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Abstract

A multiparticulate product for colon-specific delivery of a small molecule drug has been
developed and characterized. Microcrystalline cellulose core beads containing 5-aminosalicylic
acid produced by extrusion-spheronization were coated with chitosan and Aquacoat® ECD
mixtures according to a factorial design. Coated beads were characterized in terms of drug release,
shape, and friability. The optimum formulation was enteric coated and exposed to media
simulating conditions in the stomach, small intestine, and colon. Release studies in simulated
intestinal fluid revealed that the drug release rate from the coated beads, which were spherical and
rugged, depended on the level of chitosan in the coat and the coat thickness. Enlarged pores
observed on the surface of the coated beads exposed to the medium containing rat cecal and
colonic enzymes are believed to have caused a significant enhancement of the drug release rate
compared to the control exposed only to simulated gastric and intestinal fluids. The release
mechanisms involved polymer relaxation and dissolved drug diffusion for simulated intestinal
fluid and simulated colonic fluid, respectively. From the facilitated drug release in a colonic
environment and the inhibition of drug release under gastric and intestinal conditions, it can be
concluded that this multiparticulate system demonstrates the potential for colon-specific drug
delivery.
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Introduction

Interest in the design of oral colon-specific drug delivery systems has increased in recent
decades. Since the drug is delivered to the site of action to treat local conditions of the colon,
such as inflammatory bowel diseases and colon cancer, lower doses may be used to achieve
therapeutic levels (Gao et al., 2009; Laroui et al., 2010). Side effects associated with
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systemic absorption of the drug from the upper part of the gastrointestinal tract may be
eliminated or reduced by inhibiting drug release until the delivery device enters the colon
where a triggering mechanism initiates release. For example, gastrointestinal, hematological,
and general side effects, such as agranulocytosis, toxic epidermal necrolysis, paresthesia,
hepatotoxicity, pancreatitis, pulmonary disease, and male infertility have been reported
(Goldman and Peppercorn, 1975; Goodacre et al., 1978; Gulley et al., 1979; Levi et al.,
1979; Mihas et al., 1978; Peppercorn and Goldman, 1972) following oral administration of
sulfasalazine, a prodrug version of 5-aminosalicylic acid (5-ASA, Fig. 1) that is used to treat
irritable bowel disease. It has been shown that the colon can allow systemic absorption of
peptides, such as calcitonin, vasopressin, insulin, and growth hormone (Fara, 1989; Saffran
et al., 1986) because of its longer residence time, reduced proteolytic activity, and greater
responsiveness to absorption enhancers (Sinha and Kumria, 2003; Uchiyama et al., 1999) in
comparison to the small intestine. The motility pattern in the proximal colon in particular is
characterized by antiperistalsis, muscular contractions that cause backward movement of the
contents, resulting in a long residence time (Christensen, 1981). It has also been reported
that these contents are less viscous than what is found in the rest of the colon (Cummings et
al., 1990). This makes the proximal colon a suitable site for drug release.

Various approaches have been taken to achieve colon-specific drug delivery, including time-
dependent, pH-dependent, pressure-dependent, and bacteria-dependent delivery systems.
The description of these approaches and their respective drawbacks are reviewed elsewhere
(Chourasia and Jain, 2003; Kumar and Mishra, 2008; Lamprecht, 2003; Rubinstein, 1995;
Van den Mooter, 2006) and will not be discussed here. In general, though, it can be pointed
out that lack of specificity in the onset of drug release and premature drug release before the
delivery device arrives at the colon are the major disadvantages of some of these systems.
Bacteria-dependent delivery systems employ biodegradable polymers that are considered
dietary fiber in humans to prevent the release of the drug in the upper gastrointestinal tract
(Chourasia and Jain, 2003; Kaushik et al., 2009; Kumar and Mishra, 2008; Lamprecht,
2003; Rubinstein, 1995; Van den Mooter, 2006). Microflora inhabiting the colon secrete
enzymes that catalyze degradation reactions for these polymers which in turn cause the
subsequent release of the drug (Chourasia and Jain, 2003; Kumar and Mishra, 2008;
Lamprecht, 2003; Rubinstein, 1995). The delivery device developed in the present study
takes advantage of this feature of the colon.

Coated beads with a combination of ethylcellulose and a biodegradable polymer in the coat
have been prepared for colonic drug delivery. Typically the biodegradable polymer is a
polysaccharide where a film formed by the polymer alone would be fragile and, due to its
ability to swell in water, would release the drug too quickly. Addition of ethylcellulose to
the coating material improves the physical and mechanical properties of the Im without
affecting the sensitivity of the polysaccharide to microbial enzyme-catalyzed degradation
(Leong et al., 2002; Milojevic et al., 1996; Siew et al., 2000), as long as the polymer is at a
sufficient concentration. A higher ethylcellulose level in the coat slows the release rate by a
greater reduction in the ability of the polysaccharide to swell (Wei et al., 2007).
Biodegradable polymers that have been mixed with ethylcellulose and investigated for the
purposes of colon-specific delivery include amylose (McConnell et al., 2007; Siew et al.,
2004), high amylose maize starch (Eurylon 6 HP-PG) (Karrout et al., 2010), pectin (Wakerly
etal., 1997; Wei et al., 2008; Wei et al., 2007), and calcium pectinate (Rubinstein and
Radai, 1995; Semdé et al., 2000). Indeed, the ratio of pectin to ethylcellulose in the coat
proved to be more important than the coat thickness in terms of controlling drug release
(Siew et al., 2000).

In the present study, a mixture of chitosan (Figure 1) and Aquacoat® ECD 30 (an aqueous
ethylcellulose pseudolatex dispersion) was used to coat microcrystalline cellulose (MCC)
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core beads containing a model drug, 5-ASA. The hydrophobic nature of ethylcellulose, the
major component of the coat and of Aquacoat, is expected to dramatically reduce the rate of
intestinal fluid infiltration into the coated beads to cause time-delayed drug release
(Nunthanid et al., 2009; Umprayn et al., 1999). By incorporating chitosan into the coat, the
drug release in the colon should occur more readily as chitosan is reported to be susceptible
to degradation by microbial enzymes (Dodane and Vilivalam, 1998; McConnell et al., 2008;
Thanou and Junginger, 2005; Umadevi et al., 2010; Zhao et al., 2008), although it is not
degraded by enzymes found in the human small intestine (Furda, 1983; Ormrod et al., 1998).
Such enzymes may include chitinases and chitosanases. Furthermore, chitosan undergoes
dissolution in acidic media since the reported average pKa of the polyprotonated chitosan
molecule is 6.3-6.5 (Liu et al., 2005; Sadeghi, 2010; Stoilova et al., 1999). The pH in the
proximal colon of healthy human subjects was found to be as low as 5.8 probably due to the
formation of short chain fatty acids such as acetic, propionic, and butyric acid as a result of
microbial fermentation of polysaccharides (Evans et al., 1988; Simon and Gorbach, 1986).
A drop in pH to as low as 4.0 was observed in untreated ulcerative colitis patients, while that
of some patients receiving treatment was 5.5 (Press et al., 1998). In another study, the pH in
the ascending or transverse colon of three ulcerative colitis patients was 2.3, 2.9 and 3.4
(Fallingborg et al., 1993). It is anticipated that this drop in pH at the proximal colon will
cause the dissolution of chitosan from the coat, leaving pores that will subsequently ensure a
marked increase in the drug release rate. These dual drug release triggering mechanisms, i.e.
enzymatic degradation and dissolution of chitosan, are expected to ensure that the delivery
system is both effective and successful.

There are advantages associated with the use of a multiparticulate system such as developed
in the present study, as opposed to a conventional monolithic solid dosage form. Beads of
less than 3 mm diameter are likely to exit the stomach along with chyme due to their small
size (Blok et al., 1991; Meyer et al., 1988; Stotzer and Abrahamsson, 2000), such that they
are not subject to gastric emptying variability (Stotzer and Abrahamsson, 2000), a major
disadvantage with larger dosage forms such as tablets or capsules intended for controlled
drug release. A monolithic solid dosage form could experience a lag time at the ileocecal
junction, due to the sphincter muscle known as the ileocecal valve. Just as multiparticulates
can pass through the pyloric sphincter to enter the small intestine with little interpatient
variability in comparison to monolithic devices, even in the fed state (Davis et al., 1984;
Sangekar et al., 1987), a multiparticulate system can surmount the issue of interpatient
variability with transit time at the ileocecal junction (Hardy et al., 1985). The use of beads
can eliminate dose dumping (Nurulaini and Wong, 2011; Roy and Shahiwala, 2009) and
permits more rapid drug release in the colon as a result of their higher overall surface area
(Natsume et al., 1991). It is easier to apply a uniform coat to the surface of beads due to their
spherical shape (Liao and Lee, 1997; Madamba et al., 2007; Mayo Pedrosa et al., 2007).
Moreover, it has been reported that a multiparticulate dosage form is retained longer in the
ascending colon than is a single unit dosage form (Hardy et al., 1985; Shirsagar et al., 2011).

Enzymes from rat cecal and colon contents have been added to release media to evaluate a
delivery system for its potential in colon-specific drug delivery (Yang, 2008). It has been
reported that the rat colon contains much the same microbial contents as the human colon
(Hawksworth et al., 1971; Rowland et al., 1983) and that chitosan is indeed degraded by the
enzyme systems found there (Zhang and Neau, 2002). In our previous study (Omwancha et
al., 2011), these enzymes were used to evaluate the potential for colon-specific delivery by
chitosan and ethylcellulose in the coat of a compression-coated tablet. The tablets swelled
and ruptured to release the drug when exposed to a release medium with or without enzymes
after a lag time that depended on the coat level.
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In the present study, we have developed a novel multiparticulate colon delivery system that
can effectively suppress drug release until exposed to colonic enzymes in the proximal
colon, following the dissolution of an enteric coat under small intestine conditions. It is
important that an enteric coat is applied to the surfaces of chitosan/Aquacoat coated beads to
prevent dissolution of chitosan under the acidic conditions of the stomach. The enteric coat
will also protect chitosan contained in the coat from degradation by chitinase reported to be
present in gastric fluid (Paoletti et al., 2007). In this study, the influence of the chitosan
content in the Aquacoat coat and the thickness of the coat on bead shape, friability, and in
vitro release of 5-ASA in simulated gastric, intestinal, and colonic fluid was examined. An
experimental design was employed to reduce the number of experiments and to reveal the
existence of two factor interactions on the responses. Modeling of the release kinetics was
pursued to elucidate the release mechanism and to study the conditions that could change the
release mechanism.

Materials and Methods

5-ASA, obtained from Sigma Chemical Co. (St. Louis, MO), was used as a relevant small
molecule model drug. The degree of deacetylation (76%) of a chitosan sample (DCV
BioNutritionals, Wilmington, DE) was measured using a literature circular dichroism
method (Domard, 1987). Its viscosity average molecular weight (750,000) was determined
by a literature viscometric method (Wang et al., 1991) once the degree of deacetylation was
known. Avicel PH 101 (microcrystalline cellulose), Avicel RC 591(microcrystalline
cellulose containing 11% w/w sodium carboxylmethyl cellulose) and Aquacoat® ECD 30
(an ethylcellulose pseudolatex dispersion) were generous gifts from FMC Corporation
(Philadelphia, PA). Dibutyl sebacate (DBS), available from Sigma Chemical Co., was used
in the chitosan/Aquacoat mixture as a plasticizer. Eudragit® L30-D from Evonik Degussa
Corporation (Parsipanny, NJ) and its plasticizer (triethyl citrate) were used as the enteric
coating material. All other chemicals were of analytical grade.

Preparation of core beads

A batch of 300 g consisting of 80% Avicel PH-101, 10% Avicel RC-591, and 10% 5-ASA
powders was blended in a Hobart planetary mixer for 5 min before adding 310 ml of water.
The wetted mass was then mixed for an additional 5 min and passed through an LCI EXD
60 twin screw extruder (Fuji Paudal Co., Osaka, Japan) equipped with a 1.2 mm axial screen
and operated at 30 rpm. The resulting extrudate was immediately transferred to an LCI Q230
Marumerizer (Fuji Paudal Co.) for spheronization at 630 rpm for 5 min to obtain core beads
that were dried for 8 h in an oven at 40 °C.

Preparation of Aquacoat/chitosan coating fluid

A 2% wi/v chitosan solution prepared in 1% v/v acetic acid was added to an appropriate
volume of Aquacoat® ECD 30 and then stirred using a magnetic stirrer for 24 h to form a
smooth dispersion. DBS was added in the amount equivalent to 20% w/w of the total solids
in the coating mixture before diluting the mixture with de-ionized water to the desired solids
content, 5% w/v. This diluted mixture was then stirred for an additional 30 min to ensure
sufficient interaction of the plasticizer molecules with those of chitosan and ethylcellulose to
lower the minimum film forming temperature and to make the dried coat flexible. This last
dilution provides a dispersion of sufficiently low viscosity that no problems are encountered
when spraying the fluid through the nozzle of the fluid bed coater.

Coating of the core beads

The coating fluid was sprayed onto the surface of the beads in a Model 0002 fluid bed coater
with a Wurster insert (Fluid Air Inc., Aurora, IL) under conditions given in Table 1. Product
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temperature was approximately 45 °C during coating; the outlet temperature was 43 °C.
After application of the fluid was complete, the beads were fluidized in the coater for an
additional 20 min to remove water and free acetic acid before curing them for 2 hiina
constant temperature oven at 60 °C.

The batch of coated beads that released less than 10% of the loaded drug in simulated
intestinal fluid (SIF) was enteric coated using Eudragit® L 30 D-55 following the directions
recommended by the manufacturer (Evonik Industries) that included the use of triethyl
citrate as a plasticizer, USP grade talc as an anti-tack agent, and de-ionized water.

Data analysis and statistical experimental design

The coat composition and the coat thickness are two critical factors that influence the
performance of many controlled release dosage forms (Kramar et al., 2003). A two level 22
factorial design with two factors (chitosan content and coat level) and three center points
was generated (Table 2) and the experiments were performed randomly. The percentage
coating level represents the percentage mass gain of a batch of core beads that have been
coated and dried. The responses included bead shape (Aspect Ratio and Projection
Sphericity) and friability. The response data were collected and then analyzed by Design
Expert version 7 using analysis of variance (ANOVA). Replicated center points, with each
factor set at its middle level, provided additional degrees of freedom for estimation of pure
error and the presence or absence of curvature in the responses. Fitting of model equations
to release data was accomplished using SigmaStat 3.1 (Systat Software, Inc., Chicago, IL).
Assessment of significant differences was conducted at the 95% confidence level.

Size and shape of the beads

Sieve analysis of the core and coated beads was performed for 5 min using a stacked nest of
United States Standard Sieves with a Retsch Vibrotronic VEI sieve shaker (Brinkmann
Instrument Co., Westbury, NY). Although a total bead mass of at least 100 g was studied, a
smaller sample of beads (30 g) was screened each time to avoid screen blinding. Core and
coated beads in the 14/20 mesh cut (1.41-0.84 mm) and 12/18 mesh cut (1.68-1.00 mm),
respectively, were used in further processing to control the size and size distribution.

The shape of coated beads was assessed using the Sympatec QICPIC Dynamic Image
Analysis System (Clausthal-Zellerfeld, Germany) with Windox 5.0 software. A VIBRI/L
vibratory feeder channeled the beads into the RODOS/L high-speed dry-sample disperser
that creates a particle flow of up to 100 m/s through a Venturi tube. As a result, the beads
were properly dispersed and aerosolized by centrifugal forces caused by velocity gradients.
In this equipment, motion blur is minimized by utilizing a pulsed laser light source with a
very short exposure time of approximately 1 ns. This light source works synchronously with
a high-speed digital camera to provide clear images. To obtain the bead sphericity with the
QICPIC, the Windox software calculates the ratio of the perimeter of a circle that has the
same projected area as the bead image to the measured perimeter of the image. The aspect
ratio (AR) was calculated as the ratio of the minimum and maximum Feret diameters. It
follows then that the values of sphericity and AR must fall in the range 0-1, where the
image of a perfect sphere would have both sphericity and AR equal to 1.

Friability studies

The friability of each batch of coated beads was assessed in triplicate by placing 1 g of
coated beads from the 12/18 mesh cut along with twenty-five 3 mm glass beads in a model
DF-1W friabilator (Distek Inc., North Brunswick, NJ) that rotated the beads 100 times in a
vertical motion at 25 rpm, dropping them six inches (15.24 cm) at the top of each rotation.
The beads were screened with sieve No. 10 to separate the glass beads and with sieve No. 18
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to remove any particles formed during the test. Friability was then obtained by expressing
the loss of mass of the coated beads as a percentage.

Microscopy

The surface characteristics of coated beads exposed or not exposed to a release medium
were evaluated using a Philips FEI XL-30 FEG-ESEM environmental scanning electron
microscope (ESEM) equipped with a standard gaseous secondary electron detector and
moisture at 0.7 Torr in the sample chamber as a secondary electron amplifier. The beads
were secured to ESEM stubs with carbon black tape and placed on a stainless steel sample
holder surface. The sample holders were then mounted on the Peltier stage. The beads were
examined with a working distance of 7.5-7.8 mm, an accelerating voltage of 10 kV and a
spot size of 3. The ESEM data were analyzed by Scandium software.

In vitro release studies

Release studies were performed for 12 h with six replicates in simulated intestinal fluid
without added enzymes (SIF, pH 6.8, 0.05 M phosphate buffer) since there are no enzymes
in the human small intestine that degrade chitosan (Furda, 1983). Accurately weighed beads
placed in USP type | baskets were rotated at 100 rpm in vessels containing 900 ml of SIF at
37 °C. Samples of 3 ml were withdrawn at regular intervals and analyzed for 5-ASA content
by UV spectrophotometry at 330 nm.

The potential for colon-specific drug delivery of the batches of beads that released less than
10% of 5-ASA in SIF over 6 h was assessed by exposing beads from the same batch to
simulated gastric fluid (SGF, 0.1 N HCI) for 2 h, SIF for 6 h, following which the beads
were transferred to 20 ml of a solution containing rat cecal and colonic enzymes in a shaker
bath maintained at 37 °C and 100 rpm. Aliquots of 300 p.I from the solution containing cecal
and colonic enzymes were withdrawn with replacement at regular intervals and assayed for
5-ASA content following precipitation of proteins using methanol and using a literature pre-
column derivatization method that N-alkylated 5-ASA by reaction with propionic anhydride
(Hussain et al., 1998). The HPLC system was a Perkin Elmer series 200 pump, autosampler,
and column oven as well as a Spectra Physics Analytical fluorescence detector (excitation at
315 nm; emission at 430 nm) and a UV/Vis detector (absorbance at 310 nm). A
Phenomenex C18 column (150 x 4.60 mm, Hypersil 5 um DDS) was protected by a
Phenomenex guard column with the same stationary phase. The mobile phase consisted of
0.1 M acetic acid, acetonitrile, and triethylamine (93.02:6.63:0.35) with a 1.5 ml/min flow
rate.

Preparation of cecal and colonic medium

Male Sprague Dawley rats weighing 300-400 g were anesthetized under isoflurane and
sacrificed by decapitation before harvesting the cecum and colon contents. The contents
were then subjected to a literature differential centrifugation technique at 0—4 °C (Prizont
and Konigsberg, 1981; Zhang and Neau, 2002). The contents were first weighed in
centrifuge tubes and then diluted with 0.05 M ice cold isotonic phosphate buffer at pH 6.8.
The mixture was centrifuged at 500 g for 15 min to remove debris. Supernatants were then
centrifuged at 15,000 g for another 30 min in a refrigerated centrifuge (0-4 °C) and pellets
deposited at the bottom of the centrifuge tubes were discarded to obtain a clear supernatant
containing the extracellular microbial enzymes. Studies have shown that the extracellular
enzymes were far more effective at chitosan degradation than the cell-associated enzymes
were (Zhang and Neau, 2001). The protein content in the supernatant was determined using
a Micro BCA protein assay with bovine serum albumin as the protein standard. Dilution of
the protein content to 3 mg/ml was accomplished with phosphate buffer prior to use of the
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mixture, named simulated cecal and colonic fluid (SCF), in the release study to evaluate the
potential for colon-specific drug delivery.

Friability results shown in Table 3 indicate that coated beads were very rugged (< 1%
friability). Although each batch of beads was rugged enough that this response did not
require modeling, ANOVA revealed that the model equation describing the data was
insignificant (p>0.05).

Shape of coated beads

The aspect ratio and sphericity results, as presented in Table 3, indicate that the bead shape
is not affected by the chitosan level in the coat or by the coating thickness. The values of
sphericity and aspect ratio are so consistent and very close to each other that modeling was
not required.

In vitro release studies

Figure 2 presents data for drug release from the core and coated beads in SIF over 12 h. In
general, these results show that an increase in the coating thickness and a decrease in
chitosan level in the coat caused a reduction in the drug release rate. Based on these results,
the bead product containing 8% chitosan in the coat and a 60% coating level suppressed the
release of 5-ASA in SIF and thus qualified for further studies. It can also be observed that a
zero order drug release rate in SIF can be achieved using any of several multiparticulate
delivery systems developed in the present study. The percentage of the drug released after 6
h in SIF was modeled to obtain a mathematical expression for the effect of the coded values
of the two factors varied in the product, namely the chitosan content in the coat (A) and the
coat level (B). The following equation was obtained:

%Released=24.43+13.27A-12.87B (1)

that indicates that an increase in the chitosan content can encourage release in SIF, whereas
an increase in the coat level will hinder it. ANOVA showed that this model was significant
(p = 0.0172). It also revealed that each of the main factor effects was significant (p <
0.0204). The curvature and lack of fit were insignificant (p = 0.4116 and 0.0884,
respectively), indicating that the linear model presented above describes the data in the
design space.

A successful colon-specific drug delivery system must suppress the release of the drug as it
moves through the stomach and the small intestine and should allow adequate release upon
entering the colon. With this in mind, the bead product from the formulation that qualified
for further studies based on release results in SIF was enteric coated. It was then exposed to
SGF for 2 h, followed by 6 h in SIF and 22 h in SCF. The same coated bead product acted as
the control by exposure to SGF for 2 h and SIF for 28 h, but no exposure to cecal and
colonic enzymes. The enteric coat applied to the surface of the coated beads successfully
suppressed drug release for the entire 2 h in SGF as shown in Figure 3. It is clear from the
results shown in Figure 3 that the bead product exposed to a solution containing rat cecal
and colonic enzymes released 81% of the drug over 30 h. In contrast, the control released
26% of the incorporated drug over the same time period. This represents a threefold increase
in drug release due to the enzymatic degradation of the chitosan contained in the coat of the
coated bead product.
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The ESEM micrographs at 1K and 5K magnification of coated beads not exposed to a
release medium, to SIF, or to SIF and then SCF are shown in Figure 4. From these images, it
is evident that there is a lack of pores on the surfaces of the beads that were not exposed to a
release medium. The pores on the surfaces of those beads exposed to SIF and then SCF are
obviously larger than those observed on the surfaces of the beads exposed to SIF alone.

Discussion

Friability studies were conducted to ensure that coated beads prepared in this study were
rugged enough to withstand harsh processing conditions such as those experienced during
packaging. Statistical analysis revealed that the level of chitosan contained in the coat and
the coat level did not significantly affect friability of the coated beads. Aspect ratios and
sphericity scores revealed that neither the chitosan content nor the coat level affected the
roundness of the coated beads, confirming the uniformity of the coat applied to the surfaces
of these beads.

Upon arrival at the small intestine, the enteric coat will dissolve and then the chitosan/
ethylcellulose coat will be exposed to physiological fluid with a near neutral pH. Since each
chitosan chain in the coat has a number of amine groups protonated by acetic acid, such that
the polymer is actually present as chitosan acetate, some of the amine groups will be
deprotonated at this physiological pH and those that remain protonated might or might not
be sufficient to allow the polymer to dissolve. For this reason, some drug release at a slow
rate under conditions simulating the small intestine can be expected because pores could
open up in the coat when chitosan dissolves. Alternatively, if not dissolving under these
conditions, chitosan could still encourage release by taking up water and swelling. It is
possible that the swollen chitosan allows a sufficiently low tortuosity that a low release rate
for 5-ASA is possible in the small intestine. Any bead product that released less than 10% of
the drug in SIF over a 6 h study was considered eligible for further studies. The 6 h time
period was based on the small intestine transit time that is reasonably consistent (Liu et al.,
2010), even when diarrhea or constipation is diagnosed (Waller, 1975).

Drug release rate in SIF could be modulated by varying either the level of chitosan in the
coat or the coating thickness. An increase in drug release rate was obtained when the
chitosan level in the coat was increased or the coating thickness decreased. Since chitosan is
hydrophilic, it hydrates and attempts to swell in the presence of SIF. Due to its hydrophobic
character, ethylcellulose hinders the entry of intestinal fluid into the coat. Likely because it
swells less than chitosan, ethylcellulose also hinders the swelling of hydrated chitosan, as
demonstrated with amylose-ethylcellulose films (Siew et al., 2000). The presence of a lag
time prior to drug release, as shown in Figure 2, acknowledges the slow entry of the
dissolution medium into the coated beads as well as successful formation of a continuous
film on the surfaces of the core beads. There is no lag time associated with the release
profile for uncoated beads. Hydrated and swollen chitosan provides less tortuous pathways,
and dissolved chitosan offers open pores, through which drug molecules can readily diffuse.
This explains the observed increase in drug release rate with higher chitosan content in the
coat. A reduction in drug release rate with an increase in the coating level results from an
increase in the length of the diffusion layer in the coat. Since a desired formulation in colon
specific delivery is one that effectively retards or eliminates the release of the drug in SIF,
the bead product containing 8% chitosan in the coat and coated at 60% coating level that
released less than 3% of the incorporated drug over 6 h in SIF qualified for further studies.

To evaluate the potential of this formulation for colon specific drug delivery, release studies
were conducted under conditions mimicking the stomach, small intestine, and colon. From
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the results depicted in Figure 3, 5-ASA release was effectively suppressed until the coated
beads were exposed to SCF. The presence of relatively large pores on the surface of those
beads exposed to SCF as seen in the ESEM images (Figure 4, 2¢ vs. 2a or 2b) confirms the
assertion of chitosan degradation when exposed to rat cecal and colonic enzymes. The pores
on the surfaces of those beads exposed to SIF and then SCF are obviously larger than those
observed on the surfaces of the beads exposed to SIF alone, although these pores might not
be seen visually or by optical microscopy (Wei et al., 2010). This would explain the increase
in 5-ASA release rate observed with the beads exposed to a medium containing rat cecal and
colonic enzymes.

Tozaki et al. reported that chitosan capsules released more 5-ASA in a medium containing
rat cecal and colonic enzymes compared to the control that was exposed to phosphate
buffered saline containing no enzymes (Tozaki et al., 2002). The delivery system developed
in the present study is superior to those chitosan capsules because of the advantages,
highlighted in the introduction, of using multiparticulates as opposed to single unit dosage
forms to minimize interpatient variability in gastrointestinal transit times. In addition, the
production methods for the present products are easily accomplished in the manufacturing
setting.

The most elementary drug release mechanism is dissolved drug diffusion out of a matrix
delivery device that remains essentially intact during drug release. The Higuchi equation
describes the drug release rate under this condition:

M,
—
ki Vi

where Mi/Mq is the fraction of the drug released at time t and k1 is the release rate constant
estimated by fitting the equation to the release data. Some suggest that this equation should
be applied only up to 75% (Carstensen, 1993) or even 60% cumulative drug released
(Siepmann and Peppas, 20014, b). However, based on the fact that chitosan is a hydrophilic
polymer that can become hydrated and swollen, it is likely that a contributing mechanism to
drug release is polymer relaxation. Peppas and Sahlin (1989) presented an equation that
describes the contributions of these two mechanisms to the fraction of drug released at time
t, Mt/Moo:

M,
—ky Vtlkot
M, 1 Vilkat (2

where k, v/ represents the contribution from drug diffusion and kst is the contribution from
polymer hydration and swelling. A lag time must be acknowledged in the present study at
least because the beads spent two hours in SGF where fluid entry and subsequent drug
release was inhibited by the enteric coat. Adding the lag time to the equation gives:

M; f
M Ikq y/titiag Ko (tltiag)  (3)

A linear relationship is evident in the 7-27 h data for the control beads that were exposed to
SGF for 2 h and then SIF (Fig. 3). It is not surprising, then, that fitting equation 3 to this
range of data gives k equal to 1.32 x 1078 which is not significant (p = 1.000). Limiting the
equation to the second term:
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M,
— ko (t!ty,,
M, 2(tltag)  (4)

results in a significant model equation (p < 0.001), a significant k, and tjaq (p < 0.001) and a
good fit to the data (R? = 0.998). The coefficient k, equals 0.0140 (0.0001773) and tlag
equals 5.08 (0.147) h where the values in parentheses are the standard error of the estimate.
This means that, after a lag time of a little more than five hours, release of drug is dominated
by the polymer relaxation mechanism, because chitosan is hydrating and swelling to provide
a less tortuous and fluid-filled pathway through which dissolved drug can diffuse.

For the beads exposed to SGF, SIF, and then SCF, it is apparent that a deviation from the
control data takes place at 10 h and the subsequent data is nonlinear. A fit of equation 3 to
the 14-27 h data yields k; equal to 1.66 x 1071 that is not significant (p = 1.000). Dropping
the second term on the right-hand side of equation 3 gives:

Mtv 1
M.k] titag  (5)

and fitting the equation again to the data yielded a significant model equation (p < 0.001), a
significant kq and tjag (p < 0.001), and an excellent fit to the data (R? = 0.999). The value of
ky is 0.193 (0.00141) and tj5g is 12.8 (0.0726) h. From this fit to the data, it is clear that the
drug release mechanism is dominated by diffusion of dissolved drug out of the device. This
is not surprising since, as chitosan is hydrated and swollen, enzyme-catalyzed degradation of
chitosan between 10 and 14 h provides a fluid-filled pore that offers less resistance to drug
diffusion than does a region of hydrated and swollen polymer. In Figure 3, predicted data
using this equation can describe release data in the presence of rat cecal and colonic
enzymes, and the equation for the control data describes its respective experimental data.

Since drug release rates due to pore formation are correlated to the surface area of the coat
that has been eliminated, the essentially consistent drug diffusion mechanism over the 14-27
h time period indicates that the pores have formed by 14 hours in the release study. Further
pore formation is essentially non-existent, likely due to product inhibition or degradation of
the enzymes.

Liu et al. (2007) reported the influence of the level of chitosan in a cellulose acetate coat on
in vitro budesonide release from coated tablets in simulated intestinal and colonic fluids.
Utilizing differing amounts of chitosan in chitosan/cellulose acetate coating levels of 10, 12,
and 14% w/w with Eudragit® L100-55 as an enteric coat, drug release in simulated gastric
and intestinal fluids was prevented. Based on tablets coated at 12 % w/w, exposure for 2 h to
simulated gastric fluid, for 4 h to simulated intestinal fluid, and for 18 h to simulated colonic
fluid resulted in approximately 70 and 40 % of the drug released from tablets where the coat
contained 25 and 15 % w/w chitosan. This is comparable to the 66 % of 5-ASA released
after 24 h in the present study by the optimum batch of coated beads (Fig. 3). Since Liu et al.
demonstrated the influence of the level of chitosan in the coat on the extent of drug release
under simulated colonic conditions, this was not pursued in the present study.

In a recent study by Wei et al. (Wei et al., 2010), pellets containing 5-ASA, lactose, and
MCC were coated with a mixture of chitosan and Kollicoat SR 30D to achieve site-specific
delivery to the colon. Kollicoat SR 30D is a pseudolatex dispersion of a different
hydrophobic polymer, poly(vinylacetate). Chitosan was between 2 and 5% of the coat, based
on 27 g of poly(vinylacetate) per 100 ml of Kollicoat SR 30 D, with 15-25% coating levels.
They suggested that the improved release rate when rat cecal contents were added to
simulated intestinal fluid confirms that chitosan is indeed degraded by rat cecal enzymes.
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For the product they considered suitable (3% chitosan with a 25% coat level), approximately
50% of the incorporated drug is released after 10 h of exposure to a medium with 4% wi/v rat
cecal contents. While the percentage of 5-ASA released in SCF (Figure 3) is comparable
after 10 h of exposure to rat cecal and colonic enzymes, the difference between this release
profile and that of the control at the same time point is far greater than was observed by Wei
at al. In that article, there was no report that their coat was plasticized or cured. The coat in
the present study was cured immediately after the coat was applied to facilitate coalescence
of the plasticized coat, leading to formation of a homogeneous and continuous film. Coated
beads exhibit cracking and chipping of the coat over time if a plasticizer is not included in
the coating material, and the release profile is prone to change with time if the coat was not
cured. The release profiles become altered because coalescence of the polymer particles is
incomplete immediately after coating, especially when the coating is based on aqueous
based pseudolatex dispersions, such as Aquacoat® ECD and Kollicoat SR 30D (Hutchings et
al., 1994; Shao et al., 2002). During curing, polymer particles are thermodynamically
encouraged to form the most stable arrangement within the coat. As recommended by the
manufacturer of Aquacoat® ECD, curing the coated beads for 2 h in a constant temperature
oven at 60 °C was completed in the present study to ensure reproducibility of the release
profiles.

The reliability of the delivery system developed in the present study lies in the fact that drug
release in the colon will be triggered by (i) degradation of chitosan by enzymes secreted by
bacteria inhabiting the colon and/or (ii) dissolution of chitosan in the low pH of the proximal
colon due to polysaccharide fermentation or disease. As a result of either mechanism or both
mechanisms, release medium filled pores will be formed, leading to facilitated drug release
in the colon.

Conclusion

Proper selection of the coating thickness and the chitosan level in the coat can minimize
drug release in simulated intestinal fluid. Since different formulations provided zero order
release in SIF, these coated bead products can also be used to achieve controlled release of
drugs in the small intestine. Beads coated with chitosan/Aquacoat proved to be susceptible
to the action of rat cecal and colonic enzymes and demonstrated their potential for colon-
specific drug delivery. ESEM images confirmed the formation of larger pores as the means
by which the drug release rate was improved in simulated colonic fluid.
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Figure 1.
Chemical structures for 5-aminosalicylic acid and chitosan
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Figure2.

Release of 5-ASA in SIF over 12 h from core beads (A) and coated beads with different
chitosan levels (CH) in the coat and coat levels (CL) as follows: 14% CH and 20% CL (4p),
8% CH and 20% CL (M), 11% CH and 40% CL (@), 11% CH and 40% CL (A), 11% CH
and 40% CL (<), 14% CH and 60% CL (O), and 8% CH and 60% CL (O).
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Figure 3.

Release profile of the coated bead product under conditions simulating a. the stomach, b.
and c. the small intestine, and d. the colon. The triangles represent coated beads that have
been exposed to SGF for 2 h, SIF for 6 h, and then SCF for 22 h. The diamonds represent
the coated beads that have been exposed to SGF for 2 h and then to SIF for 28 h. A
predictive curve for each profile overlays the corresponding data.
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Figure4.

ESEM micrographs for coated beads at 1K magnification for 1a, 1b and 1c and 5K
magnification for 2a, 2b and 2c. Beads in 1a and 2a have not been exposed to a release
medium, 1b and 2b have been exposed to SIF, and 1c and 2¢ have been exposed to SIF and
SCF.
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Table 1

Coating parameters and conditions

Inlet air flow

40-45 SCFM ™

Inlet air temperature

60 °C

Coating fluid flow rate

4-8 ml/min

Atomizing air pressure

15 psi

*
Standard cubic feet per minute
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Two factor, two level factorial design with three center points in coded form and with actual values

Table 2

Standard Run Order | chitosan Content in the Coat™ | Coating Level®
1 -1 (8%) ~1 (20%)
2 -1(8%) +1 (60%)
3 +1 (14%) ~1 (20%)
4 +1 (14%) +1 (60%)
5 0 (11%) 0 (40%)
6 0 (11%) 0 (40%)
7 0 (11%) 0 (40%)

*
Values in parentheses are the actual levels for the factors
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Results for coated bead shape (aspect ratio and projection sphericity) and friability

Table 3

Responses
Bead Shape Friability (%)
Standard Run Order | Aspect Ratio | Projection Sphericity Mean (s.e)
1 0.92 0.94 0.28 (0.25)
2 0.92 0.93 0.35 (0.30)
3 0.92 0.94 0.07 (0.07)
4 0.92 0.93 0.28 (0.24)
5 0.93 0.94 0.33 (0.33)
6 0.92 0.94 0.28 (0.17)
7 0.92 0.94 0.27 (0.27)
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