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Abstract. The controlled release of diflunisal and fluconazole from tablets made of novel polymers,
poly(acrylic acid) (PAA) crosslinked with either p-cyclodextrin (3CD) or hydroxypropyl-3CD
(HPRCD), was investigated and Carbopol 934P (Carbopol) was used as a highly crosslinked
PAA for comparison. Diflunisal strongly associates with BCD-PAA and HPRCD-PAA polymers
(K, of 486 and 6,055 M ! respectively); thus, it was physically mixed into the conjugates and also
precomplexed to identify whether decomplexation has any influence on release kinetics.
Fluconazole has poor complexing ability (K, of 34 M with HPRCD-PAA); thus, it was only
tested as a physical mixture. Swelling and adhesion studies were conducted on all tablet
combinations and adhesivity of the CD-PAA polymer tablets was maintained. Diflunisal release
was much slower from HPPCD-PAA tablets than from RCD-PAA, suggesting that a higher degree
of complexation retards release. The precomplexed diflunisal release was also slower than the
physically mixed diflunisal of the corresponding conjugate. The release closely followed zero-order
kinetics for HPRCD-PAA, but was more sigmoidal for pCD-PAA and especially Carbopol.
Conversely, poorly associating fluconazole released in almost exactly the same way across both
polymers and Carbopol, indicating that the release kinetics of poorly associating drugs are not
influenced by the presence of cyclodextrins. In view of the varying profiles and release rates shown
with diflunisal for the different polymers, the fluconazole data support the concept that adequate
complexation can indeed modulate the release kinetics of drugs.
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INTRODUCTION

Hydrogels are useful carriers for drug delivery due to
their inertness and ability to modulate the release of
pharmaceutical compounds (1,2). Another focus of intense
research has been buccal administration of drugs because
this delivery route avoids the issue of first pass effect and
poor absorption in the gut thus improving bioavailability
(3,4). In comparison to conventional per oral dosing, buc-
cal administration has the advantage of low enzymatic
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activity and tolerance to potential sensitizers (5). Poly
(acrylic acid) (PAA) is an excipient suitable for buccal
drug delivery due to its mucoadhesivity and it is used to
synthesize hydrogels that exhibit reversible swelling behavior in
response to changes in the physiological medium (e.g., pH,
temperature, and ionic strength). Cyclodextrins (CDs) are to-
rus-shaped cyclic oligosaccharides that are able to complex
a wide variety of organic molecules within their cavity
thus modifying the molecules' physicochemical properties.
Incorporating CDs into hydrogels can potentially enable
controlled drug release via the dual functionality arising from
the responsive swelling of hydrogels and complexation
with CD.

CD-crosslinked PAA polymers (CD-PAA) (Fig. 1) for-
mulated as hydrogels were recently shown to be useful
controlled delivery platforms for the release of diflunisal
and fluconazole (6). Depending on the degree of cross-
linking of the polymers and the magnitude of the associ-
ation constant (K,) of the model drug, different rates of
release were achieved. The companion work is extended
here by developing and characterizing solid dosage forms
of the CD-PAA polymers intended for buccal drug admin-
istration. The impact of these tablet dosage forms on the
release of two different drugs, fluconazole and diflunisal,
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Fig. 1. Structure of the CD-PAA polymers and schematic representa-
tion of inclusion complexation and release of the drug from the matrix.
CD is either pCD or HPBCD. The chemical composition and K,
values are described in Table I. Release kinetics are described in
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Table IT and Table III

was evaluated in comparison to release from within a
Carbopol 934P (Carbopol) matrix, a highly crosslinked
PAA. The effect of precomplexation of diflunisal with free
CD dispersed in a matrix of the linear PAA polymer was
also evaluated.

In addition, the adhesion of CD-PAA dosage forms
to a model hydrophobic elastic substrate made of polydi-
methylsiloxane (PDMS) was measured and evaluated in
comparison to Carbopol adhesion; the adhesion of the
solid dosage disk to the PDMS was simply the peak force
following retraction of the disk from the contact. PDMS
was chosen as the model surface because its hydrophobic-
ity and elasticity are similar to that of the underlying
tissue within the oral cavity (7). Unlike excised tissue,
PDMS has a consistent surface chemistry and roughness,
which can also be easily controlled. Our adhesion meas-
urements followed procedures similar to those found in
the literature (8,9). Relatively short times were used for
pre-hydration and for pressing the tablet onto PDMS in
order to simulate the real-life scenario of a patient apply-
ing a mucoadhesive tablet to the inside of their cheek.

MATERIALS AND METHODS

Materials and Sample Preparation

Diflunisal and Carbopol 934P (Carbopol) were pur-
chased from Sigma-Aldrich (Sydney, Australia). Fluconazole
was extracted from Fluconazole Sandoz capsules (Pyrmont,
NSW, Australia) as described by Kutyla et al. (6). Disodium
hydrogen orthophosphate dodecahydrate and potassium dihy-
drogen orthophosphate were of analytical grade and were
used as received. Milli-Q water was used for all experiments.

Synthesis of Polymers

The polymers PCD-PAA and hydroxypropyl-pCD-
PAA (HPRCD-PAA) were prepared from PAA (molecu-
lar weight (MW) 450,000 g/mol) and RCD or HPpCD
(molar substitution of 0.65) according to the procedure

of Kutyla et al. (6), using 24 h activation time and 1.2 g of CD.
The chemical composition and K, values are described in
Table 1.

Preparation of Tablets

Tablets 100 mg in weight with 10% w/w drug compo-
nent were manufactured as follows: polymer powders (in-
cluding a previously prepared physical mixture of 30% w/
w BCD and 70% w/w PAA) were gently mixed with the
drug in a mortar and pestle using geometric progression
and directly compressed with a tablet press (Manesty E2,
Sussex, England) on a flat single 10 mm punch and die. In
the case of CD-PAA polymer precomplexation with diflu-
nisal, 0.9 g polymer and 0.1 g drug were dissolved in
100 mL 50% v/v ethanol and lyophilized for 48 h. For
the physical mixture of BCD and PAA, precomplexation
was achieved by dissolving diflunisal (0.1 g) in 50 mL of
ethanol and adding this solution dropwise to 50 mL aque-
ous solution of PAA and RCD (0.9 g) under gentle stir-
ring, followed by lyophilization. The powder was then
ground in a mortar and pestle and compressed into tab-
lets. The weight and thickness uniformity are presented in
the Supplementary material.

Table I. Chemical Composition of CD-PAA Polymers and Associa-
tion Constants with Diflunisal and Fluconazole

Polymer properties RCD-PAA  HPRCD-PAA

CD 33.7% wiw 37.7% wiw
COOH 34.2% wiw 31.3% wiw
Calculated ester crosslinks to a CD* 8.4 6.1

K, diflunisal® 486 M ! 6,055 M !
K, fluconazole” < 34 M

“Refer to the supplementary data section of Kutyla ez al. (6) for details
of calculation

b Refer to Kutyla er al. (6) for additional information about the
inclusion complexation of diflunisal and fluconazole with CD-PAA
polymers

“Not measured
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In Vitro Tablet Characterization

Drug and CD Release

Drug release studies were conducted in triplicate. The
tablets were placed in a basket dissolution apparatus, mesh
size 40 (Varian, North Carolina, USA), then submerged in
100 mL 0.15 M phosphate buffer (PB), pH 7.0, maintained at
37°C, and gently stirred at 100 rpm. At predetermined time
intervals, 2.0 mL samples were removed for UV analysis with
reference to a standard curve (diflunisal Ay,ax 252 nm, fluco-
nazole Apnax 261 nm). CD content was analyzed with the
phenol-sulfuric acid assay (10) calculated by reference to a
standard curve at 486 nm. Cumulative release was calculated
with a correction for the respective dilutions resulting from
replacement of the sample with an equal volume of fresh
buffer. The studies were conducted over a period of 12 h.

Swelling

Swelling was conducted in triplicate, concomitantly with
dissolution studies. The baskets were removed from the disso-
lution medium and gently shaken to remove any excess moisture
and the external and internal surfaces of the basket and tablet
were blotted with tissue. The swollen tablets were not removed
from the basket to prevent disturbing their integrity. The swell-
ing index (S7) was calculated by the following formula:
my —m;

SI = (1)

m;
where my; is the initial dry tablet mass and m, is the swollen
tablet mass at time ¢, obtained by subtracting the combined
swollen tablet mass in the basket (C,) from the dry basket
mass (B):

m,:CZ*B. (2)

Adhesion

Adhesion of hydrated tablets was measured on a Haake
MARS III stress-controlled rheometer (Thermo Scientific,
Karlsruhe, Germany) with a 20 mm diameter titanium parallel
plate (as the top surface) and a 35 mm diameter PDMS disc (as
the bottom surface). The PDMS disc was formed in a custom-
made cup attachment as follows. A 35 mm diameter (ID) hole
was machined into an aluminum base to a depth of ~10 mm. The
PDMS monomer and initiator were mixed according to manu-
facturer's instructions (10:1 w/v, monomer/initiator) (Sylgard
184, Dow Corning) in a plastic cup, degassed in a vacuum oven
at —100 kPa for 30 min, poured into the custom-made attach-
ment, and allowed to react while in position on the rheometer at
24°C. This last step ensured the PDMS disk formed parallel to
the top surface. The PDMS was allowed to cure for over 24 h
before use (Supplementary material).

There are three main stages to an adhesion test: (1)
hydration of the tablet; (2) compression of the tablet onto
the lower surface; and (3) controlled removal of the tablet in
the direction normal to the lower surface. A review of the
literature on similar studies reveals that the hydration time,
compression force and time, and the separation speed vary
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substantially within the three stages, respectively (11-19): the
hydration period ranges from seconds to several minutes; the
compression time and compression force range from 1 to
10 min and 0.1 to 10 N, respectively; and the detachment speed
ranges from 0.050 to 10 mm/s. The choice of any and all of these
parameters will affect the measured adhesion. With that in mind,
this study took a more pragmatic approach by asking the ques-
tion, “What set of conditions best represent the clinical scenario
of this dosage form application?” All experiments were per-
formed at 37°C.

Stage 1. The hydrating solution was 0.15 M PB pH 7.0, used
to simulate the buffering action of physiological solutions such
as saliva. The tablet was attached to the top plate with double-
sided tape (Nachi 745 Tissue Tape with acrylic adhesive, Stylus
Tapes, Brisbane, Australia) and lowered into the hydrating
solution in the reservoir (no PDMS surface contact) for a hy-
dration time of either 2 or 30 s; a time of 2 s was chosen because
it is representative of the end use of a patient licking the tablet
prior to pressing onto the buccal mucosa. The tablet was then
removed from the solution by winding up the upper surface, and
the solution was removed from the custom-made attachment
reservoir via capillary action using Kimtech Kimwipes (Kim-
berly-Clark, NSW Australia). The wet tablet was untouched
and exposed to air for ~10 s between stages 1 and 2.

Stage 2. The tablet was pressed onto the PDMS surface
under a compression force of 0.40 N for 30 s. There were two
reasons for choosing this value. First, a minimal force is
necessary to ensure the tablet and the lower surface come
into intimate contact. Second, a hydrating tablet will
spread under a sustained load, which increases contact
between tablet and lower surface thus increasing the mea-
sured adhesive force. The practical use of a buccal tablet
in the clinical setting will require very low compressive
forces during application of the tablet and then minimal
compressive force after application. Thirty seconds was
chosen to mimic a typical end use situation of pressing a
tablet against the mucosal surfaces.

Stage 3. Following compression, the tablet was removed
at a constant speed of 0.167 mm/s (which is on the lower end
of the values reported in the literature). The normal force, Fy,
was recorded throughout the process. Every tablet formula-
tion was tested in triplicate and the averaged data were sub-
sequently analyzed for Fx_ getachment, Which was considered to
be the adhesion force.

Rationale for Using PDMS Substrate and PB for Adhesion
Studies

Historically, experiments that measure the mucoadhesion
of a polymer tablet do so with glass or animal tissue as the
substrate and mucin solutions to hydrate. Interestingly, there
has been little correlation found between ex vivo/in vitro
“mucoadhesion” or residence time and in vivo studies
(13,20,21). The numerous methods of evaluating mucoadhe-
sion in vitro range from spectroscopic characterization of mo-
lecular interactions via FTIR (22,23) or NMR (24,25),
assessment of any rheological synergism between mucin and
polymer gels (26,27), through evaluation of surface energies
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(28,29) to the most common that measure tensile detachment
strength from mucin-covered surfaces or excised animal tissue
(18,30). It should be emphasized that in mucoadhesion studies,
animal tissue and mucin are treated and washed to be safe to
use, which changes their physical properties and thereby limits
their ability to mimic the in vivo environment (31). Regarding
mucin, the reconstituted mucin solutions bear no physical re-
semblance to biofluids such as saliva; mucin solutions are rela-
tively inelastic viscous liquids compared with saliva that is
extremely viscoelastic and relatively low in viscosity (32). Mucin,
and more importantly the salt accompanying mucin, has been
shown to alter the rheological properties of a model polymer gel
(Carbopol) (Fig. 13.8, page 344 of (33)). Finally, the presence of
ions, different pH, or temperatures can affect the final material
properties of a gelled network. These various approaches to the
measurement of mucoadhesivity result in data that are difficult
to compare and that will change depending on the variables in
each technique and particularly from variations in mucin type
(or the presence of impurities and salts) as well as the innate
variation in excised animal tissues. There is also the question of
the relevance of such results to real systems and the reproduc-
ibility of data obtained with biological substrates, substrates with
physical properties that vary depending on preparation, and
storage methods.

PDMS is not biological and can be made reproducibly with
known surface chemistry. Although hydrophobic, PDMS is
known to interact with substances through polar—polar associa-
tions or hydrogen bonds between its siloxane group and the H
atom of the alcohol or acid of the substance (34). Furthermore,
adhesion to biological tissue has been shown to encompass
hydrophobic interactions (35). Whilst PDMS has not been pre-
viously used for evaluating bioadhesion per se, it is being used to
understand and evaluate food—oral substrate interactions (36).

Simple hydrating solution was used to limit the effects of
interactions with mucin, but also in the expectation that the
magnitude of FN_ getachment WOUld be large enough that relative
differences could be attributed to the presence of drugs or
different crosslinkers. Therefore, PB was used to hydrate the
polymer tablets.

RESULTS AND DISCUSSION
Effect of Drug Loading on Drug Release Characteristics
Diflunisal

Diflunisal was physically mixed with CD-PAA polymer or
precomplexed into the CD-PA A polymer to evaluate any differ-
ences in release profiles with respect to drug loading and wheth-
er the difference in K, between the two polymer types affects
the rate of drug release. Carbopol 934P, a commercially avail-
able, highly crosslinked PAA (with sucrose allyl ether) (37), was
used as a benchmark compound. It was chosen for this study
because it is a standardized reference pharmaceutical excipient
to compare with our CD-crosslinked PAA. It has wide applica-
bility, ranging from drug delivery applications that include sta-
bilization of emulsions and suspensions, sustained release
formulations and localized drug delivery, to numerous uses in
the cosmetics industry (38,39). Non-crosslinked PAA with or
without physically incorporated BCD (the starting materials
used for synthesis) was also used as a comparison, with diflunisal
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that was either physically mixed or precomplexed in the
RCD. Linear PAA exhibited rapid diflunisal release
(Fig. 2a, ~100% release in 200 min) compared with cross-
linked PAA (Fig. 2b, ¢, ~100% release in >600 min).

Overall, the precomplexed diflunisal exhibited slower
release from the CD-PAA polymers and the PAA and pCD
mixture than the corresponding physically incorporated diflu-
nisal, but the difference was small (Fig. 2). The rationalization
of this minimal difference is that the physically mixed diflu-
nisal dissolves in the matrix as the tablet absorbs water and
readily complexes with the available CD cavities.

Due to the comparable crosslink density to a CD for the
two CD-PAA polymers (Table I), the convolution and mesh
size were expected to be similar. Whilst the CD-PAA poly-
mer (Fig. 2b) released diflunisal faster than benchmark Car-
bopol, the HPRCD-PAA polymer (Fig. 2c) exhibited slower
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Fig. 2. Release profiles of precomplexed or physically mixed diflu-
nisal from (a) PAA and PAA physically mixed with CD, (b) BCD-
PAA polymer and from physically mixed Carbopol, and (¢) HPRCD-
PAA polymer and from physically mixed Carbopol (each point and
error bar represent the mean+SD of three experiments)
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release. The differences observed in the rate of release may be
due to the different K,s of diflunisal with the polymers, pre-
viously determined as 486 M~ for 3CD-PAA and 6,055 M™'
for HPRCD-PAA (6). When looking at the diflunisal release
data in isolation and considering the added complexity of
different swelling profiles (Fig. 3), it is difficult to ascertain
which parameter has the predominant influence over drug
kinetics. A global comparison with the fluconazole release
data, however, enables for some important conclusions to be
drawn: the weakly associating fluconazole exhibits a release
profile that is very similar to the reference Carbopol matrix
(Fig. 4), whereas diflunisal presents with a dissimilar profile
(Fig. 2b, c). Diflunisal's rate of release and “type” of release
profile are different between the CD-PAA and HPRCD-
PA A matrixes, an observation which is not apparent with
fluconazole. This suggests that complexation with polymer
bound CD does modulate release kinetics, despite the
swelling rate variations seen between the matrixes prepared
from the different CD-PAA polymer combinations.

The Weibull Function

The sigmoidal release profiles were modeled with the
Weibull function (40):
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Fig. 3. Equilibrium swelling of (a) physically mixed diflunisal and
fluconazole tablets (b) physically mixed vs complexed diflunisal in
CD-PAA polymer tablets (each point and error bar represent the
mean=+SD of three experiments)
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Fig. 4. Release profiles of physically mixed fluconazole from
HPpCD-PAA, BCD-PAA and from Carbopol (each point and error
bar represent the mean+SD of three experiments)

where Q is the amount of drug dissolved as a function of time
t, Qp is the total amount of drug released (often set to 100%
(41)), T'is the lag time as a result of the dissolution process, a is
a scale parameter describing the time dependence (in the form
a=(T,)" it can be used to represent the more useful dissolution
time, T4, which is equal to the time when 63.2% of drug is
dissolved or released (40)), and b is a shape parameter (for
sigmoidal shapes b>1, indicating a complex release
mechanism (42)).

Whilst the use of this equation has been criticized for its
non-kinetic basis and the lack of parameters related to the
intrinsic dissolution rate (42), it has been widely used for
modeling purposes (43) and has been subject to investigations
to validate its use (44-46). Papadopoulou et al. (47) reason
that b values characterize the release mechanism because of
linear correlations seen with the n exponent of the power law,
universally used to describe how a tablet's geometry and
properties of its matrix influence release kinetics (48).

The results presented in Table II show that in all instances,
the b parameter is much larger than 1, indicating that the rate of
release increases to an inflection point, decreasing thereafter,
giving a sigmoidal shape to the release curve. This occurrence
has also been attributed to complex release mechanisms where
the change in the rate of release is not uniform (47). The b
parameters indicate that precomplexation influences the shape
of the release profile (complex < physical mix). Surprisingly, the
highly crosslinked Carbopol and linear PAA presented with the
most variable parameters among all the results and shape
parameters that were quite removed from the others (3.81 and
3.43, respectively, compared with 1.85-2.39). It is also apparent
that out of polymers with physically incorporated vs precom-
plexed drug, it is the physical mixtures that present with greater
variability in the release kinetic parameters. This indicates that
the more uniform drug distribution in lyophilized formulations is
superior to manual mixing in a mortar and pestle, although
machine mixing may circumvent this problem.

The calculated 74 value for precomplexed diflunisal in
BCD-PA A was approximately 1.15 larger than for the physically
mixed diflunisal (Table IT). For the physical mixture of PAA and
RCD, the precomplexed diflunisal 74 was 1.09 times larger than
the physically mixed diflunisal. These results suggest that asso-
ciation of diflunisal with CD modulates the release kinetics by
increasing the time taken to release the drug.

The release of RCD from the mixture of 3CD and PA A was
also measured (Supplementary material). The T4 values for



306

Kutyla et al.

Table II. Parameter b of the Weibull Equation and Resultant Dissolution Time (n=3, R*>0.993)

DIF pCD

Tablet b T4 (min) b T4 (min)
CBPL and DIF 3.81+1.05 446106 NA NA
RCD-PAA and DIF phys 2.39+0.36 232+26 NA NA
BCD-PAA and DIF cplx 2.00+0.48 266+28 NA NA
PAA and DIF phys 3.43+0.86 112+27 NA NA
PAA and BCD and DIF phys 2.23+0.13 88+6.0 2.59+0.34 100+5.5
PAA and pCD and DIF cplx 1.85+0.11 96+2.9 1.83+0.06 93+2.3

DIF diflunisal, FLZ fluconazole, phys physical mixture, cplx complex

BCD and diflunisal were similar for precomplexed diflunisal (96
cf. 93 min), showing that the drug and CD are released in unison.
The physically mixed diflunisal showed more dissimilarity, with
the Ty of diflunisal occurring at 88 min, whereas BCD was at
100 min. Thus, even though in situ complexation occurs, it is
reduced and has less effect than when the drug and CD are in
precomplexed form. It is interesting to note that pCD has a
“delayed” release compared with diflunisal, but it is a much
larger molecule, thus its diffusion is hindered throughout the
matrix when compared with diflunisal.

Zero-Order Release

The first 80% of physically mixed diflunisal released over
450 min from the HPBCD-PAA polymer very closely followed
zero-order kinetics (r*>0.994), whereas the complexed form
exhibited zero-order release for almost the entire release
profile, up to ~99% at 690 min (+*>0.991).

Numerous explanations have been proposed as the rate-
limiting component of zero-order release and include the
synchronization of the swelling and dissolution/erosion fronts
(49,50), synchronization of the erosion and drug diffusion
fronts (51), solvent-induced polymer relaxation (52,53), or
simply erosion of the polymer (54) although, in this case,
zero-order release is considered to only occur if the drug is
immobilized (55,56).

The front synchronization process, as proposed by
Colombo et al. (51), has been used successfully to explain release
independent of time for devices of constant release area with
low drug incorporation. This allows one to disregard noncon-
formity with thermodynamic ideality, such as differing diffusion
coefficients and drug/solvent or drug/polymer interactions (50).

Distinct fronts were observed in the cases presented here,
but dissociation of the drug may also play a role in the zero-
order kinetic profile observed. The slower release of diflunisal
out of precomplexed rather than physically mixed system of
HPRCD-PAA points towards decomplexation of the drug as
regulating the release. A shift of the equilibrium towards disso-
ciation upon drug depletion is expected to have kept the amount
of diffusing drug constant. This would also have been anticipat-
ed in the pCD-PAA tablets, but the release of diflunisal deviat-
ed from linearity, which may suggest that a certain threshold K,
value is required before zero-order release occurs.

The slower release of precomplexed diflunisal compared
with physically mixed diflunisal is in contrast with a number
of studies in the literature conducted on hydroxypropyl

methylcellulose (HPMC). Zugasti et al. (57) performed diflu-
nisal release studies in matrixes with excess soluble pCD
polymers or monomeric BCD. The matrix with diflunisal pre-
complexed in BCD exhibited faster release than the physical
mixture. The authors also found that precomplexed diflunisal
released approximately according to first-order kinetics,
whereas physically mixed diflunisal was closer to zero-order
release. Similar studies with carbamazepine carried out by
Koester et al. (58) showed faster release for precomplexed
than physically mixed drug. These dissimilarities with our
results may be attributable to the different polymer and for-
mulation type used and mobile CD within the matrix. On the
other hand, Pose-Vilarnovo and others (59) found that the
presence of excess HPRCD and pCD in HPMC/lactose blends
decreased the release of diclofenac, a hydrophilic drug, where-
as it increased the release of the hydrophobic sulfamethizole.
The influence of decreased diffusion rate was speculated as
being predominant for the former drug, whereas increased
dissolution was the principal effect seen with the latter. These
contrasting results show that release of a drug is not only
based on the properties of the matrix, but also on the contrib-
uting factors of the drug (hydrophobicity, solubility, MW, ezc.).

Salmaso et al. (60) found that high concentration of 3CD-
hexamethylene crosslinker in polyethylene glycol matrixes sig-
nificantly decreased the release of hydrophobic p-estradiol due
to extremely high affinity for the pCD (K, 77,947 M (61)). A
similar effect was seen with quinine, although the slow release
rate was offset by increased diffusivity seen in the matrix due to
the small nature of this drug. Nielsen et al. (62) found retarded
release of hydrophilic ibuprofen in studies conducted on BCD
covalently bonded within poly(vinylpyrolidone)/poly
(ethyleneglycol-dimethacrylate). This is aligned with the
results of our studies, where a physically immobilized CD can
hinder the release of drug through complexation.

Fluconazole

Fluconazole was tested only as a physical mixture because
of its poor complexing ability (K, of 39.7 and 132 M ! for
HPRCD and BCD, respectively) (6). The release profiles were
very similar for the three different polymers (Fig. 4). There is
no real distinction between these different polymers and
fluconazole release, in contrast to the distinction seen with
diflunisal. This signifies that complexation of a compound with
high K, does modulate release kinetics, regardless of the
differences seen in swelling of the different CD-PAA polymers.
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The release of fluconazole is likely to be governed by a
partition mechanism by interaction with hydrophobic entities
of the polymer, with zero-order kinetics prevailing. The n
values of the power law, however, were all between 0.73 and
0.76 (data not shown) but values in excess of 0.66 are consid-
ered to predominantly exhibit zero-order (case I transport)
(54). Tt was noted that for approximately the first 30% drug
release, corresponding to 50 min of release for both Carbopol
and HPRCD-PAA, the polymers exhibited a zero-order profile,
whereas RCD-PAA released drug faster and displayed this be-
havior for the first 30 min, where the diffusional path length is
short (¥*>0.994 and 0.998, respectively). Between ~30% and
70% drug release, the power law indicated a switch of kinetic
mechanism to more diffusion controlled with 7 values of 0.60 for
both CD polymers and a value of 0.43 for Carbopol (R*>>0.983
and 0.995, respectively).

Swelling of Tablets

Swelling is a factor in drug release kinetics, and converse-
ly, the physicochemical properties of the drug used (solubility,
pK., etc.) influence the mechanism and extent of swelling
(63,64). Swelling in this case occurs as water, an efficient
plasticizer, penetrates the polymer forming a gel layer on the
outside of the tablet, which mobilizes the polymer chains and
the drug molecules.

The mechanism by which diflunisal and fluconazole ex-
hibit their plasticizing effects on the polymers is through de-
creasing the within-polymer chain interactions thus increasing
mobility and swelling. As pH increases, ionization of the
COOH groups of the polymers causes electrostatic repulsion
and increased swelling. Diflunisal is also expected to ionize
over time, thus there is also electrostatic repulsion between it
and the charged polymer. Fluconazole, on the other hand, is
neutral and any interactions would be based on H-bonding or
hydrophobic interactions. This suggests that greater swelling
for the diflunisal and polymer is likely and may also promote
the diffusional process of the diflunisal through the matrix
(65). Nonetheless, differences in swelling barely start becom-
ing apparent at the tail end of release for Carbopol and
HPRCD-PAA only (Fig. 3a). A pH gradient is expected in
the tablet, with the center maintaining a very acidic environ-
ment (66), therefore ionization of diflunisal in this situation
may not occur and account for the lack of differences in
swelling between the fluconazole and diflunisal tablets.

Precomplexed diflunisal with HPRCD and RCD has a low-
er interaction with the polymer and diffuses out through pores
forming in the matrix when the tablet imbibes water. This results
in a decreased plasticizing effect of the drug when compared
with physically mixed diflunisal (Fig. 3b). Fluconazole has also
shown similar plasticizing efficacy in these polymers, by exhibit-
ing comparable swelling profiles and a similar equilibrium SI
(Fig. 3a). Plain tablets of the CD-PAA conjugates were also
tested and the SIs were similar with the said conjugates and
complexed mixtures of drugs, although the swelling rates were
slightly slower at first (Supplementary material). Unexpectedly,
plain Carbopol tablets swelled faster and reached a comparable
SI to Carbopol physically mixed with fluconazole or diflunisal.
Due to the high ST and highly crosslinked nature (resulting in the
formation of discrete microgels with many interstitial spaces),
this polymer is not expected to be greatly influenced by any
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packing disruption/osmotic activity of either of these drugs at
the low weight percent present.

Mesh size has been shown to be inversely proportional to
equilibrium swelling degree (67) and this indicates that
HPRCD-PAA has the lowest mesh size, followed by pCD-
PAA (Fig. 3). Carbopol, therefore, may be considered to have
the highest mesh size, but it is highly crosslinked; thus, these
assumptions do not apply. Observations revealed distinct par-
ticles sloughing off from the tablet that remained in the basket,
unlike the slow dissolution that occurred with the CD-PAA
tablets. For drugs such as diflunisal that are expected to dif-
fuse out of the polymers, the different mesh sizes may have an
influence on retardation of release, with Carbopol expected to
exhibit least resistance in the low microviscosity interstitial
spaces. Whilst HPRCD-PAA retarded release more than
pCD-PAA, Carbopol demonstrated intermediate release. Hy-
drogen bonding and electrostatic interactions between diflu-
nisal and the acrylic acid residue COOH moieties may have
influenced the release due to a higher free COOH percentage
in Carbopol compared with the BCD-PAA polymer.

The swelling data are quite variable for the tablets made
of a mixture of PAA and BCD (Supplementary material). This
is due to the fragility of the tablets and difficulty with which to
dry them without adsorbing dissolved polymer on the tissue.
However, it appears that the swelling and erosion process are
quite similar across the three different PAA tablet types.

Water uptake data were analyzed using the following
model (68,69), although originally it was intended for applica-
tion to systems that swell less than 25% of their original
volume (70):

W, = kt" 4)

where W, is the amount of water sorbed at time ¢, k is a
swelling constant, and n represents the mechanism of water
uptake.

Table III shows that incorporation of fluconazole in the
matrixes of HPRCD-PAA and BCD-PAA increases k, but n
stays relatively the same, indicating an increase in the rate of
water uptake but no real effect on the mechanism. Water
uptake is almost Fickian for HPRCD-PAA with or without
fluconazole, whereas for pCD-PAA, anomalous behavior is
seen. The physical incorporation of diflunisal, however, shows

Table III. Mean Swelling k and n Values with SD (n=3)

Tablet k n R*
CBPL and DIF phys 1.01+0.53 0.63+0.10 0.995
CBPL and FLZ phys 1.25+0.30 0.58+0.04 0.992
CBPL 0.38+0.02 0.81+0.01 0.993
HPpBCD-PAA and DIF cplx 1.00+0.47 0.48+0.07 0.991
HPRCD-PAA and DIF phys 0.65+0.20 0.60+0.05 0.987
HPBCD-PAA and FLZ phys 0.97+0.31 0.52+0.05 0.989
HPRCD-PAA 0.86+0.17 0.51+0.03 0.984
BCD-PAA and DIF cplx 1.50+0.22 0.48+0.02 0.981
BCD-PAA and DIF phys 0.86+0.20 0.65+0.05 0.987
RCD-PAA and FLZ phys 1.01+0.04 0.61+0.01 0.979
RCD-PAA 0.72+0.13 0.62+0.03 0.993

DIF diflunisal, FLZ fluconazole, phys physical mixture, cplx complex,
k has units of r"
“Reported as the lowest obtained for the three experiments
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<4 Fig. 5. a FN, detachment, for Carbopol on PDMS hydrated with PB

solution. The hydration time (H) and compression time (C) are listed
alongside. b PCD-PAA FN, detachment With and without drug present.
(¢) HPRCD-PAA Fx. detachment With and without drug present (at2 s H
and 30 s C). Each graph represents the mean+SD of three
experiments

a decrease in k and an increase in #n, indicating a lowering of
polymer chain relaxation involvement. Precomplexed diflunisal
shows that water uptake is governed mostly by solvent diffusion.
Lyophilization has been shown to result in a highly porous
structure with high surface area of the material, which expedites
uptake of water (71) and results in faster swelling and higher
swelling capacity (72). This seems in contrast to the results
obtained for precomplexed (lyophilized) CD-PAA with diflu-
nisal compared with physically mixed diflunisal. The lower
swelling indexes seen for the polymers with complexed diflunisal
may be due to their amorphous state post-lyophilization (73,74)
and thus rapid disintegration (30). Of course, the CD-PAA
polymers are lyophilized after synthesis, thus the additional
cycle of lyophilization may not change these properties to any
significant degree than what is seen already. Evidently, it may be
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Fig. 6. a Interaction plots between the possible predictor variables
showing that differences may exist between polymers depending on
drug. b FN, detachment fOr each polymer without drug present (mean=+
SD of three experiments). The hydration time was 2 s and the com-
pression time was 30 s. The FN, detachment for HPRCD-PAA was
significantly different from BCD-PAA (p value=0.007143) and signif-
icantly different from Carbopol (p value=0.07557). The Carbopol and
BCD-PAA were not significantly different
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that release of diflunisal from matrixes with physically incorpo-
rated drug results in the formation of cavities, causing a more
porous structure that seems to be confirmed in the results.

In Vitro Adhesion

The Effect of Hydration of Carbopol and Adhesion to PDMS

Figure 5a displays the results for Carbopol detachment
from PDMS after hydration with buffer. Two hydration/com-
pression conditions were used and found to result in similar
values of F, dgetachment- AS such, the practical conditions of 2 s
hydration with 30 s compression were used for all tests.

For completeness, long-time hydration and high-com-
pressive force data were collected for Carbopol on PDMS in
PB (data not shown). The measured detachment forces were
in the range of 3 to 7 N. The major difference is that, at very
long hydration times (e.g. 2 h), a longer time was necessary to
fully detach the tablet, and in some cases, a thin film remained
attached to the PDMS plate and the upper plate.

Adhesion to PDMS Using PB to Hydrate

Each CD-PA A polymer/drug combination was tested using
PB to hydrate for 2 s, with 30 s of compression before detach-
ment. Figure 5b, ¢ shows FN, detachment for PCD-PAA and
HPRCD-PAA, respectively, with and without diflunisal and
fluconazole present. There is adhesion between the hydrated
tablet and the PDMS surface. However, within each set of
experiments involving either PCD-PAA or HPRCD-PAA, there
is no significant difference between CD-PAA polymer with or
without drug or with how they are incorporated into the tablet
matrix (physically mixed or precomplexed) (compared via a
one-way ANOVA). Some drugs have been shown to be efficient
plasticizers that disrupt attractive forces between polymer mac-
romolecules (75), but the lack of effect implies that either diflu-
nisal or fluconazole does not act as plasticizers or that the
quantity of added drug is insufficient to impact the adhesion
(76). If more replicates were conducted, these differences may
have become more apparent, as indicated in Fig. 6a.

Figure 6b, however, shows that the adhesion between each
polymer tablet (BCD-PAA or HPBCD-PAA or Carbopol) is
significantly different; a one-way ANOVA showed that polymer
has a significant effect on adhesion (p value=0.07158). Two-way
and three-way interaction terms were tested for and found to be
nonsignificant. Post hoc multiple comparison testing, with Bon-
ferroni adjustment to give familywise error rate of 5%, revealed
that Carbopol and HPRCD-PAA are significantly different, and
that RCD-PAA and HPRCD-PAA are significantly different.
The difference in adhesion between pPCD-PAA, HPRCD-
PAA, and Carbopol is likely to be due to a number of factors
such as rate and extent of hydration. The highest initial rate of
hydration has been shown to attain the highest adhesive strength
in studies conducted on PAA (77). The initial swelling rates in
the equilibrium swelling studies conducted (Supplementary
Material Figs. S2 and S3) show that Carbopol swells faster
than RCD-PAA, which swells faster than HPRCD-PAA. This
follows the strength of adhesion forces.

Adhesive strength increases with molecular weight, but
chains that are too long are unfavorable to producing an
interpenetrating layer and entanglements thus reducing the
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possibility of formation of a bio/mucoadhesive bond (78).
Both CD-PAA polymers are less crosslinked than Carbopol;
therefore, their longer chain conformation may be responsible
for the lower adhesion. A study by Warren and Kellaway that
looked at crosslink density, swelling, and mucoadhesion of
sucrose crosslinked PAA found that increased crosslink den-
sity resulted in increased detachment forces (69). This was
attributed to the increasing density of polymer chains per unit
surface area of the polymer and it was argued by the authors
that the decreased mesh size and lower mobility of polymer
chains were still able to sufficiently swell to enable physical
entanglement between the two substrates (69).

Finally, physical factors such as particle size and rate of
hydration of polymers affect bioadhesion (79) with dialysis
and lyophilization altering the physical characteristics of poly-
mers and having been shown to cause a decrease in adhesion
(80). This may also serve to explain Carbopol's highest adhe-
sion, the only polymer that was not lyophilized. Carbopol also
has the most COOH moieties by weight available for H-bond-
ing, the predominating interaction in bioadhesion (31,81).

CONCLUSIONS

A new method of utilizing CD to both crosslink PAA and
molecularly encapsulate and release drugs was evaluated. The
variations in swelling between the BCD-PAA and HPRCD-
PAA polymers rendered it more difficult to establish the role
of complexation in drug release. However, in view of flucona-
zole with its poor associating capabilities and highly similar
rates of release between the different polymers, as well as the
change in the type of release profile for diflunisal (zero-order
for HPpCD-PAA with a K, of 6,055 M !, sigmoidal for CD-
PAA 486 M), it can be concluded that release kinetics are
influenced by complexation of drug with CD bound to PAA.
This conclusion is also based upon the change in the type of
release kinetics seen for diflunisal among the two different
CD-PAA polymers. CD-PAA tablets were generally as
adhesive as Carbopol tablets and the HPRCD-PAA polymer
evaluated in this study has great potential as a buccal dosage
form because it retains adhesivity whilst exhibiting zero-order
release for diflunisal. Future work will focus on studying the
behavior of these dosage forms in the in vivo environment.
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