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a  b  s  t  r  a  c  t

A  novel  platform  system,  comprising  a mucoadhesive  core  and  a rapid  release  carrier,  was designed
for  targeted  drug  delivery  to the  colon.  Prednisolone  pellets  containing  different  carbomers,  including
Carbopol  971P,  Carbopol  974P  and  Polycarbophil  AA-1,  with  or  without  organic  acids,  were  produced  by
extrusion–spheronization.  Mucoadhesive  pellets  were  coated  with  a new  enteric  double-coating  system,
which dissolves  at pH  7.  This  system  comprises  an  inner  layer  of  partially  neutralized  Eudragit® S  and
buffer  salt  and  an outer  coating  of  standard  Eudragit® S. A  single  layer  of  standard  Eudragit  S was  also
applied  for comparison  purposes.  Dissolution  of  the coated  pellets  was  assessed  in  USP  II apparatus  in
0.1 N HCl  followed  by Krebs  bicarbonate  buffer  pH  7.4.  Visualization  of the coating  dissolution  process
was  performed  by  confocal  laser  scanning  microscopy  using  fluorescent  markers  in  both  layers.  The
mucoadhesive  properties  of  uncoated,  single-coated  and-double  coated  pellets  were evaluated  ex vivo

®
H-sensitive polymers
ethacrylic acid and methyl methacrylate

arbomers
ransit time
ultiparticulates

on porcine  colonic  mucosa.  Mucoadhesive  pellets  coated  with  a single  layer  of  Eudragit S release  its  cargo
after a  lag  time  of 120 min  in  Krebs  buffer.  In  contrast,  drug  release  from  the  double-coated  mucoadhesive
pellets  was  significantly  accelerated,  starting  at 75 min.  In addition,  the mucoadhesive  properties  of  the
core of  the  double  coated  pellets  were  higher  than  those  from  single-coated  pellets  after  the  core  had
been exposed  to  the  buffer  medium.  This  novel  platform  technology  has  the  potential  to  target  the  colon

ility  in
and overcome  the  variab

. Introduction

The complexity and variability in gastrointestinal physiology
resents a challenge for oral drug delivery, particularly in the case
f modified release dosage forms (McConnell et al., 2008a).  One
uch physiological parameter, which is subject to marked variabil-
ty, is gastrointestinal transit. Total transit through the gut can be
s short as a few hours or as long as a several days (Varum et al.,
010a). For example, the total gastrointestinal transit time of the
smotic-pump system (Oros®) ranged from 5.1 to 58.3 h in healthy
olunteers (John et al., 1985). Transit through the colon makes the
reatest contribution to overall variability in gastrointestinal tran-
it. For instance, it has been reported that the transit time of dosage
orms through the colon can range from 0 to 72 h (Coupe et al., 1991;

ilding, 2001) and in a recent study, pellets were still present in
he colon 5 days after oral administration (Basit et al., 2009).

In a study designed to evaluate the in vivo behavior of a bacteria-
ensitive colonic delivery system, in one subject the coated capsule

as voided intact due to rapid transit through the gut (Tuleu et al.,

002). A failure to disintegrate was also observed with pH-sensitive
olymer coated tablets (Schroeder et al., 1987; Sinha et al., 2003;

∗ Corresponding author. Tel.: +44 020 7753 5865; fax: +44 020 7753 5865.
E-mail address: abdul.basit@pharmacy.ac.uk (A.W. Basit).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.08.006
 transit  and  harmonize  drug  release  and  bioavailability.
© 2011 Elsevier B.V. All rights reserved.

Ibekwe et al., 2006, 2008). This is not restricted to tablets, as enteric
coated pellets are also not immune to the pass-through effect
(McConnell et al., 2008b).  Therefore, the impact of colonic transit
variability on formulation performance is independent of the type
of dosage form and the trigger mechanism.

Considering this variability, an increased or harmonized resi-
dence time in the colon would be beneficial. This can be achieved
using the mucoadhesion approach. This concept would offer signifi-
cant therapeutic advantages, such as an increase in drug absorption
or an improvement in topical efficacy (Smart et al., 1984; Ch’ng
et al., 1985). Acrylic acid polymers have been recently suggested as
potential candidates for the development of mucoadhesive dosage
forms intended to target the lower gut (McGirr et al., 2009; Varum
et al., 2010b).  However, these materials present technical problems
when formulated in solid dosage forms if a wetting step is required,
due to the gelling and swelling properties, resulting in tacking. This
problem has been addressed by using strong electrolytes, such as
calcium chloride solutions (Neau et al., 1996, 2000) or high lev-
els of spheronization aid (Awad et al., 2002; Mezreb et al., 2004).
However, a significant reduction in mucoadhesive properties was
observed in vitro (Gómez-Carracedo et al., 2001).
The combination of the mucoadhesion concept with a colon-
specific drug delivery vehicle would contribute to a more efficient
colonic targeting and avoid the pass-through effects. Recently, a
novel enteric double-coating system with accelerated drug release

dx.doi.org/10.1016/j.ijpharm.2011.08.006
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:abdul.basit@pharmacy.ac.uk
dx.doi.org/10.1016/j.ijpharm.2011.08.006
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n the intestine was developed (Liu et al., 2009a; Liu and Basit,
010). This concept was further developed to target the ileo-colonic
egion (Liu et al., 2010). This double-coating system successfully
ccelerated drug release from tablets compared to the standard
udragit® S single-coating. Furthermore, rapid coating dissolution
ay  trigger an earlier exposure of a mucoadhesive platform in the

scending colon, where the mucus turnover and colonic motility are
ower (Lehr et al., 1991; Rubinstein and Tirosh, 1994) and mucus is
hicker compared to the small intestine (Varum et al., 2010b).

The aim of this work was to investigate the combination of an
leo-colonic drug delivery platform with mucoadhesive character-
stics for improved colonic targeting. In order to attain this, the
sefulness of organic acids in reducing tack of carbomer polymers
uring the extrusion–spheronization process was assessed. Further
evelopments were made towards the application and optimiza-
ion of a novel double-coating system based on Eudragit® S and
ts implications in the mucoadhesive properties after exposure to

edia resembling the lower gut. The mechanisms underlying the
cceleration process in this system were also elucidated.

. Materials and methods

.1. Materials

Prednisolone was purchased from Aventis Pharma., Antony
rance. Microcrystalline cellulose (Avicel® PH101) was  obtained
rom FMC  Biopolymer, Philadelphia, USA. Lactose monohydrate
nd polyvinylpirrolidone (K30) and citric acid anhydrous were pur-
hased from VWR  International Ltd., Poole, UK. Carbopol 974P NF,
arbopol 971P NF and Polycarbophil AA-1 were kindly donated
y Lubrizol Advanced Materials Europe BVBA, Brussels, Belgium.
udragit® S was  kindly donated by Evonik Röhm GmbH, Darm-
tadt, Germany. Eudragit® S is a methacrylic acid and methyl
ethacrylate copolymer in the ratio 1:2 with a dissolution pH

hreshold of 7. It is composed of 27.6–30.7% methacrylic acid units
n dry substance and has an acid value equivalent to 180–200 mg
OH/g polymer. Potassium dihydrogen phosphate and polysorbate
0 were purchased from Sigma–Aldrich Co. Ltd., Dorset, UK. Tri-
thyl citrate was supplied by Lancaster Synthesis, Lancashire, UK.
lyceryl monostearate (Inwitor 900) was purchased from Hüls AG,
itten, Germany. Fluorescein and rhodamine B were purchased

rom Sigma–Aldrich Co. Ltd., Dorset, UK.

.2. Rheological analysis

0.5% (w/v) carbomer (Carbopol 974 NF, Carbopol 971 NF and
olycarbophil AA-1) solutions were prepared by dispersing poly-
er  into 20 ml  of distilled water and stirring overnight. Carbomer

olutions with citric acid were prepared at different carbomer:citric
cid ratios (1:0, 1:1, 1:0.5, 1:0.25) as described above. Viscosity
f carbomer aqueous solutions was determined using a rotational
heometer (Bohlin Instruments, Cirencester, UK). Briefly, 2 ml  of
arbomer dispersion were gently spread on the base of the rheome-
er and the cone and plate geometry was used with a radius of
0 mm and angle of 2◦ for frequency measurements. All mea-
urements were performed at 25 ◦C, controlled by a thermostatic
ystem. Viscosity of carbomer dispersions was measured in the
hear rate range of 1–200 (1/s), in triplicate. The pH of these
arbomer dispersions was measured with a pH meter (Hanna
nstruments, Bedfordshire, UK).

.3. Pellet manufacture
Prednisolone was chosen as a model drug. Microcrystalline cel-
ulose was used as a spheronization aid and citric acid as a pH

odifier (5%, w/w). Three different grades of carbomer polymers
f Pharmaceutics 420 (2011) 11– 19

were used, namely, Carbopol 971P NF, Carbopol 974P NF and Poly-
carbophil AA-1, at concentrations ranging from 0 to 20% (w/w) of
the total powder batch (50 g). Distilled water was  used as a binding
liquid and the required amount of water was optimized in order to
achieve a high yield of pellets within a size range of 1.0–1.4 mm and
acceptable sphericity. Briefly, dry powders were mixed in a plan-
etary mixer (Kenwood Major) for 10 min, the required amount of
distilled water was then added dropwise and the mixing continued
for an additional 15 min.

The resultant wet mass was tightly packed into the ram extru-
sion assembly and extruded at 200 mm/min  through a 1 mm
diameter multiple hole die. The equipment used was the Instron®

(Instron, High Wycombe, United Kingdom) equipped with a
10 kN load cell which was  connected to an in-house designed
device to fit the piston inserted into the ram extrusion assem-
bly. The extrudate was  spheronized until spherical pellets were
obtained using a spheronizer (Caleva model 120, G.B. Caleva Ltd.,
Sturminster Newton, UK). Pellets were dried overnight at 40 ◦C
(Gallenkamp, Weiss-Gallenkamp, United Kingdom) sieved using a
nest of standard sieves (Endecott, Endecott Ltd., London, UK) on a√

2 progression (500, 710, 1000, 1400, 1700, 2360 �m aperture).
The size range of pellets between 1000 and 1400 �m was used for
further characterization.

2.4. Eudragit® S double-coating of pellets

2.4.1. Inner coating
The 1.0–1.4 mm pellet fraction was used for the coating and

1.2 mm was  considered as a mean diameter for coating calcula-
tions. The inner coating comprises a partially neutralized Eudragit
S dispersion and a buffer agent. Triethyl citrate (TEC 50%, w/w)
and potassium dihydrogen phosphate (10%, w/w),  both based on
polymer weight, were dissolved in water under mechanical stir-
ring (Heidolph RZR1 stirrer, Heidolph Instruments, Schwabach,
Germany) for 15 min. Eudragit® S was  dispersed into the above
solution under stirring and then the dispersion was  neutralized
to pH 8 using 1 M NaOH and stirring continued for 60 min. Glyc-
eryl monostearate (GMS, 10%, w/w,  based on polymer weight) was
added into the Eudragit® S solution and mixed for 15 min  prior
to coating. The final dispersion contained 10% (w/w) of total solid
contents. The coating level was  set to 5 mg  polymer/cm2. Batches
of 30 g of pellets were coated using a Strea-1 bottom spray fluidized
bed coater (Aeromatic AG, Bubendorf, Switzerland) and the coating
conditions were: inlet air temperature 50 ◦C, outlet air temperature
40 ◦C, fan capacity 15, atomizing pressure 0.2 and flow process rate
1.0 ml/min. Coated pellets were further fluidized for 15 min  and
cured at 40 ◦C for at least 2 h, before applying the outer coating.

2.4.2. Outer coating
TEC (20%, w/w, based on polymer weight) was dissolved into

90% ethanol for 10 min  and Eudragit® S was slowly added into the
ethanolic solution under stirring and mixing continued for 60 min.
GMS  (10% based on polymer weight) was  added to the above solu-
tion and mixed for 15 min. The final dispersion contained 10% (w/w)
of total solid contents. The coating level was  controlled by the
amount of polymer applied onto the pellets surface. The coating
was performed as reported above but using a slower flow rate
(0.8 ml/min). Pellets were further air dried for 15 min  in the coating
equipment and cured in the oven at 40 ◦C for at least 2 h.

For comparison purposes, single-coated pellets were prepared
as reported here at the same coating level (5 mg/cm2).

2.5. In vitro drug release
In order to closely resemble the conditions of the ileo-colonic
region, Krebs bicarbonate buffer pH 7.4 was used as a dissolu-
tion medium after the acid stage (Fadda and Basit, 2005; Fadda
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t al., 2009). Drug release from the coated pellets was assessed
sing USP II paddle apparatus (Model PTWS, Pharma Test, Hain-
urg, Germany). The tests were conducted in 900 ml  of 0.1 N HCl
or 2 h followed by Krebs buffer pH 7.4 maintained at 37 ± 0.5 ◦C, at
east in triplicate. A paddle speed of 50 rpm was employed. The tests

ere conducted under sink conditions. The amount of prednisolone
eleased from the pellets was determined at 5 min  intervals by
n in-line UV spectrophotometer at a wavelength of 247 nm.  Data
ere processed using Icalis software (Icalis Data Systems Ltd., Berk-

hire, UK). Due to the inherent instability of bicarbonate buffers, as
 result of carbon dioxide loss and pH rise, Krebs buffer was gassed
ontinuously with an oxygen/carbon dioxide mixture (95%/5%) at

 constant flow in order to keep the pH at 7.4 ± 0.05 as reported
lsewhere (Fadda et al., 2009).

.6. Confocal laser scanning microscopy testing of coated pellets

.6.1. Coating of pellets with fluorescent probes
Rhodamine B (2%, w/w, based on dry polymer weight) was

issolved in the inner coating formulation, whereas fluorescein
1%, w/w, based on dry polymer weight) was dispersed into the
uter coating and single coating formulations. The coating formu-
ations and conditions used here were the same as reported above
n Sections 2.4.1 and 2.4.2. The rationale behind this strategy is
hat rhodamine B is very water-soluble, hence it is completely
olubilized in the inner coating aqueous formulation. In contrast,
uorescein is not soluble in the acidic conditions of the outer coat-

ng and single coating ethanolic formulations, thus it would not
nterfere with the dissolution properties of these coatings (O’Neil
t al., 2006).

.6.2. Dissolution of coated pellets for confocal testing
Dissolution of coated pellets intended for further visualization

f coating dissolution kinetics under the confocal microscope was
arried out in a USP II paddle dissolution apparatus (Model PTWS,
harma Test, Hainburg, Germany) in the darkness. To avoid pellet
ggregation during the dissolution testing, an in-house built device
as used (Liu et al., 2009b).  This device consists of a round net (8 cm
iameter) with 20 chambers (1 cm diameter) supported at the bot-
om for a 250 �m mesh. Twenty pellets were placed in each device
one in each chamber) and each device was placed in each disso-
ution vessel. The distance between the paddle and the bottom of
he chambers was set to 25 mm.  The coated pellets were placed in
00 ml  of 0.1 N HCl for 2 h and subsequently in Krebs buffer pH 7.4.
ellets were retrieved from the dissolution medium at predeter-
ined time points and dried at room temperature before analysis.

.6.3. Confocal laser scanning microscopy analysis
Coated pellets were cross-sectioned and the fluorescence dis-

ribution was assessed under a Zeiss LSM 510 Meta Laser Scanning
onfocal Microscope (Zeiss, Jena, Germany), equipped with a Plan-
eofluer 5×/0.15 air lens. Cross-sectioned pellets were placed in
ircular cell culture chambers and analysed under the single track
onfiguration (single coated pellets), using an Argon laser with
88 nm line or under multi-track configuration (double coated pel-

ets), using an argon laser with 488 nm line and a helium-neon laser
ith 543 nm line. Images were stored as 1024 × 1024 pixel boxes.

.7. Scanning electron microscopy analysis
The morphology of the surface and cross-section of pellets was
nalysed by scanning electron microscopy. Samples were placed
n SEM stubs and fixed using carbon discs before being gold coated
sing an EMITEC K 550 sputter coater for 3 min  at 40 mA.  The
f Pharmaceutics 420 (2011) 11– 19 13

samples were then transferred to a Phillips XL20 Scanning Electron
Microscope for imaging.

2.8. Mucoadhesion testing

The mucoadhesive performance of uncoated, single-coated and
double-coated pellets formulated with different grades of car-
bomer and at different loads was  assessed, ex vivo, on porcine
mucosa from the ascending colon, using a tensile strength method
(Instron, High Wycombe, United Kingdom). Mucus thickness has
been shown to change along the large intestine of the pig. Differ-
ences in mucus thickness have been reported play a role in the
mucoadhesion process (Varum et al., 2010b). The pig was chosen
as animal model due to the similarity of its alimentary canal to the
human gut, namely in terms of anatomy (Kararli, 1995), intesti-
nal transit (Davis et al., 2001; Snoeck et al., 2004), mucin structure
(Kararli, 1995) and drug absorption (Hildebrand, 1994; Oberle and
Das, 1994). Due to difficulties in directly testing pellets using a
traditional tensile test setup, a cylindrical HDPE adaptor (height:
10 mm;  diameter: 10 mm)  was designed in-house and attached to
the probe of the tensile tester using double-face tape. The surface
of the HDPE adaptor was  fully covered by pellets (40) by means
of double-face tape. Briefly, the probe with the sample was  moved
down towards the porcine colonic mucosa and a force of 0.5 N was
applied for 10 min. It should be noted that the mucosa under testing
was not pre-hydrate with simulated physiological fluids in order
to not change the mucosa natural moist microenvironment. More-
over, the fluid volumes available in the large intestine of humans
are very low (Cummings et al., 1990; Schiller et al., 2005). After the
contact, the probe was brought to its initial position at constant
speed (20 mm/min) and the mucoadhesion was expressed as the
energy at break, usually referred to as work of adhesion. Each pellet
sample was tested on a different sample of mucosa and 5–7 repli-
cates were performed for each batch of pellets. The mucoadhesion
performance of single- and double-coated pellets, after exposure to
the dissolution medium was  evaluated as described above. Due to
limitations of the method, wet  pellets could not be used. Therefore,
after the dissolution stage, pellets were dried at room temperature
before testing.

2.9. Statistical analysis

Statistical analysis was performed using SPSS 17.0 for
Windows®. One-way analysis of variance (ANOVA) was  used to
compare the different variables in the mucoadhesion experiments.
Tukey’s test was used for post hoc comparisons between groups.
Results were considered statistically significant when p ≤ 0.05.

3. Results and discussion

3.1. Assessment of the organic acid approach

Polyacrylic acid polymers (carbomers) are weak acids with a
reported pKa of 6.0 ± 0.5 (Lubrizol, 2008). These polymers are in the
coiled state when dry and slowly uncoil when dispersed in water,
increasing their viscosity, which is highly sensitive to pH (Taberner
et al., 2002). Neutralization above the pKa results in an extensive
ionization, bursting the swelling, which is higher in the pH range of
5–9 (Singla et al., 2000). Below pH 5, less than 10% of the carboxylic
acid groups are ionized, limiting the polymer swelling (Lubrizol,
2008). Considering this, a polymer swelling modulation during pro-

cessing (extrusion–spheronization) could be used to overcome the
tackiness issue, when wet processes are required. Organic acids
have been widely used as pH modifiers in formulation develop-
ment for different purposes. For instance, they have been used to
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Fig. 1. Rheograms of Polycarbophil AA-1 (AA1), Carbopol 974P (CP974) and Car-
bopol 971P (CP971) aqueous dispersions (0.5%) in the absence (primary y-axis) and
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Table 1
Effect of citric acid on the pH of aqueous carbomer dispersions.

Ratio polymer:citric acid 1:0 1:1 1:0.5 1:0.25

Polycarbophil AA-1 3.47 2.40 2.65 2.84

suitable formulation.
n  the presence (secondary y-axis) of citric acid at ratios representing the ratios in
he  pellet formulations.

ecrease the microenvironmental pH during dissolution, promot-
ng a pH-independent drug release of weakly basic drugs in alkaline

edia (Varma et al., 2005; Guthmann et al., 2007; Ploen et al., 2009;
ran et al., 2010). Here, we attempt to use organic acids to mod-
late the swelling of carbomer polymers during wet  mixing. This
ould facilitate mixing, extrusion and spheronization, allowing the
ossibility to increase polymer load.

The proof of concept of using organic acids, as swelling modifiers
f carbomer dispersions was confirmed by the rheology measure-
ents (Fig. 1). All carbomer and citric acid combinations showed

 very low viscosity, independent of the shear rate (Newtonian
ehavior), contrasting to the high viscosity and thinning behav-

or for high shear rates (non-Newtonian, pseudoplastic) of pure
arbomer dispersions (Taberner et al., 2002). This lower viscos-

ty observed for citric acid and carbomer mixtures is accompanied
y the lower pH attained with these combinations (Table 1). Fur-
hermore, in the case of Carbopol 971P, which is less cross-linked,
Carbopol 971P 3.34 2.40 2.62 2.76
Carbpol 974P 3.39 2.40 2.59 2.78

some discrimination in the rheology profile between different citric
acid concentrations was observed. As the citric acid concentration
increased the viscosity of the combinations decreased, following
the same trend observed for pH (Fig. 1 and Table 1). This contrasts
to the cases of Carbopol 974P and Polycarbophil AA-1 which have
a higher cross-linking density and a lower viscosity at 0.5% (w/v),
where no differences were observed between different citric acid
concentrations (Fig. 1).

Pure carbomer dispersions showed a pH between 3.34 and 3.47,
depending on the carbomer grade (Table 1), which is well below
the pKa of these polymers (6.0 ± 0.5). Taking Carbopol 974P as an
example and using the Henderson–Hasselbalch equation (Eq. (1)),
it is possible to estimate the ratio between nonionized and ionized
groups at a predetermined pH.

pH = pKa + log
A−

HA
(1)

Without citric acid, 0.5% (w/v) Carbopol 974P aqueous disper-
sion has a pH of 3.39, which corresponds to a ratio [A−]/[HA] of
2.45 × 10−3. A further reduction in pH (2.40), given by the citric acid
(1:1) decreases this ratio to 2.51 × 10−4, which is approximately
10-fold lower than the ratio obtained without citric acid. There-
fore, citric acid is effectively further reducing the ionization degree
of the polymer, constraining its uncoiling and swelling. The ioniza-
tion of citric acid dramatically increases hydrogen ions in solution
resulting in the lower pH observed (pH 2.40). This shifts the aque-
ous acid–base equilibrium of carbomer (weak acid) towards a lower
ionization of the polymer (Eq. (2))  (Schosseler et al., 1991).

−[CH2CH(COOH)]n − +H2O ↔ −[CH2CH(COO−)]n − +H3O+ (2)

From the evidence provided here, organic acids, such as citric
acid, can successfully reduce the viscosity of carbomer aqueous dis-
persions as it has been demonstrated elsewhere with electrolytes,
such as calcium chloride. However, in the case of the latter approach
the mucoadhesive properties of the obtained products are often
reduced (Bonner et al., 1997; Gómez-Carracedo et al., 2001).

3.2. Properties of the pellet core

The results obtained from the rheology experiments led to the
development of pellets by extrusion–spheronization containing an
organic acid (citric acid) as a microenvironmental pH modifier.
The incorporation of citric acid into the pellet formulation effec-
tively decreased the tackiness. Spherical pellets with a smooth
surface containing up to 20% of the tested carbomer grades were
obtained (Fig. 2). However, remarkable differences were noticed in
the amount of water required and in the yield of pellets produced.
For instance, less water (45–60%, w/w) was used to formulate pel-
lets loaded with 5–20% Carbopol 971P NF compared to Carbopol
974P NF (60–80%, w/w)  and Polycarbophil AA-1 (50–70%, w/w).
The 971P grade is less crosslinked than the 974P grade, therefore it
hydrates much faster and at a higher extent, which is a disadvantage
during the extrusion–spheronization-process. Hence, the amount
of water required was lower for this grade in order to provide a
An increase in carbomer load, after water content optimiza-
tion, resulted in a lower fraction of pellets within the size range
of 1.0–1.4 mm (Table 2), whereas the fraction of pellets with size
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s containing 20% of (A) Polycarbophil AA-1, (B) Carbopol 971P and (C) Carbopol 974P.
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Fig. 2. Scanning electron micrographs of the surface and cross-section of pellet

bove 1.4 mm increased (Table 2). This effect was  more pronounced
or Carbopol 971P NF. This may  be explained as a follow up of the
easons reported above; the lower crosslinking nature and higher
ater uptake by this polymer makes the swelling control by the

rganic acid (mediated by pH) less efficient as the carbomer load
ncreases. Therefore, during the spheronization process, particles
end to bind to each other, resulting in larger pellets.

The incorporation of carbomer polymers into pellet formula-
ions clearly provided mucoadhesive properties on porcine colonic

ucosa (Fig. 3). The work of adhesion, a parameter considered more
epresentative of mucoadhesion (Hägerström and Edsman, 2001),
ncreased as carbomer concentration increased, for all polymer
rades (p ≤ 0.05). The work of adhesion could not be determined

or control pellets as it was below the limit of quantification of
he equipment, indicating a lack of mucoadhesion. Pellets contain-
ng 20% Carbopol 971P NF exhibited stronger binding properties
o the mucus of the colonic mucosa than pellets containing 20%

Fig. 3. Effects of the type and load of carbomer (AA1 – Polycarbophil AA-1, CP971 –
Carbopol 971P, CP974 – Carbopol 974P) on the mucoadhesive properties of pellets on
porcine colonic mucosa. Results are expressed as the mean and standard deviation
of  5–7 replicates.
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Table  2
Size analysis of carbomer pellets containing citric acid prepared by
extrusion–spheronization.

Carbomer load (%) Yield (1.0–1.4 mm)

Control (without acid) 0 55.99
Control (with citric acid) 0 51.74

Polycarbophil AA-1

5 94.20
10 77.06
15 62.52
20 51.98

Carbopol 971P

5 90.19
10 74.90
15 40.88
20  17.44

Carbopol 974P

5 80.53
10  75.31
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Fig. 4. In vitro prednisolone release from single-coated and double-coated pellets

buffer promotes a faster dissolution of the inner coating when com-
15 59.74
20 52.51

f Polycarbophil AA-1 (p ≤ 0.05). No differences in mucoadhesion
ere detected between different polymer grades at lower polymer

oncentrations (p > 0.05).
Despite the inherent limitations of the tensile strength method

o evaluate the mucoadhesion performance in the in vivo resem-
ling conditions context, it is a valuable tool to screen potential
ucoadhesive formulations. However, some important physiolog-

cal features cannot be reproduced, such as the gastrointestinal
otility and mucus turnover, which can affect the in vivo fate of

ral mucoadhesive dosage forms (Lehr et al., 1991; Rubinstein and
irosh, 1994). Also, perpendicular forces are not likely to take place,

n vivo, in the human gastrointestinal tract.
Laulicht et al. (2009) attempted to correlate the in intro and

n vivo mucoadhesion measurement of a bioerodible polymers
sing a tensile strength method in the stomach of the rat. The
racture strength values obtained were higher when measure-

ents were performed in vitro, using excised gastric mucosa, than
n vivo. It was suggested that, in vivo, the mucoadhesive probe
oes not reach the adherent mucus layer (Atuma et al., 2001)
nd only the loosely bound mucus layer interacts with the probe
ue to the continuous movement of the gastric mucosa. There-
ore, the fracture strength observed in vivo is lower and reflect

ore the weak nature of the loosely bound mucus layer (Laulicht
t al., 2009). Polymers that interact with mucus by chain entangle-
ents, such as carbomers, may  be able to reach the firmly adherent
ucus layer due to the polymer chain diffusion, strengthening the
ucoadhesive bond (Tobyn et al., 1996; Varum et al., 2010b).  Also,
ultiparticulate mucoadhesive formulations, such as pellets, afford

n augmented surface area, increasing the exposure to the mucus
ayer, compared to single-units.

.3. Properties of the novel mucoadhesive colonic drug delivery
ystem

.3.1. Assessment of the double-coating system concept
Ideally, a mucoadhesive material would be specific to a tar-

et region in the gut, such as the colon. However, this would
equire a specific physiological trigger to promote mucoadhesive
roperties once the region is reached. Most of the mucoadhesive
aterials available lack specificity; therefore a coating system with

olonic-specific delivery characteristics is required. This also avoids
he adhesion of the core in the upper gastrointestinal tract while

aintaining its properties until the coating is completely dissolved

n the ileo-colonic region. A novel double-coating system, based
n Eudragit® S (dissolves at pH 7), was successfully applied onto
ucoadhesive pellets formulated by the organic acid approach.
loaded with 20% of Carbopol 974P in Krebs buffer pH 7.4 (after pre-exposure to 0.1 N
HCl for 2 h). Drug release from uncoated pellets in Krebs buffer (without pre acid
exposure) is presented for comparison purposes.

Prednisolone release from Eudragit® S single- and double-
coated pellets loaded with 20% Carbopol 974P in Krebs buffer pH
7.4 after exposure to 0.1 N HCl for 2 h is presented in Fig. 4. The
single- and double-coated pellet formulations were able to with-
stand the acid conditions without releasing any drug (data not
shown). After transition to Krebs buffer pH 7.4, the onset of drug
release (5% drug released) from single-coated pellets occurred after
120 min. In contrast, release from the double-coated pellets is initi-
ated after 75 min  exposure to the buffer medium (Fig. 4). The faster
release attained with double-coated pellets may avoid the pass-
through effects often observed with enteric coated formulations
intended to target the colon (Ibekwe et al., 2006; McConnell et al.,
2008b). The faster dissolution of the coating, once the trigger is ini-
tiated (ileo-colonic region) may  result in drug release occurring in
the ascending colon, where more fluid is available for drug disso-
lution and the viscosity is lower, contrasting to the more viscous
environment of the descending colon.

The coating dissolution process of both single- and double-
coated pellets was  visualized by Confocal Laser Scanning
Microscopy (CLSM). After pre-exposure in 0.1 N HCl for 2 h, no
change in the single- and double-coated pellets was noticed
(Figs. 5 and 6). A slow dissolution of the single-coating was observed
when pellets were transferred to Krebs buffer pH 7.4. At 60 min,
the single coating started to thin as a result of the dissolution in the
media with pH above the pH threshold of the polymer. The coat-
ing only breaks at 120 min  and completely dissolves after 180 min
exposure to Krebs buffer pH 7.4 (Fig. 5). This correlates with the late
onset of release (120 min) observed for the single-coated pellets
(Fig. 4).

In contrast, the confocal micrographs showed a faster dissolu-
tion of the coating in the double-coated pellets. After 30 min  in
Krebs buffer pH 7.4, there was a discontinuity in the inner coating,
indicating that it had started to dissolve, while the outer coat-
ing became thinner, but still covering most of the pellet surface
(Fig. 6). However, at 50 min  the outer coating ruptured and the
inner and the outer coating continued to dissolve until the outer
layer completely disappeared after 70 min  in Krebs buffer pH 7.4.
The complete dissolution of the outer coating coincided with the
onset of release of the double-coated pellets (Fig. 4).

Upon exposure to Krebs buffer pH 7.4, fluid starts to diffuse
through the outer coating of the pellets. Since the inner coating
is composed of partially neutralized Eudragit® S, the uptake of
pared to the dissolution of the outer coating. The dissolution of the
inner coating can generate a buffer system due to the presence of
potassium dihydrogen phosphate. Therefore, the buffer capacity of
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ig. 5. Confocal micrographs of single-coated pellets containing 20% Carbopol 974P
fter  exposure to 0.1 N HCl and Krebs buffer pH 7.4.

he dissolving inner coating, along with the high pH can assist the
issolution of the outer coating, which is immediately adjacent.
imultaneously, the outer surface of the outer coating undergoes
issolution. The combined effect of the dissolution of the inner side
nd the outer side surfaces of the outer coating results in drug
elease acceleration observed with the double-coated pellets. In
ontrast, the standard single-coating can only dissolve from the
uter surface due to the high pH of the buffer medium and its buffer
apacity.
.3.2. Mucoadhesive and controlled release features
The incorporation of either 5% or 20% carbomer into the pel-

ets core did not affect the onset of drug release when compared
o pellets without this polymer. This shows that the performance
Fig. 6. Confocal micrographs of double-coated pellets containing 20% Carbopol 974P
after exposure to 0.1 N HCl and Krebs buffer pH 7.4.

of the coating system is independent of the core composition.
Both formulations containing carbomer, and the control formu-
lation, had a lag time of 75 min  after exposure to Krebs buffer
pH 7.4. Prednisolone pellets (based on microcrystalline cellulose)
without carbomer did not disintegrate and the release was very
slow and incomplete after 8 h (Fig. 7). Non-disintegrating micro-
crystalline cellulose based pellets often display prolonged and
incomplete drug release (Schroder and Kleinebudde, 1995), which
is a disadvantage if a complete drug release is required in a
short gastrointestinal absorption section, such as the ascending

colon. This is further complicated due to the large colonic tran-
sit variability. Several excipients have been studied in order to
replace microcrystalline cellulose as a spheronization aid, such as
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Fig. 8. Influence of dissolution of single-coated (top) and double-coated (bottom)
ig. 7. In vitro prednisolone release from double-coated pellets, containing different
evels of Carbopol 974P, in Krebs buffer pH 7.4 (after pre-exposure to 0.1 N HCl for

 h).

olloidal silica (Podczeck, 2008), carrageenan (Bornhöft et al.,
005), pectin (Tho et al., 2003) or glyceryl monostearate (Basit et al.,
999). However, none of these excipients have been widely recog-
ized as a better option for extrusion–spheronization. Interestingly,
ellets formulated with carbomer, even at 5% load, provided
omplete drug release after the double-coating had dissolved
Fig. 7).

Double-coated pellets loaded with 5% Carbopol 974P NF exhib-
ted complete drug release after 275 min  in Krebs buffer pH 7.4.
n increase in carbomer concentration up to 20% showed a more
xtended drug release profile. After 480 min  (8 h) in Krebs buffer
H 7.4, drug release was still incomplete, providing an extended
elease for approximately 7 h after the onset of release (Fig. 7).
he high cross-linking density presented by Carbopol 974P NF is
esponsible for the formation of regions of microviscosity (between
wollen particles) and regions of macroviscosity (surrounding par-
icle resins), forming channels from which drug can diffuse. An
ncrease in polymer concentration decreases the regions of micro-
iscosity, as individual resin particles are more packed, limiting
rug release.

In order to efficiently increase residence time in the colon, the
ellet core must retain some mucoadhesive capacity after the dis-
olution of the coating. Double-coated pellets showed negligible
dhesion on porcine colonic mucosa (Fig. 8). After 60 min  exposure
o Krebs buffer pH 7.4, the outer coating is ruptured (as confirmed
y CLSM) but still not completely dissolved (Fig. 6). Therefore,
he complete surface of the mucoadhesive core is not exposed,
hich failed to increase the mucoadhesive properties of the sys-

em (p > 0.05). As the coating dissolution progresses, a higher area
s being exposed which is available to establish mucoadhesive
nteractions. This was confirmed by the increase in mucoadhe-
ion (p ≤ 0.05) as the dissolution progressed, until the core was
ompletely exposed after 150 min  in buffer (Fig. 8). However, the
ucoadhesive performance of uncoated pellets was  not achieved

or the double-coated pellets after the coating had completely dis-
olved (≤0.05).

Conversely, single-coated pellets only exhibited mucoadhesive
roperties after a longer exposure time in Krebs buffer pH 7.4
Fig. 8). Negligible mucoadhesion was observed after dissolution
n 0.1 N HCl and up to 120 min  in buffer. However, after 150 min
xposure to Krebs buffer, single-coated pellets showed higher
ucoadhesion (p ≤ 0.05). From the CLSM micrographs (Fig. 5), the

artial rupture of the single coating can be seen after 150 min.
owever, as dissolution progressed, no further improvement in

ucoadhesive properties was observed (p > 0.05), although the

ore surface area is more exposed. This may  be explained by the
ontinuous and prolonged medium uptake by the core, which
as been demonstrated to decrease mucoadhesive properties of
pellets containing 20% Carbopol 974P on their mucoadhesive properties on porcine
colonic mucosa. Results are expressed as mean and standard deviation of 5–7 repli-
cates.

carbomer polymers (Mortazavi and Smart, 1995; Varum et al.,
2010b).

4. Conclusion

A  novel targeted mucoadhesive colonic drug delivery platform
with accelerated drug release in conditions resembling the lower
gut was successfully developed. Engineering carbomer loaded pel-
lets by the extrusion–spheronization process, using the organic
acid approach proposed here, clearly reduced tackiness and offers
a promising strategy to formulate mucoadhesive multiparticulates.
The system described presents key features for efficient colonic
drug delivery: fast dissolution of the colon-specific delivery car-
rier, good mucoadhesive performance associated with prolonged
drug release and disintegrative properties. These features in com-
bination may  result in a longer colonic residence time, overcoming
the pass-through effects often seen with non-disintegrating pellets
and ultimately an improvement in oral drug bioavailability.
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