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Abstract

Because of their spherical or pseudo-spherical shape, uniform size and smooth surface,
pellets are of particular interest for use as cores in the manufacturing of coated oral
delivery systems. When intended for colon delivery, pellet formulations may be
provided with enzymatically-degradable, pH-sensitive or time-controlled polymer
coatings. While layers that are liable to microbial breakdown or pH-dependent
dissolution would enable targeted release as triggered by physiological characteristics of
the environment where the drug is intended to be delivered, time-based coats possess an
intrinsic ability to defer its liberation throughout the small intestinal transit of the
dosage form irrespective of regional differences in terms of pH, microbial population
and other variables. Rupturable, erodible and permeable coats have been described for
time-based colonic release. According to their formulation strategies, coated pellets that

have been proposed for colon delivery are reviewed and discussed in the present article.
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Introduction

Pellets are multiple-unit pharmaceutical dosage forms, characterized by spherical or
pseudo-spherical shape, smooth surface, dimensions generally comprised between 500
and 1500 pum, relatively high density and excellent flowability [1-3]. They are generally
administered orally in hard-gelatin capsules or tablets, able to release, after intake, a

large number of subunits, each containing a fraction of the total dose [4].



The production techniques for obtaining pellets are usually described as size-
enlargement processes. These include direct pelletization (by high-shear mixer or
fluidized bed), hot melt extrusion (HME) or wet extrusion (extrusion/spheronization),
layering of drug powders, suspensions or solutions onto inert cores (powder-,
suspension- and solution-layering) and also the compaction of powders to small tablets,
1.5-2.5 mm in diameter, known as minitablets [1-3].

Pellets find specific application in the preparation of modified-release oral dosage
forms when formulated as either matrix systems or coated reservoirs. Matrix systems
are composed of an active ingredient closely dispersed within inert or swellable
excipients able to control the drug release behaviour [5-7]. On the other hand, reservoir
systems are designed as drug-containing cores, coated with one or more layers capable
of defining the release kinetics. The release profiles are therefore determined by the
thickness and the formulation characteristics of the coatings applied. The various
techniques described in the literature for the application of coatings to pellets involve
the formation of membranes produced by film-forming agents (mainly polymeric
materials) delivered onto the surface of the cores as liquids or solids (Figures 1 and 2)
[8,9]. When the coating systems are delivered as liquids, the film-forming agents are
typically nebulized onto the surface of the cores as a solution or suspension in water or
organic solvents. Since the cores are simultaneously heated by a flux of hot air, the
liquid vehicle evaporates leaving a dry and solid film on their surface. In order to avoid
or limit the use of solvents during the coating process, the film may be applied by
spraying molten materials, which cool when in contact with the cores, or powders. Dry
powder coating uses solid materials only, thus completely avoiding the need for liquids

of any kind, while liquid-assisted powder coating requires liquid aids for promoting the



adhesion of the powders onto the surface (liquid binder) or enabling the film formation
process (liquid plasticizer) [10]. In this way, solid particles can eventually coalesce to
form a continuous film. Coating processes for pellets can industrially be performed by
fluid bed equipment (top, bottom or tangential spray) or coating pan (Figures 3 and 4).
As regards fluid bed, the bottom-spray mode, which was purposely devised for the
coating of small-unit substrates, is generally preferred, although tangential spray is also
used at present [11]. In case the coating of pellets is performed by pan, non-perforated
drums are employed with few modifications, such as the air flow pattern, with respect to
when single-unit dosage forms are processed. However, examples of perforated pans
suited for pellet coating are also available.

The use of pellets as cores offers many advantages in terms of technological
characteristics and biopharmaceutical properties. From a technological point of view, it
is possible to count on their regular shape, surface smoothness and adequate mechanical
resistance that overall promote the application of coatings, besides the fact that pellet
cores can be loaded with high drug doses [12-14]. On the other hand, the
biopharmaceutical advantages are mainly related to the lower variability of the drug
absorption profile that is expected when modified-release dosage forms are formulated
as multiple units rather than as single units [15,16]. As a matter of fact, for single-unit
systems the gastric emptying time is strongly influenced by the inter-digestive or
digestive phase in which administration takes place. In contrast, multiple-unit dosage
forms, consisting of numerous small subunits, may be able, depending on their size and
density, to pass the stomach when the pylorus is contracted and would spread along the
gut, thus possibly reducing the gastrontestinal transit variability and, particularly when

the drug absorption rate is affected by the release site, the inter- and intra-subject



differences in the absorption profiles. Another advantageous aspect of pellets is related
to the subdivision of the dose in several subunits, which allows a distribution of the
delivered dose on an extended surface area thus lowering the potential risk of mucosal
injury caused by high local drug concentrations. Moreover, the subdivision of the dose
reduces the possibility of dose-dumping should unpredictable failure of the release-
controlling component occur.

In modified-release oral dosage forms, coating layers may be responsible for
sustaining the drug liberation, modifying the relevant onset or preventing it from taking
place in specific regions of the gastrointestinal tract. In the latter instance, the coatings
are required to ensure that the delivery system conveys its drug load to the target site
and that the contact between the drug compartment and the biological fluids is hindered
until release.

In the case of colon delivery, the release of the active ingredient needs to be
prevented during gastric residence as well as throughout small intestinal transit of the
dosage form. The drug liberation would then occur based on environmental differences
between the small and the large intestine, such as those encountered in the quali-
quantitative composition of the microbiota and pH of the contents, or on transit times
[17,18].

Notably, the microbial population present in the colon, much more abundant than
that residing in the small intestine, catalyzes an array of enzymatic reactions, many of
which do not take place in the upper intestine [19-21]. Accordingly, various natural or
synthetic polymers that are selectively degraded by colonic bacteria have been used for

colon targeting either as carriers in prodrugs or as coating or bulking excipients in drug



delivery systems. Such polymers generally bear glycoside or azo bonds that are
susceptible to cleavage by the resident microbiota.

The pH of the fluids in the caecum and ascending colon is known to be slightly
acidic because of bacterial fermentation activities that cause local accumulation of
short-chain fatty acids [22,23]. Moving down to the transverse and descending branches
of the colon, a neutral to weakly basic environment is re-established thanks to the
progressive absorption of fermentation products. Therefore, polymers with pH-
dependent solubility, soluble at pH above 5 (enteric polymers), have frequently been
applied as relatively thick films intended to protect the core formulation during gastric
residence and transit through the proximal small bowel, dissolving in the distal ileum or
colon regions. Alternatively, polymers soluble at pH values below 5 have been
proposed as coating agents to match the fall in pH that is commonly observed in the
proximal colon [24]. In this case, however, an outer enteric film needs to be added in
order to prevent the dissolution of the targeting layer while the dosage form is
positioned in the stomach.

Lastly, unlike transit through the stomach, the mean transit time throughout the
small intestine was reported to be fairly consistent (3£1 h) and poorly dependent on the
size and density of the dosage forms as well as on the feeding state of the subjects,
although significant acceleration was observed upon administration of non-
disintegrating single units in a pre-feed state [25-29]. In the colon, solid substrates
would generally reside for longer periods than in the small bowel because of less
frequent propulsive peristaltic waves [30]. Therefore, systems intended to release the
active ingredient after a sufficiently extended lag phase, which should cover their entire

residence in the small intestine, have been exploited as time-dependent colon delivery



platforms [17,18,31,32]. These require the application of an external enteric coating in
order to circumvent the variability of gastric emptying time.

The colon represents an important release site for locally-acting molecules
administered via the oral route. At present, long-term therapy of inflammatory bowel
disease (IBD) mainly relies on targeted release of anti-inflammatory drugs [33,34].
Moreover, it has been suggested that local delivery of cycloxigenase-2 inhibitors and
anti-cancer drugs would enable more tolerable chemopreventive and chemotherapeutic
treatments for colorectal adenocarcinoma, respectively [35-37]. The liberation of j3-
lactamases into the large bowel could also provide a means of inactivating antibiotic
residues that could harm the health state of the mucosa [38,39]. In addition, the colon
has been investigated as an absorption site for biotechnological drugs intended for a
systemic action, such as peptides and proteins, that often show poor stability and
permeability in the GI tract [40-42]. Because of the limited protease concentration and
of a greater susceptibility of the epithelium to permeation enhancement, the colon may
indeed represent a more convenient release environment for these molecules.

In the following sections, pellet formulations provided with colon targeting coatings
are described according to the inherent design strategies. In Tables 1-3, reviewed pellet-
based delivery systems with enzymatically degradable, pH-sensitive and time-controlled
coats are listed, respectively, along with details on the relevant processing and

composition.

Pellets with enzymatically degradable coatings



Naturally-occurring polysaccharides, such as pectin, chitosan, galactomannan and
amylose, are generally preferred coating materials because of their safe use and
administration as food additives.

Pectin-based coatings

Pectin is a heteropolysaccharide having a high a-D-galacturonic acid content
achievable from plant cell walls [43]. It is commercially available in low- and high-
methoxylated forms (LM and HM) depending on the amount of etheric residues
bestowing different reactivity, viscosity and solubility properties. Pectin has been
employed for colon delivery as a matrix-forming or compression-coating agent [44]. In
this case, it is generally admixed with insoluble polymers in order to achieve a more
effective protection for the drug core.

A pectin/ethylcellulose (EC) mixture was applied to pellets containing either
paracetamol or 5-aminosalicylic acid (5-ASA) for the treatment of IBD [45,46].
Different ratios between pectin and EC were used, and theoretical weight gains from 12
to 55% were reached. Enhanced barrier properties of the coating were observed in
simulated small intestinal fluid at pH 7.4 when an initial acid phase of the test (30 min
or 2 h at pH 1.4) was performed, which probably led to inter-chain hydrogen bonding of
unionized carboxyl groups. The initial exposure to acidic pH also improved the
susceptibility of the gel to the hydrolytic action of pectinases when simulated caecal
fluid was employed, as shown by an increased release rate. The coating level and
amount of pectin had an opposite influence on the rate of drug release in all test fluids.
A general lack of in vivo-in vitro correlation was found: beads showing premature drug

release in vitro could successfully deliver the drug to the colon.



Pectin/EC mixtures with different weight ratios were also used to coat pellets
containing 5-fluorouracil (5-FU) for the local chemotherapy of colorectal
adenocarcinoma [47-49]. An increased in vitro release rate was noticed when the pellets
were tested in the presence of rat caecal contents. This was confirmed by observing
photomicrographs taken after incubation of the pellets in an enzyme-containing vs.
enzyme-free fluid, and after recovery from the caecum and the colon of rats as
compared with the stomach and the small intestine. Pellets coated up to a 30% weight
gain showed, with respect to uncoated ones, a delayed tmax, lower Cmax and longer mean
residence time (MRT) that would be beneficial to the treatment of colorectal cancer.
Besides, a correlation was found between in vitro data obtained from tests carried out in
simulated colonic fluid and 5-FU plasma concentrations of fasting dogs. More recently,
a powder mixture of pectin and EC (3:8) was added to pectin-based extrusion-
spheronization pellets containing 5-FU [50]. The pellets and the powder were conveyed
inside hard-gelatin capsules. This formulation was designed to yield in vivo coating of
the pellet surface upon wetting and swelling of the hydrophilic polymer.

With the aim of strengthening the barrier properties of pectin films, the addition of
Eudragit® NE or Eudragit RS was also attempted and compared with that of EC (i.e.,
Surelease Clear or Aquacoat ECD 30) [51]. Surprisingly, theophylline pellets coated
with all the above-mentioned mixtures showed a decreased release rate when
pectinolytic enzymes, expected to aid the formation of pores in the coat, were added to
the test medium (acetate phosphate buffer pH 6), which was interpreted by a possible
rearrangement of non-degradable polymer chains following pectin degradation. To
overcome this issue, the use of polyelectrolyte complexes of pectin with an insoluble

and non-enzymatically degradable polycation, Eudragit RL, was proposed so that water-
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filled channel could be maintained after enzymatic attack and, consequently, soluble
drug molecules could be released at enhanced rate in the enzyme-rich target region [52].

Chitosan, a high molecular weight polysaccharide positively charged at acidic pH,
could form biodegradable polyelectrolyte complexes with pectin and also impart
mucoadhesion properties to the films [53]. Theophylline pellets were thus coated with
pectin LM/chitosan complexes mixed with Eudragit RS in percentages of 5-20% on the
dry polymethacrylate [54]. Evaluated in HCI 0.1 N (2 h), pH 7.4 phosphate buffer (3 h)
and pH 6.0 simulated colonic fluid containing pectinolytic enzymes (5 h), the
performance of formulations with a high pectin/chitosan content and weight gain of
20% was considered potentially appropriate. Moreover, riboflavin pellets, containing
calcium acetate (10%) as a complexing agent, underwent immersion in a pectin LM
aqueous solution and then in a calcium chloride or chitosan one to obtain a coat formed
from calcium pectinate or calcium pectinate/chitosan polyelectrolyte complexes [55,56].
The coat containing chitosan was able to hinder the release of the active ingredient in an
enzyme-free pH 6.8 fluid. Replacing pectin with alginate led to a further improvement
of the coat performance.

Pectin was also employed in admixture with high-viscosity
hydroxypropylmethylcellulose (HPMC) [57]. Pellets containing 5-ASA and calcium
pectinate were coated with pectin and Methocel K4M (4:1, w/w) up to a weight gain of
12%, and with EC externally (10% weight gain). The swelling of the hydrophilic
coating in the small intestine would cause the EC film to break up and allow the
digestion of pectin by colonic enzymes thus speeding up the drug liberation at the target
site. In order to improve the site-selectivity of release, an outer Eudragit L coating was

applied (30% weight gain). A higher-viscosity grade of HPMC (Methocel® K100M)
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was mixed with pectin in various weight ratios to coat curcumin pellets [58]. The
formulation with a 3:1 HPMC/pectin ratio withstood 3 h of testing in acidic fluids and
started to release when the pH of the test medium was shifted from 3 to 7.2. Afterwards,
the drug liberation turned out to be controlled in terms of rate. The system, tested in
rabbits, showed drug plasma concentrations increasing after 2-3 h until a peak at
approximately 5 h.

Chitosan-based coatings

Chitosan was frequently employed as the sole microbially-degradable excipient in
colon delivery systems, generally mixed with insoluble polymers [59]. For instance,
paracetamol-layered pellets were coated with a formulation containing chitosan and
Eudragit RS (2:1, w/w) [60]. An outer enteric coating was added to prevent chitosan
from dissolving at acidic pH. These pellets were tested in a sequence of dissolution
media: pH 1.2 fluid, pH 7.4 phosphate buffer and, finally, pH 4.0 acetate buffer to
simulate the inflamed colonic environment. In the latter medium, chitosan easily
dissolved and the drug was released. Due to the lack of enzymes, however, the effect of
microbial breakdown was could not be studied. This was assessed by exposing the
pellets to either fresh or thermally-inactivated rat caecal contents and then observing
their surface with the aid of SEM photomicrographs.

Prednisolone pellets were in turn coated with i) Eudragit RS and Eudragit RL (80:20
weight ratio), ii) chitosan, Eudragit RS, Eudragit RL and a weak organic acid and iii)
Eudragit L [61]. Among various organic acids tested, the use of succinic acid provided
the fastest rate of release in pH 4.0 acetate buffer, which was ascribed to electrostatic
interactions with chitosan and the polymethacrylates. As compared with pellets coated

with a Eudragit RS/Eudragit RL mixture only, three-layered ones exhibited enhanced
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drug release when tested in pH 6.0 phosphate buffer with B-glucosidase or in pH 4.0
acetate buffer without enzymes. Moreover, an in vivo study in rats showed that the
presence of the three-layer coating was associated with only slightly delayed,
considerably slowed down and unexpectedly greater absorption with respect to a single
Eudragit L coat.

Alternatively, chitosan was mixed with polyvinyl acetate (PVA) to give colon
targeting films. Pellets containing 5-ASA were coated with such mixtures up to a 15 or
25% weight gain [62]. In vitro testing demonstrated that the release of 5-ASA increased
when caecal enzymes or B-glucosidase were present. Tested in rats, the PVA/chitosan-
coated pellets yielded lower plasma levels and higher concentrations of the drug in
colonic homogenates than in gastric and small intestinal ones with respect to an
uncoated formulation. Moreover, they showed higher efficacy against mucosal damage
and inflammation. In a different instance, extrusion-spheronization 5-ASA pellets were
coated with aqueous dispersions of chitosan and EC [63]. The percentage of the
biodegradable polymer and thickness of the applied layer were critical to the
performance. With 8% of chitosan and a 60% weight gain, the drug liberation was quite
slow at pH 6.8, being less than 40% of the drug being delivered over 28 h, and the
release rate was enhanced in a purposely prepared medium containing extracellular
microbial enzymes from rat caecal and colonic contents. This was consistent with the
presence of larger surface pores in systems that were incubated in the enzyme-
containing medium than in those exposed to the enzyme-free pH 6.8 fluid, as observed
in the relevant SEM photomicrographs.

Pellets containing chitosan as a matrix-forming agent and rutin, which is cleaved by

colonic glucosidases to give the anti-inflammatory and antioxidant flavonoid quercetin,
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were coated with a combination of chitosan and sodium alginate (5:95, w/w) [64].This
formulation was designed to provide a potential treatment for mild-to-moderate chronic
colitis. Pellets coated up to a 18% weight gain, after withstanding pH 3.0, 6.8 and 7.5
media without enzymes, released the majority of their drug content in a pH 6.0 fluid
enriched with B-glucosidases. These pellets demonstrated to more effectively control
symptoms of transmural colitis in the rat than peroral and rectal solutions of rutin.
Natural gum-based coatings

Galactomannans are heteropolysaccharides with a linear mannose backbone and
side galactose groups. Among them, guar gum, extracted from guar seeds, was studied
as a film-coating agent for colon-targeted drug release [65,66]. Different guar gum
viscosity grades were applied to 5-FU or indomethacin-layered pellets with the aim of
attaining a slowly water-swelling polymer barrier prone to enzymatic degradation when
exposed to colonic enzymes. Externally, an enteric coating based on Eudragit FS was
added. In vitro testing showed an acceleration in drug release when a pH 6.5 phosphate
buffer containing galactomannanase was employed. Double-coated pellets were then
administered to dogs giving rise to later and lower drug absorption as compared with
Eudragit FS-coated and uncoated pellets.

Another naturally-occurring gum, xanthan gum, was proposed for use as a colon
delivery agent. Budesonide pellets provided with an inner layer (12% weight gain) of
such a polysaccharide, a Eudragit NE /Eudragit L intermediate layer (7:3 weight ratio,
30% weight gain) and a Eudragit FS outer layer (25% weight gain) were judged as
promising based on in vitro release results [67]. Tableted pellets proved to maintain
their initial in vitro performance.

Amylose-, starch- and starch derivative-based coatings
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Amylose, the linear polymer of starch, has largely been exploited for colon targeting
because its glassy amorphous form resists the action of pancreatic a-amylase, in the
small intestine, while being fermented by the colonic microbiota [68]. Amylose was
sprayed, as a water dispersion in admixture with EC (1:4, w/w), onto pellets containing
5-ASA or 3C-labelled glucose [69,70]. No failure of the resulting coating was observed
when HCI 0.1 M enriched with pepsin and phosphate buffer pH 7.2 enriched with
pancreatin were sequentially used as the release media, while their fermentation was
prompted by human faecal inocula and large bowel bacteria. A 4.8% weight gain was
found to yield the most appropriate performance for colon delivery. By non-invasive
13CO, breath testing and y-scintigraphic imaging, carried out in 8 fasting volunteers, it
was possible to correlate the time of first detection of *CO, exhaled on fermentation of
13C-labelled glucose from the test pellets, with colon arrival of inert analogous pellets
concomitantly administered [71]. The feasibility of employing the amylose/EC-based
coating mixture for dosage forms containing poorly heat- or water-stable drug
molecules was explored by making use of organic solvents [72]. After assessing their
compatibility, an organic solution of EC in ethyl lactate, propanol or ethanol and a
water dispersion of amylose-1-butanol complex were blended to give different weight
ratios between amylose and EC: 1:4, 1:2, 1:1 and 3:2 [72,73]. Among these coating
compositions, the one having 1:1 amylose/EC ratio and weight gain of 15% was judged
suitable for achieving the expected fast release under simulated colonic conditions while
avoiding drug release in the upper intestine. Therefore, higher amylose percentages and
coating levels were needed to obtain in vitro results that may compare to those of

agueous spray-coated formulations.
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A study of amylose/EC (1:3)-coated pellets vs. Eudragit S-coated ones, both with a
20% weight gain, seemed to indicate that, a more reliable in vivo performance would be
obtained in the case of the microbiota-dependent formulation [74]. Indeed, pellets
containing theophylline, coated with the amylose/EC blend by aqueous spray-coating,
were administered to 8 fasted volunteers along with ®™Tc-labelled inert beads of
analogous size and density, demonstrating that the drug was absorbed when dosage
forms reached the colonic region. On the other hand, an early and less reproducible
release performance was exhibited by pellets coated with Eudragit S. With the aim of
in-depth investigating the effect of post-prandial pancreatic enzyme secretion and of a
possibly prolonged gastric residence time on the performance of the amylose/EC
coating, the same pellets were administered to 7 volunteers in the fasted and fed state
together with the radiolabelled inert beads [75]. By combining different techniques, i.e.
assay of the drug recovered from faecal slurries, measurement of theophylline plasma
levels and y-scintigraphy, it was assessed that 92% of the drug was released to the colon
regardless of the feeding state of the subjects, and no statistically significant differences
were found between the amount of theophylline absorbed in the fasted and the fed state.
Moreover, prednisolone sodium metasulfabenzoate pellets provided with the
amylose/EC coating (COLAL-PRED) entered late-stage clinical trials and proved
effective in the local therapy of ulcerative colitis [76].

The outcome of using high-amylose maize starches with different amylose
percentages was recently evaluated since it was reported that, as a result of the thermal
treatment involved by spray-coating the relevant films would selectively be digested by
colonic bacterial amylases [77]. The high-amylose maize starches under investigation,

mixed with EC (1:2 to 1:5), were thus sprayed onto 5-ASA pellets [78,79]. By in vitro
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testing, it was demonstrated that a 1:2 Hylon® VII/EC coating of approximately 45 um
lost integrity in simulated colonic fluid containing a microbial a-amylase, after
maintaining its barrier properties in simulated gastric and intestinal fluids, in the
presence or absence of enzymes. These pellets, when administered to rabbits, showed
tmax at approximately 8 h post-dose, probably associated with a distal intestinal release
and absorption of the drug [80]. However, the 5-ASA dose was only partly released
because an average drug content of 38.3% was still found in the pellets recovered from
the faeces after the 24 h study.

Interestingly, among a variety of starch derivatives investigated as possible
components of colon targeting coatings, Nutriose® and Eurylon® 6 HP-PG turned out to
potentially undergo enzymatic degradation in the large bowel also in IBD patients [81-
83]. 5-ASA and theophylline pellets were coated with different blends of these amylose
derivatives with EC (1:2-1:5 weight ratios) up to 5-20% weight gains [84-87]. High
coating levels and EC content were needed to effectively hinder the drug liberation in
fluids simulating upper Gl conditions, which did not prevent a rapid release when the
pellets were tested in culture media mimicking the IBD colon environment.

High-amylose corn starches, acetylated to various degrees, were explored for use as
film-coating agents intended for colon delivery with no addition of hydrophobic
polymer materials [88]. Pellets containing 5-ASA, bovine serum albumin, hepatocyte
growth-promoting factor or insulin were indeed coated with the acetylated starch
derivatives by organic spray-coating up to 5-11% weight gains. By adjusting variables
such as the degree of polymer acetylation, coating level, amount of plasticizer and type
as well as load of the bioactive compound, less than 12% of the drug was lost in

simulated upper Gl fluids, and an increased release in pH 7.0 phosphate buffer was
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observed. However, the role of microbial breakdown failed to be assessed as the pH 7.0
phosphate buffer employed contained no enzymes.
Azo-polymer-based coatings

Besides polysaccharide materials of natural origin, synthetic azo-polymers were also
used for the attainment of enzymatically degradable film coatings aimed at colonic
release [89]. Safety issues and the need for organic solvents, which would poorly be
aligned with current regulatory compliance requirements, represent the main limit to
their success.

In the 80’s, a copolymer of styrene and hydroxyethylmethacrylate (HEMA) cross-
linked with divinylazobenzene or substituted divinylazobenzenes and liable to bacterial
azoreduction in the colon, was employed to coat insulin-loaded pellets [90]. Rats with
pharmacological diabetes mellitus showed a prolonged reduction in the blood glucose
levels three hours after administration of the pellets, whereas a slighter effect was seen
in non-diabetic rodents.

Pellets containing different water-soluble drugs, were coated with linear
polyurethanes comprising alternating azoaromatic, hydrophobic and hydrophilic
segments [91,92]. Their in vitro release profiles could be modified through proper
changes in the polymer composition: for example, by increasing the percentage of the
azo-component, release in the bacterial culture was speeded up and, by increasing the
ratio between the hydrophilic and hydrophobic components, the onset of drug liberation
was brought forward. On the other hand, an increase in the molecular weight of the
polyurethane resulted in reduced release rate in human intestinal culture. Segmented
polyurethanes were also employed to coat budesonide-layered pellets then coated with

Eudragit L for gastroresistance, Administered to rats with pharmacologically-induced
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colitis, the coated pellets generally displayed a higher efficacy than an oral solution or a
rectal enema of the anti-inflammatory drug [93]. Pellets loaded with bovine insulin or
(Asu'")eel calcitonin, with or without the protease inhibitor camostat mesilate, and
coated with a segmented polyurethane gave rise in the rat model to slight hypoglicaemic
or hypocalcaemic effects that were maintained over a period of several hours and
markedly increased in the presence of the enzyme inhibitor [94]. However, the onset of

such effects was relatively faster than the measured pellet transit to the colon.

Pellets with pH-sensitive film coatings
Enteric-soluble coatings

Polymethacrylates are extensively used as coating agents for the achievement of
colon delivery. In this respect, is well known that Eudragit S, soluble above pH 7.0, and
Eudragit L, soluble above pH 5.5, are contained in various commercially-available drug
products intended for the treatment of IBD [95]. These polymers can be applied by both
organic and aqueous spray-coating, in solution or dispersion, respectively. In order to
avoid early failure of the relevant coatings in upper intestinal regions, higher coating
levels thereof are generally required than in conventional enteric dosage forms.

In the early 90's, Eudragit S was coupled with succinic acid to coat diltiazem
hydrochloride pellets, and an EC film was added [96]. The use of the acid was meant to
prolong the lag phase due to a slower dissolution of the polymethacrylate in the enteric
fluids. Such pellets provided in vivo lag times possibly suitable for colon targeting

High-dose sodium butyrate pellets aimed at supplementation of the fatty acid, which
is a preferential substrate for coloncytes, were coated with a mixture of Eudragit S and

Eudragit L (1:1, w/w), sprayed as an organic solution [97]. These pellets showed an in
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vitro lag time of almost 6 h in pH 6.8 ,and were also administered to butyrate-deprived
rats. Although the release of the bioactive compound was assessed to occur in the caecal
and colonic regions, no trophic effect on the mucosa was observed, probably due to the
lack of short-chain fatty acids other than butyrate or to an insufficient dose of the latter.
A mixture of Eudragit S and Eudragit L was also employed, as an organic solution,
to coat indomethacin-layered pellets [98]. The composition of the coating solution ,and
the final coating level were optimized by a full-factorial experimental design. The
optimum formulation, having a Eudragit S/Eudragit L ratio of 4:1 (w/w) and a weight
gain of 20%, allowed release to be prevented in pH 1.2 and 6.5 media. The drug
liberation slowly took place at pH 6.8 and continued faster at pH 7.2, considered
representative of the terminal ileum. Eudragit RS was subsequently added to the
Eudragit S/Eudragit L combination in an attempt to modify the release rate after the lag
phase [99]. An optimized formulation (20:64:16 weight ratio among the three polymers,
respectively; 10% overall weight gain) was reported to yield the desired in vitro results.
Eudragit S was used as an aqueous dispersion to coat 5-ASA pellets, prepared by
extrusion-spheronization, up to a 30% weight gain [100]. The proposed formulation was
intended for a sustained release of the drug throughout the large bowel. Combined Gl
transit simulation and in vitro release results were relied on to predict that more
consistent prolonged release of the drug to the colon could be obtained from such
dosage form than from different marketed 5-ASA products (Pentasa® and Asacol®). In
the presence of cushioning/disintegrant/binding excipients, the Eudragit S-coated 5-
ASA pellets were compacted into tablets without being damaged or losing the original

release properties [100,101].
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5-ASA pellets, containing a 1:1 mixture of carbomer 940 and
hydroxypropylcellulose (HPC) for bioadhesion, were first coated with EC (18% weight
gain) and afterwards with an organic solution of Eudragit S (28% weight gain) [102]. In
vitro, the release of 5-ASA was prevented in fluids with acidic pH (HCI 0.1 N and
phosphate buffer pH 6) and started in phosphate buffer pH 7.4. In vivo, a significant and
dose-dependent improvement in clinical, histological and biochemical signs of
pharmacologically-induced colitis were observed following intra-gastric administration
of the double-coated pellets to rats.

Aiming at a chronopharmaceutical treatment for nocturnal asthma, a statistically-
optimized formulation of Eudragit S and Eudragit RL (1:4, w/w) was applied to
theophylline pellets [103]. In the rabbit, such coated pellets showed a lag phase of 5 h
prior to detection of the drug in the plasma, which was considered a promising result.

For the purpose of overcoming the often reported failure of Eudragit S coatings to
timely and completely dissolve in the colon, a novel dual coating was proposed
comprising an inner layer of partially neutralized Eudragit S and of a buffer agent, and
an outer standard coat of Eudragit S [104]. At the threshold pH, a prompter dissolution
was expected from partially neutralized Eudragit S than from the acid polymer as such.
The outer layer would prevent the protonation of the polymer contained in the internal
one during gastric residence. Such technology was applied to mucoadhesive pellets
containing prednisolone [105]. As compared with pellets coated with Eudragit S only,
those provided with the double layer exhibited faster in vitro dissolution of the coating
and better mucoadhesive properties, which could both help increase the amount of drug

released to the colon.
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Eudragit FS 30D was presented as an alternative to Eudragit S in order to better
match the slightly alkaline pH that may be found in the proximal colon of ulcerative
colitis sufferers [106]. 5-ASA pellets were thus coated with Eudragit FS 30D and, tested
in biorelevant fluids, showing a slow liberation of the drug in a pH 6.8-7.2 range while a
rapid release was observed at pH 7.5. Notably, pellets coated with Eudragit S exhibited
a fast release of 5-ASA also at pH 7.2, which was considered representative of the
jejunum and ileum fluid. Like Eudragit S, Eudragit FS was proved to perform
consistently independent of the osmolarity of the medium and of the presence of some
physiological surfactants.

A more complex delivery system, consisting in 5-ASA pellets with a double coat, an
inner Eudragit RS/Eudragit RL (4:1, w/w) layer and a Eudragit FS outer one, was
statistically designed in order to attain a prolonged release of the drug throughout the
lower small bowel and the colon that may meet the needs of once-daily dosing regimen
[107,108]. These double-coated pellets, loaded with caffeine as a tracer, were compared
in vivo with Eudragit FS-coated ones [109]. The formulations under investigation were
administered to 12 fasting volunteers together with lactose 3C-ureide, used as a marker
for oro-caecal transit because it undergoes selective fermentation by colonic bacteria.
The results obtained by combining pharmacokinetic and breath testing data
demonstrated that the Eudragit RS/Eudragit RL layer was needed for the achievement of
a prolonged liberation of the drug in the distal small intestine and the colon. Pellets with
analogous double coatings based on Eudragit RS/Eudragit RL and Eudragit FS were
proposed for selective colonic release of budesonide in ulcerative colitis patients [110].

The percentages of the three coating polymers were statistically optimized. Weight
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gains ranged between 2-8% and 10-30% with Eudragit RS/Eudragit RL and Eudragit
FS, respectively.

More recently, an external Eudragit FS 30D coat was coupled with an inner
Eudragit NE film for prolonged release of 5-FU to the colonic region [111]. The pellets,
prepared by extrusion-spheronization, were statistically optimized with respect to
spheronization conditions and coating levels. Weight gains of 15%with both acrylic
polymers were considered appropriate for the attainment of a satisfactory in vitro
release performance.

Eudragit FS was also used to coat meloxicam/p-cyclodextrin-layered pellet cores
with the aim of preparing a delivery system potentially suitable for the chemo-
prevention of colorectal adenocarcinoma [112]. An interlayer of HPMC was applied to
avoid interactions between the drug and the polymethacrylate. After simulated gastric
fluid, the pellets were tested at various slightly acidic to slightly alkaline pH values
giving rise to a fast release at pH 7.2 or above, although only at pH 7.4 the release was
not preceded by any lag phase. When these pellets were administered to gastric acidity-
regulated beagle dogs, the drug absorption turned out delayed, slower and reduced in
extent with respect to uncoated cores.

Kollicoat® MAE 30DP, an aqueous dispersion of methacrylic acid and ethyl acrylate
copolymer, was applied to extrusion-spheronization metronidazole pellets containing
chitosan (10%) as an enzymatically degradable matrix excipient and provided with a
polyvinyl acetate (Kollicoat SR 30D) coat for prolonged release purposes [113]. The
use of statistically optimized amounts of coating polymers and chitosan in the cores
resulted in no release at pH 1.2 and a slow drug liberation in fluids with increasing pH

values (6.0-7.2).
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Besides polymethacrylates, hydroxypropylmethylcellulose acetate succinate
(HPMCAS) and cellulose acetate phthalate (CAP) were investigated as enteric coating
polymers for colon delivery. Aqueous formulations of HPMCAS (Aqgoat AS-HF) or
CAP (Aquateric), were employed to coat ibuprofen or furosemide pellets manufactured
by wet granulation using enteric-soluble polymers (Eudragit S or Aqoat AS-HF) as
binders [114]. Pellets with weight gains in the range 10-30% were then tested in media
with different pH values (5.0, 6.8, 7.4) and administered to fasting as well as fed
volunteers. HPMCAS coatings gave rise to longer in vitro and in vivo delay periods.
Moreover, release and absorption profiles from HPMCAS-coated pellets were slower,
especially when such a polymer was also present in the core as the binding agent. With
the aim of extending the lag phase duration, organic acids, such as citric or succinic
acid, were incorporated in the pellet core [115]. Although the acid inclusion resulted in
delayed in vitro release, no effect was evident in vivo.

Acid-soluble coatings

Acid-soluble polymers have also been employed in order to attain pH-dependent
colonic release. In this instance, the coat would be intended to dissolve in the caecum
and right colon as a consequence of the local pH decrease caused by the presence of
acidic microbial fermentation products. Therefore, the acid-soluble layer needs to be
combined with a gastroresistant outer film to avoid premature failure in the stomach
environment. Eudragit E, a basic polymethacrylate soluble at pH<5.0, was employed to
coat dexamethasone minitablets [24]. The release from the coated system occurred in
10-50 min when acidic media were used while taking several hours at pH 6.8. In this
medium, a marked influence of the coating extent and composition of the core was

observed. Carbopol 934, added to the tablet formulation, promoted the erosion and
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rupture of non-ionized Eudragit E due to its swelling behaviour, thus shortening the lag
phase prior to release [116]. The application of an outer HPMCAS film and of a low-
viscosity HPC layer, to separate the oppositely-charged internal and external coats, did
not alter the performance of the Eudragit E one.

Eudragit E was also present in a tri-layer system consisting of budesonide pellet
cores containing citric acid, an inner HPMC film, an intermediate Eudragit E layer
containing microcrystalline cellulose as a pore former and an outer enteric coating of
HPMCAS [117]. Pellets having 20% of citric acid in the core, 30% of pore former in
the Eudragit E layer and weight gains of 6%, 30% and 15% relevant to the inner,
intermediate and outer coatings were selected for in vivo testing in rats with a
pharmacologically-induced colitis model. This formulation was proved more effective
than saline solution, placebo coated pellets, uncoated pellets, budesonide solution and
budesonide enema in improving clinical and macroscopic as well as microscopic signs

of disease.

Pellets with time-dependent film coatings

Pellets coated with rupturable, erodible or permeable layers, having intrinsic
delaying ability, would not only be suitable for chronotherapeutic purposes but also for
colonic release [31,118,119]. The coatings used in time-dependent colon delivery
systems are expected to impart, through interaction with aqueous fluids, a
programmable lag phase that approximately corresponds to SITT, so that drug release
may be hindered along the small bowel and occur when the dosage form reaches the
large intestine. Because the residence of solid substrates in the stomach is of

unpredictable duration, such coatings should be shielded from gastric fluid. Moreover, it
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is necessary that their performance is poorly be affected by physiological variables,
such as pH and enzymatic breakdown.
Rupturable coatings

Rupturable coatings are moderately permeable polymeric films that are subject to
timely break-up because of the pressure that develops within the core formulation upon
water inflow. The delay time depends on the composition and thickness of the coating.
EC is especially used as a rupturable film-forming agent.

In the Time-Controlled Explosion System (TES), drug-loaded sucrose seeds were
coated with a low-substituted hydroxypropylcellulose (L-HPC) layer, responsible for
providing the swelling pressure needed for disruption and release, and with an EC outer
film [120-122]. A sufficient L-HPC coating level was necessary for a pulsatile release
performance to be attained. In vitro release results were consistent irrespective of the
amount and solubility of the loaded drug, of the pellet size and of the fluid pH.
Furthermore, in vitro and in vivo lag times, the latter collected from dog and human
pharmacokinetic studies, turned out to be in agreement [123-125]. TES having more
extended in vitro lag times showed reduced bioavailability, which could be attributed to
the lower volume of water present in the distal intestine or to a greater first-pass effect
associated with the slower absorption of the drug.

In an analogous delivery system, croscarmellose sodium (Ac-Di-Sol®) was
employed to prepare the swelling layer below the EC one [126,127]. Pacetamol pellets
coated with Ac-Di-Sol® and, externally, with an EC film of varying thickness were
administered to healthy volunteers for an in vivo study. A progressive decrease in the
amount of drug absorbed was observed with increasing EC coating levels and, again,

this was ascribed to the limited water content of the colonic fluid. A combination
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between Ac-Di-Sol® and EC is also found in a delivery system based on isosorbide 5-
mononitrate pellets prepared by extrusion-spheronization [128]. The system was
designed for the chronotherapy of cardiovascular disease and claimed as advantageous
over prolonged-release formulations of the parent drug, isosorbide dinitrate, in limiting
tolerance issues. In beagle dogs, the system yielded programmable lag times.

The use of low- and high-viscosity HPMC as the swelling agent, in place of
superdisintegrants, was also reported [129]. Pellets containing glipizide, coated up to
20% and 5% weight gains with low-viscosity HPMC and EC, respectively, or 5% and
10% weight gains with high-viscosity HPMC and EC, were combined with uncoated
ones in order to give a two-pulse release performance. A 6-8 h in vitro lag phase elapsed
between the former and the latter pulse. This was considered beneficial to the chronic
treatment of type 2 diabetes because of a reduced dosing frequency and, therefore,
improved patient compliance.

Cellulose acetate, which is the main component of semipermeable membranes, was
used as the rupturable film-forming polymer instead of EC [130]. In this instance, the
core expansion was due to the osmo-active agent sodium chloride contained in the pellet
core that would draw water from the outer medium. Plasticizers with different physico-
chemical properties, added to the coating, prolonged the lag phases as a function of their
degree of lipohilicity in view of a decrease in the aqueous permeability of the resulting
film [131]. On the other hand, the lag phase was shortened by increasing the amount of
talc in the film.

Erodible coatings
Although erodible coats with inherent delaying ability were by far more frequently

employed in single-unit formulations, reasonably because of the relatively high coating
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levels necessary for lag phases of suitable duration to be attained, a pulsatile delivery
system provided with a low-viscosity HMPC coating (Chronotopic™) was recently
proposed in a multiple-unit configuration starting from immediate-release minitablet
cores [132,133]. This involved that a moderately permeable, flexible film was applied
onto the swellable/erodible coating in order to temporarily hinder the penetration of
water into the latter thus extending the delay time and allowing the HPMC coating level
to be reduced. The neutral polymethacrylate Eudragit® NE was used as the film-forming
agent, whereas various superdisintegrants were added as non-conventional pore formers
[134]. Once the proper thickness and composition of such films had been assessed,
these were proved to considerably prolong the lag phase duration without impacting on
the subsequent rapid release of the active ingredient [133]. Paracetamol was used as an
analytical tracer because of its ease of handling, simple assay and stability
characteristics [135]. Because the Chronotopic™ technology was demonstrated feasible
not only when dealing with low molecular weight drugs but also with insulin, the
system in its multiple-unit configuration was considered as an interesting formulation
candidate for delivery of the protein and of appropriate adjuvants to the colonic region
[136-138].
Permeable coatings

Permeable coatings, not intended for rupturing but as diffusive barriers, were also
used for pulsatile release purposes through exploitation of the initial lag phase
connected with the penetration of water into the core and the activation of the outward
diffusion of the drug. After the delay time, dependent on the thickness and permeability
characteristics of the membrane, the drug would generally be released slowly because

the rate of the process is controlled by the membrane itself. In the Sigmoidal Release
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System (SRS), nonpareil seeds were coated with a blend of the active ingredient and
succinic acid and then with Eudragit® RS [139-141]. The organic acid was added in
order to enhance the rate of release. Indeed, following its dissolution and partial
ionization, it may interact with quaternary ammonium groups of the polymethacrylate,
as an anion, and with the lipophilic macromalucular chains of the same polymer as the
parent acid form. This would lead to a looser polymer network with decreased barrier
functions. Irrespective of the coating level and, therefore, of the extent of delay,, a
relatively short diffusive phase preceded the fast release of most of the drug content,
thus yielding the typical sigmoidal patterns obtained in vitro. The performance of this
system was studied in beagle dogs, and an agreement between in vitro and in vivo data
was found although the slightly soluble drug theophylline was not quantitatively
released, most likely due to the low water content of distal intestinal fluids.

Eudragit® RS was also employed as the coating agent for a multiple-unit formulation
based on nonpareil cores loaded with diltiazem hydrochloride [142]. The system was
intended for delivery of drugs with pH-independent aqueous solubility to different
gastrointestinal sites, and the lag phase duration was a function of the coating level,

amount of plasticizer in the coat and curing time.

Conclusions

Colon delivery systems based on coated pellets have been designed to exploit
physiological pH changes within the small and large bowel, undergo enzymatic
degradation by the colonic microbiota or delay the onset of release according to the time

required for dosage forms to reach the colon district.
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The majority of the formulations proposed comprise matrix pellets prepared by
extrusion-spheronization as cores, loaded with 5-ASA or other drugs indicated for
colonic pathologies. Indeed, despite a number of tentative investigations aimed at
enhancing intestinal protein absorption, the main area of interest of colon release still
resides in the local delivery of anti-inflammatory drugs for the treatment of IBD. Such
pellets are mostly film-coated with hydrophilic polymers of natural origin, or relevant
blends with insoluble materials, susceptible to microbial degradation in the large bowel.
The overall performance of the resulting coated systems often depends on a multiplicity
of factors, among which the physico-chemical and formulation characteristics of the
coating agent or mixture, thickness of the applied layer and manufacturing technique
employed play major roles. Evaluation of their release characteristics has commonly
been carried out in vitro, by means of differing testing procedures. For instance, media
with pH in an array of values have been used to mimic the colonic environment, and
microbial enzymes, bacterial cultures as well as intestinal homogenates/contents have
seldom been added to test fluids. While this may have a negligible impact on the
outcome of pH- and time-controlled delivery systems, the potential of microbiota-
activated formulations could not be assessed in the lack of the concerned enzymatic
activity. In vivo evaluation, when undertaken, has mainly been performed in rats or
other animal models. Only in a very limited number of cases, y-scintigraphic studies
have been conducted in humans, proving the effectiveness of the formulation
technologies under investigation at yielding selective delivery of drugs into the colon.

Notably, there also are drug products available on the marketplace, containing high
doses of 5-ASA for the treatment of IBD, that are based on pellets with pH-dependent

coatings (Claversal® Micropellets, Salofalk® Granustix®) or EC films (Pentasa®).
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However, the issues of early or incomplete disintegration and drug release are likely to
be encountered. Actually, due to the high intra- and inter-subject variability affecting
the physiological parameters exploited, each triggering mechanism involved may fail to
work as expected, thus impairing the attainment of a quantitative drug release to the
large intestine. These drawbacks could partially be overcome by an increase in the drug
dose, although safety and cost-effectiveness aspects would need to be taken into
account. The risk of failure of a colon delivery system is even larger when the biological
parameter the formulation relies on is altered by pathological conditions, which is
usually the case when a local therapeutic goal is pursued.

In this respect, multiple-unit formulations, generating a number of independent
coated subunits upon intake, may to a lesser extent be influenced by this variability and,
therefore, could improve the performance consistency. Besides, their slower transit
along the colon as compared with single units may aid a complete release of the drug to
the target site, and the relevant size would enhance contact with intestinal aqueous fluid
that has been found to form isolated pockets of very limited volume rather than a
continuous milieu [143-145]. Moreover, innovative formulation designs based on a
combination of two or more targeting mechanisms may reasonably offer, versus simpler

strategies relying on each single mechanism, better chances of colonic release.
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Figure Captions

Figure 1. Outline of film formation by spray coating (nebulization of

solutions/suspensions) or by melt coating (nebulization of molten materials).

Figure 2. Outline of film formation by dry powder coating (without liquids) or by

liquid-assisted powder coating (with liquid plasticizers or binders nebulized). (Adapted

with permission from [9])

Figure 3. Fluid bed coaters: A, top-spray; B, bottom-spray; C, tangential-spray.

(Courtesy of Glatt GmbH)

Figure 4. Non-perforated coating pan for pellet processing.

(Courtesy of IMA SpA)
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Table 1. Pellets with enzymatically degradable coatings: formulation and processing details

Reference Pelletization technique Pellet size Active ingredient  Pelletization equipment  Functional excipients &)cg?ggolsgid) Coating equipment
[45,46] Ahmed IS et al 2005, Extrusion/spheronization 1000-2000 um 5-ASA or Radial screen extruder and  Pectin and EC (different 12-55% w.g. Fluid bed coater
2011 paracetamol spheronizer ratios)
[47-49] Fan LF et al 2008, He Extrusion/spheronization 800-1000 um  5-FU Spherical pellet granulator  Pectin and EC (1:2.5 or 18-22% w.g. Fluid bed coater
W et al 2008 or extruder and spheronizer 1:3.5 w/w)
[50] Bose A et al 2014 Extrusion/spheronization  710-1000 um  5-FU Sieve extruder and spheronizer - Pectin and EC (3:8 w/w) - -
[51] Semdé R etal 2000  Extrusion/spheronization 960-1400 um  Theophylline - Pectin HM or calcium 19% w.g. Fluid bed coater
pectinate and EC, Eudragit (Bottom-spray)
NE or Eudragit RS
[52] Semdé R etal 2000  Extrusion/spheronization 960-1400 um  Theophylline - Pectin HM/Eudragit RL 20% w.g. Fluid bed coater
polyelectrolyte complexes (Bottom-spray)
and Eudragit NE
[54] Ghaffari A etal 2008 Extrusion/spheronization 710-840 pm Theophylline Extruder and spheronizer  Pectin, chitosan and 20% w.g. Fluid bed coater
Eudragit RS (Bottom-spray)
[55,56] Hiorth M et al. 2006, Extrusion/spheronization 700-1700 um  Riboflavin Radial screen extruder and  Pectin HM or alginate and - Immersion coating
2010 spheronizer chitosan
[57] Cui F et al 2007 Extrusion/spheronization 800-1200 pm  5-ASA Extruder and spheronizer ~ Calcium pectinate in cores; Inner coating 12% Fluid bed coater
inner coating pectin and w.g.; intermediate (Bottom-spray)
high-viscosity HPMC (4:1 coating 10% w.g.;
w/w); intermediate coating outer coating 30%
EC; outer coating Eudragit
L
[58] Sureshkumar R etal  Extrusion/spheronization 1185 pum Curcumin Roller extruder and Pectin and hgh-viscosity - Coating pan
2009 spheronizer HPMC (1:3 w/w)
[60] Shimono N et al 2003 Powder layering 1062 +31 ym  Paracetamol Centrifugal fluidizing Inner coating chitosan and  Inner coating 138 Centrifugal fluidizing
granulator Eudragit RS (2:1 w/w); pm granulator
outer coating Eudragit L
[61] Kaur K and Kim K Suspension layering 840-1000 um  Prednisolone Fluid bed coater Inner coating Eudragit RS inner coating 10%  Fluid bed coater
2009 and Eudragit RL (4:1 w.g.; intermediate
w/w); intermediate coating coating 20% w.g.;
chitosan, organic acid, outer coating 20%
Eudragit RS and Eudragit ~ w.g.
RL,; outer coating Eudragit
L100
[62] He W et al 2010 Extrusion/spheronization 800-1000 um  5-ASA - Chitosan and PVA (1:2-1:4 15% and 25% w.g.  Fluid bed coater

w/w)
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[63]

[64]

[65,66]

[67]

[69-75]

[77-80]

[84-87]

(88]

[90]

[91,92]

[93,94]

Omwancha WS et al
2013

RabiScova M et al.
2012

Ji C et al 2007, 2009

Varshosaz J et al
2012

Milojevic S et al
1996, Cummings JH

et al 1996, Siew LF et

al 2000, McConnell
EL et al 2008, Basit
AW et al 2009
Freire C et al 2009,
2010

Karrout Y et al 2009,
2010, 2011

PuHetal 2011

Saffran M et al 1986

Kimura Y et al 1992,
Yamaoka T et al
2000

Tozaki H et al 1999,
2001

Extrusion/spheronization

Extrusion/spheronization

Suspension layering

Extrusion/spheronization

Extrusion/spheronization

Extrusion/spheronization
Extrusion/spheronization

or solution layering

Extrusion/spheronization

Manual dipping

Powder layering

Powder layering

840-1410 pm

500-1000 pm

710-850 pm
(starting seeds)

840-1000 pm

1000-1700 pm

1000-1400 pm

700-1000 pm
(starting seeds)

270-550 pm

1x3 mm

1500-2000 pm
or 5000 pum

1000-1200 pm

5-ASA

Rutin

Indomethacin or
5-FU

Budesonide

13C-labelled
glucose, 5-ASA or
theophylline

5-ASA

5-ASA or
theophylline

5-ASA, BSA,
HGPF or insulin

Insulin

ONO-3708, OKY-
046 or FOY-305
(drugs for
pancreatitis)
Budesonide, insulin
or (Asu
1,7)calcitonin

Twin screw extruder and
spheronizer

Single screw extruder and
spheronizer

Fluid bed coater

Radial screen extruder and
spheronizer

Ram extruder and
spheronizer

Radial screen extruder and
spheronizer

Cylinder extruder and

spheronizer or fluid bed
coater (bottom-spray)

Single screw extruder and
spheronizer

Centrifugal fluidizing
granulator

Centrifugal pelletizer

Chitosan and EC (1:11.5
wiw)

Sodium alginate and
chitosan (95:5 wi/w)

Inner coating guar gum;
outer coating Eudragit FS

Inner coating xanthan gum;
intermediate coating
Eudragit NE and Eudragit
L (7:3 w/w); outer coating
Eudragit FS

Amylose and EC (1:1-1:4
w/w)

High amylose starch
(Hylon VI1I) and EC (1:2
w/w)

Starch or starch derivatives
(Nutriose FB, Nutriose
100% fibers, Eurylon 6
HP-PG or peas starch) and
EC (1:2-1:5 wiw)

Starch acetate

Azoaromatic polymer

Segmented azoaromatic
polyurethanes

Segmented azoaromatic
polyurethanes

60% w.g.

18% w.g.

Inner coating 44%
or 580% w.g.; outer
coating 30% w.g.
Inner coating 12%
w.g.; intermediate
coating 30% w.g.;
outer coating 25%
w.g.

5-20% w.g.

45 um

15-20% w.g.

7% w.g.

10-20 pm

10-20 pm

Fluid bed coater
(Bottom-spray)

Fluid bed coater

Fluid bed coater
(Bottom-spray)

Fluid bed coater (Top-
spray)

Fluid bed coater

Fluid bed coater
(Bottom-spray)

Fluid bed coater
(Bottom-spray)

Fluid bed coater
(Bottom-spray)

Manual dipping

Coating pan

Coating pan
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Table 2. Pellets with pH-sensitive coatings: formulation and processing details

Reference Pelletization technique  Pellet size AC'[IVE. Pelletization equipment  Functional excipients Coating level Coating equipment
ingredient (best proposed)
[96] Klokkers-Bethke K Suspension layering - Diltiazem Fluid bed coater or coating  Inner coating Eudragit S; - Fluid bed coater or
and Fischer W 1991 hydrochloride pan intermediate coating coating pan
succinic acid; outer coating
EC
[97] Tuleu C et al 2001 Extrusion/spheronization ~ 710-1000 pm Sodium butyrate - Eudragit L and EudragitS 60 mg/cm? Fluid bed coater
(2:1 wiw) (Bottom-spray)
[98,99] Akhgari A et al 2005, Suspension layering 850-1180 pm Indomethacin Fluid bed coater Eudragit S and Eudragit L~ 20% w.g. (Eudragit Fluid bed coater
2006 (starting seeds) (Bottom-spray) (80:20) or Eudragit RS, S/Eudragit L (Bottom-spray)
Eudragit S and Eudragit L coating) or 10%
(20:64:16) w.g. (Eudragit
RS/Eudragit
S/Eudragit L
coating)
[100] Chuong M et al 2009  Extrusion/spheronization < 12 mesh 5-ASA Radial screen extruder and  Eudragit S 30% w.g. Fluid bed coater
spheronizer (Bottom-spray)
[101] Nguyen C etal 2012  Extrusion/spheronization ~ 1190-2360 um  5-ASA Radial screen extruder and  Eudragit S 25% w.g. Fluid bed coater
spheronizer (Bottom-spray)
[102] Xu M etal 2014 Extrusion/spheronization ~ 600-800 pm 5-ASA Single screw extruder and  Inner coating EC; outer Inner coating 18%  Fluid bed coater
spheronizer coating Eudragit S Ww.g.; outer coating  (Bottom-spray)
28% w.g.
[103] Kadam VD and Suspension layering 150-300 mesh ~ Theophylline Fluid bed coater (Bottom-  Eudragit S and Eudragit 12% w.g. Fluid bed coater
Gattani SG 2010 (starting seeds) spray) RL (ratio 1:4 w/w) (Bottom-spray)
[105] Varum FJO et al Extrusion/spheronization ~ 1000-1400 um  Prednisolone Ram extruder and Inner coating partially Inner coating 5 Fluid bed coater
2011 spheronizer neutralized Eudragit; outer mg/cm?; outer (Bottom-spray)
coating Eudragit S coating 5 mg/cm?
[106] Rudolph MW et al Extrusion/spheronization ~ 800-1250 pm 5-ASA Hollow cylinder extruder ~ Eudragit FS 55 um Fluid bed coater (Top-
2001 and spheronizer spray)
[107,108] Gupta VK etal 2001 Powder layering 800-1000 pm 5-ASA Coating pan Inner coating Eudragit RL  Inner coating 2-8%  Fluid bed coater
and Eudragit RS (1:4); w.g.; outer coating  (Top-spray)
outer coating Eudragit FS  20% w.g.
[109] Bott C et al 2004 Extrusion/spheronization ~ 800-1250 pm Caffeine Hollow cylinder extruder Inner coating Eudragit RL - Fluid bed coater

and spheronizer

and Eudragit RS; outer
coating Eudragit FS
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[110]

[111]

[112]

[113]

[114,115]

[24,116]

[117]

Patel NV et al 2011

Kulthe SS et al 2013

Gao C et al 2006

Ferrari PC et al 2013

Marvola M et al
1999, Nykénen P et
al 1999

Leopold CS and

Eikeler D 1998, 2000

Varshosaz J et al

2012

Powder layering

Extrusion/spheronization

Solution layering

Extrusion/spheronization

Sieve granulation

Tableting

Extrusion/spheronization

800-1000 pm
875180 um
710-850 um
(starting seeds)

962+193 pm

1000-1700 pm

minitablets 3
mm diameter,
2.5 mm height

840-1000 pm

Budesonide

5-FU

Meloxicam

Metronidazole

Ibuprofen or
furosemide

Dexamethasone

Budesonide

Coating pan

Radial screen extruder and
spheronizer

Fluid bed coater

Radial screen extruder and

spheronizer

Sieve granulator

Single-punch press

Radial screen extruder and
spheronizer

Inner coating Eudragit RL
and Eudragit RS; outer

coating Eudragit FS

Inner coating Eudragit NE;
outer coating Eudragit FS

Inner coating HPMC; outer

coating Eudragit FS

Inner coating Kollicoat SR;
outer coating Kollicoat

MAE

Eudragit S, Eudragit L or
HPMCAS and organic
acids (optional) in cores;
coating HPMCAS or CAP
Carbopol 934 in cores
(optional); inner coating
Eudragit E; intermediate
coating HPC; outer coating

HPMCAS

Citric acid in cores; inner

coating HPMC;
intermediate coating

Eudragit; outer coating

Eudragit HPMCAS

Inner coating 2-8%
w.g.; outer coating
10-30% w.g.

Inner coating 15%
w.g.; outer coating
15% w.g.

15% w.g.

20% w.g.

Inner coating 140-
350 pum;
intermediate
coating 30 pm;
outer coating 35 pm
Inner coating 6%
w.g.; intermediate
coating 30% w.g.;
outer coating 15%
w.g.

Fluid bed coater
Fluid bed coater
(Bottom-spray)

Fluid bed coater

Fluid bed coater

Fluid bed coater
(Bottom-spray)

Coating pan

Fluid bed coater (Top-

spray)
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Table 3. Pellets with time-dependent coatings: formulation and processing details

Reference Pelletization technique Pellet size AC'[IVE. Pelletization equipment  Functional excipients Coating level Coating equipment
ingredient (best proposed)
[120-125] Ueda S et al 1994, Powder layering 3.2mm Metoprolol Centrifugal fluidizing Inner coating L-HPC; outer Inner coating 180-  Centrifugal fluidizing
Hata T et al 1994, diameter tartrate, granulator coating EC 240 pum; outer granulator (inner
Murata S et al 1998 (polystyrene metoclopramide coating 20-53 um coating); fluid bed coater
beads) or 350-  HClI, tiapride (outer coating)
500 um HClI, diclofenac
(starting seeds)  sodium,
nilvadipine,
vasodilator
FK409,
diclofenac
sodium or
placebo
[126,127] Mohamad A and Solution or suspension 355-500 pm Propranolol HCI,  Fluid bed coater Inner coating Inner coating 26- Fluid bed coater
Dashevsky A 2006,  layering (starting seeds)  theophylline or croscarmellose sodium, 48% w.g.; outer
2007 paracetamol sodium starch glycolate or  coating 30-35%
L-HPC; outer coating EC ~ w.g.
[128] Liu Y et al 2009 Extrusion/spheronization 20-24 mesh Isosorbide 5- Extruder and spheronizer Inner coating Inner coating 20%  Fluid bed coater
mononitrate croscarmellose sodium or ~ w.g.; outer coating
L-HPC; outer coating EC 16% w.g.
[129] Yadav D etal 2011 Extrusion/spheronization 600-900 pm Glipzide Radial screen extruder and  Inner coating HPMC; outer  Inner coating 5% Fluid bed coater
spheronizer coating EC w.g.; outer coating  (Bottom-spray)
10% w.g.
[130,131] Schultz P and Extrusion/spheronization  710-1400 pm Paracetamol Twin-screw extruder and Sodium chloride in cores;  >2 mg/cm? Fluid bed coater
Kleinebudde P 1997, spheronizer coating cellulose acetate
Schultz P et al 1997
[132,133] Maroni Aetal 2013, Tableting minitablets 2.5  Paracetamol Rotary tablet press Inner coating HPMC; outer  Inner coating 250 Fluid bed coater (Inner
2014 mm diameter, 2 coating Eudragit NE and p1m; outer coating coating tangential-spray;
mm height Explotab V17 20-30 pm outer coating bottom-
spray)
[139-141] Narisawa S et al Powder layering 24-32 mesh Theophylline, Centrifugal fluidizing Succinic acid in cores; 10-70% w.g. Centrifugal fluidizing
1994, 1995, 1996 (starting seeds)  paracetamol or granulator coating Eudragit RS granulator or fluid bed
propranolol HCI coater
[142] Kao CC et al 1997 Solution layering 710-850 pm Diltiazem HCI Fluid bed coater Eudragit RS 5-12.5% w.g. Fluid bed coater

(starting seeds)

(Bottom-spray)

(Bottom-spray)
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Figure 1. Outline of film formation by spray coating (nebulization of solutions/suspensions) or by melt coating (nebulization of molten materials).

Droplet formation
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A o by cooling (melt coating)
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Figure 2. Outline of film formation by dry powder coating (without liquids) or by liquid-assisted powder coating (with liquid plasticizers or binders
nebulized).

(Adapted with permission from [9])
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Figure 3. Fluid bed coaters: A, top-spray; B, bottom-spray; C, tangential-spray.

(Courtesy of Glatt GmbH)
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Figure 4. Non-perforated coating pan for pellet processing.

(Courtesy of IMA SpA)
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