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The goal of the present work was to develop a swellable hydrogel colonic delivery system, which would
maximise the availability of the therapeutic agent at a site of inflammation, especially where the water
is scarce. A novel method was developed to manufacture a biodegradable and reversible polyelectrolyte
complex (PEC) containing chitosan and poly acrylic-acid (PAA). The PEC was analysed using FTIR and
DSC, which confirmed the formation of non-permanent swollen gel-network at an alkaline pH. Pentosan
polysulphate (PPS) was incorporated in a PEC and an activated partial thromboplastin time assay was
olonic delivery
olyelectrolyte complex
hitosan
oly acrylic acid
entosan polysulphate
acterial enzymes

developed to measure the release of PPS from PEC. In vitro studies suggested that the release of PPS was
dependent on the initial drug loading and the composition of the PEC. The gel strength of the swollen
network, determined using a texture analyser, was dependent on polymer composition and the amount
of PPS incorporated. Bacterial enzymes were collected from the rat caecum and colon for the digestion
studies and characterised for glucosidase activity, glucuronidase activity and protein content. The diges-
tion of the reversible polyelectrolyte complexes was measured using a dinitro salicylic acid assay and an

was
increased release of drug

. Introduction

Inflammation is a feature of many diseases and is associated
ith pain, swelling and tissue remodelling with the formation of
on-functional scar tissue. In the gut, the inflammatory process

nvolves the squeezing of pro-inflammatory leucocytes (especially
asophils and neutrophils) through the space between endothe-

ial cells (He, 2004). The process leads to the thickening of the
owel lining and disturbs the absorption and motility patterns. The
efective endogenous sulphated glycosaminoglycans (GAG) are no

onger able to provide a protective barrier following the leucocyte
ttachment to the gastrointestinal lining.

Yayon et al. (1991) showed exogenous heparin-induced

ccelerated-healing in mutant Chinese hamster ovary cell-lines
uggesting that the presence of low affinity heparin sulphate pro-
eoglycans (HSPGs) was necessary for the mitogenic action of
asic-fibroblast growth factor. Papa et al. (2000) noticed an anti-

Abbreviations: APTT, activated partial thromboplastin time; basic-FGF, basic-
broblast growth factor; BCA, bicinchoninic acid; CP or Chi:PAA, chitosan:poly
crylic acid; DNSA, 3,5-dinitro-salicylic acid; GAG, glyscosaminoglycans; HSPGs,
eparin sulphate proteoglycans; IBD, inflammatory bowel disease; PAA, poly acrylic
cid; PEC, poly electrolyte complex; PPS or PPSNa, pentosan polysulphate sodium.
∗ Corresponding author. Tel.: +353 90 649 5813.

E-mail addresses: hkshah99@yahoo.com, hardik.shah@elan.com (H.K. Shah),
.g.wilson@strath.ac.uk (C.G. Wilson).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.11.012
also confirmed in the presence of bacterial enzymes.
© 2010 Elsevier B.V. All rights reserved.

inflammatory action of heparin, which affected the activity of cell
adhesion molecules. Day and Forbes (1999) administered heparin
to patients with inflammatory bowel disease (IBD) and found the
accelerated ulcer healing of the inflamed bowel. Systemic adminis-
tration of heparin by i.v. and s.c. route caused a significant reduction
in stool frequency, C-reactive protein and improved endoscopic and
histopathological scores in the IBD patients which strongly sug-
gested its participation during the healing process (Ang et al., 2000).
However, the parenteral administration of heparin is always asso-
ciated with the risk of haemmorhage, suggesting the employment
of less active short chain heparin-like molecules.

Törkvist et al. (1999) conducted a clinical trial utilising a low
molecular weight heparin for the treatment of glucocorticosteroid-
refractory ulcerative colitis and showed improved healing. Heparin
and pentosan polysulphate, which has structural motifs sim-
ilar to heparin, stimulated epithelial proliferation in cultured
rat-intestinal epithelial cells (Flint et al., 1994). With regard to phar-
macological activity, pentosan polysulphate has one tenth of the
anticoagulant activity of heparin. Fischer et al. (1982) studied the
inhibitory effects of pentosan polysulphate sodium (PPSNa) and
heparin on thrombin, factor Xa and factor IXa in the presence and

the absence of antithrombin III. PPSNa was approved as Elmiron®

by the U.S. food and drug administration as an oral therapy for the
treatment of interstitial cystitis. We investigated the design of a
colon-targeted drug delivery platform for PPSNa, intended for the
topical treatment of IBD.

dx.doi.org/10.1016/j.ijpharm.2010.11.012
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:hkshah99@yahoo.com
mailto:hardik.shah@elan.com
mailto:c.g.wilson@strath.ac.uk
dx.doi.org/10.1016/j.ijpharm.2010.11.012
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which normal human pooled plasma (300 �L) was added. The
cups were loaded on to the auto sampler and the APTT (sec)
H.K. Shah et al. / International Journ

The delivery of sulphated GAG by the topical route was sug-
ested by Meissner et al. (2007), who entrapped low molecular
eight heparin (enoxaparin) into Eudragit® microspheres. Poly-

lectrolyte complexes composed of chitosan and poly-acrylic acid
PAA), have also been prepared for several biomedical applications.
u et al. (1997) described the dental applications of a covalently

inked chitosan–polyacrylic acid complex. De la Torres et al. (2003,
005) have prepared amoxicillin-loaded films of chitosan and PAA.
he adhesiveness and tensile strength of a transmucosal cast-film
ystem based on a chitosan–PAA complex containing triamcinolone
as described by Ahn et al. (2001, 2002). A nanoparticulate oph-

halmic drug delivery system, prepared by mixing chitosan solution
n acetic acid and a PAA-dispersion in water, has been described for
he delivery of pilocarpine (Kao et al., 2006).

The nature of the complex formed between PAA and chitosan
escribed in the literature varies depending on the final usage of
he polyelectrolyte complex and encompasses the range between

chemically bound strong-network to an ionically interacted
on-permanent assembly. Several authors have described the poly-
erization of acrylic acid monomers in the presence of chitosan to

btain an inter-penetrated PEC (Lee et al., 1999; Peniche et al., 1999;
hn et al., 2001; Nge et al., 2004). However, the chemically-linked
AA–chitosan may contain residual toxic acrylic-acid monomers
nd may display unpredictable swelling behaviour at different pHs
Wang et al., 1997).

Park et al. (2008) manufactured carbopol–chitosan polyelec-
rolyte complex according to the patent reported in our laboratories
Wilson and Mukherji, 2003). Park et al. (2008) utilised FTIR and
SC to characterise the PEC and confirmed the chemical inter-
ction between two oppositely charged polymers. De Lima et al.
2009) manufactured chitosan–PAA films by allowing diffusion of
AA molecules through chitosan membranes. The authors detected
new covalent linkage at 1560 cm−1 during FTIR analysis. These

tudies suggest that the covalent links between two oppositely
harged polymers lead to the formation of a new chemical entity.
he complexation of two polymers in solution has lower percentage
ield compared to the theoretical yield, which makes it difficult to
etermine the proportion of individual polymers in the PEC. The
nknown amount of individual polymers also makes it difficult
o predict the degree of swelling and the mechanical properties
f the PEC. The irreversible complex would also have different
hysico-chemical properties and possibly different physiological
ffects compared to the individual components.

It is desirable that the oppositely charged polymers in a PEC
hould not form the covalent bonds in order to utilise the PEC
s a drug delivery system. Furthermore, the formulation should
well at neutral to alkaline pH and transport water from the upper
ut into the colon to provide water for dissolution. Several hydro-
el platforms have been described in the literature as the colonic
elivery systems (Simonsen et al., 1995; Pitarresi et al., 2008; Ali
nd AlArifi, 2009). We utilised chitosan and PAA to form the poly-
lectrolyte complex for the colonic delivery. The reversible ionic
nteraction between chitosan and PAA is necessary in order to for-

ulate the biodegradable PEC. The present work addresses these
ssues and experiments were conducted to formulate a reversible
EC. The bacterial enzymes from rat colon were also utilised to
nderstand the digestion of PEC and its effect on the release of PPS
rom polyelectrolyte complex.

. Materials and methods
.1. Materials

Chitosan (low molecular weight: 50,000–190,000; degree
f deacetylation 75–85%, Sigma–Aldrich Co., UK) and poly-
harmaceutics 404 (2011) 124–132 125

acrylic acid (Mv 4,000,000, Sigma–Aldrich Co., UK) were used
to manufacture the polyelectrolyte complexes. Other ingredients
were sourced as follows: N-acetyl glucosamine (Sigma–Aldrich
Co., UK), pentosan polysulphate sodium (bene Arzneimittel
GmbH, Germany), potassium dihydrogen orthophosphate (AnalaR,
BDH Laboratories, UK), sodium hydroxide (BDH Laboratories,
UK), glycine (99%, Sigma–Aldrich Co., UK), 3,5-dinitro sali-
cylic acid (Sigma–Aldrich Co., UK), potassium sodium tartrate
(Sigma–Aldrich Co., UK), phenolphthalein (Sigma–Aldrich Co.,
UK), phenolphthalein-�-d-glucuronide (Sigma–Aldrich Co., UK), p-
nitrophenol (Sigma–Aldrich Co., UK), p-nitrophenol-�-d-glucoside
(Sigma–Aldrich Co., UK), sodium chloride (BDH Laboratories,
UK), EDTA (Sigma–Aldrich Co., UK), bicinchoninic acid kit
(Sigma–Aldrich Co., UK), bovine serum albumin (ICN Biomedicals
Inc., UK), kaolin/platelet substitute (Diagnostic Reagents Ltd., UK),
lyophilised normal human plasma (Diagnostic Reagents Ltd., UK),
calcium chloride (Sigma–Aldrich Co., UK).

2.2. Manufacturing of polyelectrolyte complexes (PEC)

Chitosan was dissolved in 0.1 M acetic acid to obtain 1% (w/v)
solution. Chitosan was precipitated using acetone, dried overnight
and milled to reduce the particle size below 180 �m. Poly-acrylic
acid was dispersed in acetone, dried overnight and milled to reduce
the particle size below 180 �m. Chitosan (precipitated) and poly-
acrylic acid (precipitated) were mixed physically to obtain a PEC
containing 1:1 (CP 1:1) and 1:2 (CP 1:2) mass ratios of chitosan and
PAA, respectively.

2.3. Characterisation of poly-acrylic acid and chitosan

The samples of poly-acrylic acid and chitosan were charac-
terised by FTIR spectroscopy using a KBr disc method (Genesis
Series, FTIRTM, ATI Mattson, USA).

The samples of poly-acrylic acid and chitosan were weighed
between 3 mg and 5 mg and placed in hermetically sealed pans
(Alumina crucible, 40 �L). DSC experiments were performed for
PAA and for chitosan between 25 ◦C and 150 ◦C at 10 ◦C min−1 using
TC 15 (Mettler, Switzerland).

2.4. Activated partial thromboplastin time (APTT) assay for the
quantitative determination of PPS

An automatic haemostasis analyser (Amax CS190, Amelung®,
Germany) was used for the APTT assay. The primary mix of 50 �L
of kaolin/platelet substitute and 25 �L of plasma sample were dis-
pensed and incubated automatically at 37 ◦C for 2 min. Following
incubation, calcium chloride (25 �L, 0.025 M) was added automat-
ically to promote the activation of the clotting pathway. Within
the measurement cuvette, a small ball-bearing was stopped auto-
matically during the rotation as a result of the clot formation and
measuring the clotting time. The assay was controlled using a nor-
mal human plasma (clotting time range: 42–48 s) and an abnormal
plasma sample (clotting time range: 82–100 s).

A calibration series of pentosan polysulphate (0.01–
0.13 mg/mL) was made in phosphate buffer saline. Each cali-
bration standard (100 �L) was aliquoted into 400 �L cups to
was recorded using the Amax CS190. The linear relationship of√
Clotting time (s) vs concentration (mg/mL) was plotted and

the line of best fit was obtained. Using this reference curve, the
activated partial thromboplastin time was measured for PPS
containing systems to determine the release rates from PEC.
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.5. Collection of rat colonic bacterial enzymes

The caecal and colonic content from male Sprague–Dawley
ats was collected immediately after sacrificing the animals as
escribed by Zhang and Neau (2002). The tissue content was
arvested using phosphate buffer saline (pH 7.4, 2–4 ◦C) and cen-
rifuged (35,000 × g) twice to collect the supernatant containing
xtra-cellular bacterial enzymes. The supernatant was filtered
hrough 0.7 �m glass-microfibre syringe filters (Whatman®) and
as dialysed against phosphate buffer saline for 20 h using a

nakeSkin® Pleated dialysis tubing (10 kDa MWCO). The protein
ontent of the bacterial enzymes was determined by bicinchoninic
cid (BCA) assay. �-d-Glucosidase and �-d-glucuronidase activities
f each preparation were studied using the standard substrates as
elow. Pooled enzyme preparation from different rats was utilised
o study the release of PPS from PEC (CP 1:1) in triplicate. Eighteen
ndividual batches of the enzymes were collected from different
ats, which were utilised to study the digestion of chitosan, PEC
nd also to study the release of PPS from PEC (CP 1:2) following 6 h
ncubation at 37 ◦C.

.6. Bicinchoninic acid (BCA) assay for total protein analysis

Bovine serum albumin was used for the preparation of the
alibration series in the concentration ranges 0.01 mg/mL and
.0 mg/mL. Each calibration standard (25 �L) was mixed with BCA
orking reagent (200 �L) in 96-well-plate. The enzymatic prepa-

ation was diluted 10 times using phosphate buffer saline and
5 �L was mixed with BCA working reagent (200 �L) in the same
late. All the solutions were incubated at 37 ◦C for 30 min and
bsorbance was measured at 570 nm using an automatic plate
eader (Thermo Labsystems, Multiskan Ascent, USA), which was
rogrammed (Ascent software 2.6) to shake plates for 10 s prior to
easurement.

.7. ˇ-d-Glucosidase and ˇ-d-glucuronidase activity
easurements

A calibration series of p-nitrophenol (0.01–0.5 mg/mL) was pre-
ared in distilled water. The calibration standards (50 �L) were
ipetted onto 96-well-plate. 20 �L of p-nitrophenol-�-d-glucoside
3.0–4.0 mg/mL in distilled water) and pooled enzyme preparation
30 �L) were mixed in the Eppendorf tubes and incubated for peri-
ds between 15 min and 3 h at 37 ◦C (n = 3 per group). 1.0 M NaOH
200 �L) was added after the incubation to denature the proteins
nd stop the enzyme activity.

Glycine buffer was prepared by dissolving glycine (0.75 g) and
aCl (0.58 g) in distilled water (100 mL). NaOH (0.4 g) was dis-

olved in this solution and the final volume was made up to 200 mL
n a volumetric flask using distilled water. A calibration series of
henolphthalein (0.01–1.0 mg/mL) was made using ethanol–water
ixture (50:50, v/v). The calibration standards (50 �L) were

ipetted onto a 96-well-plate. 10 �L of phenolphthalein-�-d-
lucuronide (4.0–5.0 mg/mL in distilled water), 10 �L of EDTA
0.005 M) and pooled enzyme preparation (30 �L) were mixed in
ppendorf tubes and incubated for periods between 15 min and 3 h
t 37 ◦C (n = 3 per group). Glycine buffer (200 �L) was added after
he incubation to denature the proteins and to stop the enzyme
ctivity.

Eighteen individual enzyme preparations were analysed for
he glucosidase activity in the presence of pentosan polysulphate.

he reaction mixture composed of 15 �L of p-nitrophenol-�-
-glucoside (5.0 mg/mL in distilled water), 5 �L of pentosan
olysulphate (2.0 mg/mL in distilled water) and enzyme prepara-
ion (30 �L). The components were mixed in the Eppendorf tubes
nd incubated for periods between 15 min and 6 h at 37 ◦C (n = 3
harmaceutics 404 (2011) 124–132

per group). 1.0 M NaOH (200 �L) was added after the incubation to
the above solutions.

The absorbance of substrate–enzyme samples and calibration
standards were measured simultaneously at 405 nm for �-d-
glucosidase activity and 540 nm for �-d-glucuronidase activity
using an automatic plate reader (Thermo Labsystems, Multiskan
Ascent, USA). The enzyme preparation was mixed with the alkali
and followed by the addition of the substrate for the background
correction. The instrument was programmed (Ascent software
2.6) to shake plates for 10 s before any measurements. Simulta-
neous measurements were necessary to avoid any variations in
the absorbance readings and to determine the enzymatic activity.
The activity was reported as the rate of the substrate breakdown
(micromole) in an hour by the amount of protein (mg) present in
the enzymes.

2.8. Dinitro salicylic acid assay for the determination of reducing
sugars from chitosan and PEC

3,5-Dinitro-salicylic acid (DNSA) reagent was prepared by dis-
solving sodium hydroxide (0.4 g) and sodium potassium tartrate
(7.5 g) in distilled water (10 mL). DNSA (0.025 g) was dissolved
and the final solution was made up to 25 mL in a volumetric flask
using distilled water (Miller, 1959). A calibration series of N-acetyl
glucosamine (0.024–0.24 mg/mL) was prepared in distilled water.
Each calibration standard (0.5 mL) was mixed with DNSA reagent
(0.5 mL) in a small screw cap vial and boiled in a water bath (100 ◦C)
for 15 min. The solutions were cooled on ice immediately after boil-
ing and absorbance was measured at 500 nm (�max) using a UV–vis
spectrophotometer.

Chitosan (0.05 g, n = 6) and PEC (CP 1:1, 0.1 g, n = 6) were incu-
bated (37 ◦C) in the presence of bacterial enzymes (10.0 mL) for
6 h. The solutions were filtered using 0.45 �m nylon syringe filters
(Whatman®) after the incubation and reacted with DNSA reagent
as mentioned above to determine the degradation products equiv-
alent to N-acetyl glucosamine.

2.9. In vitro dissolution study of PPS from PEC in the presence and
the absence of bacterial enzymes

PPS was mixed with PEC (CP 1:1 and CP 1:2) using a mortar and
pestle to obtain the drug loading of 10% (w/w) and 20% (w/w). The
mixture was filled into hard gelatine capsules (size 0). A dissolution
study was performed in phosphate buffer saline (50 mL, 37 ◦C, pH
7.4) with continuous stirring using a magnetic stirrer. The stainless
steel baskets (10 mesh sieve) containing capsules were placed in
phosphate buffer saline. All experiments were performed in tripli-
cate. Aliquots (0.5 mL) were sampled up to 16 h and analysed using
the APTT assay to determine the percentage release of PPS. The
degree of swelling and the texture properties of the swollen gels
were determined after the dissolution study.

A dissolution study in the presence of a pooled rat-colonic bac-
terial enzyme preparation (50 mL, n = 3, 37 ◦C) was also conducted
as above for capsules containing PEC (CP 1:1) loaded with PPS at a
concentration of 10% (w/w) (PEC–PPS 10). The samples were col-
lected up to 16 h, which were filtered and analysed by APTT assay.
The texture properties of the swollen gels were determined after
the dissolution study.
In another experiment, the PEC (CP 1:1) was loaded at a concen-
tration of 20% (w/w) (PEC–PPS 20) and was incubated at 37 ◦C for
6 h in the presence of different batches of the enzyme preparations
(10 mL, n = 6). The samples were filtered and analysed by APTT to
determine the release of PPS.
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Fig. 1. FTIR plots of ch

.10. Binding study of PPSNa and physical mixture

Capsules containing physical mixture (Chitosan:PAA-1:1) were
laced in stainless baskets and the baskets were left in phosphate
uffer saline (60 mL) containing dissolved PPSNa (2.5 mg/mL). The
liquots (0.5 mL) were collected after 12 h. The experiments were
erformed in triplicate.

.11. Determination of the degree of swelling of the swollen PEC

The percentage degree of swelling of PEC was determined by
ravimetric analysis after the dissolution studies. The excess sur-
ace water was removed by blotting tissue before weighing.

egree of swelling (%) = Wh − W0

W0
× 100

here Wh is the weight of PEC after hydration and W0 is the initial
eight of dry PEC.

.12. Texture analysis of the swollen PEC

The gel strength (firmness) of the swollen PEC (after the dis-
olution study) was determined using a texture analyser TA-XT2i
Stable Microsystems, Surrey, UK) with a 5 kg load cell at room tem-

erature. The swollen gel was placed in a petri-dish, just below the
tainless-steel probe (5 mm diameter). The instrument was oper-
ted using a Texture Expert Exceed Software (2.51) while setting
orce in the compression mode. The probe was set to penetrate
.0 mm through the gel and travel back to the starting point at
and poly-acrylic acid.

1.0 mm/s on detecting the surface of the gel using a trigger force
of 0.005 N.

3. Results and discussion

The covalently formed PEC has been proposed as drug delivery
system by several authors (Ahn et al., 2002; De la Torres et al., 2003;
Kao et al., 2006; Park et al., 2008; De Lima et al., 2009). However, it is
difficult to determine the chemical composition of irreversible PEC.
If covalently-linked PEC is not fully characterised then it might not
be suitable for biomedical applications. The present work focused
on the manufacturing of reversibly-linked gel network of polyelec-
trolyte complex containing two oppositely charged polymers.

A simple physical mixture of originally sourced chitosan and
PAA was incubated at an alkaline pH, and it was observed that the
mixture did not form a swollen gel network. This control experi-
ment confirmed that original-chitosan remained insoluble and did
not interact with original-PAA to form a swollen PEC.

A novel procedure was developed in our laboratory to prepare
a fully reversible PEC. Chitosan was dissolved in acetic acid and
mixed with an organic solvent to obtain the precipitates of chitosan.
PAA was also treated with an organic solvent. The solvent treated
chitosan and PAA were characterised using FTIR and DSC. The FTIR
plots are illustrated in Fig. 1, which confirmed that chitosan and PAA

were not altered chemically after the solvent treatment. DSC plots
are illustrated in Fig. 2, which confirmed that initial glass transition
temperature (Tgi) of chitosan (130 ◦C) and PAA (126 ◦C) was not
changed after the solvent treatment. The physical mixture of sol-
vent treated chitosan and PAA (CP 1:1 and CP 1:2) formed a swollen
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Fig. 2. DSC plots of ch

nsoluble non-permanent gel network at alkaline pH. As chitosan
nd PAA are not covalently linked in physical mixture, individual
omponents can be completely extracted during acid treatment.

.1. Analysis of PPS

Quantitative analysis of PPS is difficult as it lacks a chromophore.
chemical assay was attempted for the quantification of PPS after

reatment with H2SO4. The reaction yielded furfurals giving an
bsorption peak at 279 nm and the assay allowed the measurement
f PPS by UV spectroscopy in the concentration range between
.02 mg/mL and 0.8 mg/mL (Shah et al., 2005). It was appreciated
hat the furfural method lacked the necessary sensitivity needed to
uantify the release of PPS and as a result PPS was quantified by
tilising its anticoagulant property. An assay, based on activated
artial thromboplastin times (APTT), was developed to determine
he PPS concentrations in the samples. The APTT test was found to
e sensitive and linear for the prepared calibration series of PPSNa

n phosphate buffer saline. The clotting time of normal human
lasma was 42 (±1) s. The concentration of PPSNa from 0.01 mg/mL
o 0.13 mg/mL increased the clotting times of normal plasma in the
ange 49–367 s. The assay allowed the detection of PPSNa between
he concentration ranges of 0.0025 mg/mL and 0.025 mg/mL in bio-
ogical samples. The results confirmed that an APTT assay was 10
imes more sensitive compared to the furfural conversion method.

.2. In vitro release of PPS in the absence of enzymes

Initial dissolution experiments were conducted in our labora-
ory for 25 h at pH 5.8 and pH 7.6 (900 mL, 37 ± 1 ◦C) using USP
pparatus II (paddle) to understand the release of PPS from PEC

Shah et al., 2005). It was reported that the release profiles of PPS
ere not different at pH 5.8 and at pH 7.6. The results suggested

hat the release of PPS would not be affected by the varying pH
xperienced on the transit through the colon. It is noted that very
imited amounts of fluid are available in the colon for the disso-
and poly-acrylic acid.

lution and diffusion of the active component. Schiller et al. (2005)
utilised magnetic resonance imaging to determine the colonic fluid
volume for the fed and fasted subjects and estimated that a low free
water content was present (13 ± 12 mL). Based on this study, we
utilised significantly less amount of dissolution medium (50 mL) as
the basis of assessment for the release of PPS.

It was found that the amount of PPS released during the dis-
solution test was dependent on the composition of the PEC. For
example, the PEC (CP 1:2) loaded with 10% (w/w) PPS released
a greater amount of PPS compared to the PEC (CP 1:1) (Fig. 3).
This suggested that a higher amount of poly-acrylic acid in PEC
led to increased release of PPS. Similar differences in release pro-
files were found for the PEC loaded with 20% (w/w) PPS (Fig. 3).
The in vitro experiments also revealed that the extent of release of
PPS increased with the initial drug loading. It was found that a PEC
containing 10% (w/w) of PPS released significantly less amount of
PPS after an hour compared to 20% (w/w) PPS loaded PEC (p < 0.05,
ANOVA, Fig. 3). It was also observed that the complete amount of
PPS was not released from PEC after 16 h. This was investigated
in further experiments while conducting PPS binding study with
poly-electrolyte complex as described in later sections.

The texture properties and the degree of swelling were deter-
mined for the PEC loaded with different amount of PPS after
completion of dissolution studies (Fig. 4A and B). As shown in
Fig. 4A, the gel strength of the PEC was significantly decreased
when the proportion of PAA was increased (p < 0.05, ANOVA). This
confirmed that higher proportion of PAA led to loosely bound gel
network with a tendency to absorb a larger amount of water. The
gel strength of the swollen PEC (CP 1:1) also decreased significantly
with increasing the initial loading of PPS (p < 0.05, ANOVA; Fig. 4A).
The results suggested that the sulphated polyionic species interfere

during the interaction between chitosan and PAA at the simulated
colonic pH.

One of the most important functions of the colon is to reabsorb
water, which leaves very small amounts of luminal fluid for the dis-
tribution of drug beyond the ascending colon. The carrier system
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Fig. 3. In vitro release of PPS (10% and 20% (

escribed here swells at colonic pH absorbing the fluid to more than
wenty five times of the original weight (Fig. 4B). We propose that
he absorbed fluid assists in the distribution of the incorporated
rug and the swollen gel network was able to release a propor-
ion of the entrapped drug. The dissolution studies confirmed that
he release characteristics of PPS from the swollen network were
ependent on the composition of the polyelectrolyte complex.

.3. In vitro release of PPS in the presence of enzymes

In the design of a colonic delivery system, the anaerobic
nvironment of a colon generated by bacterial flora needs to

e considered. The enzymes secreted by these bacteria include
-glucuronidase, �-glucosidase, �-galactosidase, nitro-reductase,
zo-reductase, cholesterol dehydrogenase, oligosaccharidases, and
olysaccharidases which are responsible for the digestion of solu-
le complex carbohydrates. There is some argument about whether

ig. 4. (A) Gel strength and (B) degree of swelling of PPS loaded PEC (Chitosan:PAA)
fter dissolution studies at pH 7.4 (mean ± SD, n = 3).
9 10 11 12 13 14 15 16

e (hr)

initial loading) from PEC (mean ± SD, n = 3).

chitosan is digestible; in the food industry chitosan is regarded
as a non-digestible fibre but partially N-acetylated derivatives are
degraded by lysozyme and microbial chitinases (Hirano et al.,
1989). Vernazza et al. (2005) described a three stage fermenta-
tion model of the human colon which was used to investigate
the metabolism of chitosan in the presence of various bacterial
species including clostridia, lactobacilli and bacteroides and con-
firmed digestion. McConnell et al. (2008) studied the degradability
of chitosan by the human colonic microflora. The authors incubated
chitosan films in human faecal slurry and found significant weight
loss after 18 h. On the basis of these observations, it was concluded
that chitosan was partially digestible (McConnell et al., 2008). The
in vitro degradation of chitosan has also been studied using the
colonic content from the rat colon (Zhang and Neau, 2002), which
was selected as a model because the rat microfloral content has
been reported to resemble that of humans (Hawksworth et al.,
1971). In order to investigate the possible digestion of the PEC,
an enzyme preparation was prepared by collection of rat cae-
cal and colonic content based on the method of Zhang and Neau
(2002).

In the first experiment, caecal and colonic contents were pooled
from several batches of rats in order to obtain sufficient bacterial
enzymes for the incubation. The total protein concentration of the
colonic enzyme preparation was determined using bicinchoninic
acid (BCA) assay, which is based on the Lowry method (1951). The
total protein content of the different rat bacterial enzyme prepa-
rations varied between 1000 �g/mL and 5000 �g/mL, although the
colonic content collected from the rats was approximately stan-
dardised (8.3 ± 0.6 g per rat colon, n = 6).

The presence of �-d-glucuronidase and �-d-glucosidase was
determined by digestion of p-nitrophenol �-d-glucoside and
phenolphthalein �-d-glucuronide, respectively according to the
methods described by Freeman (1986). However, the final volume
of the reaction mixture in the reported assay was about 5.0 mL,
which limited the sensitivity of the assay while dealing with very
small amounts of the enzyme preparation (Freeman, 1986). The
assays were modified to utilise a final volume of a reaction mix-
ture of 250 �L. The assays were conducted in 96-well-plate and the
absorbance of all the samples was measured using an automatic
plate reader. The formation of digestion products (p-nitrophenol

and phenolphthalein) allowed the quantitative determination of
the digestion products to determine the activity of the different
enzyme preparations (Fishman and Stahl, 1984; Freeman, 1986).
Over all, 96-well-plate method was fast, accurate and sensitive.
Enzyme preparations digested the substrates in the presence of PPS
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ig. 5. Breakdown of p-nitrophenol �-d-glucoside and phenolphthalein �-d-glucur

nd data suggested that PPS does not interfere with the enzymatic
ctivity on incubation.

As illustrated in Fig. 5, the pooled enzymatic preparation
0.057 mg protein) metabolised the substrates p-nitrophenol �-
-glucoside (0.23 �mol) and phenolphthalein �-d-glucuronide
0.15 �mol) in an hour, which confirmed the presence of glucosi-
ases and glucuronidases, respectively. Eighteen different batches
f enzyme preparations were collected from eighteen different rats
nd their glucosidase activity was confirmed as illustrated in Fig. 6.
hese enzyme preparations were utilised to study the digestion of
hitosan, the digestion of chitosan in the PEC and the release of PPS
rom PEC.

The degradation of chitosan yields monomers including glu-
osamine, N-acetyl glucosamine and several oligosaccharides. A
initro salicyclic acid (DNSA) assay, based on the method described
y Miller (1959), was used for the determination of the reduc-

ng sugars. Chitosan present in a swollen PEC (0.1 g, CP 1:1)

as digested by the enzymes (glucosidase activity: 16.4 ± 6.9

(�mol/h)/mg), which produced 1.3 mg (standard deviation: 0.30)
f the monomeric species equivalent to N-acetyl glucosamine.
owever, the digestion of chitosan alone by the enzymes (glucosi-
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Fig. 6. Glucosidase activity of the different batches of the enzymes utilised for the d
2.52 3.53

e (hour)

in the presence of the bacterial enzyme preparation (37 ◦C, mean ± SD, n = 3).

dase activity: 17.4 ± 7.1 ((�mol/h)/mg) produced 0.1 mg (standard
deviation: 0.16) of the monomeric species equivalent to N-acetyl
glucosamine. The results suggested that chitosan present in PEC
was more susceptible to the degradation while forming the electro-
static interaction with PAA in a swollen state compared to chitosan
only.

The crude colonic content isolated in this procedure was found
not to affect the quantitative determination of PPS by the APTT
assay. As a result, it was possible to use this sensitive procedure to
measure the effect of bacterial enzymes on the release of PPS from
the PEC.

The dissolution study of the PEC (CP 1:1) loaded with PPS at
a concentration of 10% (w/w) showed that more amount of drug
was released within first 2 h in the presence of enzyme prepara-
tion compared to the study conducted in the absence of enzymes
(Fig. 7). A decreased amount of drug was found in the dissolution
media after initial swelling. This suggested that the swollen gel had

a greater affinity for PPS than the non-swollen material.

The texture analysis of the swollen PEC, conducted after the dis-
solution study, showed that the gel strength of a swollen network
was reduced in the presence of the enzymes (0.15 ± 0.01 N) com-

 batches of the enzymes collected 
erent rats.

d to study
 digestion
(n=6)

Utilised to study
PPS release (n=6)

igestion of chitosan, PEC and also to study the PPS release (mean ± SD, n = 6).
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Fig. 7. In vitro release of PPS from PEC (Chi:PAA-1:1, 10% (w/w) PPS loading

ared to the gel strength in the absence of enzymes (0.19 ± 0.01 N).
he results suggested that the PEC was susceptible to the biodegra-
ation in the presence of enzyme preparation.

The enzymatic preparation collected from different rats (n = 6)
ere utilised to incubate the PEC (CP 1:1) containing PPS (20%

w/w) loading) for 6 h. The formulation released 9.2% (±2.6%) of PPS
n the presence of enzyme preparation compared to 6.9% (±2.2%)
f PPS in the absence of enzyme preparation (i.e. phosphate buffer
aline). This study further confirmed the biodegradation of PEC by
he bacterial enzymes leading to higher release of PPS.

.4. Binding study of PPSNa and physical mixture

Swelling of the PEC reached equilibrium within an hour of
xposure to buffer and resulted in the maximum release of the
PS during dissolution experiments. The amount of free drug in
olution decreased after an hour especially from PEC (CP 1:1). An
nterpretation is that negatively charged polymeric drug was bind-
ng back to the positively charged surface groups (i.e. R-NH3

+)
f the swollen PEC leading to the decreased amount of PPS in
olution after swelling. A control experiment was conducted to con-
rm these electrostatic interactions while incubating the placebo
hysical mixture (Chitosan:PAA, 1:1) in PPSNa stock-solution
2.5 mg/mL).

APTT studies confirmed that 27.8 ± 3.7% (n = 3) of PPSNa was
ound to the physical mixture during the control experiment. The
esults supported the observations made in dissolution studies,
uring which the released amount of PPSNa was decreased after an
our. A swollen PEC was retained in the fixed volume of dissolution
edium during the in vitro dissolution experiments. This allowed

inding of soluble PPSNa back to the charged surface groups of
n insoluble gel network as it hydrated. However, this may be a
echnical artefact as the drug-loaded PEC will not be retained in a
xed aqueous volume after oral administration and there will be a

imited possibility of the electrostatic interaction.

. Conclusions

A novel method was developed to manufacture the poly-
lectrolyte complexes (PEC) containing chitosan and PAA, which

roduced a swollen, insoluble and non-permanent gel network at
imulated colonic pH. Texture analysis of the swollen gels con-
rmed that the composition of PEC affected the cohesion of the
el. As expected, a swollen gel network also became weakened by
he incorporation of pentosan polysulphate (PPS). The present work
98 10 11 12 13 14 15 16

 (hr)

e presence and absence of bacterial enzyme preparation (mean ± SD, n = 3).

confirmed that the PEC was degradable in the presence of a crude
bacterial-enzyme preparation collected from rat colonic and cae-
cal contents. This led to a further release of pentosan polysulphate
for the topical action. Chitosan would be charged and solubilised
at the gastric pH, as a result the PEC would dissociate in the gastric
environment. For this reason, it would be necessary to provide an
enteric coating either for PEC–PPS filled capsules or for PEC–PPS
tablets. The swollen PEC provides a delivery system containing
water, which will aid local diffusion of the drug in the dry envi-
ronment of the colon and will facilitate the distribution of the drug
through the luminal contents to the inflammatory sites of colon
wall.
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