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Different interpolymer complexes (IPCs) of chitosan (CS) and carboxymethylcellulose sodium salt (CMC)
were used to elaborate mini-matrices containing clarithromycin (CAM). IPCs were characterized by FTIR,
DSC and powder X-ray (XRD).

Compression processes did not modify the physical state of CAM which was in its polymorph Form II.
However, during tableting, polymer/polymer interactions occurred to form matrix systems that were
confirmed by DSC.

When mini-matrices were placed in acetate buffer (pH 4.2), the formation of a CAM solvate was deter-
mined by XRD, FTIR and DSC, showing the presence of incorporated crystallizing solvent molecules.
Grazing incidence X-ray diffraction (GID) enabled us to profile transformations of CAM on surfaces of
mini-matrices when it is in intimate contact with dissolution medium, and its conversion to a solvate
form prior to its dissolution process. Besides, FTIR and DSC revealed polymer-polymer electrostatic inter-
actions during dissolution process.

Furthermore, swelling and eroding studies and in vitro drug release exhibited that when increasing the
amount of CS within IPCs, swelling and erosion rates were greater and CAM release was faster. Zero-order
kinetics from drug release profiles were related to linear erosion kinetics, and highlighted that erosion
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played an important role in drug release due to CAM poor solubility at this pH.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Clarithromycin (CAM) (6-O-methylerithromycin) is a semi-syn-
thetic, orally absorbed and broad-spectrum antibiotic. It has been
reported that CAM has at least four distinct crystalline forms:
“Form 0”, “Form I”, “Form II” and “Form IV”. These polymorphs
have been identified as indicated in US Pat. No. 5,945,405 and
the patents WO0/1998/004573, W0/1998/004574 and WO/2001/
044262 [1-4]. The crystal forms and/or solvates of CAM can be typ-
ically identified by powder X-ray diffraction, and they may have
different thermal stability, dissolution characteristics and bioavail-
ability. Form II, which is more stable than Form I, is used in the
drug formulation currently on the market. Both forms have an
identical spectrum of antibacterial activity, but Form I crystals
unexpectedly have an intrinsic rate of dissolution about three
times that of Form II crystals [3]. The Form O is a solvate having
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an incorporated crystallizing solvent molecule, and its X-ray pat-
tern may be somewhat varied depending on the solvent [1].

The clinical efficacy of CAM has been confirmed in the clearance
of lower and upper respiratory tract infections and in the treat-
ment of Helicobacter pylori, which is a causative agent in chronic
active gastritis, gastric and duodenal ulcers, and gastric adenocar-
cinoma [5]. Helicobacter pylori is susceptible to many antibiotics
in vitro, but has proved difficult to eradicate in vivo [6]. The reasons
for this incomplete eradication are the gastric location of the path-
ogen, the degradation of some antibiotics like erythromycin and
CAM in acidic conditions [7] and the gastrointestinal side effects
associated with CAM, like gastric discomfort, abnormal taste and
diarrhoea [8].

It is believed that the administration of CAM in intragastric con-
trolled-release devices using mucoadhesive and swellable poly-
mers, like chitosan, alginates or celluloses, could have a double
advantage in these therapies. First, it could improve patient com-
pliance by improving its therapeutic effect and reducing its dose-
related side effects [8]. Secondly, it can have high clearance due
to their ability to increase the contact time of the drug with the
biological substrate, thus increasing drug absorption and allowing
it to diffuse through the intracellular localization of H. pylori [9].
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Chitosan (CS) (B-(1-4)-2-amino-2-deoxy-p-glucose) is a linear
hydrophilic polysaccharide polymer of p-glucosamine and can be
prepared by the N-deacetylation of chitin. This natural polysaccha-
ride possesses useful properties such as non-toxicity, high biocom-
patibility and non-antigenicity. Also, CS is mucoadhesive and
enhances the penetration of drugs across the intestinal and nasal
barriers. In neutral or basic pH conditions, CS contains free amino
groups and hence, it is insoluble in water. In acidic conditions, ami-
no groups can undergo protonation, thus, making it soluble in
water [10]. Carboxymethylcellulose (CMC) is a semi-synthetic
derivative of cellulose. It is a water-soluble linear polymer, pro-
duced by partial substitution of the 2, 3 and 6 hydroxymethyl
groups of cellulose by hydrophobic carboxymethyl groups. CMC
chains are linear (1 — 4)-linked glycanes, whose polyelectrolyte
character is due to the presence of weakly acidic groups. At pH le-
vel above 4, it behaves as a polyanion. The average degree of sub-
stitution () of CMC is defined as the average numbers of
carboxymethyl groups per repeating unit. It is generally found in
a water-soluble form as sodium salt [11].

Recently, interpolymer complexes (IPCs) have attracted consid-
erable interest by pharmaceutical researchers on account of its un-
ique characteristics due to a specific interaction between
constituent polymers such as hydrogen bonds, electrostatic inter-
actions, van der Waals forces or hydrophobic interactions. Previous
studies have reported the formation of IPCs between the proton-
ated amine groups of CS, as the polycationic polymer, and the car-
boxylate groups of polyanionic polymer such as hyaluronate
sodium [12], poly(acrylic acid) [13], alginate [14] or xanthans
[15]. In a similar manner, it may be expected that IPC will be
formed among carboxylic groups from CMC and amino moieties
from CS, as a result of the advance of dissolution medium front
within mini-matrices.

The purposes of this study were to: (i) characterize interpoly-
mer complexes of CS and CMC and (ii) study the physical state of
CAM by grazing incidence X-ray diffraction (GID) as a method for
profiling transformations occurred on the surfaces of matrices pre-
pared with these interpolymer complexes.

2. Materials and methods
2.1. Materials

High viscous Chitosan (CS; 1406 mPas) was purchased from
Sigma-Aldrich (Spain), with a minimum degree of acetylation of
75%. Carboxymethylcellulose (CMC) sodium salt (high viscosity,
range from 1500 to 2500 mPa s) was supplied by BDS (Lutterworth,
UK), and clarithromycin (CAM) was provided by Normon (Spain).
All other chemicals were of pharmaceutical grade or better and
used without further purification.

2.2. Preparation of drug delivery systems

The novel method called “tablets-in-capsule system” [16] is
based on the combination of different mini-tablets to obtain drug
delivery systems. Following this method, we prepared different
formulations that consisted of mini-matrices (6 mm in diameter)
inside a hard gelatine capsule.

To study the relation of polymer/polymer within the network,
hydrogels in the ratio of CAM:[CS:CMC] 80:[20] (w/w) were pre-
pared, where the proportions of [CS:CMC] were 0:100, 25:75,
50:50, 75:25, 90:10 and 100:0 (w/w), henceforth designated as
80:[0:100], 80:[25:75], 80:[50:50], 80:[75:25], 80:[90:10] and
80:[0:100].

The systems were prepared as follow. First, drug and polymers
were sieved through 0.45-mm mesh and then mixed homoge-
neously. Afterwards, they were directly compressed to get mini-

matrices of 6 mm in diameter and weight of 50 mg. Ten of these
mini-matrices were placed into a gelatine capsule, and they consti-
tuted the final system.

2.3. Powder and grazing incidence X-ray diffraction (GID)

Powder X-ray diffraction patterns of pure polymers (CS and
CMC) and drug (CAM) were measured using powder X-ray diffrac-
tometer (Philips X'Pert SW, CAI, UCM) with Ni-filtered CuKo radi-
ation generated at 30 kV and 30 mA as an X-ray source.

GID is a technique in which the incident angle (0) remains fixed
as the detector turns normally around the axis of the goniometer
[17]. GID measurements were performed with a laboratory X-ray
diffractometer, model Philips X'Pert SW, and the radiation was
the same as the powder measurements. In this study, we used an
incident angle (0) of 1°. Prior to the measurements, the instrument
was aligned and calibrated carefully. A special, height-adjustable,
tablet-sample holder was used for the measurements.

At these conditions, we measured samples of mini-matrices at
initial time (after tableting) and mini-matrices during the dissolu-
tion test at predetermined times points (1, 2, 4 and 6 h) that were
withdrawn from the dissolution medium and lyophilized.

In order to calculate the penetration depth, elemental analysis
measurements were performed in matrices with an elemental ana-
lyzer LECO CHNS-932. The N, C and H contents were determined
directly, while the O content was calculated from the difference be-
tween unity and the percentage sum of N, C and H contents. The
composition of matrices was used to determine the mass absorp-
tion coefficients (MAC) with the help of mass-absorption-calcula-
tor (X'Pert HighScore). This calculator uses the mass absorption
coefficients (u/p) and the atomic weights of the elements. First,
the molecular weight, the atomic weight fractions (W,) and the
mass absorption coefficient (y/p) of a compound are calculated
as follows:

iu/pcompound =W x(u/p); + Wy x (u/p), +---+W,
X (1/P)n (1)

And then, the penetration depth can be calculated from the
MAC of the mixture and the real density. To determine the true
density, a sample is weighted (M) and placed in the cell chamber
cup of a multivolume pycnometer (1305, Micrometrics) to mea-
sure the true volume (V;). The true density (p,) was then calculated.

Firstly, the path length (L) is calculated with the formula:

I = Ioexp‘(“/p)”f" (2)

This is the length the X-rays travel through the sample, until
99% of the intensity (I;) is absorbed, and only 1% of the initial inten-
sity (Ip) is transmitted.

Next, the penetration depth (7) is established with the simplified
formula, which is only correct for symmetric case (gonio scans):

7=0.5Lsin(0) 3)

The penetration depth is the thickness of the sample, contribut-
ing 99% of the diffracted intensity for a given incident angle 6.

2.4. Characterization of CS-CMC complexes via infra-red spectroscopy
(FTIR)

A Nicolet model Magna 750 Series Il infra-red spectrometer was
used. The scan range was 500-4000 cm~!. Each spectrum was
automatically averaged over 16 scans obtained at a spectral resolu-
tion of 4cm™!.

We measured samples of mini-matrices at initial time (after
tableting) and mini-matrices during the dissolution test at prede-

termined times points (1, 2, 4 and 6 h) that were withdrawn from
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the dissolution medium and lyophilized. Then, these samples were
thoroughly ground with exhaustively dried KBr, and pellets were
prepared by compression under vacuum. A sample cup filled with
dried KBr powder was used as the background data set.

2.5. Characterization of CS-CMC complexes via differential scanning
calorimetry (DSC)

Differential scanning calorimetric (DSC) analysis was used to
characterize the thermal behaviour of the individual polymers,
CAM and complexes CS-CMC.

DSC thermograms were obtained using an automatic thermal
analyzer system (Mettler Toledo TC 15, TA controller). Tempera-
ture calibration was performed using Indium Calibration Reference
Standard (transition point 156.60 °C).

We measured samples of mini-matrices at initial time (after
tableting) and mini-matrices during the dissolution test at prede-
termined times points (1, 2 and 6 h) that were withdrawn from
the dissolution medium and lyophilized. Then, these samples were
crimped in standard aluminium pans and heated from 25 to 350 °C
at a heating rate of 10 °C/min under constant purging of dry nitro-
gen 30 mL/min. An empty pan, sealed in the same way as the sam-
ple, was used as a reference.

2.6. In vitro drug release

These studies were carried out in a dissolution bath (Vankel VK
700). A USP Apparatus 2 (paddle) was set up at 37 °C, with a rota-
tional speed of 50 rpm, and 500 mL of dissolution medium were
added to each vessel.

The final system (capsule with 10 mini-matrices) was weighed
and placed in each vessel. At predetermined times points, a sample
of 5 mL was withdrawn. Before analysing any sample, they were
filtered through a 0.45-pm filter (Acrodisc® HPVL 0.45 pm).

The quantity of CAM, at each time, was determined by HPLC
method, consisting of a UV detector (Jasco UV-1575 Intelligent
UV/VIS Detector), a pump (Jasco PU-1580 Intelligent HPLC pump),
an automatic injector (Gilson 231 XL Sampling Injector) and a dilu-
tor (Gilson 410 Dilutor). The selected wavelength was 210 nm. A
C18 column was used (ACE® 5 C18), a 4.6-mm x 15-cm column
with a particle size of 5 pm, and temperature was maintained con-
stant at approximately 60 °C (Pickering Laboratories CHX700 Col-
umn Temperature Controller). The flow rate was 1.0 mL/min. The
mobile phase consisted of a mixture of methanol and 0.079 M
monobasic potassium phosphate (650:350), and the pH level was
adjusted to 4.5 with phosphoric acid. The cumulative amount of
CAM released from the system was determined from the appropri-
ated calibration curve. Each determination at each time point was
performed in triplicate, and the error bars on the graphs repre-
sented the standard deviation.

The dissolution media tested were acetate buffer (pH 4.2) pre-
pared as described in USP 30 — NF 25 (2007) due to the use of pro-
ton pump inhibitors (PPIs) in the eradication therapies as gastric
protectors which arise the pH level to a 24-h median of 4.2 [18].

2.7. Swelling and eroding studies

The method used was based on the studies of Kavanagh and
Corrigan [19]. A USP Apparatus 2 (paddle) dissolution bath (Vankel
VK 700) was used set to 37 °C. The rotational speed was 50 rpm,
250 mL of dissolution medium were measured and loaded into
each of the six vessels of the dissolution bath and allowed to equil-
ibrate before starting the experiment. Each system (capsule with
mini-matrices) was weighed (W;) and placed in each vessel. The
experiment consisted of allowing the system to dissolve in the
media at the listed conditions for certain time periods. After vac-

uum filtration, to drain the excess of medium, the remaining sys-
tem was weighted to determine its wet weight (W,,). The system
was then dried in an oven at 37 °C to measure constant weight
(Wy). Each determination at each point was carried out in tripli-
cate, and the error bars on the graphs represented the standard
deviation.

The swelling and erosion ratios were measured at two different
conditions: (i) in a pH level range from 1.2 to 7.2 at 2 h, using buf-
fer solutions as indicated by USP 30 - NF 25 (2007) and (ii) in a
time range from 15 min to 6 h at a buffer solution of pH 4.2.

The indicators calculated were, firstly, the relative swelling
which is calculated as follows [19]:

Relative Swelling =

W,
4
W @
To investigate more precisely the relative swelling mechanism
into hydrophilic matrices, the initial swelling data were analysed
according to the following equation for W,/W,, < 0.6 [20]:
W,
— = Kst" 5
w. K (3)
where Ks (h™!) is a characteristic constant of the hydrogel, and n is a
characteristic exponent related to the mode of transport of the
penetrant.
Data of dry weight are used to calculate the relative erosion
indicator. This index is calculated as an indicator of the erosion
and dissolution of the system.

. . Wy
Relative E =— 6
elative Erosion W, (6)
These values were fitted to the cube root relationship as out-
lined by Kavanagh and Corrigan [19] to determine the apparent
polymer erosion rate constant (Kj).

(Wd/Wi)s =1 — Kyt (7)

All statistics were obtained with Statgraphics® Plus, version 5.1.

3. Results and discussion
3.1. Grazing and powder X-ray studies

The commonly used techniques for physical characterization
are X-ray powder diffractometry (XRD), differential scanning calo-
rimetry (DSC), infra-red spectroscopy (IR) and scanning electron
microscopy (SEM). Because the medium is in intimate contact with
the surface of the matrices and transformations of the dissolving
particle will take place near the surface, the use of other techniques
such as grazing incident X-ray diffractometry (GID) will permit to
evaluate these conversions [21].

Fig. 1 shows the comparison between XRD and GID patterns of
different tablets containing CAM. The classical XRD patterns
(Fig. 1A) did not depict any characteristic peak of CAM; hence this
technique was not useful to characterize the physical state of the
CAM within IPC. However, when using GID (Fig. 1B), it was possible
to distinguish the characteristic peaks of CAM, revealing that this
technique is appropriate to study the physical state of drugs en-
trapped within IPCs. Furthermore, one advantage of this technique
is the possibility to modify the incidence angle, and in consequence
different penetration depths and patterns will be obtained [21].
Studies with different incidence angles, ranging from 0.1° to 10°,
were carried out (data not shown), and the patterns obtained from
these studies were similar in all cases. The penetration depths cal-
culated, according to the composition and the density of tablets,
ranged from 9 to 950 pum. The similarity of the patterns can be ex-
plained by the penetration depths, which were not deep enough to
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Fig. 1. Comparison between powder X-ray diffraction (XRD) (A) and grazing X-ray
diffraction (GID) (B) patterns of CAM:[CS:CMC] (w/w) 80:[90:10] (a), 80:[50:50] (b)
and 80:[0:100] (c) in acetate buffer (pH 4.2) at 37 °C and at 1 h.

get to the layer where no dissolution medium had imbibed. Since
all patterns were similar at different incidence angles, we selected
the angle of 1° to characterize the physical state of CAM during
in vitro release studies. This angle is commonly used by other
authors utilizing this technique [17,21].

|I IIII|I lIIH|H|||H P

0cm 1 0cm 1 Ocm

1 0cm 10cm

Ocm

Oem 1 Ocm 10cm

Initial 1h

1 Ocm

D

] |f||1|| |||||| 7
1 Ocm

o0

|I|H|III||I IIIII|I1H||

g

Fig. 2. Photographs of matrices CAM:[CS:CMC] (w/w) 80:[90:10] (A), 80:[50:50] (B) and 80:[0:100] (C) in acetate buffer (pH 4.2) at 37 °C.

Penetration depths were confirmed by photographs of the tab-
lets at different times (Fig. 2). The dissolution medium advanced
through the matrices forming gel layers, as it can be observed. A
gel layer larger than 1.5 mm from 1h is observed in all the
systems. According to these photographs, it is possible to expect
a greater swelling from CAM:[CS:CMC] 80:[90:10] (w/w) (Fig. 2A)
compare to CAM:[CS:CMC] 80:[50:50] (Fig. 2B) and 80:[0:100]
(Fig. 2C) (w/w). This fact was confirmed with swelling and
eroding studies, and will be discussed in more detail in the later
sections.

Fig. 3a and b shows XRD patterns of intact CAM and CAM when
it is placed into acetate buffer. These patterns depict that intact
CAM is the crystal Form II of CAM which is characterized by 2-60 an-
gle position at 8.5°+0.2, 9.5°+0.2, 10.8°+0.2 and 11.5°+0.2
[4,22]. However, when CAM is placed in acetate buffer (pH 4.2), a
different XRD pattern is obtained with characteristic peaks at
20=10.06°£0.2 and 12.14° £ 0.2. These differences between XRD
patterns can be attributed to the formation of a solvate form that
does not correspond with the described forms of CAM Form I and
Form IV [22,23].

The XRD patterns from intact CMC and CS and after placing in
acetate buffer are depicted in Fig. 3c-f. The diffractogram of CMC
raw material showed that it was mostly amorphous (Fig. 3¢), while
pure CS was shown to be almost a halo pattern (Fig. 3e). It can be
noted that CS powder was of semicrystalline state. This material
had a modest degree of crystallinity depending on the partial acyl-
ation. Similar crystallinity results had been reported previously by
Ghaffari et al. [24]. Nevertheless, in Fig. 3d and f, both polymers
exhibited the typical pattern of an amorphous product when
placed in acetate buffer [25].

Changes in the surface of matrices, due to intimate contact with
the dissolution medium, were studied by GID and are shown in
Fig. 4. When IPCs are placed in acetate buffer (pH 4.2), CAM “Form
II” is converted to a solvate form of CAM. This is demonstrated by
the presence of the characteristic peaks at 20 =10.06°+ 0.2 and
12.14° £ 0.2.
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Fig. 3. Powder X-ray diffraction (XRD) patterns of CAM: raw material (a) and in
acetate buffer (b). XRD patterns of CMC: raw material (c) and in acetate buffer (d).
XRD patterns of CS: raw material (e) and in acetate buffer (f).

A decrease in the intensity of characteristic X-ray diffraction
peak (10.06° (20)) of the solvate was found with increasing in time
into acetate buffer. The tendency followed a linear behaviour in all
cases (? > 0.938). This can be explained by a less content of CAM,
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Fig. 4. Grazing X-ray diffraction (GID) patterns of CAM:[CS:CMC] (w/w) 80:[90:10]
(A), 80:[50:50] (B) and 80:[0:100] (C) in acetate buffer (pH 4.2) at 37 °C and at
initial time (no exposure to dissolution medium) (a), 1h (b),2h(c),4h(d)and 6 h
(e). The incident angle is 1° in all cases.

in its solvate form, remained within IPCs. Thus, in all the studied
formulation, the mixture of polymers (CS-CMC) imbibed the disso-
lution medium forming a hydrogel layer, due to the ionization of
their moieties, where CAM “Form II” is transformed into its solvate
form prior to its dissolution step.

Combining these solid phase measurements with the drug re-
leased profiles can offer a deeper understanding of the medium-
mediated phase transformation phenomena on surfaces during
dissolution processes [26].

3.2. FTIR

To obtain information regarding the molecular structure of the
swollen CS:CMC IPCs, the FTIR spectra from these complexes at dif-
ferent times were obtained after swelling in acetate buffer (pH 4.2).
The spectra are shown in Figs. 5 and 6.

The characteristic peaks of CAM (Fig. 5a and b) are about 1695
and 1733 cm™! that are attributed to v¢-o stretching vibration from
ketone group in a lactone ring and to vo_c-o Stretching vibration in
a lactone ring [22]. However, when CAM was placed in acetate buf-
fer, a solvation process took placed, and a solvate of CAM was
formed. Other solvate forms have been reported previously in dif-
ferent drugs [27-29]. They were defined as a solvate having an
incorporated crystallizing solvent molecule, and its X-ray pattern
and FTIR spectrum may be somewhat varied depending on the sol-
vent [1]. The presence of two new peaks at 1413 and 1565 cm™,
which were assigned to the vibration of symmetric and asymmet-
ric carboxylic groups [30], demonstrated the presence of crystal
from the solvent, and consistently the formation of the solvate.

In the CS spectrum (Fig. 5c and d), peaks at 1630 and 1365 cm ™!
were characteristic peaks of amide groups: amide I and amide III,
respectively. When CS was placed in acetate buffer, its spectrum
showed a peak at 1674 cm~! that was attributed to the formation
of tertiary amide (—NH3) [13]. The CMC spectrum (Fig. 5e and f)
presented two strong peaks at 1620 and 1434 cm™! that were as-
signed to the asymmetric and symmetric carboxylate vibration,
respectively [31]. The fact that in acetate buffer (pH 4.2) these
peaks were more marked was attributed to the formation of the
polyion in this condition.

Regarding the characterization of CAM within IPCs, the spectra
at initial time (Fig. 6A(a), B(a) and C(a)) were similar to the one of
CAM raw material (Fig. 5a). This is an indication of non-interaction
between CAM and polymers. Similar results were observed by
other authors within polyionic complexes and drugs with carbox-
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Fig. 5. FTIR spectra of CAM: raw material (a) and in acetate buffer (b). FTIR spectra
of CMC: raw material (c) and in acetate buffer (d). FTIR spectra of CS: raw material
(e) and in acetate buffer (f).
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Fig. 6. FTIR spectra of CAM:[CS:CMC] 80:[90:10] (A), 80:[50:50] (B) and 80:[0:100]
(C) (w/w) in acetate buffer (pH 4.2) at 37 °C and at initial time (no exposure to
dissolution medium) (a), 1h (b), 2h (c), 4h (d) and 6 h (e). Spectrum of IPC
[CS:CMC] (w/w) without entrapped CAM and in acetate buffer (f).

ylic groups like amoxicillin [13]. The formation of solvates of CAM
could be observed as a consequence of the entrance of the acetate
buffer within the network (Fig. 6A (b-e), B (b-e) and C (b-e)),
which was demonstrated with an increasing peak at 1565 cm™!
that is attributed to carboxylic groups from the medium. In these
figures, other characteristic peaks of CAM were less defined mean-
ing that less content of drug was remained within the network.
This physical state of CAM could be observed in all spectra, with
the exception of 80:[90:10] (w/w) at 6 h (Fig. 6A(e)), which spec-
trum was very similar to the IPCs without entrapped drug
(Fig. 6A(f)).

However, it was difficult to distinguish interactions when com-
paring binary mixtures of both polymers due to the overlapping
bands of CS and CMC at the same region, thus, it is not possible
to suggest from FTIR spectra that hydrogen bonds and/or electro-
static interactions between carboxylic groups from CMC and amino
moieties from CS were involved in the formation of IPCs made of CS
and CMC.

3.3. DSC studies

Figs. 7 and 8 show the DSC thermograms of CAM, CS, CMC and
IPCs in an initial form and after placed in acetate buffer (pH 4.2).

The DSC thermogram of acetate salts from lyophilized dissolu-
tion medium is depicted in Fig. 7a. and exhibited two endothermic
characteristic peaks at 58 and 330 °C. The DSC thermogram of CAM
raw material (Fig. 7b) corresponds, as expected, to the thermogram
of the polymorph “Form II” that can be justified by the presence of
an endothermic peak at 227 °C attributed to the melting process
and followed by another endothermic peak at 295 °C, which is
attributed to the decomposition process [23]. However, when
CAM was in contact with acetate buffer since initial times, solva-
tion processes took placed (Fig. 7c and d). These new CAM solvates
exhibited two endothermic peaks at 58 and 320 °C attributed to
acetate salts and two endothermic peaks at 225 and 255 °C from
CAM. Considerable shifts of the endothermic peak temperature of
acetate salts (from 330 to 320°C) and of the decomposition of
CAM (from 295 to 255 °C) were observed and are related to the
incorporation of molecules of acetate within CAM molecular struc-
ture. Similar changes in DSC parameters were observed with differ-
ent solvents, like ethanol, where CAM incorporated crystallizing
solvent molecules obtaining “Form 0” [1].

The DSC thermograms of CS and CMC raw material are depicted
in Fig. 7e and f, respectively. CS exhibited an endothermic peak at
165 °C, and an exothermic peak attributable to its decomposition
appeared approximately at 320 °C [32,33]. While CMC had an
endothermic peak at 190 °C, followed by an exothermic peak at
285 °C assigned to its decomposition.

Analysing the physical state of CAM at initial time from thermo-
grams of IPCs (Fig. 8A(a), B(a) and C(a)), it is possible to observe
that there were no changes in the crystallinity of the drug during
the formulation process, which is justified by the presence of the
characteristic peak of CAM at 228 °C. Similar results were obtained
by other authors when studying other model drugs [34,35]. The
lack of significant shifts of the melting endothermic peaks of
CAM also revealed no evidence of solid-state interaction between
drug and polymers after tableting process over the whole compo-
sition range and conditions studied. Same results were obtained
from FTIR and X-ray studies.

Nevertheless, changes in the DSC thermal parameters from
polymers have been observed. In the formulation CAM:[CS:CMC]
80:[90:10] (w/w) at initial time (Fig. 8A(a)), the endothermic peak
of CS showed a drop in the temperature of its fusion peak from 165
to 158 °C, meanwhile the endothermic peak of CMC increased from
190 to 201 °C. In a similar manner, changes in the temperature of
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Fig. 7. DSC thermograms of lyophilized acetate buffer (a), CAM raw material (b),
CAM in acetate buffer (pH 4.2), at 37 °Cand at 1 h (c) and 6 h (d), CS raw material (e)
and CMC raw material (f). Endothermic peaks of CAM (@), acetate salts (A, a), CS
() and CMC (m).



136 M. Goémez-Burgaz et al./European Journal of Pharmaceutics and Biopharmaceutics 73 (2009) 130-139

@ (d)

Exothermic ——

25 50 75 100 125 150 175 200 225 250 275 300 325 350
Temperature (°C)

B (a)
] . (b)
o TN
£ - (c)
g T T

25 50 75 100125150 175200 225 250 275 300 325 350
Temperature (°C)

D
2

Exothermic — O
2 =

25 50 75 100 125 150 175 200 225 250 275 300 325 350
Temperature (°C)

Fig. 8. DSC thermograms of CAM:[CS:CMC] (w/w) 80:[90:10] (A), 80:[50:50] (B)
and 80:[0:100] (C) in acetate buffer (pH 4.2) at 37 °C and at initial time (no
exposure to dissolution medium) (a), 1 h (b), 2 h (c) and 6 h (d). Endothermic peaks
of CAM (@), CS (d) and CMC (m).

the endothermic peak of CMC appeared on the thermogram of
CAM:[CS:CMC] 80:[50:50] (w/w) (Fig. 8B(a)) whose temperatures
shifted until 199°C, and CAM:[CS:CMC] 80:[0:100] (w/w)
(Fig. 8C(a)) until 217 °C. These changes could be attributed to the
formation of a matrix structure among polymeric chains from
CS-CS, CS-CMC or CMC-CMC during the tableting processes, and
these interactions were not possible to observe either with FTIR
because of overlapping bands or with X-ray due to their amor-
phous nature. Unexpectedly, no peaks from CS were observed in
the thermograms from CAM:[CS:CMC] 80:[50:50] (w/w), which
could be explained by fewer CS ratios within the IPCs.

When complexes were placed in acetate buffer, some DSC events
occurred. IPCs CAM:[CS:CMC] 80:[90:10] (w/w) (Fig. 8A(b-d))
showed thermal profiles with three endothermic peaks at about
158, 201 and 228 °C that were related to the characteristic peaks
of CS, CMC and CAM, respectively. In Fig. 8A(b-d) and (B)b-d, it is
possible to observe a decrease in the temperature of the endother-

mic peak of CAM, which ranges from 228 to 207 °C. This drop in the
melting endothermic peak temperature could be related to the for-
mation of the solvate form of CAM. However, in matrix systems
comprised only CMC, CAM:[CS:CMC] 80:[0:100] (w/w) (Fig. 8C(b-
d)), there was a fewer decrease in the temperature of the peak of
CAM that only shifted from 228 to 220 °C. This fewer drop in the
temperature could be related to the formation of the less amount
of solvate of CAM within these systems. These findings allow us
to expect a minor dissolution medium uptake per polymer remain-
ing from these IPCs.

Furthermore, shifts on the endothermic peak temperatures of
CMC and CS were addressed within CAM:[CS:CMC] 80:[90:10]
(w/w) (Fig. 8A(b-d)). The peak of CS shifted from 165 to 158 °C,
meanwhile the peak of CMC shifted from 188 to 200 °C. This could
reveal the interactions among polymers due to the ionization pro-
cesses of moieties from CS as a consequence of the advance of the
solvent front. In a similar manner, changes in the endothermic
peak temperatures of CMC were observed from CAM:[CS:CMC]
80:[50:50] (w/w) (Fig. 8C(b-d)) and CAM:[CS:CMC] 80:[0:100]
(w/w) (Fig. 8C(b-d)), where the temperature, initially approxi-
mately at 190 °C, shifted until 156 °C due to the formation of
hydrogen bonds at this pH levels.

3.4. Swelling and eroding properties

Since drug release from hydrogels is affected by the swelling
and the rate of hydrogel degradation when exposed to gastric med-
ia, we studied both processes.

3.4.1. Influence of pH medium

CMC and CS are natural polyelectrolytes that have many car-
boxylic and amine moieties, respectively, in their molecular chains.
The dissociation degree of these groups is closely related to the pH
value of the medium. To investigate the influence of pH value of
the medium on the swelling and eroding ratios, the pH range
was selected from 1.2 to 7.2 for this study. As shown in Fig. 9A, IPCs
have revealed to be pH dependent. All the studied systems showed
an inflexion on their swelling behaviour at around 4.5-4.7 pH va-
lue which corresponds with the pK, of carboxylic groups from
CMC, approximately at 4.6 [36]. Below this pH value, IPCs that have
greater swelling ratios are the ones with higher content of CS,
meaning that carboxylic groups are protonated (-COOH) and the
hydrogen bonds within IPCs can be formed. But at the same time,
moieties from CS are also protonated (—NHj), because the pH
medium is below its pK,; 6.3 [37], causing repulsions that result
in an increase in swelling.

On the contrary, for pH values above the pK, of CS, IPCs that
have greater swelling ratios are the ones with higher content of
CMC. The carboxylic groups become ionized, thus the hydrogen
bonding interactions are weakened and destroyed, as a result,
the electrostatic repulsive force among the charge sites (-COO™)
causes an increasing in the swelling ratios when these groups are
in higher densities.

Finally, for pH values between pK, of polymers which range
from 4.6 (CMC) to 6.3 (CS), the moieties from polymers become
ionized having groups -COO~ and -NHs"* within the network that
created interactions between the oppositely charged moieties in
CS and CMC, which have decreased the degree of swelling. How-
ever, it is important to highlight that IPCs with higher content of
CMC showed an increased swelling ratio.

The erosion profiles are shown in Fig. 9B. In all cases, an increas-
ing in eroding was related with an increase in relative swelling,
which can be explained by hydrogen bonding and ionization of
moieties from CS and CMC at different pH values that were related
with their pK, values.
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Fig. 9. In vitro relative swelling (A) and erosion kinetics (B) at 37°Cand at 2 hin a
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(O), 80:[50:50] (m), 80:[25:75] (*) and 80:[0:100] (#), n=3.

3.4.2. Influence of CS and CMC within IPCs

Fig. 10A reports the relative swelling of IPCs with different pro-
portions of CS:CMC (w/w). In terms of relative swelling, the graphs
showed higher relative swelling for complexes with higher CS ra-
tio, such as 80:[90:10], with a maximum relative swelling of
9.228 (+0.651), and it occurred at short times. Thus, increasing
the CS content within the network increased the degree of swell-
ing. This could be explained by the presence of more cationic moi-
eties within the network at this pH level, thus the network expands
more [38]. Similar polymeric interactions were observed in DSC
patterns where shifts from the melting temperature peaks of poly-
mers within IPCs at different times occurred.

To investigate the swelling kinetics of these systems, the
parameters Ks and n were calculated by Eq. (3) [20]. It has been dis-
tinguished by three cases of diffusion according to the relative
rates of diffusion and polymer relaxation. The first is Fickian diffu-
sion (n=0.5), in which the rate of diffusion is much less than the
rate of relaxation. In this case, the system is controlled by diffusion.
The second case is Case Il (n =1.0), where the diffusion process is
much faster than the relaxation. The controlling step is the velocity
of an advancing front, which forms the boundary between swollen
hydrogel and glassy core. The third case is non-Fickian diffusion
(n=0.5-1.0), which describes those cases where the diffusion
and relaxation rates are comparable.

The obtained results highlighted strong differences among com-
plexes. The values of the exponent n were 0.736 (+0.010), 0.617
(+0.020), 0.402 (+0.030), 0.511 (+0.020) and 0.493 (+0.111), which
correspond to CAM:[CS:CMC] 80:[90:10], 80:[75:25], 80:[50:50],
80:[25:75] and 80:[0:100] (w/w), respectively. They presented r?
higher than 0.918 in all cases. The IPCs 80:[0:100], 80:[25:75]
and 80:[50:50] (w/w) had n values close to 0.5, indicating Fickian
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Fig. 10. In vitro relative swelling (A), erosion kinetics (B) and CAM release (C) at
37 °C and pH 4.2 of CAM:[CS:CMC] (w/w) 80:[100:0] (<), 80:[90:10] (a), 80:[75:25]
(O), 80:[50:50] (m), 80:[25:75] (x) and 80:[0:100] (#), n = 3. Fitted experimental
data to a linear equation ().

water diffusion. However, the IPCs 80:[75:25] and 80:[90:10] had
n ranged from 0.5 to 1, which indicated non-Fickian diffusion
and diffusion-relaxation processes were involved.

In ionic cross-linked hydrogels, erosion of the network structure
was prevented by ionic interactions that exist between both poly-
mer chains. These labile bonds could be broken as a result of partial
ionization of moieties that cause electrostatic repulsions [13].

Fig. 10B shows the eroding profiles of matrices comprised of CS
and CMC, and their apparent polymer erosion rate constants were
estimated.

All complexes present a linear behaviour with r? higher than
0.96 (data not shown), and the greatest erosion constant was ob-
served in complexes with the highest content of CS. The values
of the apparent polymer erosion constant (K;) were 0.092
(+0.004), 0.040 (+0.008), 0.025 (+0.004), 0.019 (+0.001) and 0.015
(20.003) h~!, which correspond to CAM:[CS:CMC] 80:[90:10],
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80:[75:25], 80:[50:50], 80:[25:75] and 80:[0:100] (w/w), respec-
tively. Also, the erosion and release processes from IPCs were
chemically confirmed with the microelemental measurements
(data not shown). The C (%) content steadily decreased with time
in acetate buffer. This fact could be explained by the presence of
more ionized moieties within the network, and as a consequence,
higher expansion between polymers and erosion rate. Similar re-
sults were obtained in others IPCs, where the greatest expansions
of the network lead to the greatest erosions kinetics [15,34].

Furthermore, CAM is a barely water-soluble drug [7]; hence, it is
expected that CAM release would be primarily controlled by ero-
sion mechanisms.

3.5. In vitro drug release

Fig. 10C shows the release profiles obtained from hydrophilic
matrices formulated with IPCs of CS and CMC.

The mini-matrices [CS:CMC] exhibited CAM-sustained release
longer than 8 h, with the exception of CAM:[CS:CMC] 80:[100:0]
(w/w) which all CAM was released at 45 min, so practically, it
can be considered an immediate release. Within the IPCs, when
increasing the content of CS, an increase in the drug release was
observed. So, the fastest release was obtained from CAM:[CS:CMC]
80:[90:10] (w/w), which are in accordance with previous results
obtained by FTIR. The low release of CAM at initial times
(15 min) from matrices could be attributed to the low solubility
of CAM at acidic media [7] and to the formation of a matrix system
that was able to entrap efficiently the drug within the network
[13,39].

These results are in accordance with the fact that the presence
of more cationic moieties from CS which can be ionized and, con-
sistently, major expansion of the systems and eroding process, be-
cause less pendants groups are involved in hydrogen bonding
[12,38].

All profiles followed zero-order kinetics that could be corrobo-
rated by the good fit to a linear equation, with ? higher than
0.978. The values of the kinetic constants (K,) were 0.201
(x0.007), 0.176 (+0.002), 0.120 (+0.002), 0.089 (+0.003) and 0.076
(£0.001) h~!, which correspond to CAM:[CS:CMC] 80:[90:10],
80:[75:25], 80:[50:50], 80:[25:75] and 80:[0:100] (w/w), respec-
tively. These kinetics could be related to the release profiles, mean-
ing that the erosion process plays an important role in drug release.
The prevalence of the erosion processes was expected, since CAM
has a poor solubility at this pH level because it is a weak base with
a pK, of 8.76 [7].

4. Conclusions

Physicochemical characterization of all CS and CMC interpoly-
mer complexes to form mini-matrices containing CAM have re-
vealed polymer-polymer interactions. The data of XRD, FTIR and
DSC demonstrated the formation of a new solvate of CAM when
was placed in acetate buffer, as a result of crystallized molecules
from solvent within its molecular structure.

During the tableting compression, matrix systems were formed,
which was confirmed by DSC studies due to changes in the temper-
ature of endothermic peaks of polymers.

The GID studies enabled us to profile the transformation of CAM
on the surfaces of mini-matrices when it was in intimate contact
with the dissolution medium, and its conversion to the solvate
form prior to its dissolution process. Besides, DSC measurements
have revealed polymer-polymer interactions and hydrogen bond-
ing during dissolution process.

The swelling and eroding studies and in vitro drug release were
carried out, and the results exhibited that when increasing the con-
tent of CS within the IPCs, swelling and erosion rates were greater

and CAM release was faster at pH 4.2. This fact could be explained
by the repulsion among -NHs* from CS that results in a decrease in
hydrogen bonds among carboxylic groups from CMC. However, at
pH levels higher than CMC'’s pKj, (4.6), carboxylic moieties become
ionized (-COO~), which were responsible for an increased relative
swelling in systems with high content of CMC.

The zero-order kinetics from release profiles were related to the
linear behaviour of erosion kinetics, and highlighted that erosion
process played an important role in drug release because CAM is
poorly soluble in this medium.
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