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This study focuses on the behavior of chitosan (CHI) and its polyelectrolyte complexes with carbox-
ymethyl starch (CMS) used as monolithic matrices with acetaminophen as drug tracer. Two different
chitosan grades were tested alone or associated in various ratios with CMS as excipients for tablets
obtained by direct compression. The degree of deacetylation (DDA) of CHI, estimated from 1H NMR and
FTIR data, was correlated with X-ray diffraction and scanning electron microscopy (SEM) to evaluate
structural organization of the monolithic matrices. In vitro drug dissolution assays showed major dif-
ferences in CHI kinetic profiles between tablets exposed to acidic medium for 2h (to mimick gastric
passage) prior to dissolution in simulated intestinal fluid (SIF), and those administered directly to SIF.
Prior exposure to acidic SGF conducted to longer dissolution profiles (release completed after 16 h) and
preservation of tablet shape, whereas tablets directly incubated in SIF were rapidly disintegrated. The
improved properties of chitosan matrices exposed to SGF may be related to an outer compact coating
layer (visible in SEM). The effect of self-stabilization of chitosan in acidic medium was compared to that
due to formation of polyelectrolyte complexes (PEC) in co-processed polymeric systems (CHI:CMS). The
self-formed membrane following exposure to gastric acidity appears to help maintaining tablet integrity
and allows higher drug loading, recommending CHI and its complexes with CMS as excipients for drug
delivery.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

The number of biocompatible polymers (natural or synthetic)
proposed as excipients for the drug formulations by the pharma-
ceutical industry recorded a huge increase during the last decades.

Chitosan [poly b-(1,4)-2-amino-2-deoxy-D-glucopyranose, CHI]
can be obtained by the deacetylation and partial depolymerization
of chitin, the most abundant polysaccharide in nature [1]. Until
recently, only marine sources (shrimp, prawn, crab) have been used
to provide the starting chitin. Chitosans obtained following this
difficult to control process [2] contain chains with 2-amino-glucose
and with N-acetyl-2-amino-glucose units, in variable ratios. They
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are obtained in different molecular weights. Recently, new com-
mercial chitosans, better characterized by manufacturers and with
enhanced safety characteristics for certain pharmaceutical,
cosmetic, and biomedical applications have been produced at lower
costs [3e5]. Not affected by seasonal variations, different fungi have
also been studied in recent years as a competitive source of chitin/
chitosan [6,7].

The interest for chitosan-based materials for pharmaceutics and
biomedical applications continues to increase [8e17]. Chitin, the
natural source of chitosan, not being of plant origin, generated a
certain delay in acceptance by the pharmaceutical industry inmany
countries. However, the fact that chitosan is nontoxic,
on; FTIR, Fourier transformed Infra-Red; GIT, Gastrointestinal tract; 1H NMR, proton
e complex; SIF, simulated intestinal fluid; SGF, simulated gastric fluid.
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biocompatible, biodegradable, antimicrobial, and easy to obtain
makes it a good candidate for many applications. There are reports
of chitosan used in dietary foods [1,9,10], as films for food packaging
and for biomedical applications [11,12], as matrix for immobiliza-
tion of bacterial cells [13], as implantable delivery systems [14], in
bandages [15] and as excipient for oral medication [2,16,17]. Chi-
tosan is considered Generally Recognized As Safe (GRAS) and
approved for specific applications [18e20]. Another attractive
feature of chitosan is its capability to produce nanostructure using
simple procedures conducted under mild conditions [21e25].
Chitosan based nanomaterials mimicking natural structures (crus-
taceous shells or extracellular matrices) have also been reported
[23e26]. When used in tablets, chitosan role can change depending
on its proportion. Evaluation of chitosan-microcrystalline cellulose
blends as direct compression excipients has shown that chitosan
promotes flowability of powder mix and rapid disintegration of the
tablet. However, incorporation of equal proportion of microcrys-
talline cellulose and chitosan affords an extended-release tablet. It
was concluded that in combination with microcrystalline cellulose
chitosan promotes tablet disintegration at low concentration and
enables extended-release at higher concentration [27]. Cross-
linked chitosan was investigated as sustained release agent in
tablets. In granular form, particles of CHI crosslinked with tripoly-
phosphate exbibited some limitations like inefficient drug loading
and incomplete release [28]. Associated with anionic polymers (i.e.
xanthan gum), CHI was used for wet granulation of a model drug
with high solubility in gastric fluid (paracetamol) [29]. From the
data generated it was concluded that this approach has sufficient
potential to sustain the release of paracetamol. Another type of CHI
application consists of its incorporation in vaginal tablets. Two-
layer vaginal tablets, containing different polymeric ratios (i.e.
20mg Na-CMC; 50mg Carbopol® 934; 20mg chitosan) were
selected as optimal due to swelling index and dissolution/erosion
capability [30].

Despite largely investigated at laboratory scale, the inexpensive
and easily accessible chitosan is still not used as excipient in oral
formulations on an industrial scale partially due to concerns related
to its solubility: these materials are soluble in acidic media and
insoluble in neutral and alkaline fluids. Many formulations found in
the literature required addition of different ingredients to enhance
compressibility and improve the drug dissolution profiles [31,32].
Chemical procedures targeting advanced deacetylation and reac-
ylation with more hydrophobic groups have been studied together
with the interaction of covalently-modified chitosan matrices with
both charged and uncharged chemical species. These approaches
were recommended for drugs targeting the small intestine or the
colon [17].

The novelty of this work is that, to the best of our knowledge, it
is the first report showing a rearrangement at the surface of chi-
tosan tablets following exposure to acidic medium, mimicking the
physiological gastric residence. This effect of self-stabilization of
chitosan was also investigated in monolithic tablets based on CHI:
carboxymethylstarch (CMS) mixtures. Used as excipient in tablets,
CMS can protect bioactive agents during gastric residence. At pH
1.2, being protonated, it affords a more compact matrix and better
control of drug release in the intestinal mediumwhere the carboxyl
groups are deprotonated fostering hydration and swelling of the
tablet [13]. In the present study the contribution of electrostatic
interactions was evaluated in two series of tablets containing: i) a
variable ratio of the two polymers CHI:CMS and b) a constant
amount of cationic polymer (CHI) combined with various amounts
of anionic (CMS) and - neutral high amylose starch (HAS) as filler in
order to keep the mass of tablets constant. The structural changes
were monitored by spectroscopic analysis. The effects of exposure
of tablets based on various polymers to simulated gastric and
intestinal fluids were investigated by in vitro dissolution assays and
compared.

2. Materials and methods

2.1. Materials

Two different chitosans were used in this study: one (CHIa)
obtained in-house by an advanced deacetylation procedure [33] of
chitosan fromProtan Co. (Drammen, Norway), the other one (CHIb),
degree of deacetylation (DDA) 85%, was purchased from Marinard
Biotech Inc. (Canada). CMS was prepared starting with high
amylose starch from National Starch, USA, and using a procedure
previously published [34]. Gelatinized high amylose starch (HAS)
used as filler, was prepared following a procedure found in the
literature [35]. The other chemicals were from Sigma (USA) and
were reagent grades and used without further purification.

2.2. Evaluation of the degree of deacetylation

The estimation of DDA of the two grades of CHI was done using
1H NMR and FT-IR analysis.

2.3. Proton nuclear magnetic resonance (1H NMR)

High resolution 1H NMR spectra were recorded on a 500MHz
Varian Innova NMR spectrometer. CHI samples were dissolved in
1% trifluoroacetic acid (TFA) in D2O.

2.4. Fourier-transform infrared spectroscopy (FTIR)

CHI tablets (6% in KBr pellets of 100mg) were made in a Carver
hydraulic press Model C-3912 (Wabash, IN, USA), at 8 T. For each
CHI grade three tablets were made and evaluated by FTIR. Absor-
bance spectra were recorded in a Bomem MB-100 FT-IR spectro-
photometer (Hartmann &Braun) with a deuterated triglycine
sulfate (DTGS) detector. The spectra were obtained at a 2 cm�1

resolution as an average of 64 scans, with air as background.

2.5. Tablet preparation, their stability in SGF and dissolution tests
in vitro

Monolithic tablets (200mg, 12mm diameter) were made by
direct compression (in a Carver hydraulic press, at 2.5 T) of CHIa or
CHIb with 20% acetaminophen (as model drug) mixed powders.

Two series of tablets (200mg each), all containing 20% acet-
aminophen, were made in the same conditions, and contained as
follows: Series I) CHI and CMS in different ratios (w/w, 0:3, 1:2, 1:1,
2:1, 3:0), Series II) a constant load of CHI, variable CMS and HAS as
filler (as shown in Table 1). To investigate the behavior of prepa-
rations in gastric acidity, tablets based on CHI:CMS (1:1) and loaded
with 5% bromocresol green (10mg pH indicator per tablet), were
also prepared by direct compression of mixed powders, as
described above. Each tablet was incubated for 120min in 50mL of
SGF at 37 �C and 50 rpm (incubator shaker, series 25D, New
Brunswick Scientific Co., NJ, USA). The tablet integrity and color
modifications were observed on the whole and on cross-sectioned
tablets.

Tablet shapes and swelling were monitored in a rotary shaker
(50 rpm), first for 2 h in 50mL SGF, and then, after being transferred
to 50mL SIF, they were monitored for up to 20 h (50 rpm) as per
recommendations of US Pharmacopeia for dissolution tests. Tablets
containing bromocresol green as pH indicator were first exposed to
SGF in order to visualize the water front penetration into the tab-
lets. Kinetic studies of the drug release were conducted in a



Table 1
Formulations of 200mg monolithic tablets.

Sample label Acetaminophen (mg) CHIa or CHIb (mg) CMS (mg) HAS (mg)

Series I CHI:CMS 3:0 40 160 e e

CHI:CMS 2:1 40 106.7 53.3 e

CHI:CMS 1:1 40 80 80 e

CHI:CMS 1:2 40 53.3 106.7 e

CHI:CMS 0:3 40 e 160 e

Series II CHI:CMS 1:1.00 40 80 80 0
CHI:CMS 1:0.75 40 80 60 20
CHI:CMS 1:0.50 40 80 40 40
CHI:CMS 1:0.25 40 80 20 60
CHI:CMS 1:0.00 40 80 0 80
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Distek™ dissolution system (2100A paddle system, at 50 rpm),
coupled with an UV Hewlett Packard spectrophotometer. Acet-
aminophen was detected at 280 nm. The dissolution media (SGF,
pH 1.2 and SIF, pH 7.2) were prepared in USP (United States Phar-
macopeia) conditions [32]. Practically, the SGF was prepared by
dissolving 7.0mL of HCl to 900mL of deionized water, add 2.0 g of
NaCl and complete the solution with water to 1000mL. SIF was
prepared by dissolving 6.8 g of monobasic potassium phosphate in
250mL of water and then adding 77mL of 0.2M sodium hydroxide
and 500mL of water. The resulting solution was adjusted with
0.2M sodium hydroxide or 0.2M hydrochloric acid to a pH of
7.2± 0.1 and finally diluted to 1000mL.

The release profiles were recorded at 37 �C in SGF for 2h and
then in SIF, with samples taken at 30min intervals over 24 h. The
amount of released drug was expressed as Mt/M∞ (equation (1))
(Korsmeyer e Peppas model [36]):

Mt=M∞ ¼ ktn (1)

where Mt/M∞ represents the fraction of drug released at time t
from the total amount released M∞k is the release rate constant, n
is the release exponent (used to characterize different release
mechanism of drug). All dissolution tests were performed in
triplicate.

2.6. X-ray diffraction

X-ray diffraction patterns of powders (obtained from tablets
dried and ground after exposure to SGF and/or SIF) were recorded
using a Siemens D-5000 diffractometer [with silicon detector] in
reflectance mode at a Co Ka wavelength of 1.79018Å over an
angular range 5e50�. The spectra obtained were analyzed using
Diffract-AT software.

2.7. Scanning electron microscopy (SEM)

Samples were analyzed using a Hitachi S-2300 (VP-SEM)
coupled to a Kevex image analysis system and to an EDX x-rays
analyzer (by energy dispersion) for dry and conductive samples (a
layer of gold was deposited on surface of dry samples by chemical
vapor deposition). The vacuum was10�5 torr and the resolution of
4.5 nm at 25 V.

3. Results and discussion

Spectroscopic analysis (1H NMR and FTIR) has shown a higher
DDA for the CHIa than for the CHIb. In the 1H NMR spectra
(APPENDIX 1_ Fig. 1), a stronger peak at 2.0 ppm was observed for
CHIb, ascribed to the three N-acetyl protons of N-acetylglucos-
amine still present and in a higher percentage due to a lower DDA.
The difference in 1H NMR signals at 3.1 ppm (H-2 proton of
glucosamine and N-acetylated glucosamine) and at 3.6e4.0 ppm
(the cycle protons, H-3,4,5,6, and 60) as well as the higher integral
values for CHIa, support the assignment of a higher DDA of CHIa
compared with CHIb. The finding was supported by FT-IR analysis
that have shown that the ratio between the FTIR absorption peaks
(APPENDIX 1_Fig.2) at 1655 cm�1, assigned to the carbonyl
stretching of secondary amides (amide I band), and those at
1570 cm�1 (assigned to the N-H bending vibrations of the non-
acylated primary amine) is higher in CHIb, with more N-acetyl
groups.

Dissolution kinetics in neutral SIF of the monolithic tablets
made with each chitosan as excipient, showed for both of them, a
fast release of the entire amount of acetaminophen tracer in less
than 1 h (Fig. 1A). The release profiles were markedly different
when the tablets were first incubated for 2 h in SGF mimicking the
in vivo gastric passage and then transferred in SIF mimicking the
behavior of tablets over the whole gastrointestinal tract (GIT). It
appeared that the residence in acidic SGF improved the control of
the acetaminophen release in SIF, which was completed in about
16 h (Fig. 1B) for tablets based on both CHIa or CHIb excipients. A
limited drug dissolution (burst effects) occurred from chitosan
tablets in acidic medium (pH 1.2) due to the dissolution of the
acetaminophen located in the external layers of the tablet. The
dissolution patterns have been followed with both CHIa and CHIb
which were close each other (Fig. 1).

Chitosan tablets incubated for 2h in 50mL SGF in the rotator
shaker swelled visibly and developed an outer gel-like structure.
Further evaluation by SEM of the dry tablets after their exposure to
SGF and SIF showed that, for both chitosan grades, this gel-like
structure was limited to the tablet surface whose consistency
clearly differed from that of the tablet core (Fig. 2a and b). This
outer coating is probably related to chitosan hydrogen bonding,
higher in case of more deacetylated CHIa. When complexed as
CHIa:CMS 1:1 the tablets still present a self-induced coating after
2h in SGF (Fig. 2c) whereas no coating at all was found when they
were exposed directly to SIF (Fig. 2d). The CHIa maintained better
the tablet shape and showed moderate swelling after developing
the hydrogel coating, whereas CHIb (more N-acetylated) presented
a higher swelling and an almost spherical shape (Fig. 2e) even after
the passage from SGF to SIF. These tablet shapes were maintained
for both CHI grades even after 22 h spent in SIF, during dissolution
tests performed in the Distek™ system, at 37 �C and 50 rpm.

To evaluate the pH within the tablets and show to which extent
the excipients can protect the drug in SGF, the monolithic devices
have been formulated with bromocresol green, a pH indicator
changing the color from blue (above pH 5.4) to yellow-orange in
acidic media (below pH 3.8). While in the air, before incubation in
SGF, the dry tablets based on CHI:CMS (1:1) presented some blue
points, the entire surface of the tablets based on CHI:CMS



Fig. 1. Drug release profiles from CHIa and CHIb tablets exposed (A) directly to SIF or (B) for 2 h in SGF and then in SIF (mimicking the gastrointestinal tract). Tests were performed in
triplicate in USP apparatus II, at 50 rpm and 37 �C using 200mg tablets and 1000mL dissolution medium.

Fig. 2. SEM micrographs (40 x magnification) of: self-generated coating developed after exposure to SGF of CHIa tablet (a) and CHIb tablet (b); CHIa:CMS 1:1 tablet after 2 h in SGF
and then 2 h in SIF (c) and 2 h in SIF only (d) pictures of CHI tablets swollen after 2 h in SGF and then 2 h in SIF (e) and of CHI:CMS (1:1) dry tablet containing bromocresol green and
cross-section after its exposure to SGF (f).
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excipients was blue after 1h acidic incubation (Fig. 2f). The gel
barrier was better visualized in the tablet cross-section, clearly
showing that the core of the tablet was dry. This supports the
expectation that the electrostatic association CHI:CMS would have
potential as protecting carrier for therapeutic enzymes or of pro-
biotics for colon delivery.

The fast and complete drug release (in less than 1h) from tablets
based on both chitosan grades, when incubated directly in SIF
(Fig. 1A) fitted well with the SEM observations showing no pro-
tective self-coating (Fig. 2d) and, consequently, no barrier to pre-
vent the drug release. In fact, Fig 2c (CHIa:CMS, 1:1) shows part of
the gel coating still present while the core is dry.
Tablets with different ratios of CHI:CMS were first subjected to a
dissolution test in SIF. The presence of CMS was beneficial to the
kinetics of the release from tablets based on mixed polymers. This
effect varied dependent on the CHI:CMS ratio. Although CHI is
largely deprotonated at pH 7.2 (pKa 5.5e6.5), the electrostatic
attraction established between anionic (CM) and cationic (amino)
groups of CHI helps to maintain the shape of the tablets and con-
trols the drug release. The CMS-only tablets fully disintegrated in
less than 2 h in SIF, whereas in the presence of chitosan (CHI:CMS
1:1) they retained their shape for up to 7.5 h. The rapid release of
acetaminophen in SIF could be correlatedwith the porous structure
present in the tablets (Fig. 3) as a result of advanced deprotonation



Fig. 3. Swollen tablets based on physical mixtures CHI:CMS 1:2 (a); CHI:CMS 1:1 (b);
CHI:CMS 2:1 (c); CHI:CMS 3:0 (d) after 2 h in SGF followed by 16 h in SIF. The images
are obtained with CHIa-based tablets and are representative for CHIb as well.
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at pH 7.2 and subsequent decrease in CHI solubility that leads to
formation of large and numerous channels as result of CMS gradual
dissolution. A certain porosity was also found for CHI:CMS tablets
maintained for 2h in SGF and then in SIF for 16h (Fig. 3aec).
Therefore, the CMSmay act as a porogenic agent in CHI:CMS tablets
that were not incubated in SGF to get the self-generated coating.
The higher the ratio CMS:CHI is, the more porous the structure of
the tablet appears. Differently, no porosity at all was found for the
CHI tablets (Fig. 3d).

The dissolution assays done with tablets preexposed for 2 h to
SGF, in order to simulate the conditions in the GIT, showed the
beneficial effect of chitosan (CHIa) complexation with CMS, as
CHI:CMS (Fig. 4 A), providing a better release control when moved
Fig. 4. Dissolution profiles in vitro for acetaminophen released from tablets based on
formulations (A) Series I (CHIb:CMS) and (B) Series II - CHIb:CMS:HAS. All tablets were
exposed for 2 h to SGF followed by SIF, at 37 �C and 50 rmp.
to SIF. These observations were also found for CHIb (lower DDA).
When chitosan is in an acidic environment, a rate-limiting gel

barrier forms, with less defined channels, which results in a slower
drug release. At pH 1.2, where ionization of CMS is low due to
protonation, the matrix is compacted. Consequently, the formation
of PEC can be considered as limited. When CHI:CMS tablets are
transferred to SIF, the gel developed in SGF disappears slowly
leaving a progressively decreasing barrier for the CMS which is
deprotonated, ionized and solubilized tending to leak into the so-
lution. At the same time, upon transfer to SIF, a decrease in the
solubility of CHI will occur, possibly with some gain in crystallinity.

While the outer gel is present, the diffusion across it is the rate
determining step in drug release. Part of the acetaminophen was
released in SGF and the rest is released in SIF with the process being
completed after more than 16 h. The presence of CMS in the tablets
proportionally increased the release time, presumably due to
favorable electrostatic interactions between the two polymers
oppositely charged. Except for the CMS-only tablet which dis-
integrated fast in SIF, the other CHI:CMS tablets preserved their
integrity (Fig. 3aec, Fig. 4A). The swelling was slightly higher in the
case of the more N-acetylated CHIb, whereas the impact of the
gastric acidity was higher for the CHIa, with a more advanced
deacetylation.

Dissolution profiles of CHIa and CHIbwere similar. The CHIbwas
selected for illustration (Fig. 4 A) considering that is a commercial
grade and eventual comparison of drug release patterns with other
studies could be easier. The hydroxyl groups present in CHI,
together with the amino groups, play an important role in the or-
ganization of the polymeric matrix as an important parameter in
the control of the drug release. The experiments conducted
assessed the effect of self-stabilized CHI excipient, on tablet loading
and drug delivery profiles and it was compared to the impact on the
release of mixed CHI (cationic) with CMS (anionic) polymers,
resulting in coulombic interactions.

To better assess the impact of the coulombic attractions on
matrix stabilization, parallel dissolution tests were conducted on
tablets in which the amount of CHI was kept constant and variable
amounts of CMS were added together with uncharged HAS as filler
component (Table 1, Series II). The higher the CMS load was, the
stronger the control of CHI (more visible for CHIb e Fig 4B) on the
release of acetaminophen in SGF appeared to be. Due to the
beneficial effect of PEC formation, the tablets with the highest
CMS:CHI ratio had the longest release time (~14h) (Fig 4B). An
additional factor in this experiment was the presence of HAS which
is not involved in CHI:CMS complexation but it may change the
interactions withwater leading to higher swelling and less resistant
tablets. The dissolution profiles for the CHIa-based formulations are
available in APPENDIX 2. The CHI:CMS 1:1 seems to be the optimal
ratio, leading to the longest release time (with no HAS in formu-
lation). The same type of dependence was shown by both chitosan
grades, both in SGF and in SIF.

Concerning the impact of the polyelectrolyte complexation as
CHI:CMS on the behavior of the tablets made with chitosans with
different degrees of substitution, the favorable influence of the
electrostatic attractions on the kinetics of acetaminophen release is
stronger in the case of more N-acetylated chitosan (CHIb) than for
CHIa (with more primary amine groups). Pretreatment in SGF has a
stronger favorable effect on the latter.

To better understand the role of the matrix characteristics, an X-
ray investigation was carried out for both CHIa/CHIb in powder
form (Fig. 5). The powders were obtained from tablets, by grinding
(Fig. 5 patterns 1 A/B -powders from dry tablets; patterns 2 e after
2 h in SGF; patterns 3 e after 2h in SIF; patterns 4 e after SGF (2h)
followed by SIF (2h). Each of them presented major peaks at about
4.3e4.4Å and around 7.2e7.8Å. For CHIa, the higher degree order



Fig. 5. X-rays diffraction patterns of CHIa (A) and CHIb (B) dry (1), after 2 h SGF (2), after SIF only (3), after SGFþSIF (4).
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(Fig. 5A) was explained by the enhanced hydrogen bonding affor-
ded by the larger number of primary amine groups.

Some differences in the diffraction patterns were found for
both CHIa and CHIb before and after acidic pretreatment (Fig. 5).
CHIa seems more stabilized by interchain H-bonding, with a
higher peak at 4.3 Å. No major differences were found for both
chitosans after 2h in SGF but after SGF þ SIF treatments a mod-
erate loss of order appeared for both types of chitosan, more
pronounced for CHIb.

X-ray diffraction spectra of powders originating from tablets
submitted to conditions mimicking the physiological gastric resi-
dence and intestinal transit showed peaks at about 4.3Å and 7.7Å
(Fig. 5). The two CHIa and CHIb chitosans showed in general similar
behavior with a more important loss in crystallinity at 4.3Å in SIF.
An overall loss of order was found for both CHI grades after expo-
sure to SGF followed by SIF, more pronounced for CHIbwhich is less
stabilized by hydrogen association (Fig. 5Be4).

The diffraction spectra taken from powders of polyelectrolytic
CHI:CMS (PEC) complexes obtained from tablets after 2 h in SGF
and then 2h in SIF, where they deprotonate, show a lesser order
compared to the tablet based on CHI only (data not shown). This
could be due to the disruption of packing and H-bonding upon
formation of ionic complexes. However, a better release control was
found with the CHI:CMS excipient with lesser order. This obser-
vation fits well with the data of Ispas-Szabo et al. [37], showing
better release control for moderately ordered cross-linked starch
matrices. As a general effect of PEC formation, a decrease in order
for both types of chitosans used as mixed powders, with CMS for
complexation, is noted in aqueous SGF and SIF media. A feature
present in all spectra is the decreased crystallinity around 4.3Å
upon mixing, when compared to the corresponding CHI alone.

It is well known [38] that chitosan as excipient performs better if
purified or washed by solubilization in acidic medium and then
precipitated with acetone. It is not excluded that the washing and
purification procedure based on the solubilization of chitosan in
dilute acid solutions (2% acetic acid) can also induce a type of
preconditioning like the one shown in the present report for tablet
forms. The difference is that in our case, the preconditioning was
done in situ, due to the strong acidic medium, mimicking the gastric
acidity.
4. Conclusions

The clearly longer and controlled release profiles for CHI tablets
exposed to gastric acidity suggest favorable structural rearrange-
ments following self-conditioning of CHI in acidic media. Consid-
ering the solubility of chitosan at low pH, the possible result of the
incubation in conditions mimicking gastric residence would be an
outer gel formation coating the CHI tablets.

The CHIa (higher DDA) showed lower swelling in SGF and in SIF
compared to the commercial CHIb, probably due to a better stabi-
lization by H-bonding afforded by the primary amine group and
reflected in a good preservation of tablet shape. CHIb, with more N-
acetyl groups, was less stabilized, allowing easier water access into
the tablets, which resulted in higher swelling and less preservation
of the tablet shape.

Adding an anionic starch derivative to the cationic chitosans
resulted in a CHI:CMS polyelectrolyte complexation in simulated
gastric and intestinal media, with beneficial effects in the dissolu-
tion curves. The CHI:CMS matrix forms an outer gel barrier,
affording thus a certain protection against gastric acidity, despite
the fact that the tablets are not coated with gastro-protective
materials.

The tablets made from the more deacetylated CHIa maintained
the longest monolithic shape and exhibited good controlled release
properties. In this case, the favorable influence of ionic associations
is much lower compared to the enhancement of release properties
afforded by the transit in the high acidity of the SGF. The influence
of the self-conditioning may offset the beneficial effect of the ionic
interactions in the case of more deacetylated chitosan (havingmore
primary amine groups available for H-bonding with water and gel
formation).

The findings reported herein may be of interest for pharma-
ceutical formulations since tablets based only on chitosan with
relatively high DDA seem to undergo a self-conditioning in situ,
during the gastric residence. This results in improved mechanical
characteristics and sustained drug release profiles for intestinal and
colon delivery and eliminates the need to use additives. Such for-
mulations should be administered before meals (gastric pH ~ 1.2)
when they would perform better than after meals (gastric
pH ~ 3.0e4.0). Moreover, the association of CMS to CHI to form in
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situ the polyelectrolyte complex CHI:CMS seems of interest for
colonic delivery of biopharmaceutics, therapeutic enzymes, pro-
biotics. The biodegradable CMS (due to ionization and to the in-
testinal alpha-amylase) will favor the colonic delivery of the
bioactive agents.
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