar ratio.

Preparation of HPMC matrix tablets

The polymers were incorporated to the formulation by
simple physical mixture, while the influence of mono-
meric B-CD has been analyzed both in the complexed
form and physically mixed.

The formulations (Table 1) contained either 30%
HPMC or 50% HPMC, and the tablet weights were 132
and 182 mg, respectively. In addition, these formula-
tions contained either 69.5% or 49.5% of the following
components: DF-B-CD physical mixture (PM30, PM50),
inclusion complex (C30, C50), and DF physical mixture
with soluble B-CDP (SP30, SP50) and with insoluble

Table 1. Matrix tablet composition (%).

Formulation
Component PM30 PM50 C30 C50 SP30 SP50 IP30 IP50
Diflunisal 11.4 82 114 82 114 82 114 8.2
HPMC 30 50 30 50 30 50 30 50
B-CD 58.1 41.3 58.1 413 — — — —
Soluble — — — — 581 413 — —
polymer
Insoluble — — — — — — 581 413
polymer
Magnesium 0.5 0.5 05 05 05 0.5 05 0.5
stearate
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B-CDP (IP30, IP50). All the mixtures contained 15 mg
of DF and 0.5% of magnesium stearate. HPMC matrix
tablets were obtained by direct compression of the
formulation mixtures using a Manesty B3B rotative
machine.

Dissolution studies

The dissolution rate assays were performed according
to the USP 28 paddle method in a Sotax AT7 Smart
with automated UV-vis spectrophotometric determi-
nation of drug concentration at 252 nm. The dissolu-
tion medium was 900 mL of phosphate buffer
solutions (pH 5) maintained at 37 + 0.1°C and stirred
at 100 rpm.

A mathematical comparison of the dissolution
profiles was carried out using a model-independent
pairwise procedure based on the determination of dif-
ference (f,) and similarity (f,) factors®24,

n
SR -1,
_fl — t=1 -
QR
t=1

%100

—0.5
1 n
f, =501og {1+—Z(Rt—n)2} X100 ¢,
2

where 7 is the number of time points, R, is the dissolu-
tion value of the reference formulation at time ¢, and T;
is the dissolution value of the test formulation at time
t. In the comparison of a pair of profiles, the formula-
tion with the more rapid release was always taken as
reference.

The release profiles of the different matrices were tested
for correspondence with different kinetic models such as
zero-order, first-order, Higuchi, and Korsmeyer-Peppas
using experimental data of drug release from 5% to
65-70%>21,

Studies of retention of diflunisal by a 3-CD-insoluble
polymer

An aqueous 4 x 107° M solution (pH 5, 50 mL) of DF was
stirred at 150 rpm in the presence of 0.3 g of the insolu-
ble polymer. Samples were taken from the supernatant
until the sorption equilibrium was reached (1 hour),
and the residual concentrations of DF were determined
spectrophotometrically at 252 nm using a HP 8452 A
diode array spectrophotometer.

Results and discussion

Evidence of complex formation between DF
and (3-CD in the solid state

The formation of an inclusion complex between DF and
B-CD has been evidenced in solution®!, but complexation
in the solid state has not been reported in the literature.
Therefore, as a previous step before the preparation of
tablets C30 and C50, an inclusion complex between DF
and B-CD in the solid state has been obtained and
characterized. The complex, with 1:1 stoichiometry,
was prepared by the coevaporation method® and subse-
quently analyzed using X-ray diffraction, IR spectros-
copy, and differential thermal analysis by comparison
with the corresponding physical mixture.

The diffraction pattern of the physical mixture
(Figure 1) was simply a superposition of both compo-
nents, whereas in the diffraction pattern of the complex,
the peak of pure DF at 26 = 14.6° (form II)* disappeared
and new reflections appeared, especially between 260 = 16°
and 22°, suggesting the formation of a new solid phase
which was markedly less crystalline than the mixture of
pure components.

The differential thermal analysis of DF showed a
sharp endothermic peak at 212°C, which corresponded
to the melting of the drug (Figure 2). This endothermic
peak was detected in the physical mixture, but it disap-
peared in the coevaporated system. This fact can be
considered evidence of complex formation between DF
and B-CD in the solid state.

(A)

Figure 1. X-ray diffraction patterns of diflunisal (A), B-CD (B), physi-
cal mixture (C), and inclusion complex DE--CD (D).
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Figure 2. DTA curves of diflunisal (A), B-CD (B), physical mixture
(C), and inclusion complex DF-$-CD (D).
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Figure 3. IR spectra of diflunisal (A), B-CD (B), physical mixture (C),
and inclusion complex DF-3-CD (D).

The most significant changes in the IR spectra
between the physical mixture and the complex (Figure 3)
were found in the characteristic frequencies of the
carbonyl (1670-1640 cm™), phenyl (1600-1580 cm™),
and fluorine (1400-1300 cm ™) groups, which are impli-
cated in the formation of hydrogen bonds among the
DF molecules. In addition, marked differences were
detected between both systems in the fingerprint region.

Dissolution studies

The drug/HPMC ratio is one of the most important
parameters that determine drug release from HPMC
matrices?®. The dissolution profiles of the matrices
containing 30% HPMC in aqueous solution (pH 5)
exhibited DF extended release during a period of more
than 12 hours, and the formulations with 50% HPMC
prolonged DF release up to 18-24 hours. This extended
release is associated with the swelling of the hydrophilic
HPMC tablets in contact with the dissolution medium,
which results in a gel layer with a longer diffusional path
at higher polymer concentration.

Figure 4 shows the dissolution profiles of the different
HPMC tablets in aqueous solution (pH 5). As can be
seen, significant differences have been obtained among
the formulations tested. The most rapid release was
obtained for the complex with 3-CD, followed by the
physical mixtures with both soluble polymeric and
monomeric B-CD, whereas the lowest release rate was
that of the formulations containing the insoluble 3-CDP.
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Figure 4. Dissolution profiles of formulations containing 30% HPMC
(A) and 50% HPMC (B). Key: physical mixture (PM) and inclusion
compound (IC) with B-CD, soluble 3-CD polymer (SP),w and insolu-
ble B-CD polymer (IP).
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Table 2. Values of f; and f, in the pairwise comparison.

30% HPMC 50% HPMC
Comparisons h b h b
Complex/soluble polymer 23.3 479 17.1 545
Soluble polymer/physical mixture 157 599 102 654
Physical mixture/insoluble polymer 124 684  23.7 50.0
Complex/physical mixture 354 385 256 454

Soluble polymer/insoluble polymer 354 385 335 424

To compare the dissolution profiles obtained, a
model-independent pairwise procedure based on the
determination of difference (f;) and similarity (f,)
factors2” has been applied, and the results are summa-
rized in Table 2. It was possible to calculate these values
using the mean percent dissolved of each pair of curves,
because the dispersion associated with each dissolution
profile was markedly low, with variation coefficients
below 5% in all the experimental determinations of
percent dissolved. In general, values of f; up to 15 and
values of f, higher than 50 indicate sameness of the two
curves?8, Significant differences were obtained between
the complex and the physical mixture and also between
the use of either soluble or insoluble polymers at both
30% and 50% HPMC contents. The dissolution profiles
of the tablets containing physical mixtures with either
monomeric B-CD (PM30, PM50) or soluble polymer (SP30,
SP50) have been found to be similar in terms of f; and f,
values although the polymer exhibits higher release rates
at both 30% and 50% HPMC contents. The difference
between the formulations containing the physical mixture
with B-CD and the insoluble polymer was evidenced by
the f| and f, values only in the case of 50% HPMC matrices.

For a better analysis of the release mechanisms, it is
important to take into account some characteristics of
the drug®. It has to be considered that the drug is
poorly soluble in aqueous solution (pH 5) and also that
the carboxylic group of DF (pK, 3.3) is partially ionized
at this pH value while the phenolic group is neutral (pK,
14). In relation to this, it seems that the incorporation of

the drug in the complexed form to the HPMC matrix
results in an improved solubilization, which leads to a
more rapid release compared with the physical mixture
with B-CD. It is well known that drug solubility plays an
important role in the mechanism of release from a
hydrophilic matrix. In general, and simplifying all the
processes implicated, it can be stated that the predomi-
nant mechanism for soluble drugs is diffusion through
the hydrogel, often with first-order kinetics, while insol-
uble drugs are more frequently released by matrix
erosion with zero-order kinetics®.

The release mechanism from each formulation
was evaluated according to several kinetic mathemati-
cal models?*?*: zero-order, first-order, Higuchi, and
Korsmeyer-Peppas. Table 3 summarizes the parameters
of the fittings obtained for each formulation. The well-
known equation that describes the Korsmeyer-Peppas
kinetic mathematical model is the power law M,/M_, =
kt", where M, and M,, are the drug released amounts at
time ¢ and at an infinite time, respectively, k is a kinetic
constant, ¢ is the release time, and # is the exponent that
can be associated with the drug transport mechanism.
For cylindrical matrices, like those prepared in this work,
nvalues of 0.45 indicate diffusion-controlled drug release
and n values of 0.89 correspond to swelling-controlled
release, while intermediate values between 0.45 and 0.89
indicate a superposition of both mechanisms>’.

In relation to the Higuchi model, a good correlation
between the cumulative amount of drug released and the
square root of time is indicative of diffusion-controlled
drug release. The fact that none of the formulations stud-
ied fitted the Higuchi equation with a good correlation
points out that the mechanism of drug release is not only
diffusional, but there are also other processes implicated.

The formulations containing physical mixtures of DF
with either $-CD or soluble 3-CDP (PM30, PM50, SP30,
and SP50) exhibited similar behaviors, they fitted the
zero-order model (M,/M,, = kt). This type of profile
involves the release of the same amount of drug per unit of
time, a very interesting behavior for an extended release

Table 3. Fitting results of the experimental diflunisal release data for several formulations to different kinetic equations.

Zero-order First-order Korsmeyer-Peppas
(Q,= Qq + Kyb) Q,=Q.(1-¢e™ Higuchi (Q, = kyt¥) (M,/M,, = kt"™)

Formulation ko (% min™!) R? k; (min™1) R? kg (mg/ min'/?) R? kyp (min™) n R?

PM30 0.1010 0.998 0.0018 0.9852 0.4904 0.9545 0.0008 1.04 0.9979
C30 0.1200 0.9824 0.0024 0.9929 0.5615 0.9866 0.0056 0.78 0.9996
SP30 0.1172 0.9983 0.0024 0.9888 0.5034 0.9539 0.0014 1.02 0.9972
1P30 0.0573 0.9968 0.0017 0.9862 0.4132 0.9331 0.0004 1.13 0.9993
PM50 0.0673 0.9978 0.0013 0.9733 0.3949 0.9633 0.0007 1.00 0.9995
C50 0.0831 0.9949 0.0015 0.9917 0.4341 0.9760 0.0030 0.82 0.9997
SP50 0.0770 0.9985 0.0015 0.9866 0.4339 0.9591 0.0007 1.01 0.9968
IP50 0.0591 0.9984 0.0011 0.9675 0.3499 0.9280 0.0001 1.21 0.9989

Best results in bold face; R? is the coefficient of determination.
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pharmaceutical dosage form. Similar results were
obtained for the physical mixture carbamazepine-f-CD
incorporated to a HPMC matrix, which also exhibited
zero-order release kinetics, unlike the system incorpo-
rating the previously complexed carbamazepine'*. Both
monomeric B-CD and the soluble polymer incorpo-
rated to the matrix by physical mixture can act as chan-
neling agents and also as in situ complexing agents'?.
The relatively higher release associated with the poly-
mer could be related to an increasing porosity of the
system during the release process because of its higher
molecular weight and also because of its higher aque-
ous solubility, compared with monomeric 3-CD.

The formulation that incorporated the complex of
DF with B-CD (C30, C50) presented the most rapid
release kinetics. They followed non-Fickian diffusion
with n = 0.78 and 0.82, respectively. As it was said
before, it is common that water-soluble drugs follow a
diffusion-controlled release with first-order kinetics,
whereas insoluble drugs are released mainly by erosion
with zero-order kinetics?. The experimental results
obtained followed this trend, as the increased release of
the complexed drug, associated with its higher solubil-
ity, involved an approximation to first-order kinetics
while the physical mixtures fitted to zero-order kinetics.

Finally, the formulation containing the insoluble
B-CDP presented a n > 1.0 exponent that corresponds to
a Super Case II transport, which can be associated with
structural changes in the polymeric matrix involving an
increased plasticization at the relaxing boundary®!. This
behavior could be explained by the fact that the insoluble
polymer is itself a hydrogel which can swell, giving rise to
distortions in the HPMC gel structure. In addition, this
formulation exhibits the slowest release of DF. Taking
into account that the insoluble polymer cannot diffuse
through the HPMC matrix, it can retard DF release due to
the fact that part of the drug can be retained by sorption
in the polymeric structure. Our previous studies of differ-
ent molecular interactions with CDPs suggested that
sorption in the polymeric structure results from inclusion
within the CD cavities together with interaction with the
polymeric network®2 In the case of DF, a study of reten-
tion by the B-CD-insoluble polymer has been carried out
in aqueous solution (pH 5) at 37°C, experimental condi-
tions similar to those of the dissolution rate assays. It was
determined that 88+ 1% of a 4 x 10~ M solution of DF
was retained by 300 mg of polymer. This evidence of drug
retention by the polymer might be an explanation for the
retarded drug release in formulations IP30 and IP50.

Conclusions

The release profile of DF from a HPMC matrix can be
modulated by the use of either monomeric or polymeric

B-CD in different ways. First, the incorporation of DF
previously complexed with 3-CD enhances the release
of the drug in comparison with the simple physical mix-
ture. In addition, it is possible to modify drug release
from HPMC matrices by incorporating 3-CDPs with dif-
ferent solubility, as soluble polymers promote drug
release while insoluble polymers are able to retain the
drug mainly by inclusion within the CD cavities present
in the polymeric structure.
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