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E. Assaad®, Y. J. Wang®, X. X. Zhu" et M. A. Mateescu®

*Département de Chimie et Centre Pharmagam, Université du Québec 4 Montréal (UQAM),
CP 8888, Succ. Centre-ville, Montréal, QC, Canada, H3C 3P8

bDépartement de Chimie, Université de Montréal, CP6128, Succ. Centre-ville, Montréal, QC,
Canada, H3C 3]7

2° colloque annuel de Pharmaqam, 2010

Formulations & base de carboxyméthyl amidon et de chitosane pour
administration de médicaments par voie orale

Le carboxymétyl amidon (CMA) a été utilisé, individuellement ou en association
avec des chitosanes de différentes masses moléculaires, comme excipient dans la
préparation des comprimés monolithiques. Des agents actifs de différentes charges et
solubilités (acétaminophéne, metformine et aspirine) ont été¢ formulés. Afin d’assurer
une libération prolongée dans un milieu intestinal, 1’ajout de chitosane dans la
formulation & base de CMA pourrait €tre bénéfique. Ainsi, I’interaction entre un
polymere polyanionique (CMA) et un polymére polycationique (chitosane) favorise
la stabilisation de la matrice. De plus, le chitosane (insoluble dans un milieu neutre)
peut réduire la solubilité¢ de la matrice dans un milieu intestinal et peut favoriser le
transport d’un agent actif jusqu’au cdlon. L’ajout de chitosane de faible masse
moléculaire dans des formulations & base de CMA a entrainé une accélération de la
libération du médicament. Par contre, 1’ajout d’une quantité adéquate de chitosane de
masse moléculaire appropriée (> 700 kDa) a entrainé une diminution de la vitesse de
libération de 1’acétaminophéne. Pour ’aspirine, le CMA a montré une libération
prolongée qui a été accélérée lorsque du chitosane a été ajouté a la formulation. Cette
accélération est probablement due a la réduction des interactions CMA-aspirine. La
solubilité des agents actifs avait un réle majeur dans la vitesse de libération. Ainsi, la
libération était plus vite pour la metformine que pour I’acétaminophéne et pour
I’aspirine. Des analyses (diffraction de rayon-X, imageric RMN etc.) ont été
effectuées, afin d’étudier les propriétés des excipients, le mécanisme de diffusion de
1’eau dans les comprimés et le taux de gonflement des comprimés.
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E. Assaad et M. A. Mateescu

Département de Chimie et Centre Pharmaqam, Université du Québec 3 Montréal
(UQAM), Montréal, QC, Canada

78° Congreés de L'Association Francophone pour le Savoir (Acfas)

Effet du ratio de protonation et du degré de substitution sur les propriétés du
carboxyméthyl amidon utilisé comme excipient

Le carboxyméthyl amidon (CMA), sous sa forme sodique, est considéré comme un
excipient sensible au pH du milieu. La cinétique de libération des médicaments a
partir des formulations & base de CMA pourrait donc étre dépendante du pH du
tractus gastro-intestinal. La présente étude montre que cette sensibilité au pH pourrait
étre modulée en fonction du degré de substitution (DS: 0,07-0,20) et du ratio de
protonation (RP: 0-100 %) ou RP est le rapport (%) du nombre de groupements
carboxyles protonés (-COOH) sur le nombre total de groupements carboxyliques. Les
propriétés de I’excipient synthétisé en milieu aqueux, et le mécanisme de libération
de I’acétaminophéne a partir des comprimés monolithiques dans un milieu gastrique
simulé (MGS, pH 1,2) et dans un milieu intestinal simulé (MIS, pH 6,8) ont été
investigués. Il a été trouvé que la libération du médicament devient plus lente avec
I’augmentation du RP. Cependant, en conditions de conservation prolongée la forme
totalement protonée a montré un certain réarrangement structural et une réduction de
solubilité. Le CMA (DS 0.11) avec une protonation partielle a montré une libération
prolongée légérement dépendante du pH et de la charge en acétaminophéne (20 % et
40 %). Différemment, le CMA (DS 0.20) a montré une grande sensibilité au pH du
milieu de dissolution. Dans un MGS, un mécanisme de libération par diffusion a été
suggéré, tandis que dans un MIS, la libération a été plutdt contr6lée par le gonflement
et par I’érosion des comprimés.
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Acfas 2011
E. Assaad, L. Blemur et M. A. Mateescu

Département de Chimie et Centre Pharmagam, Université du Québec a Montréal
(UQAM), Montréal, QC, Canada

79° Congrés de L'Association Francophone pour le Savoir (Acfas)

Carboxyméthyl amidon et chitosane comme excipients pour le transport
d’agents bioactifs par des comprimés administrés par voie orale

Le carboxyméthyl amidon (CMA) et le chitosane ont été testés comme des vecteurs
des petites molécules (acétaminophene, aspirine, metformine) et d’une protéine
(ovalbumine). Les cinétiques de dissolution dans des conditions simulant le passage
gastro-intestinal des comprimés ont montré une dépendance des propriétés du
polymére utilisé (CMA, polymére anionique ; chitosane, polymére cationique) et du
pH du milieu de dissolution. Une libération limitée et une bonne protection contre
’acidité et la digestion enzymatique ont été observées dans un fluide gastrique simulé
(pH 1,2) lorsque chacun des polyméres a été utilisé individuellement pour formuler
I’agent actif. La vitesse de libération dans un fluide intestinal simulé (pH 6,8) a été
modulée par la solubilité de I’agent actif et de 1’excipient, et par la sensibilité de
I’excipient & la digestion par les enzymes pancréatiques. L’ajout d’une quantité
adéquate de chitosane (coexcipient) de masse moléculaire moyenne & la formulation &
base de CMA a entrainé une libération plus prolongée avec 1’acétaminophéne et avec
’ovalbumine, et une accélération de la libération avec 1’aspirine. La metformine a
montré une libération accélérée a partir des comprimés monolithiques, mais une
libération retardée a été observée avec des comprimés a double noyau. Les excipients
et les comprimés ont été caractérisés (diffraction RX, imagerie RMN, microscopie,
etc.), et les propriétés des formulations et les mécanismes de libération ont été
étudiés.
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CP 8888, Succ. Centre-ville, Montréal, QC, Canada, H3C 3P§

bDépartement de Chimie, Université de Montréal, CP6128, Succ. Centre-ville, Montréal, QC,
Canada, H3C 3J7

3° colloque annuel de Pharmaqam, 2011

Complexe carboxyméthyl amidon-chitosane comme nouvel excipient pour le
transport des substances actives : Analyse par imagerie RMN

Un nouveau complexe polyélectrolyte (CPE) de carboxyméthyl amidon (CMA) et de
chitosane a été préparé, caractérisé et testé in vitro comme matrice pour le transport
des substances actives par voie orale. Ce complexe a été obtenu par un simple
mélange des solutions aqueuses du carboxyméthyl amidon (polymére polyanionique)
et du chitosane (polymeére polycationique). Les interactions ioniques entre les deux
polymeéres et la précipitation du complexe ont été immédiates. Les spectres de rayons-
X ont montré que le CPE était plus amorphe que le CMA et le chitosane. Le CPE
contenait 10-15% de chitosane et il était moins soluble dans le fluide intestinal simulé
que le CMA. De plus, I’analyse par imagerie RMN a montré que la diffusion du
fluide intestinal simulé dans les comprimés du CPE a été plus lente que dans les
comprimés du CMA. Ceci a permis une libération plus prolongée des substances
actives (acétaminophéne, aspirine) avec les matrices de CPE qu’avec les matrices de
CMA. Cette libération prolongée permet le transport des substances actives jusqu’au
cblon. Le potentiel du complexe CMA-chitosane est que la méthode de préparation
est facile, ne nécessitant pas I'utilisation des réactifs chimiques. De plus, le chitosane
a été utilisé sous sa forme native.
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Complexe carboxyméthyl amidon-chitosane comme nouvel excipient : Cinétiques
d’hydratation analysées par imagerie RMN

E. Assaad®, Y. Y. Wang®, X. X. Zhu® et M. A. Mateescu®

*Département de Chimie et Centre Pharmagam, Université du Québec a Montréal (UQAM),
CP 8888, Succ. Centre-ville, Montréal, QC, H3C3P8,Canada. bDépartement de Chimie,
Université de Montréal, CP6128, Succ. Centre-ville, Montréal, QC, H3C3J7, Canada.

Hypothése(s) : Les interactions ioniques ou par ponts dhydrogéne entre un polymeére
anionique, carboxyméthyl amidon (CMA), et un polymére cationique, chitosane, favorisent la
stabilisation de la matrice. Ceci pourrait réduire la solubilité de la matrice et permettrait une
libération prolongée des substances actives.

Méthode(s) : Le CMA a été obtenu par la réaction de I'amidon avec du monochloroacétate de
sodium en milieu basique. Le complexe polyélectrolyte CMA-chitosane a été préparé par
précipitation du CMA avec le chitosane. Les comprimés monolithiques ont été obtenus par
compression directe des poudres. La dissolution des substances actives dans des milieux
physiologiques simulés a été suivie avec un appareil de dissolution (USP, apparatus II,
paddle). La diffusion des milieux physiologiques simulés dans des comprimés non chargés et
les taux de gonflement des comprimés ont été analysés par imagerie RMN.

Résultat(s) : La diffraction de rayon-X a montré que le complexe a une structure plus
amorphe que celles du CMA et du chitosane. Les tests physicochimiques ont montré que le
complexe présente des propriétés différentes de celles des produits du départ. L’analyse par
imagerie RMN a montré que la diffusion du fluide gastrique simulé (FGS, pH 1,2) et du
fluide intestinal simulé (FIS, pH 6,8) dans les comprimés dépend du pH du milieu, du
caractére ionique du polymere, ainsi que de 1’interaction entre le CMA et le chitosane. La
libération de 1’acétaminophene et de 1’aspirine & partir des comprimés a été plus prolongée
avec le complexe qu'avec le CMA.

Conclusion(s) : Le CMA utilisé comme excipient dans des comprimés peut assurer une
libération contrdlée des substances actives. L'interaction du CMA avec le chitosane améne &
la formation du complexe qui a des propriétés différentes de ceux des produits du départ. Le
complexe CMA-chitosane semble favorable pour assurer une libération prolongée
convenable pour le transport des substances actives jusqu'au cdlon.
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the degree of substitution (DS 0.07-0.20) was synthesized in aqueous medium. The properties of CMS
excipient and the mechanism of acetaminophen release from monolithic tablets in simulated gastric fluid
(SGF, pH 1.2) and in simulated intestinal fluid (SIF, pH 6.8) were investigated. Compared to sodium CMS,
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Availatle catineSiMay 2010 the protonated CMS provided a longer release time which increases with the increase of PR. Over storage
= time, the highly protonated CMS showed a decrease in solubility and a progressive structural alteration
G rboxyn;eth yi starch due to hydrogen bonded carboxyl groups. Simultaneously, an acceleration of release rate of formulated
Excipient drug was observed. The CMS(DS 0.11) with PR up to 50% showed relatively low sensitivity to dissolution
Protonation ratio medium pH and sustained release pattern almost independent of tablet preincubation in SGF and of drug
Degree of substitution loading (20% and 40%). The CMS(DS 0.20) was more sensitive to pH and showed an accelerated release
Monolithic tablet rate in SIF. For the CMS formulations, a diffusion mechanism was suggested in SGF, whereas in SIF the
Drug delivery release was mostly controlled by swelling and erosion.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction Carboxymethyl high amylose starch (CM-HAS) was proposed

Despite the advent of synthetic biodegradable polymers, the
natural biodegradable polymers continue to be a predilected area
in the field of excipients for oral drug delivery. One of the most
available, renewable and versatile natural polymers is starch which
is composed of two polysaccharides: amylose (unbranched-chain
structure with glucose units joined by a-1,4 linkages) and amy-
lopectin (branched-chain structure with glucose sequences joined
at branching points by a-1,6 linkages). Starch is susceptible to phys-
ical, enzymatic and chemical modifications that can modulate its
properties according to intended applications. For instance, chem-
ical modifications of starch involve esterification, etherification or
oxidation of the hydroxyl groups of glucose units in aqueous or
organic medium. Although the latter procedure allows ahigher sub-
stitution, salts and modifying reagent by-products can still remain
in the final material (Chiu and Solarek, 2009).

Abbreviarions: CMS, carb hyl starch; SGF, si d gastric fluid (pH
1.2); SIF, simulated intestinal fluid (pH 6.8); DS, degree of substitution (the aver-
age number of carboxymethyl groups per glucose unit); PR, protonation ratio as
percentage of carboxyl groups (-COOH) in the sum of carboxylate {-COONa) and
carboxyl groups; Scommi. starch treated with NaOH to obtain the control of CMS
samples; S, gelatinized starch; togx, time (h) for the release of 90% of drug.

* Comresponding author. Tel: +1 514 987 4319; fax: +1 514 987 4054.

E-mail address: mateescu.m-alexandru@®uqam.ca (M.A. Mateescu).
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(Mulhbacher et al., 2004b) as a novel pH sensitive excipient for
bioactive agents delivery (Calinescu et al., 2005; Brouillet et al.,
2008). Carboxymethyl starch is not a new product. Indeed, it was
known in reticulated form and mostly used as disintegrant (e.g.
Primojel®, Explotab®) (Edge et al., 2002). In acid (gastric) fluid
the carboxyl groups seem to enhance the stability of tablet by
dimerization and by hydrogen bonds. When tablet is transferred
in neutral (intestinal} fluid, the matrix becomes more hydrated
due to the exchange of protons with cations. This hydration facili-
tates the swelling of the matrix and the release of bioactive agent
(Mulhbacher et al., 2004a; Calinescu et al., 2007). Increasing degree
of substitution (DS 0.03-0.25) of CM-HAS synthesized in agueous
medium generates a longer drug release time (Lemieux et al., 2007).

Three main processes were identified in tablets based on
swellable polymers: swelling, diffusion and erosion. These pro-
cesses correspond respectively to fronts generated at the interface
between the dry central core and the hydrated gel region, at the
locus where the drug concentration forms a maximal gradient,
and at the contact region between tablet and dissolution medium
(Colombo et al., 1999; Barba et al., 2009).

It was shown that a protonated form of carboxymethyl starch
presented a better gastro-resistance than its sodium salt form
(Ispas-Szabo et al., 2007). However, no investigations were car-
ried out on the influence of percentage of protonation at different
degrees of substitution. Recently, it was reported that the sodium
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salt form of CM-HAS synthesized in non-aqueous medium is
preferred for controlled release, whereas the protonated form pre-
sented a fast release (Lemieux et al., 2009).

Considering the effect of carboxyl/carboxylate groups on matrix
stabilization, on water uptake, on swelling and gel forming, and
on tablets erosion, it is now of interest to elucidate the role of
protonation/deprotonation of carboxymethyl starch (CMS) in drug
delivery. Hence, the aims of the present study on CMS synthesized
in aqueous medium are (i) to evaluate the effect of substitution
and of protonation degrees on CMS properties, (ii) to investigate
the effect of pH of dissolution medium on the mechanism and the
rate of drug release by CMS, and (iii) to establish the advantageous
parameters, protonation ratio (PR) and degree of substitution, for
the desired rate or mechanism of drug release from CMS formula-
tions.

To our knowledge, this is the first investigation on the effect of
protonation degree on the properties of CMS excipient and the first
detailed study on the effect of DS on kinetic drug release by CMS
synthesized in aqueous medium. The comprehension of the role of
PR and DS will facilitate the obtention of formulations permitting
better drug delivery at various sites of intestinal tract.

2. Materials and methods
2.1. Reagents and chemicals

High Amylose Corn Starch (Hylon VII) was provided by National
Starch (Bridgewater, NJ, USA). Sodium chloroacetate (SCA, 98%) and
acetaminophen were from Sigma-Aldrich (St-Louis, MO, USA). The
other chemicals were of reagent grade and used without further
purification. Pepsin-free simulated gastric fluid (SGF, pH 1.2) and
pancreatin-free simulated intestinal fluid (SIF, pH 6.8) were pre-
pared following the USP (US Pharmacopeia, XX1V, 2000).

2.2, Synthesis of sodium CMS

Sodium carboxymethyl starch [CMS(Na) or CMS(PR 0%)] was
prepared in aqueous medium from high amylose corn starch. A
jacketed beaker (2L) and a heating circulator bath (HAAKE, D1,
Berlin, Germany) were used to ensure a constant temperature
(55°C) during the synthesis. An amount of 140g of starch was
dispersed in 340 mL of distilled water under continuous vertical
stirring (Servodyne Mixer, 50000-40, IL, USA). Then,470 mLof 1.5M
NaOH were added and the stirring was maintained (30 min) for
gelatinization. The carboxymethylation (nucleophilic substitution)
occurred by adding sodium chloroacetate to the alkaline (0.9M
NaOH) mixture. After 1h of reaction, a volume of 540 mL of distilled
water was added, the mixture was cooled-down, and the reaction
was stopped by neutralization with acetic acid. The synthesized
CMS(Na) was precipitated with methano! and washed repeatedly
with 2 L of 80% methanol until a conductivity of about 50 uSfcm was
reached. CMS(Na) was then washed with methanol 40%/acetone
60%, dried at 40°C for 24 h, and sieved on a 300 .m screen. Differ-
ent amounts (70, 78, 84, 112 and 208 g) of SCA were used in similar
conditions to obtain CMS(Na) at various degrees of substitution.
Except CMS with DS(0.20), the CMS presented smali granulometry
and no grinding was necessary.

The control (Scontror) Was prepared following the same proce-
dure as for CMS preparation, but without adding SCA. To prepare
gelatinized starch (Sg), 10M NaOH was added until a final concen-
tration of about 2 M in the mixture,

2.3. Preparation of CMS with different protonation ratios

Each sample of CMS(Na) with a specific DS was dispersed in 80%
methanol and the pH was then adjusted with acid solutions in order

to obtain derivatives with various protonation ratios (up to 100%),
as follows:

CICH:COON w R
. Bt P
NaOH R-COOH (n

The PR(100%) or CMS(H) was obtained by maintaining the pH at
1.5 for 1h using 10% HCl, whereas the other PR were obtained by
adjusting the pH at 5.8, 5.2,4.1,3.9 and 3.6 with (4% acetic acid + 8%
HCl) solution maintaining overnight agitation. The samples were
filtered and the wet slurries were each washed with 400 mL of 80%
methanol and then with (methanol 40%/acetone 60%) as mentioned
so far. Finally, samples were air-dried overnight at 40 °C and sieved
to retain particles smaller than 300 p.m. The Seonere) and the Sg were
treated in the same way as CMS(Na) in order to obtain Sgneor (PR
50%), Scontrot (PR 100%), Sg (PR 50%)and Sg (PR 100%). All the samples
used in this study were kept under the same conditions in screw
top containers stored at room temperature.

Conversion of CMS(PR 100%) to sodium salt form was done by
solubilization of 40mg of polymer in 2mL of 0.1 M NaOH under
overnight agitation. Then 20 mg of NaCl were added and solubilized
by mixing for 2 min. Finally, the CMS was precipitated and washed
as described so far, then dried at room temperature for 2 days.

2.4. Characterization of unmodified and modified starch samples

24.1. FTIR analysis

The carboxymethylation of starch and the protonation sta-
tus of CMS were assessed by Fourier Transform Infrared (FTIR)
spectroscopy (Nicolet 4700, Madison, WI, USA). The spectra were
recorded from 4000 to 400cm~" at 2¢m~! resolution and with
a total of 32 scans. The pellets were made with a homogenous
mixture of dried KBr (67 mg) and polymer sample (3 mg). The com-
pression at 3 tonnes was done in flat-faced punches with 12mm
diameter by using a hydraulic Carver press (Wabash, IN, USA).

242. DS, PRand pK,

Pure CMS(PR 100%), washed until a conductivity of less than
15 pS/cm, was used to determine the DS by back-titration. An
amount of 300mg of CMS(PR 100%) was solubilized in 20mL
of 0.05M NaOH (n=3). Subsequently, the excess of NaOH was
determined by titration with 0.05M HCl using phenolphthalein as
indicator. Blank (n=3) consisting of 20mL of 0.05M NaOH was
also titrated. The amount of ~COOH groups and the DS were cal-
culated as described by Stojanovic et al. (2005) using the following
equations:

ncoon = (Vo = V) x Cyg ()

- 162 x NcooH
= m—58xnc00H

3)

where V}, (mL) is the volume of HCI used for the titration of the
blank; V(mL)is the volume of HCl used for titration of the sample;
Cha (mol/L) is the concentration of HCI; 162 (g/mol) is the molar
mass of glucose unit; 58 (g/mol) is the increase in the mass of giu-
cose unit by substitution with one carboxymethyl group, and m (g)
is the mass of dry sample.

The protonation ratios (PRs) were determined by titration of
samples by the same method as for DS. The pK, were determined
by direct titration (n = 2) as follows: anamount of 300 mg of CMS(PR
100%) was dispersed in 150 mL of distilled water, and titrated until
pH 11 with 0.1 M NaOH. Finally, pH was plotted against the vol-
ume of added NaOH to obtain the pK; value at half-equivalence
point.
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2.4.3. Tapped density, solubility and polymorphism of powders

The tapped densities of the samples were measured according
to the USP (616) method by using Varian's Vankel tapped density
tester (NC, USA). The solubilities were determined by dispersing
150 mg of polymer powders in 6 mL of SGF or of SIF and stirring
(Thermolyne, 37600 Mixer, Dubuque, 1A, USA)at full speed for 3 min
and 3 times to ensure that all the soluble fractions were solubilized.
The obtained mixture was centrifuged (20 min, 4000 rpm) at room
temperature, and then 1.5mL of supernatant were evaporated at
65°C until a constant mass was reached. Controls were prepared
similarly with SGF or SIF only (without polymer). The weights of
dried samples and of controls were used to calculate the solubilities.

The polymorphism of samples was evaluated by X-ray diffrac-
tometer (XRD, Siemens D5000, Munich, Germany) at 1.789A
wavelength. The original XRD spectra, recorded between 5° and
50° (2-theta), were treated using Excel software (regression type:
moving average, period 10).

2.5. Tablet preparation and crushing strength measurement

Monolithic tablets [200 mg, 20% or 40% (w/w) loading] were
obtained by direct compression of a homogenous mixture of
excipient and acetaminophen powders (flat-faced punches with
9.6mm diameter, 2.5 tonnes, Carver hydraulic press). Unloaded
tablets of 200mg were prepared with excipient only and with-
out acetaminophen. The monolithic tablets of 500mg with 20%
and 40% acetaminophen loading were prepared by the same way
using punches of 12 mm diameter. The crushing strength (n=6)was
measured with a Tablet Hardness Tester (Varian, VK 200, Cary, NC,
USA).

2.6. Invitro dissolution tests

The in vitro dissolution tests were carried out at 100rpm
and 37°C using an USP dissolution apparatus [l (Distek 5100,
North Brunswick, NJ, USA) coupled with an UV spectrophotometer
(Hewlett Packard 8452A). The acetaminophen release from tablets
(n=3)in 900 mL of enzymes-free dissolution media was measured
at 244 nm. The dissolution was followed: (i) in SGF until complete
drug release, (ii) in SIF until complete drug release, and (iii) in SGF
for 2h and then in SIF up to complete release.

The drug release kinetics was evaluated following the equation
described by Peppas (1985):

=L (4)

where M;/My, is the fraction of drug released at the time ¢ and
k is a kinetic constant incorporating the properties of the matrix,
the properties of the drug, and the geometric characteristics of the
dosage form, The release exponent (n) is characteristic of the drug
release mechanism, where n=0.45 suggests a diffusion-controlled
release (Fickian diffusion), n=0.89 a swelling-controlled release,
and n between 0.45 and 0.89 indicates an anomalous diffusion (Wei
et al,, 2009). The log(M;/M) was plotted against log(t) up to 90%
of release to obtain the values of n, k and the correlation coefficient
(R2).

2.7. Erosion and fluid uptake

Erosion and fluid (SGF or SIF) uptake by the unloaded tablets
were evaluated in the same conditions (100rpm, 37 °C) as for dis-
solution tests. The tablets (200 mg) were incubated for 2h in SGF
or in SIF. They were then removed from the media, blotted with
tissue paper to eliminate the water excess on surface, and weighed
before (wet tablets) and after freeze-drying (dried tablets).

3900 3400 2800 2400 1800 1400 900 400
Wave number {cm™)
Fig. 1. FTIR spectra of Scontrot and of CMS(DS 0.11) at various protonation ratios (0%,

50% and 100%). Pellets (12 mm diameter) of KBr (67 mg) and samples (3 mg) mixture
obtained by compression at 3 tonnes.

The percentage of erosion and the percentage of fluid uptake
by unit of remaining polymer were calculated as described per
Kavanagh and Corrigan (2004) and Calinescu et al. (2007):

W V_V-Wd) "

1

%Erosion = 100 (5)

%Fluid uptake = Tl
Wa

100 (6)

where W, is the initial weight of the tablet, W, is the weight of wet
tablet and Wy is the weight of dried tablet.

3. Results and discussion

The properties of the obtained CMS materials were studied
and their efficiencies as excipients for acetaminophen controlled
release from monolithic tablets were evaluated. Unless other indi-
cations are present, the tablets are of 200 mg with 20% loading.

3.1. Characterization of CMS (carboxymethylation, DS, PR, pKq)

The FTIR analysis revealed no difference between the spectrum
of native starch (Hylon VII) and those of starch after gelatinization
(Seontrr and Sg), whereas carboxymethylation and protonation of
CMS generated some characteristic bands. The patterns of Scontrol
as an example of unsubstituted starch, and that of CMS(DS 0.11) as
an example of carboxymethylated starch are presented in Fig. 1.
The CMS(PR 0%) presents two new characteristic bands, one at
1417 cm~! and one at 1603 cm~! which overlaps thatat 1643cm-".
For totally protonated form (PR 100%), no band was seen at
1603cm-1, while a new band appeared at 1735cm-". The bands
at 1417 and 1603 cm~! were attributed to symmetrical and asym-
metrical stretching vibration of -COO~ groups, whereas those at
1643, and 1735¢cm~! were assigned to ~OH groups and -COOH
groups, respectively (Yang, 1991; Silverstein et al., 2005; Zoldakova
et al., 2005). The CMS(PR 50%) presented the bands corresponding
to -CO0~ groups and to -COOH groups, but with lesser intensity
compared to those of CMS(PR 0%) and CMS(PR 100%), respectively
(Fig. 1). The FTIR patterns confirmed that C(MS(PR 0%) was under
carboxylate form and that CMS(PR 100%) presented no more car-
boxylate form (as proof of total protonation), whereas CMS(PR 50%)
presented both groups.

The DS of CMS samples determined by back-titration were 0.07,
0.09, 0.11, 0.14 and 0.20. These values correspond respectively to
0.42,0.55,0.68,0.83 and 1.15 milliequivalents of functional groups
per gram of polymeric powder (meq./g). The determination of pK;
(4.8-5.0) was done in order tofacilitate the choice of pH interval for
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Fig 2. Time of acetaminophen release (taox ) from CMS at various DS in (A) SGF and
(B) SIF. Tablets of 200 mg (20% loading) were used for the dissolution tests (900 mL,
37°C, 100rpm).

protonation. Thus, the pH values were adjusted at approximately
5.8,5.2,4.1,39, 3.6 and 1.5 to obtain PR of about 10%, 20%, 50%,
70%, 85% and 100%, respectively.

32. Effect of DS and of PR on drug release time

The times (h)for the release of 90% of drug (tgox) were obtained
from dissolution kinetics of acetaminophen release in SGF or in SIF
(Fig. 2). For all CMS variants, the release was longer in SGF than
in SIF. Also, for each CMS with a specific DS, the tggy increased
with protonation ratio in both SGF and SIF and the major increase
occurred at PR lesser than 50%. In addition, fast release and dis-
integration (less than 30 min) were seen in all cases for Scontrol
(Fig. 2 - insert). The explanation of this disintegration may be that
the temperature (40°C) and the concentration of NaOH (0.09 M)
used to prepare Seonero} Were not high enough to produce a soluble
gelatinized starch.

In SGF, for the same protonation ratio, an increase of DS makes
the release faster (Fig. 2A), probably due to a higher solubility at
increasing number of carboxymethyl groups. An important out-
put is that a low substitution (DS 0.07) generated the longest
release time (10.8-12.8 h), whereas unsubstituted (Scontroi) Starch
was rapidly disintegrated. This suggests that a low DS generates
major difference in release behavior. This phenomenon is relatively
comparable to that of crosslinked starch when low crosslink-

siw

——CMS(DS 0.11)in SGF
2 —s—CMS(DS 0.11)in SIF
—=—CMS(DS 0.20)in SGF
e CMS(DS 0200 SIF
0 T v v v
0 5 10 13 20 25 30
Time {day)

Fig. 3. Time of acetaminophen release (fooz ) from totally protonated CMS({DS 0.11
and 0.20) over storage times. Tablets of 200 mg {20% loading) were used for the
dissolution tests (900 mL, 37°C, 100rpm)in SGF and in SIF.

ing drastically enhances the release time (Ispas-Szabo et al.,
2000).

In SIF, the CMS(DS 0.11) showed the longest tqoy and a release
rate less affected by protonation than those obtained with DS(0.07)
and DS(0.20) (Fig. 2B). Thus, when PR changed from 0% to 100%, the
toox 0f CMS(DS 0.07) increased from 2.5 t0 6.3 h(a factor of 2.5-fold)
and that of CMS(DS 0.20) from 2.7 to 7 h (2.6-fold), while the tgog
of CMS(DS 0.11) increased from 5.3 to 8 h (only 1.5-fold).

For each CMS, the increase of tgog with protonation ratio is less
pronounced in SGF than in SIF, because the acidity of SGF con-
tributes to the protonation of ~COONa groups reducing thus the
differences between different preprepared PR,

The preparation of CMS from low gelatinized starch (Scontrol)
permits a better examination of the influence of carboxymethyl
groups on the properties of CMS excipients, When CMS was pre-
pared from Sg, even a very low DS(0.03) was enough to achieve
controlled release of acetaminophen, but a higher substitution
(about 0.07)still required to prevent tablet cracks (data not shown).

3.3. Effect of storage time on the properties of totally protonated
™S

Although the highly protonated CMS presented the lowest
release rates, acceleration of the release was observed in function
of samples storage time, especially for high DS. This accelera-
tion was examined over 4 weeks for CMS(DS 0.11, PR 100%)
and CMS(DS 0.20, PR 100%) as examples of totally protonated
CMS. Thus, after 28 days of storage, a decrease of tgox by 10% in
SGF and by 21% in SIF was found for CMS(DS 0.11), whereas for
CMS(DS 0.20) the decrease was about 46% in SGF and 71% in SIF
(Fig. 3).

In an attempt to elucidate the origin of this change of tgoy over
storage time, the solubility of CMS(PR 100%) was evaluated (Fig. 4)
and FTIR spectra were recorded after conversion of CMS(PR 100%)
to sodium sait form (Fig. 5). Storage duration and samples chosen
for analyses in this study are considered as non-exclusive examples
to show the effects of protonation on CMS properties.

From day 1 at 2 weeks and at 8 months after total protonation
of CMS, the solubility in SGF and in SIF decreased over time (Fig. 4).
This decrease was more pronounced at high DS and was not nec-
essarily proportional to the decrease in tgog. For instance, after 2
weeks of storage, the solubility of CMS(DS 0.11) was decreased
by 52% in SGF and by 63% in SIF, whereas the tgpx was reduced
only by 4% and 14%, respectively. For CMS(DS 0.20) the solubility
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Fig. 4 Solubility in SGF and in SIF of totally protonated CMS(PR 100%, different DS, various storage times).

was decreased by 68% in SGF and by 71% in SIF, while the gz was
reduced by 21% and 40%, respectively (Figs. 3 and 4).

Itis worth to mention that at day 1 after protonation the solubil-
ity of CMS increased with DS, whereas after 2 weeks and 8 months
the CMS at high DS became less soluble than CMS at low DS. Thus,
after 8 months of storage, a certain solubility is still retained for the
CMS at low DS, while the solubility of CMS at high DS was drastically
reduced (Fig. 4). The high solubility in SIF of CMS(PR 100%) freshly
prepared suggests that the carboxyl groups are still non-associated
and that no crosslinking occurred via ester link after protonation
and drying processing of samples. The subsequent decrease of sol-
ubility over storage time of totally protonated CMS suggests an
augmentation of intra- and inter-chain interactions via carboxyl
groups. These resuits on solubility fit well with data of Heinze and
Koschella (2005) on carboxymethyl cellulose, where the treatment
with mineral acids leads to water insoluble polymer.

The conversion of totally protonated CMS to sodium salt form
at day 1 after protonation or at 8 months after protonation was
done in order to investigate by FTIR whether there are any modifi-
cations on carboxyl group vibrations. The FTIR patterns of CMS(DS

0.11) and of CMS(DS 0.20) are presented in Fig. 5 as examples of
CMS samples. After conversion to sodium sait form the band at
1735 cm~ ascribed to non-associated carboxyl groups disappeared
and that at 1603 cm™! corresponding to carboxylate groups reap-
peared (Figs. 1 and 5). The patterns of samples deprotonated at
day 1 after protonation were similar to those of initially unproto-
nated form (PR 0%), whereas the patterns of those deprotonated
at 8 months after protonation showed a new shoulder at around
1705cm™" (Figs. 1 and 5). This shoulder indicates the presence
of hydrogen bonded carboxyl groups which absorb at a lower
(1705cm-") frequency than non-bonded groups (1735cm~!) as
reported elsewhere (Harada et al., 2004; Silverstein et al., 2005).
In addition, a higher relative intensity of peak at 1603 cn~! can be
correlated with the increase of DS (Fig. 5a and c). Furthermore, the
intensity of this peak was lower for samples deprotonated after 8
months than those converted at day 1 (Fig. 5).

Overall, the decrease of release time (Fig. 3), the reduction of
solubility (Fig. 4) and the FTIR data (Fig. 5) suggest an increase of
carboxyl-carboxyl and carboxyl-hydroxyl interactions over stor-
age time of CMS(PR 100%) samples. These interactions concern only
the protonated form of CMS and not sodium form.

3.4 Crystalline type of unmodified and modified starch samples

The patterns of native starch (Hylon VII) present prominently
a B-type crystalline structure with X-ray diffraction (XRD) peaks
at3.7,4.0,4.5, 5.2 (strongest peak), 5.9, 7.1 and 14.5 A. The Sconirol,
treated with 0.9 M NaOH, retained a structure almost similar to that
of untreated native starch. Differently, the Sg, treated with more

concentrated NaOH (2 M), presented a clear reduction of the peak
at 5.2 A and an increase of peaks at 4.5 and 6.9 A (Supplementary
Fig. 1). These XRD patterns show the effect of NaOH concentra-
tion during gelatinization of starch on the subsequent structural
organization of chains in dried powders. Thus, in the presence of
alkaline solution, the starch becomes negatively charged (alkoxide)
with dissociation of the protons of ~-OH groups. Further negative
charges generate extensive swelling and may lead to dissociation

Fig 5. FTIR spectra of CMS obtained by conversion of totally protonated form (PR of double-helical regions and to break-up of crystalline structure
100%) at various storage times to sodium salt form: CMS(DS 0.11) deprotonated at (Chen and Jane, 1994)

day 1(a)or at 8 months after protonation (b), and CMS(DS 0.20) deprotonated at day i i
1 (c) or at 8 months after protonation (d). Peliets (12 mm diameter) of KBr (67 mg)
and samples (3 mg) mixture obtained by compression at 3 tonnes.

3800 3400 2600 2400 1900 1400 800 400
Wave number (cm™)

After carboxymethylation of Sonerol, the initial B-type order was
lost and a new V-type organization appeared with the two charac-



274

80 E. Assaad, MA. Mateescu / International Journal of Pharmaceutics 394 (2010) 75-84
100
]
PR(0%) ] seF
8o WPR(0%)
BPR{0%
e ] SIF
= e0 OPRG0%)
g
2 “
Q
/]
20 e
04

Fig. 6. Solubility in SGF and in SIF of powders of Scontrol, Sg. sodium CMS, and CMS with 50% protonation ratio.

teristic peaks at 4.5 and 6.9 A (Supplementary Fig. 1). The change
of crystalline structure from double to single helices after car-
boxymethylation, suggests that carboxymethyl groups enhance the
starch granules swelling.

To clarify whether the CMS(PR 100%) undergo any crystalline
modification over storage time, XRD patterns were recorded for
these excipients at day 1 and after 8 months. Freshly protonated
CMS(PR 100%) presented the same XRD patterns as CMS(PR 0%),
but a decrease in intensity of the peak at 6.9 A can be observed for
CMS(PR 100%) over storage time (8 months)(Supplementary Fig. 1).
Furthermore, this decrease, indicating lesser order, is particularly
evident for CMS with high DS.

Taken together, the results on CMS excipients indicate that the
presence of -COOH groups favors progressive intra- and inter-chain
interactions via hydrogen bonds. When the DS and the PR are high
enough, the carboxyl-carboxyl and carboxyl-hydroxylinteractions
can even lead to a kind of structural alteration or rearrangement
(Supplementary Fig. 1). A further stability study, including accel-
erated stability, will allow a better understanding of the structural
rearrangement of CMS(PR 100%).

3.5. Properties of CMS(PR 0%) and of CMS(PR 50%)

To investigate the influence of partial protonation on the prop-
erties of CMS, only sodium CMS and freshly prepared CMS(PR 50%),
unless other indications are present, were retained for the subse-
quent experiments. We supposed that CMS(PR 50%) can be a model
for partially protonated samples and then similar interpretations of
acquired data can be applicable to PR less than 50%.

3.5.1. Solubility and density of powders and crushing strength of
tablets

As shown in Fig. 6, the control (Scontrot) i almost insoluble,
whereas the solubility of Sg is about 30% in SGF and 40% in SIF. This
higher solubility of Sy is probably related to the higher concentra-
tion of NaOH (2 M) used in treatment for gelatinization liberating
more polysaccharide chains from starch granules and inducing
crystalline disorder (Supplementary Fig. 1). Since polyhydroxylic
Sg is non-ionized in used dissolution media, its higher solubility in
SIF may be related to solvation power of the medium.

For the CMS samples, the solubility of powder increases with the
DS and it was higher in SIF than in SGF. Similar solubility was found
for CMS(DS 0.07, PR 0%) and CMS(DS 0.07, PR 50%). At higher DS,

the solubility of CMS(PR 0%)in SGF was higher than that of CMS(PR
50%). It appears that the partial protonation of -COONa groups (PR
50%) reduces solubility in SGF, due to the augmentation of intra-
and inter-chain interactions and to a lesser hydration of polymer
chains when the sodium is replaced by proton. In SIF, no differences
were found between the solubility of CMS(PR 0%) and CMS(PR 50%),
probably because the ~COOH groups turn all to unprotonated form
in neutral medium.

As anoverall behavior of samples, high tapped density was asso-
ciated with low crushing strength, irrespective to DS and to PR
(Supplementary Fig. 2). The Scopirol and CMS(DS 0.20) presented the
lowest crushing strength (177-188 N)with the highest tapped den-
sity (0.38-0.41 g/cm?), whereas for the other samples the crushing
strength was in the range 236-278 N with 0.26-0.34 g/cm? tapped
density. The relatively high tapped density and low crushing
strength of Scopoy are probably due to the low hydration and
swelling of starch particles when treated with 0.09 M NaOH. In the
case of CMS(DS 0.20), high density can be explained by stronger
interactions between particles and agglomeration during the pre-
cipitation. The obtained values of tapped density and crushing
strength are in the normal range compared to common excipients
(Rowe et al., 2006).

3.5.2. Erosion of tablets and fluid uptake

Erosion and fluid (SGF or SIF) uptake by the unloaded tablets
were examined in the same conditions as for the drug dissolution
tests: The tablets were incubated 2 h in SGF to simulate the approxi-
mate retention time in stomach, or 2 hin SIF to compare the effect of
acid medium to that of neutral medium on tablet erosion and fluid
uptake. The Sconirot Were not considered for these experiments due
to the rapid tablets disintegration.

The Sg showed very low and similar erosion percentages, irre-
spective of dissolution medium (SGF or SIF) (Fig. 7). For all CMS
samples, the erosion in SGF was lower than in SIF (Fig. 7), fitting
well with the results of powders solubility (Fig. 6). For the same
DS, the erosion of CMS(PR 50%) was lower than that of CMS(PR
0%), due to the network stabilization by hydrogen bonds between
carboxyl-carboxyl groups and carboxyl-hydroxyl groups.

The erosion increases with DS for CMS(PR 0%) and CMS(PR 50%)
incubated in SGF, and for CMS(PR 50%) incubated in SIF. Differently,
the CMS(PR 0%) at DS(0.07, 0.09 and 0.11) incubated in SIF showed
almost the same erosion which increased at DS(0.14) and DS(0.20)
due to the higher hydration and solubilization of tablets.
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The fluid uptake was the lowest (87%) for Sg in both SGF
and SIF media (Fig. 7). It increased with CMS due to the
presence of -COONa/H groups, and it was lower in SGF than
in SIF. In SGF, the fluid uptake by CMS(PR 50%) was simi-
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For all CMS samples in SGF and for CMS(PR 50%) in SIF, increas-
ing DS generated higher fluid uptake, probably due to the higher
hydration of -COONa/H groups compared to hydroxyl groups and
to the low erosion ensured by the stabilization of the network by
hydrogen bonds.

For CMS(PR 0%) in SIF, the CMS(DS 0.09) and CMS(DS 0.11) have
the same erosion with lower fluid uptake for DS(0.11), indicating
that the gel layer generated by CMS(DS 0.11) is consistent enough
to reduce the medium diffusion into tablets (Fig. 7). From DS(0.09)
to DS(0.14) the fluid uptake decreases in spite of the increase of the
number of ~COONa groups due to the increasing of tablet erosion
(solubilization). At DS(0.20) the fluid uptake by CMS increases due
to the difficulty to wipe well this fragile tablet before weighing.

3.5.3. Invitro dissolution tests

Dissolution tests in SGF (pH 1.2 lower than CMS pKj) and in SIF
(pH 6.8 higher than CMS pK;) (Fig. 8) provided useful information
on the properties of the CMS matrix and on the influence of DS and
of PR on the kinetics drug release.

The correlation coefficients (R2) obtained by plotting
log(M¢/Mw) against log(t) were higher than 0.996 indicating

that Peppas’s equation is applicable to the present devices. In both *

SGF and SIF media, the control (Sconero1) Showed a fast release of
acetaminophen and a rapid disintegration of tablets (less than
30min) due to its low solubility and its inability to develop
hydrogel (Figs. 6 and 8).

In SGF, longer dissolution assays were conducted in order to
better understand the influence of acidity on the properties of CMS
matrix. It was found that the percentage of acetaminophen released
after the first 2 h in SGF was almost similar for all CMS (Fig. 8A and
B), that all CMS tablets preserved their shape even after the com-
plete drug release, and that the Sy tablets presented cracks after
approximately 2h. It was also found that Sg and CMS(DS 0.07),
due to the low fluid uptake, low erosion and low solubility, afford
longer sustained release than CMS at higher DS (Figs. 6, 7, and
8A and B). For the same DS, the PR(50%) showed slightly slower
release than the sodium form (PR 0%), since a higher protonation
enhances inter-chain associations via hydrogen bonding. The expo-
nent (n) values (0.580-0.669) suggested an anomalous diffusion
mechanism in acid medium.

In neutral medium (SIF), the tablets are less compact and the tgox
is lower than in acid medium (SGF) (Fig. 8C and D). The Sg, which is
not pH sensitive, presented almost the same release rate in neutral
and in acid media. Like in SGF, the CMS(PR 50%) provided a lower
release rate than CMS(PR 0%), in agreement with the lower erosion
of CMS(PR 50%) tablets (Figs. 7, and 8C and D). The fastest release
was found with CMS at lowest DS(0.07) and at highest DS(0.20),
irrespective of the protonation ratio (0% and 50%). The fast release
of acetaminophen from CMS(DS 0.07) is almost due to its inabil-
ity to generate a hydrogel structure compact enough to prevent
fast fluid diffusion within the tablet and thus to control the drug
release. In the case of CMS(DS 0.20), the fast release is due to the
high solubility (Fig. 6) and the high erosion (Fig. 7) of this matrix
compared to the others CMS. When protonated (PR 50%), the solu-
bility of CMS(DS 0.20) was reduced and the release became slower.
The slowest release of acetaminophen was provided by the middle
DS(0.11), allowing hydration just enough to generate a low soluble
hydrogel layer which can reduce the fluid diffusion and drug disso-
lution. The exponent (n) values (0.759-0.968) suggesta mechanism
controlled mostly by swelling of CMS matrices in neutral medium
(Fig. 8Cand D).

3.5.4. Effect of drug loading and of SGF acidity on drug release
rate in SIF

Tablets of CMS(DS 0.11 and 0.20) loaded with acetaminophen
(20% and 40%) were first incubated for 2h in SGF to mimic the
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Fig. 9. Kinetics of acetaminophen dissolution (900 mL, 37 °C, 100 rpm) from tablets
of CMS(DS 0.11 and 0.20, PR 0% and 50%). Tablets of (A) 200 mg or {B) 500 mg (20%
or 40% loading) incubated 2h in SGF and then transferred in SIF until complete
dissolution.

gastric residence and then in SIF until complete dissolution. The
CMS(DS 0.11) was chosen for its ability to ensure sustained release
and the CMS(DS 0.20) was chosen for its high sensitivity to the pH
of the dissolution medium.

The drug release from CMS(DS 0.11) showed almost similar rates
irrespective of protonation ratio (0% and 50%) and of loading (20%
and 40%) (Fig. 9A). In these cases, toox (7-7.5 h) are close to that
(7.1h) obtained with CMS(DS 0.11, PR 50%) and higher than that
(5.3 h) obtained with CMS(DS(0.11, PR 0%) in SIF only (Figs. 8C, D
and 9A). These results indicate that a partial protonation of DS(0.11)
makes dissolution kinetics almost independent of time retention in
SGF.

For CMS(DS 0.20, PR 50%) at 20% loading, the tgox (6 h) is close
to that in SIF only (Figs. 8D and 9A). For the same loading (20%), the
CMS(DS0.20, PRO%)showed higher tgog (5 h) thaninSiFonly (2.5 h),
but with final acceleration of release (late burst) (Figs. 8C and 9A).
The CMS(DS 0.20) at 40% loading presented similar dissolution pro-
files to that with CMS(DS 0.20, PR 0%) at 20% loading, but the release
rate was higher (Fig. 9A). Therefore, the longer dissolution observed
with DS(0.20, PRO%) is almost due to the preincubation of tablets in
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acid medium (SGF) which generates a kind of preconditioning for
further intestinal release.

Contrarily to CMS(DS 0.20), the CMS(DS 0.11) did not show a
final acceleration of release due to its low erosion in SIF (Fig. 7).
Thus, at high DS(0.20), the progressive conversion of carboxyl to
salt form in SIF induces a high water absorption by the tablet until
the inside pressure becomes enough to disrupt the weak erodible
hydrogel and to liberate the drug.

Inorder to evaluate the effect of tablet size and of storage timeon
drug release rate, the same experiments as before were done with
tablets of 200 mg and 500 mg after 1 year of CMS storage (Fig. 9B).

For tablets of 200 mg, same resuits were obtained as with freshly
prepared samples except for CMS(DS 0.20, PR 50%) where the dis-
solution becomes faster upon samples storage (not shown). These
results indicate that for high DS a protonation ratio less than 50%
is necessary to limit the intra- and inter-chains interactions and to
ensure maintaining of excipient properties at storage. Interestingly,
the CMS(DS 0.11) with protonation ratio up to 50% did not show
any modification even after 1 year of storage. Maybe, the DS and
the PR are not high enough and thus the number of -COOH groups
is not sufficient to permit high interactions between carboxyl and
hydroxyl groups. Moreover, the presence of -COONa groups may
reduce the intra- and inter-chains interactions.

For tablets of 500 mg, the CMS(DS 0.11) allowed almost the same
sustained release irrespective of protonation ratio (0% and 50%) and
of loading (20% and 40%) (Fig. 9B). The CMS(DS 0.20) showed final
acceleration of release as with tablets of 200 mg. Also, the release
with CMS(DS 0.20, PR 50%) was faster than with CMS(DS 0.20, PR
0%). The effect of DS and of PR on release profile for 500 mg tablets
was similar to that for 200mg tablets, but the time release was
longer with larger tablets.

Except for Seontro and CMS(DS 0.20), the crushing strength of
tablets are close. This suggests that the differences of drug release
rate from various formulations are not due to crushing strength
effect (Supplementary Fig. 2 and Fig. 8).

It was recently shown (Brouillet et al., 2008) that adding of
NacCl (loading 27.5%) to CMS tablet formulation was necessary to
maintain the integrity of matrices used for sustained release. In
our conditions, formulations with CMS(DS 0.11) can keep integrity
and ensure sustained release without adding any electrolyte to the
formulation.

Taken together, these resuits indicate that oral solid dosage
forms based on CMS(DS 0.20) are suitable for duodenum and upper
intestinal delivery, whereas those based on CMS(DS 0.11)are useful
for sustained drug release.

4. Conclusions

This first detailed study on the effect of protonation ratio and of
degree of substitution on the properties of carboxymethyl starch
synthesized in aqueous medium, provides useful information about
the delivery mechanisms with this excipient type. The control
(Scontrot) disintegrated rapidly in the media, whereas the CMS
showed fast or slow release of acetaminophen depending on the
PR and the DS. To ensure a gel network formation and to main-
tain a limited solubility of the matrix, the amount of carboxyl
groups (DS) must be enough but not too high. Protonation of CMS
excipients made the drug release rate lower than that provided
by sodium CMS. High protonation, especially at high DS(0.20),
lead to time-dependant reduction of solubility and alteration of
crystalline structure of CMS. The CMS(DS 0.20) was remarkably
sensitive to the pH of dissolution medium and showed high release
rate in SIF. Longer release time was observed after tablet preincu-
bation in SGF due to the protonation acquired in acid medium. The
CMS(DS 0.09-0.11) with PR up to 50% appears as the most suitable

excipients for drug sustained release. When partially protonated,
CMS(DS 0.11) was slightly sensitive to pH of dissolution medium
and showed almost similar sustained release rate with 20% and 40%
loading.
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Supplementary Fig. 1. X-ray diffraction patterns of native starch (Hylon VII), Scourot, Sg, sodium CMS, and of totally protonated
CMS (freshly protonated or after 8 months of storage).
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tions simulating the gastrointestinal transit, NMR imaging analysis showed slower fluid diffusion inside
PEC monolithic tablets than inside CMS tablets. The PEC seems to be a more suitable drug carrier for
colon targeting than CMS, since it can prolong acetaminophen release time from 8 h to 11 h and aspirin
release time from 13 hto 30 h. In contrast, chitosan used as a coexcipient accelerated aspirin release from
matrices based on a CMS:chitosan physical mixture.
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1. Introduction

Since carboxymethyl starch (CMS) was proposed (Mulhbacher,
Mateescu, & Calinescu, 2004) as an excipient for controlled drug
release from oral solid dosage forms (tablet), several studies have
been undertaken in order to investigate the properties and the effi-
ciency of this excipient. The influence of the degree of substitution
(DS), of the degree of protonation, and of the formulated drug type
and loading on release kinetics of small molecules from CMS matri-
ces has been recently studied (Assaad & Mateescu, 2010; Assaad,
Azzouz, & Mateescu, 2008; Ispas-Szabo, De Koninck, Calinescu, &
Mateescu, 2007; Lemieux, Gosselin, & Mateescu, 2009). Moreover,
the effects of certain formulation parameters, such as compression
force and Nadl electrolyte particle size, on drug release rate have
been investigated (Brouillet, Bataille, & Cartilier, 2008; Nabais et al.,
2007). CMS has also been suggested for the formulation of large size
bioactive agents, such as pancreatic enzymes (a-amylase, lipase
and trypsin) (Massicotte, Baille, & Mateescu, 2008), Escherichia coli,

b : CMS, car hyl starch; PEC, polyelectrolyte complex; SGF,
simulated gastric fluid; SIF, simulated intestinal fluid; DS, degree of substitution;
DDA, degree of deacetylation; DC, dry-coated; 50% CMS:50% chitosan, an excipient
containing 50% (w/w)of CMS and 50% (w/w) of chitosan; tex, time (h) for the release
of 90% of drug.

* Corresponding author. Tel.: +1 514 987 4319; fax: +1 514 987 4054.
E-mail address: mateescum-alexandru@uqam.ca (M.A. Mateescu).

0144-8617/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016{j.carbpol.2011.01.048

filamentous surface proteins of Escherichia coli (FA fimbrige) and
Lactobacillus thamnosus probiotic (Calinescu & Mateescu, 2008;
Calinescu, Mulhbacher, Nadeau, Fairbrother, & Mateescu, 2005;
Calinescu, Nadeau, Mulhbacher, Fairbrother, & Mateescu, 2007).
These studies have shown that CMS can reduce the damaging
effect of the acidity of gastric medium on bioactive agents and
affords a controlled drug release in intestinal medium. In simu-
lated gastric fluid (SGF, pH 1.2), the CMS in the outer layer of
tablet is protonated, making the matrix compact. At higher pH
(simulated intestinal fluid, SIF, pH 6.8), the carboxy! groups are
deprotonated and ionized, thus favoring hydration, swelling and
finally solubilisation of tablet. The solubility of CMS in neutral
medium (SIF) and its digestion by pancreatic a-amylase can be lim-
iting factors to effect a sustained drug release (Assaad & Mateescu,
2010; Calinescu & Mateescu, 2008). With the aim to ensure a
fonger time of drug release and targeting to the colon, chitosan
dry powder has been used as a coexcipient in such formulations
(Calinescu & Mateescu, 2008; Leonida & Mateescu, 2006). Chitosan
has been shown to interact with unmodified starch via intermolec-
ular hydrogen bonds, leading to the formation of chitosan-starch
complex (Xu, Kim, Hanna, & Nag, 2005).

There is a recent growing interest for polyelectrolyte com-
plexes of chitosan due fo its cationic character and biocompatibility
(Chen & Fan, 2007): some of them have been proposed for
delivery of bioactive agents, such as chitosan-xanthan com-
plexes (Chitoxan TM) for controlled drug delivery (Chellat
et al., 2000); chitosan-carboxymethyl konjac glucomannan and
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chitosan-heparin for delivery of albumin (Du et al, 2005;
Liu, Jiao, Liu, & Zhang, 2007); chitosan-dextran sulfate and
chitosan-alginate for oral delivery of insulin (Sarmento et al,,
2006); chitosan-polyaspartate for delivery of 5-fluorouracil (Zheng
et al, 2007). A number of polyelectrolyte complexes of chi-
tosan and polyuronans have been prepared and spray-dried
as microspheres (Muzzarelli, Stanic, Gobbi, Tosi, & Muzzarelli,
2004).

The objectives of the present study are (i) to prepare
CMS-chitosan polyelectrolyte complex (PEC) and to investigate its
performance in drug delivery; (ii) to evaluate the influence of chi-
tosan molecular weight on drug release rate; (iii) to compare the
drugdissolution from tablets based on anionic water-soluble excip-
ient (CMS) alone, on cationic water-insoluble excipient {chitosan)
alone, on physical mixture powder of these two excipients, or on
PEC; and (iv) to compare the dissolution profiles of drugs with
different charges and solubilities.

2. Materials and methods
2.1. Materials

High amylose corn starch (Hylon VII) was obtained from
National Starch (Bridgewater, NJ, USA) and crab shell chitosans
were from Marinard Biotech (Riviére-au-Renard, QC, Canada).
Acetaminophen was from Sigma-Aldrich (St-Louis, MO, USA).
Metformin (1,1-dimethylbiguanide hydrochloride) was from MP
Biomedicals (Solon, OH, USA). Aspirin (acetylsalicylic acid) and
monochloroacetic acid were from Fisher Scientific (Fair Lawn, NJ,
USA). The other chemicals were of reagent grade and used with-
out further purification. Pepsin-free simulated gastric fluid (SGF,
pH 12) and pancreatin-free simulated intestinal fluid (SIF, pH 6.8)
were prepared following the USP methods (US Pharmacopeia, XXIV,
2000).

2.2. Preparation of CMS and purification of chitosans

Sodium carboxymethy! starch (CMS) was prepared in aqueous
medium from high amylose corn starch as previously described
(Calinescu et al, 2005; Mulhbacher, Ispas-Szabo, Lenaerts, &
Mateescu, 2001), with minor modifications. Briefly, an amount of
70g of Hylon VII was suspended in 170 mL of distilled water in a
Hobart mixer (Vulcan, Canada)at 55 °C.Then, 235 mLof 1.5 M NaOH
were added for gelatinization under continuous mixing for 30 min.
Subsequently, 55 mLof 10M NaOH and a freshly prepared solution
of monochloroacetic acid (45.5 g in 40 mL of distilled water) were
added. After 1h of reaction, a volume of 130 mL of distilled water
was added and the slurry was cooled-down to room temperature
and neutralized with acetic acid. The CMS was then precipitated
from the slurry by gradually adding 600 mL of acetone. After that,
the CMS was washed by repeated dispersioninvolumes of 1 Lof 70%
acetone and filtrations until a final conductivity of filtrate decreased
at about 50 .S/cm. The CMS mass was again washed three times
with acetone, and then dried at 40 °C for 24 h. The obtained powder
of sodium form CMS was sieved with a 300 jum screen and stored
at room temperature.

Two chitosans of different molecular weights were each puri-
fied by solubilization in acetic acid and by filtration as follows:
an amount of 20g of chitosan was solubilized in 350 mL of 0.35M
acetic acid and the volume was adjusted to 2 L with distilled water.
The acidic solution was filtered under vacuum through Whatman
filter papers (medium 40). Subsequently, the chitosan was precip-
itated with 0.1 M NaOH under continuous stirring. The mass was
washed with distilled water, then with nanopure water (volumes
of 2L) until conductivity of about 200 pS/cm and finally with ace-

tone. The chitosan was dried at 40°C for 24 h, ground and sieved
on a 300 m screen.

2.3. Preparation of CMS—chitosan PEC

A CMS-chitosan polyelectrolyte complex (PEC) was prepared
by coagulation of CMS and chitosan-700 in aqueous medium at
room temperature. Essentially, 1g of chitosan-700 was solubi-
lized in 44mL of 0.1M H(l, and the volume was adjusted to
150mL with distilled water. A 1% solution of CMS was prepared
by solubilizing 6 g of CMS in 600 mL of distilled water. The precip-
itation occurred under vigorous mixing by adding the solution of
polycation (chitosan-700) to that of polyanion (CMS) at 1:1 ratio
(-NH3*:-C00~), with a final pH of about 5. The PEC, containing
14% (wfw) of chitosan-700, was washed and dried with acetone by
the same procedure as for CMS.

2.4. Physical and chemical characterizations of excipients

2.4.1. The degree of substitution

The degree of substitution (DS) of CMS was determined by
back-titration as previously described (Assaad & Mateescu, 2010).
Briefly, 300 mg of protonated CMS (n=3) were solubilized in 20 mL
of 0.05M NaOH and then the excess of NaOH was titrated with
0.05M HCl using phenolphthalein as indicator. The blank (20mL
of NaOH) was also titrated by the same method. The amount of
-COOH groups and the DS were calculated by using the following
equations (Stojanovic, Jeremic, Jovanovic, & Lechner, 2005):

ncoon = (Vb — V) x Cug (1)

@

N 162 x ncoon
w= m-58 x NcooH

where V}, (mL) is the volume of HCl used for the titration of the
blank; V (mL) is the volume of HCl used for the titration of the
sample; Cyci (mol/L) is the concentration of HCI; 162 (g/mol) is the
molar mass of glucose unit; 58 (g/mol) is the increase in the mass
of glucose unit by substitution with one carboxymethyl group, and
m (g) is the mass of dry sample.

2.4.2. The degree of deacetylation

The degree of deacetylation (DDA) of each chitosan was deter-
mined by acid-base titration. An amount of 150 mg of chitosan was
solubilized in 20 mL of 0.1 M HCl and the volume was completed to
200 mL with distilled water. A titration was done with 0.1 M NaOH
and the pH and the conductivity were recorded. The DDA was calcu-
lated following the method and the equation given by Broussignac
(1968) and Muzzarelli (1977):

203 x (2 —vy) x M x 100
m+42x (v ~v)xM

DDA(%) = 3)
where V; and V; are the volumes of NaOH solutions corresponding
to the two inflexion points of the curve obtained by titration; M is
the concentration of NaOH (mol/L); m is the weight of chitosan (g);
203 (g/mol) is the molar mass of acetylated unit, and 42 (g/mol) is
the difference between molar mass of acetylated unit and that of
deacetylated unit.

2.4.3. The molecular weights

The molecular weights of chitosans were determined by visco-
metric method, using experimental reported viscometric constants
data (Kasaai, 2007; Knaul, Kasaai, Bui, & Creber, 1998). Samples
were dissolved in a solution containing 0.1 M acetic acid and 0.2 M
sodium chloride for chitosan-400 and in a solution containing 0.2 M
acetic acid and 0.1 M sodium acetate for chitosan-700. The viscosi-
ties of chitosan solutions with different concentrations (0.07-0.7%)
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were measured by using an electronic viscometer (Viscosity Moni-
toring and Control Electronics, Medford, MA, USA). The temperature
was adjusted at 25°C for chitosan-400 and at 30°C for chitosan-
700 as reported elsewhere (Roberts & Domszy, 1982; Wang, Bo, Li,
&Qin, 1991).

The data on viscosities and concentrations were used to
calculate the reduced viscosities. Plotting reduced viscosities
against chitosan concentrations gives the intrinsic viscosity
([7]) by extrapolation of the straight line obtained by linear
regression to zero concentration. The average molecular weight
(M) of chitosan was caiculated from the intrinsic viscosity by
Mark-Houwink-Sakurada's empirical equation:

[n] = kM® (4)

where k (dL/g) and « (dimensionless) are constants that depend on
the solvent-polymer system.

2.4.4. The Fourier transform infrared spectra

The Fourier transform infrared spectra (FTIR) of the samples
were recorded from 4000 to 400cm~! at 2cm™! resolution with
a total of 32 scans by using a Nicolet 4700 spectroscopy (Madison,
WI, USA). To prepare the pellets, homogenous mixtures of dried
KBr (67 mg) and of polymer powders (3 mg) were compressed at 3
tonnes (Carver, Wabash, IN, USA)in flat-faced punches with 12mm
diameter.

2.4.5. The polymorphism

The polymorphism of samples was evaluated by X-ray diffrac-
tometer (XRD, Siemens D5000, Munich, Germany) at 1.789A
wavelength. The original XRD spectra, recorded between 5° and 50°
(28), were treated using Excel software (regression type: moving
average, period 10).

2.4.6. The thermogravimetric analyses

The thermogravimetric analyses were carried out in platinum
crucible at a heating rate of 10 °C/min between 25 and 900 °C under
nitrogen atmosphere (flow rate 100 mL/min). A Seiko TG/DTA 6200
(Japan) instrument was used and the alumina was taken as refer-
ence material.

2.4.7. The morphology

The morphology of the sample particles was examined by a
Hitachi (S-4300SE/N) scanning electron microscopy with variable
pressure (Hitachi High Technologies America, Pleasanton, CA, USA)
at voltage of 15kV and magnifications of 100x and 500x. Samples
were mounted on metal stubs and sputter-coated with gold.

2.4.8. The density

The density of the polymer powders was determined accord-
ing to the (616) USP method, using a Vankel tapped density tester
(Varian, NC, USA).

2.5. Preparation of tablets

Monolithic tablets (200 mg, 20% (w/w) loading) were obtained
by direct compression (2.5 tonnes) of a homogenous mixture of
excipient and drug (acetaminophen, metformin or aspirin) pow-
ders. The unloaded (drug-free) tablets of 200 mg were prepared
with excipient only. Flat-faced punches with 9.6 mm diameter and
a Carver hydraulic press were used.

Dry-coated (DC) tablets (200 mg, 20% (w/w) loading) were pre-
pared with a core consisting in a homogenous mixture of drug
(40mg) and excipient (40mg) and compressed in a 7 mm cylin-
der outfit. This core was then dry coated with 120 mg of excipient,

giving tablet of about 9.6 mm diameter and 2.1 mm thickness after
compression.

2.6. Nuclear magnetic resonance (NMR) imaging analysis

NMR imaging analyses were carried out at 37 °C with a Bruker
Avance-400 NMR spectrometry (Germany) as previously reported
(Baille, Malveau, Zhu, & Marchessault, 2002; Malveau, Baille, Zhu,
& Marchessault, 2002; Thérien-Aubin & Zhu, 2006, 2009; Thérien-
Aubin, Baille, Zhu, & Marchessauilt, 2005; Thérien-Aubin, Zhu,
Ravenelle, & Marchessault, 2008; Wang, Ravenelle, & Zhu, 2010). A
standard spin-echo pulse sequence (90-7-180-t-Acquisition) was
used to obtain spin density images of the unloaded tablets (n=3)
in a NMR tube (20 mm diameter) containing 20 mL of dissolution
media (SGF or SIF). A slice of 0.5mm in thickness was selected
either perpendicular or parallel to the main magnetic field (axial
axis). Eight scans were accumulated with a field of view of 2cm
and an in-plane resolution of 156 wm. An echo time of 3ms and a
repetition time of 1s were fixed, leading to an acquisition time of
about 17 min for each image. Each tablet was first incubated for 2 h
in SGF and then in SIF until the end of the test. The percentage of
axial and radial swelling was calculated by comparison to the initial
dimension of the tablet.

2.7. Invitro dissolution tests

The in vitro dissolution tests were carried out at 100rpm
and 37°C in an USP dissolution apparatus Il (Distek 5100, North
Brunswick, NJ, USA) coupled with an UV spectrophotometer
(Hewlett Packard 8452A, USA). The tablets (n=3) were incubated in
SGF(1L)for 2 hand then in SIF(1L)up to complete release. The drug
release from tablets was evaluated by measuring the absorbance at
the appropriate wavelength (acetaminophen at 244 nm, metformin
at218 nm, and aspirin at 246 nm).

3. Results and discussion
3.1. Characterization of the excipients

The degree of substitution of carboxymethyl starch (CMS)
determined by the back-titration method was about 0.14,
representing the average number of carboxymethyl groups
per glucose unit. The degrees of deacetylation of chitosans
determined by acid-base titration were about 80% and the approxi-
mate molecular weights determined by Mark-Houwink-Sakurada
method were about 400kDa for chitosan-400 and 700kDa for
chitosan-700.

The scanning electron microscopy micrographs showed that
chitosan particles were compact, whereas those of CMS and
PEC were porous (Fig. 1). The morphology of the polyelectrolyte
complex (Fig. 1, d1 and d2) appeared homogenous, indicating a
uniform distribution and a good compatibility between CMS and
chitosan.

Chitosan-400 and chitosan-700 showed the highest tapped
densities (0.61 and 0.64 g/mL, respectively) due to their compact
morphology, whereas PEC showed the lowest density (0.20 mg/mL)
due to its higher granulometry and porosity (Fig. 1). Intermediate
density (0.36 mg/L) was found for CMS.

3.2. CMS-chitosan interactions and preparation of PEC

When the chitosan-700 solution was added to the CMS solution,
immediate coagulation and precipitation occurred. This suggests
effective interactions between functional groups of CMS and of
chitosan-700 with possible partial charges neutralization, lead-
ing to the formation of a polyelectrolyte complex. To verify this
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Fig. 1. Scanning electron microscopy micrographs of (a) CMS, (b) chitosan-400, (c) chitosan-700, and {d) PEC at magnifications of 100x and 500x and voltage of 15kV.

hypothesis, the products were characterized by FTIR spectroscopy,
by X-ray diffractometry (XRD) and by thermogravimetry (TGA)
(Figs. 2-4).

The FTIR spectrum of CMS (Fig. 2) presents two characteristic
bands at 1603 and 1417 cm~1. They were attributed respectively
to asymmetrical and symmetrical stretching vibration of -COO-
groups (Silverstein, Webster, & Kiemle, 2005; Zoldakova, Srokova,
Sasinkova, Hirsch, & Ebringerova, 2005). The bands at 2930 and
1643 cm~" are assigned respectively to C-H stretching and to O-H
groups.

The spectrum of chitosan-700 shows characteristic absorption
bands of chitosan at 1653 and 1597 cm~! ascribed to —CONH,
stretching vibrations, and two bands at 2922 and 2876 cm~! due
to C-H stretching. The bands at 1417 and 1376 cm=! were assigned

to the C-H symmetrical deformation mode as per Mathew and
Abraham (2008).

The polyelectrolyte complex (PEC) shows a spectrum similar to
that of 50% CMS:50% chitosan-700, with bands at about 2923-2880,
1636, 1600, 1417 and 1376cm™". This indicates the presence of
both CMS and chitosan in the PEC. Roughly similar spectra of
dry blend polymer powders and polyelectrolyte complexes were
reported in other studies, as for chitosan and carboxymethyl cel-
lulose polymers (Fukuda, 1980). The weak shoulders at around
1735 and 1540cm~" for PEC obtained at pH 5 could be assigned
respectively to -COOH and -NH3" groups. These shoulders sug-
gest that interactions between CMS and chitosan in the PEC may
occur via hydrogen bonds (-OH, ~COOH) or ionic interactions
(-C00~, NH3*).
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Fig- 2. FTIR spectra of CMS, chitosan-700, 50% CMS:50% chitosan-700, and PEC. Pel-

lets (12 mm di ) were prepared by at 3 tonnes of KBr (67 mg)
and sample (3 mg) mixtures.
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Fig. 3. X-ray diffraction patterns of CMS, chitosan-700, and PEC.

The XRD pattern (Fig. 3) of CMS shows the two characteristic
peaks at 6.9 and 45 A, indicating a V-type single helix structure
as previously reported (Assaad & Mateescu, 2010). The pattern
of chitosan-700 shows characteristic crystalline peaks at around
6.9 and 4.4 A (major one), fitting well with the typical XRD pat-
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Fig. 5. NMR images at various times of unloaded tablets of (CMS, chitosan-400,
chitosan-700, 50% CMS:50% chitosan-700 and PEC) incubated for 2h in SGF and
then transferred to SIF: (A) axial side images where x indicates the radial direction
and y the axial direction, (B) axial and radial swelling. (For interpretation of the
references to color in this figure the reader is referred to the web version of the
article.)

tern of chitosan (Choi, Kim, Pak, Yoo, & Chung, 2007; Wang et al.,
2005).

The order degree of the PEC is definitely lower to those of CMS
and chitosan-700. The suppression of crystalline peak of chitosan-
700 at 4.4 A and the broad amorphous pattern of the PEC indicate
a good compatibility and strong interactions between CMS and
chitosan with a complete dispersion of chitosan chains. These
intermolecular interactions could prevent macromolecules to crys-
tallize individually as reported for some interpolymer complexes
(Mathew & Abraham, 2008; Sakurai, Maegawa, & Takahashi, 2000;
Xu et al., 2005; Yin, Yao, Cheng, & Ma, 1999).

The TGA results (Fig. 4) show relatively lower moisture content
for chitosan-700 than for CMS and PEC, maybe due to higher hydro-
gen association of chitosan chains, The 50% CMS:50% chitosan-700
shows a nonsymmetrical dTG peak with a weak shoulder at around
287°C and a maximum at 303°C, indicating the presence of
two components. The difference of decomposition temperatures
between CMS (287 °C)and chitosan-700(308 °C) seems not enough
to identify two separate peaks for the dry powder mixture of these
two polymers. Differing from 50% CMS:50% chitosan-700, the PEC
presented a symmetrical dTG peak and the highest decomposition
temperature (313 °C).

Overall, these results suggest a good compatibility between CMS
and chitosan, a strong interaction between the chains of these two
polymers, and the formation of a homogenous polyelectrolyte com-
plex.

3.3. Examination of tablets hydration and swelling by NMR
Water penetration into unloaded tablets (Fig. 5A) and the axial

and radial swelling (Fig. 5B) were followed by NMR imaging in
SGF for 2h and then in SIF to simulate the gastrointestinal tran-
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Fig. 6. Photographs of CMS, chitosan-700, 50% CMS:50% chitosan-700 and PEC tablets (200 mg, 20% loading) during dissolution tests (11,37 “C, 100 rpm). Photographs were
taken for the tabiets, first after 2 h of incubation in SGF and then after the complete drug (acetaminophen or aspirin) release in SIF. The sizes of tablets were not normalized.

sit. The location where the water concentration matches 1/6 of the
maximal concentration corresponding to free fluid (SGF or SIF) was
considered as the front of fluid diffusion inside the tablets (Baille
et al., 2002; Malveau et al., 2002).

For all tablets, the axial swelling was higher than radial swelling
(Fig. 5B). This may be explained by the formation of flat oriented
particles in tablet after axial compression of polymer powders.
Upon tablet hydration, the stress resulting from compression is
released, leading to a higher swelling in the direction where com-
pression force was applied (Le Bail, Morin, & Marchessault, 1999;
Malveau et al., 2002; Thérien-Aubin & Zhu, 2006, 2009; Thérien-
Aubin et al., 2005, 2008; Wang et al., 2010).

After 2 hin SGF, the CMS tablet still showed a dry core (purple)
with a partial penetration of SGF and formation of a gel network in
the outer layer (blue and green) (Fig. 5A). In acidic medium (SGF,
pH 1.2), the carboxylate groups (-COONa) of the outer layer are
converted to carboxyl groups (-COOH), thus reducing the solubil-
ity of the CMS excipient and limiting the gastric fluid penetration
into the tablets. When tablets were transferred to SIF (pH 6.8), the
fluid advanced rapidly to the core which became hydrated within
2h in this neutral medium. The protonation acquired in SGF is lost
and the -COOH groups turn into their salt form (~COOK), increas-
ing thus the solubility of the excipient and accelerating intestinal
fluid advancement to the core of the tablet. The axial and radial
swelling of CMS tablet increase relatively fast, reaching 150% and
60%, respectively, after 4 h of incubation (Fig. 5B).

The diffusion of fluid (SGF or SIF) into the chitosan (chitosan-
400 and chitosan-700) tablets was slower than into the CMS tablets
(Fig. 5A). A gel network was developed by chitosan in SGF due to
the protonation of amino groups exposed to the acid medium. In
SIF, the tablet size was stabilized (Fig. 5B} due to chitosan insolu-
bility in neutral medium while an anisotropic fluid diffusion was
observed (Fig. 5A). For chitosan-400 the core was almost com-

pletely hydrated after 8 h of incubation, whereas for chitosan-700
the core still showed dry regions even after 20 h. Thus, chitosan-700
with a higher molecular weight seems to provide a thicker (more
substantial) outer layer gel than chitosan-400.

The tablets of 50% CMS:50% chitosan-700 mixture showed the
fastest fluid diffusion(Fig. 5A) and the highest swelling (Fig. 5B). The
gel network formed in SGF was less substantial than that formed
with chitosan tablets due to close neighboring of CMS in the mix-
ture. In SIF, the chitosan would be deprotonated, whereas the CMS
would be converted to the sait form triggering a higher in situ
hydration of tablet previously swollen in SGF.

The tablets of PEC presented slower fluid diffusion than CMS and
50% CMS:50% chitosan-700 tablets, particularly in SIF (Fig. 5A). This
suggests that association of CMS and chitosan at molecular level
as PEC favors more interactions between these two compounds
than in physical mixture of powders. A more extensive swelling
occurred in the first two hours of incubation in SGF due to the
protonation and the hydration of chitosan within the PEC. When
SGF was changed to SIF, the size of PEC tablets was reduced due
to the deprotonation and dehydration of chitosan chains in neutral
medium, indicating a stronger interaction between chitosan and
CMS than that between CMS and water. The shape of tablets was
after that as stable as those of the chitosans, despite the low ratio
(14%) of chitosan in PEC. This is an important aspect and can be
related to the insolubility of chitosan in neutral medium and to a
lower tendency of CMS to swell when intimately complexed with
chitosan.

34. Invitro dissolution tests
All dissolution tests, except for metformin formulated in mono-

lithic tablets, were followed first in SGF for 2 h and then in SIF until
complete drug release, simulating thus the gastrointestinal transit.



The shape of tablets and the dissolution profiles of acetaminophen,
metformin and aspirin are presented in Figs. 6 and 7. Unless oth-
erwise specified, the tablets (200 mg) used for dissolution were
monolithic.

The release rates of acetamninophen from chitosan-400 and
50% CMS:50% chitosan-400 matrices were higher than from CMS
matrix, whereas the release rates from chitosan-700 and 50%
CMS:50% chitosan-700 matrices were lower than from CMS matrix
(Fig. 7A). That is why the chitosan-700 was chosen to prepare the
PEC. In addition, the 75% CMS:25% chitosan-700 matrix showed
almost the same release rate as CMS (not shown). It seems that a
molecular weight of 700 kDa rather than 400 kDa and an adequate
ratio in dry blends are required for chitosan to favor a longer drug
release time.

Although the chitosan-700 matrix showed the lowest release
rate, chitosan alone does not seem suitable for controlled drug
release, because the transformation of the gel developed in SGF
(Fig. 6,a2) to a semi-solid form (Fig. 6, b2) that limits the diffusion
of SIF into the tablet makes the release slow (Fig. 7A). It is worth-
while to note that the solid core of tablet was still compact and
insoluble even after the complete acetaminophen release (Fig. 6,
b2).

The faster release from tablets based on CMS:chitosan-700 pow-
der mixture compared to that from those with chitosan-700 as only
excipient, indicates that the CMS favors the tablet hydration and
accelerates the diffusion of SIF into the tablets. These results are
in agreement with those obtained by NMR imaging (Fig. 5A). At
the end of the dissolution tests, the tablets based on a mixture of
CMS and chitosan powders appeared as a water-insoluble empty
shell (Fig. 6, b3) with a crust still containing a mixture of these two
polymers as confirmed by FTIR analysis (not shown). This indicates
that although the tablets are based on dry blend of polymer pow-
ders, physical or chemical interactions can occur between CMS and
chitosan during the dissolution.

The release rate of acetaminophen from PEC matrix was lower
than that from 50% CMS:50% chitosan-700 matrix (Fig. 7A). This is
an interesting advantage for PEC which contains only 14% (w/w) of
chitosan-700, considering the higher cost of chitosan compared to
that of CMS.

Metformin is a freely soluble drug (US Pharmacopeia, 2000) and
its release from hydrophilic excipients is usually fast. Neither CMS
nor chitosans, separately or in association, were able to control
the release of metformin in monolithic dosage form (Fig. 7B). Dry
coated (DC) tablets can delay this release in SGF, especially when
the outer part of tablet is based on chitosan-700. However, when
the fluid reached the inner core of the tablets the release was accel-
erated. The dissolution profiles of metformin from tablets based on
chitosan-400 were similar to those based on chitosan-700, but with
higher release rate (not shown). The dry coating formulation can be
of interest, considering the very high hydroselubility of metformin
and the fact that the release is undesired in stomach.

For aspirin, which is slightly soluble in water (US Pharmacopeia,
2000), the higher the molecular weight of chitosan, the lower
was the release rate (Fig. 7C). CMS and chitosan-700 provided
a low release of aspirin in SGF and a long sustained release in
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SIF. Probably, this is due to the interactions of carboxyl groups
of aspirin with carboxyl groups and hydroxy! groups of CMS, and
to the formation of consistent outer layer gel network in tablets
based on chitosan (Fig. 6, c2). As with acetaminophen, the dis-
solution of aspirin from chitosan-700 matrix after 80% of release
was reduced probably due to the formation of chitosan insoluble
outer layer in SIF (Fig. 6, d2). The matrices based on CMS:chitosan
mixture showed an accelerated release of aspirin compared to
those based on individual excipient (CMS or chitosan). It seems
that the aspirin-CMS and aspirin-chitosan interactions compete
and reduce those between these two polymers, favoring a faster

Fig. 7. Kinetics of drug dissolution from tablets (200 mg, 20% loading) of CMS,
chitosan-400, chitosan-700, 50% CMS:50% chitosan-400, 50% CMS:50% chitosan-
700 and PEC. The tablets were incubated (1L, 37°C, 100rpm) for 2 in SGF and
then transferred to SIF. (A) Ac i (B) metformin, lithic tablets were
incubated only in SGF; (C) aspirin.




287

1406 E Assaad et al. / Carbohydrate Polymers 84 (2011) 1399-1407

tablet erosion and aspirin release. Similar to what was observed
with acetaminophen, a water-insoluble excipient residue was still
present after complete release of aspirin (Fig. 6, d3), indicating
the presence of CMS-chitosan attractions. A sustained release of
aspirin, over more than 30h, was observed with PEC (Fig. 7C).
This time release is markedly longer than tggy obtained with 50%
CMS:50% chitosan-700 (6.5 h), CMS (11 h) or chitosan-700(11.5h),
This difference is ascribed to the interactions between aspirin, CMS
and chitosan within the PEC matrix. These interactions reduce the
diffusion of both aqueous fluid and the drug, leading thus to the
lower release rates. The remained tablet based on the PEC after
the complete release of drug (Fig. 6, d4) further supports the exis-
tence of the interpolymer attractions. In this case, aspirin interacts
with the hydroxyl, carboxyl and amino groups of the PEC with-
out dissociation of interactions between the chains of CMS and
chitosan.

Taken together, these results showed the advantage of PEC for
monolithic formulations. The PEC excipients, containing only 14% of
chitosan-700, can afford controlled release of acetaminophen and
aspirin. Moreover, the tablets of the PEC were homogenous and less
swellable than those of 50% CMS:50% chitosan-700 (Figs. 5B and 6).

4, Conclusion

The CMS-chitosan polyelectrolyte complex (PEC) showed a
polymorphism with a lower order degree than those of car-
boxymethyl starch (CMS) and of chitosan-700. The fluid (SGF or
SIF) diffusion and the swelling were lower with PEC tablets than
with those based on CMS:chitosan-700 powder mixture. The PEC
provided a controlled release of acetaminophen and a markedly
slower sustained release of aspirin than that provided by CMS or
chitosan-700, making this excipient favorable to colon targeting.

Chitosan at molecular weight of about 400 kDa {chitosan-400)
did not afford a long release time for any of the three tracer drugs
(metformin, acetaminophen and aspirin). CMS and chitosan-700
matrices showed a fast release of metformin, a controlied release
of acetaminophen and a sustained release of aspirin. This indicates
that the drug solubility has a major influence on release rate irre-
spective of the charge of drug and of excipient. The low hydration of
chitosan and its insolubility in neutral medium can be a limitation
for drug delivery with this excipient alone, but it can be an advan-
tage in the case of PEC. Adding an adequate amount of chitosan
with an appropriate molecular weight to the formulations based
on CMS can prolong the release time of acetaminophen. Contrarily,
the aspirin release from CMS matrix was accelerated when chitosan
was added as coexcipient.
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