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Summary

The physiology of the gastrointestinal tract presents serious barriers and challenges to oral
drug delivery. The wide intra- and intersubject variability of gastrointestinal transit time is an
important factor that can have a significant influence on drug bioavailability. Mucoadhesive
formulations can increase and harmonize the passage time through the gastrointestinal tract,
with the potential benefit of more reproducible drug bioavailability. This effect can be
enhanced by using multiparticulate drug delivery system instead of single-unit dosage forms
as the gastrointestinal transit of the formers is more reproducible and predictable. Delivery of
such mucoadhesive multiparticulates to the colon can be of great benefit for local treatment of
colonic diseases, such as Clostridium difficile infections, inflammatory bowel diseases (IBD)
and colon cancer. However, so far no in vivo data on the usefulness of oral mucoadhesive
formulations in the human proximal colon are available. Therefore, the aim of the work
presented in this thesis was to develop a novel formulation platform for delivery of
mucoadhesive multiparticulates to the colon for the treatment of Clostridium difficile
infections. In the scope of the overall project a a proof-of-concept Phase 1 study was aimed
therefore a formulation and manufacturing method based on standardized pharmaceutical
processes was envisaged.

Functionalized calcium carbonate (FCC, Omyapharm) porous microcarriers were selected as
an alternative size range to nanoparticles and pellets. Drug loading of various substances into
FCC was carried out on the principle of solvent evaporation and crystallization. The rotary-
evaporation and fluidized-bed processes were feasible to achieve high drug loads up to 40%
(w/w). Loaded metronidazole benzoate (MBZ) and nifedipine as model drugs for poor
aqueous solubility showed increased dissolution rates compared to drug crystals due to
enlarged surface area of the loaded drug onto the FCC particles.

Mucoadhesive coating of drug-loaded FCC microparticles was achieved with the cationic
polymer chitosan using either a pH-dependent precipitation method, or a spray-coating method
in the fluidized-bed process. To test the chitosan-coated microparticles for mucoadhesivity, an
in vitro method to measure particle retention on porcine colonic mucosa (as model of the
human colonic mucosa) was developed. This included the design of a flow-channel device and
the validation of marker-ion analysis for quantification of detached microparticles.




Optimized formulations containing MBZ as model drug for local treatment of colonic diseases
(Clostridium difficile infections) prepared using the fluidized-bed process, resulted in good in
vitro particle retention. To serve as control, non-mucoadhesive microparticles containing
ethylcellulose were developed. These mucoadhesive and non-mucoadhesive microparticles
filled into colonic-targeted hard-shell capsules (Tillotts Pharma innovation, outside the scope
of the thesis) will be used in a gamma scintigraphy study for a proof-of-concept of
mucoadhesion in the human colon as a strategy to increase residence time.




1 Introduction

1.1 Drug delivery via the oral route

Oral intake of a medicine is the most convenient way of drug administration, and the
development of an oral dosage form should be the primary goal to ensure a high patient
compliance [1]. The small intestine with its enlarged surface area by microvilli still presents
the preferred site of drug absorption, but not all drugs are suited for oral administration due to
issues of absorption, metabolism, or stability in the gastrointestinal tract potentially resulting
in insufficient bioavailability of the drug [2].

The formulation of poorly water-soluble drugs still presents one of the major challenges in
pharmaceutical development. Such drugs are prone to dissolve incompletely in the limited
volume of intestinal fluids. The solubility-limited drug concentrations in the intestinal lumen
can lead to low absorption rates, leading to an overall low bioavailability. Especially, class Il
and IV drugs of the Biopharmaceutics Classification System (BCS), the latter which are
additionally characterized by low permeability through the endothelial membranes, require
special formulation strategies. For example solid dispersions [3], lipid formulations [4], or
carrier-based formulations in the nano- and microscale can help to reach temporarily increased
drug concentrations [5]. The high intra- and interindividual variability of intestinal motility
and gastrointestinal residence time presents a serious challenge regarding drug absorption
conformity [6]. Mucoadhesive drug delivery systems have gained a lot of attention in the last
two decades due to the potential to increase and harmonize gastrointestinal transit time and
therefore improve overall drug bioavailability [7].

Local treatment of diseases related to the gastrointestinal tract presents a special application in
oral drug delivery. The rationale is to deliver the drug directly to the site of action without
being absorbed (or with reduced absorption) and distributed systemically via the blood stream.
For example, gastro-retentive drug delivery systems were developed to eradicate Helicobacter
pylori in the stomach [8,9]. A lot of effort has been undertaken to enable local therapy in the
large intestine, and as a result, various coating technologies which dissolve or disintegrate in
the distal small intestine or proximal colon have been developed and several medical products
are in the market (e.g. Asacol®, Salofalk®, Ipocol®, Entocort®, and Budenofalk®)

The combination of mucoadhesive and colonic-delivery strategies has great potential to
improve the efficacy in treatment of colonic diseases such as inflammatory bowel diseases
(IBD), Clostridium difficile infections, and colon cancer. and serve as well for systemic
absorption of drugs which are extensively metabolized in the proximal small intestine (e.g.
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peptides) [7,10] or which are substrate to efflux transporters having lower expression levels in
the colon than in the jejunum and ileum [11].. However, this combinatory approach requires
more research. To cover the scope of this project, a theoretical background on mucoadhesion
and colonic drug delivery is given in this introductory Chapter 1.

1.2 Mucoadhesion

Bioadhesion can be defined as the binding of two materials for an extended period of time,
provided that at least one of the materials is of biological nature. In terms of drug delivery,
mucoadhesion explicitly describes the attachment of a drug carrier system to the mucus
layer[12]. The high interest in mucoadhesive formulations is not only due to increased
residence timewithin a particular region of the gut, but also due to the potential for systemic
drug delivery via other mucosal membranes by allowing an intimate contact with the mucosa,
such as buccal and nasal mucosa, circumventing the first-pass effect and allowing a more
precise dosing [13,14]. The pioneer work of Nagai et al. [15,16] included the development of
a nasal insulin delivery system, which showed remarkable bioavailability in beagle dogs, and
definitively demonstrated the great potential of mucoadhesive dosage forms. The development
of mucoadhesive formulations could also optimize localized therapy of diseases related to the
mucosal membranes, since the drug carrier can be brought into close contact with the diseased
tissue. Most marketed products are buccal and vaginal drug delivery systems as they have the
advantage of direct accessibility at the site of administration [17]. For example, Buccastem®
is a buccal bioadhesive tablet containing prochlorperazine maleate against nausea [18], and
many bioadhesives vaginal gels containing the contraceptive drug nonoxynol-9 (spermicide)
are available in the US and Canada. However, so far no clinical trials have been performed to
investigate mucoadhesion in the human large intestine after oral-administration of colonic
drug delivery systems. This Chapter 1.2 outlines the challenging aspects of mucoadhesion in
the gastrointestinal tract.

1.2.1 The gastrointestinal mucus layer

The function of the mucosal membrane is to protect the underlying epithelial cells and
maintain them under moist conditions. The role of the gastrointestinal mucus is rather delicate,
as it must be permeable enough for nutrition purposes, and at the same time allowing an
efficient protection against mechanical damage during digestion of food due to the viscoelastic
properties of the hydrated mucin molecules acting as a lubricant [19]. The mucus layer
provides a stable micro-pH environment via bicarbonate secretion and also acts as an effective
diffusion barrier between the lumen and the epithelial cells to protect it against chemical
degradation from gastric pH, digestive enzymes, and xenobiotics [20—22]. The mucus layer is
also an effective diffusion barrier against bacteria and other pathogens, and the impairment of
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the mucus layer is an important pathological cause for inflammation [23]. Since the large
intestine shows the highest colonization density of bacteria [24], chronic inflammations of the
colon (colitis) have higher prevalence compared to inflammations in other sections of the
gastrointestinal tract [25]. A total of 10'* bacteria are estimated to be in the human gut (10*
per gram of feces) [23]. To put this into context, our body consists of 10'* human cells [26].

Johannson et al. [27] showed evidence that the mucus layer is built up by a firmly attached
inner mucus layer and a loose outer layer. It was observed that only the outer mucus layer is
colonized, whereas the inner layer is impervious to the normal bacterial flora [28]. Due to the
dynamic balance between mucus secretion and erosion, the mucus layer is constantly renewed,
and the time required for complete renewal of the mucus layer is defined as the mucus
turnover rate. Mucus turnover rate in rats was estimated in vivo using an invasive method
inapplicable to humans [29]. The authors suggested that mucus turnover rate in humans might
be close to the five hours measured in rats, and that the residence time of mucoadhesive
dosage forms is then limited to the mucus gel turnover.

Mucus thickness plays a governing role in terms of mucoadhesivity [30], but literature
reportinghuman gastrointestinal mucus thickness is contradictory and diverges among the
different in vitro and in vivo measurement methods. The modified staining of cryostat cross-
sections is superior to other in vitro methods, since the physiological conditions of the mucus
are maintained [31,32]. Mucus thickness was measured in the stomach (144 = 52 pm), small
intestine (15.5 um, no S.D.), cecum (23.1 = 16 um), transverse colon (31.2 + 29 um), and
distal colon (45.7 £ 38 um). Atuma et al. [33] reported an in vivo method for the determination
of mucus thickness in rats, taking into account the presence of the two different adherent
mucus layers. In contradiction to previous studies, mucus thickness was found to be highest in
the colon. The loose mucus layer had a thickness of 714 + 109 um, and the firmly adherent
mucus layer was 116 £ 51 um in thickness. These findings could be extrapolated to humans,
suggesting that the thickness of the mucus layer is higher in humans than in rats. In summary,
mucus thickness in the human gastrointestinal tract ranges between 15 — 800 um. However, a
strong variation has to be considered between different gastrointestinal sections, individuals,
and measurement methods. Especially in a diseased state of thegastrointestinal tract, such as
ulcerative colitis and Crohn’s disease, the mucus thickness was found to vary significantly
[34].

To understand the mechanisms of mucoadhesion, it is important to know the chemical and
structural composition of the mucus layers. Besides lipids and inorganic salts, the mucins are
the key components of the mucus, which can bind up to 95% of water. [19,35]. Mucins are
high-molecular-weight glycoproteins (0.5-40 x 10° Da). They are composed of a protein core
with attached oligosaccharide branches (2-20 sugar residues). A schematic presentation of a
mucin glycoprotein is shown in Fig. 1.1. The sugar residues of the oligosaccharide branches
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are composed of galactose, fucose, N-acetylglucosamine, N-acetylgalactosamine, or
N-acetylneuraminic acid [35,36]. The sugar residues are attached to distinct amino acids of the
protein core controlled by different glycosyltransferase enzymes in the goblet cells [37]. The
main bonding types are the N-linked (on asparagine) and O-linked glycosylation (on serine
and threonine), from which the latter is more abundant in the human gastrointestinal mucus
layer. Depending on the expression level of the core protein (i.e. MUC-1, MUC-2, MUC-3,
MUC-13) and glycosyltransferases, different glycosylation products are obtained, resulting in
a characteristic glycosylation pattern along the gastrointestinal tract [38]. Important functional
groups are the sialic acids and the sulphonate esters, giving an overall negative charge to the
intestinal mucus layer [35]. However, the presence of poly-O-acetylated sialic acid in colonic
mucins gives these molecules a hydrophobic character and resistance to bacterial enzymatic
degradation [39,40]. Intramolecular crosslinking of mucins by disulfide bridges builds up the
flat and sheet-like mucin network and the interactions with transmembrane mucins are
important for the firmly attached inner mucus layer [41]. At the same time, the creation of
large networks makes the mucin insoluble in water and enhances the viscoelastic properties of
the outer mucus gel layer [42].
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Fig. 1.1: Schematic structure of mucin (adapted from [43])

1.2.2 Mucoadhesive polymers

Most of the excipients used for mucoadhesive functionalization of a dosage form are of a
polymeric nature. They usually have hydrophilic functional groups, e.g. carboxylic acids,
enabling the formation of H-bonds with the mucin molecules. Examples of COOH-rich
polymers with good mucoadhesive properties are poly acrylic acids (Carbopol®) or
carboxymethyl cellulose [44]. Other cellulose derivatives such as ethylhydroxyethyl cellulose
[45], hydroxypropylmethyl cellulose and hydroxypropyl cellulose [46] were also reported to
be mucoadhesive.

One of the most investigated polymers with excellent mucoadhesive properties is chitosan
[47-50], a biodegradable and biocompatible cationic amino polysaccharide obtained by partial
deacetylation of chitin [51]. The mechanisms involved in the mucoadhesion of chitosan were
elucidated by Sogias et al. [52] in a systematic study by “switching off” the contributing
functional groups and investigating their influence on adhesive interactions. The authors
concluded that the attractive interactions between chitosan and mucin are based on multiple
adhesive mechanisms, such as electrostatic attraction, hydrogen bonding, and hydrophobic
effects, with a major contribution from electrostatic interactions due to the cationic nature of
chitosan.

Recent advances in mucoadhesive materials led to a second generation of bioadhesives. For
example, thiolated polymers, the so called “thiomers”, can make covalent disulfide bonds with
cysteines which are components of the mucin protein core [53]. Therefore, thiomers can target
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the mucus layer with high binding strength. The intellectual property of thiomer innovations
belong to the start-up company ThioMatrix GmbH.

Lectins are proteins or glycoproteins and also belong to the second generation of bioadhesives.
They recognize the receptor-like structures of the cell membranes and bind with high
specificity (cytoadhesion). Since lectins do not bind to the mucus layer, they were suggested to
present an effective strategy to increase the residence time on mucosal tissues without being
affected by the mucus turnover [54].

1.2.3 Theories of mucoadhesion

Mucoadhesion is a complex physicochemical process and more than one mechanism is
involved. A number of general theories from surface science describing the phenomenon of
adhesion were adapted to explain the mechanisms of mucoadhesion, namely the adsorption
theory, electronic theory, wetting theory, diffusion theory, mechanical theory, and the fracture
theory, which were well described elsewhere [55].

Adhesive interactions based on the adsorption theory are considered to be the major
contribution to mucoadhesion. It describes the attraction between the mucins and
mucoadhesive polymers on the basis of specific molecular interactions such as ionic bonding,
hydrogen bonding, and van der Waals’ forces. Hydrophobic effects can occur when the
mucoadhesive polymers have an amphiphilic nature. Non-covalent and non-ionic bonds are in
general low, but the net result leads to a strong interaction between mucins and polymers.
Electrostatic forces are important for cationic polymers, such as chitosan, due to the ionic
interactions with the negatively charged mucins. The chemisorption theory is a subsection of
the adsorption theory, and includes the creation of strong covalent bonds as in case of
thiomers.

In reality, it is impossible to determine the contributions of different adhesive mechanisms to
the overall adhesive strength. Mucoadhesion can be described as a process of consecutive
steps which are based on different mechanisms [12,55] as shown in Fig. 1.2. In a first phase
(contact stage), the dosage form binds water molecules and swells (wetting theory) facilitating
intimate contact with the mucosa. In a second phase (consolidation stage), non-covalent bonds
are created (electronic and adsorption theory) and polymer chains interpenetrate into the
mucin network (diffusion theory) strengthening the adhesive bond.
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Fig. 1.2: Contact and consolidation stage of the mucoadhesion process [10,49]

1.2.4 Mucoadhesive drug delivery systems

The extensive research in the field of mucoadhesion led to the development of drug delivery
systems directed to practically all possible mucosal tissues, such as the nasal [14], buccal [56],
ocular [57], vaginal [58], gastric [59], small intestinal [60], and colonic mucosa [61].
Mucoadhesive drug delivery systems are solid or semi-solid dosage forms, i.e. tablets,
multiparticulates, patches, films, or gels, depending on the site of administration. For example
in buccal delivery, mucoadhesive films were described as highly suitable dosage forms due to
the flexibility and comfort [56]. But also gels were produced for buccal delivery, such as
ORABASE®, a mucoadhesive paste which protects sore areas in the mouth. Tablets are by far
the most developed and investigated mucoadhesive dosage forms, but current market products
(e.g. Aftach) are still limited [62].

For gastrointestinal delivery, multiparticulates are favorable compared to single-unit dosage
forms due to better distribution along the intestinal wall, and the increased total surface area
available for adhesive bonds. Furthermore, the gastrointestinal transit of multiparticulate
formulations is less variable than single-units, and transit through the large intestine is slower
due to a sieving effect, with monolithic dosage forms moving faster [63,64]. Therefore,
considerable amount of work has been carried out on the development of mucoadhesive
nanoparticles [65-67], microparticles [68—71], and pellets in the millimeter range [61,72].
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1.2.5 Invitro methods to study mucoadhesion

In vitro test methods were extensively applied to identify new candidates of mucoadhesive
polymers, and to evaluate the mucoadhesive potential of newly developed formulations. The
many available techniques can be categorized into direct and indirect methods [73]. Direct
methods either measure the force to break a mucoadhesive bond (e. g. tensile detachment [74],
atomic force microscopy [75]), or the time a mucoadhesive dosage form can remain on a
mucosal surface when exposed to drag forces of a flow (e.g. flow detachment [76], rotating
cylinder method [77]). For these experiments, usually animal mucosal tissues are used.
Alternatively, artificial substrates can also be applied with the aim of improving the
reproducibility of the results [78]. Indirect methods investigate parameters which are related to
mucoadhesive properties. For example, the molecular interactions between polymer and
mucins can be measured by rheological measurements [79].

In tensile detachment methods, modified balances or tensile testers are typically used to
measure the adhesive bond between the polymers and the mucosal tissue. Many research
groups adopted and modified the method which was first described by Ch’ng et al. in 1985
[74]. The easy sample preparation, the short run time of the experiment, and the high detection
sensitivity are advantages which made the tensile test the most applied method in the research
of mucoadhesive polymers. The instrument setup should control either the force to be applied
or the speed of detachment in order to record a detachment profile. The profile gives
information about the change in the force applied as a function of the distance between the
polymer sample and the substrate. Earlier studies only reported the maximal force required to
detach the mucoadhesive dosage form from the mucosal tissue [74,80-82]. Later, the total
work of adhesion was introduced to describe the whole process of detachment, which is
simply the area under the curve in the detachment profile [83]. It was suggested that not only
the adhesiveness between polymers and mucins, but also their deformation and mechanical
properties make a contribution to the complex detachment process [12].

The principle of the flow-detachment method is to measure mucoadhesion based on the
resistance to a flow and was first described by Rao and Buri [84][77] as shown in Fig. 1.3.
This method was later adapted by other researchers and alternative techniques were reported,
namely the falling liquid film method [68], continuous-flow adhesion cell [85], retention
model apparatus [76], and particle-retention assay [86]. Since mucoadhesive formulations aim
to prolong mucosal residence time, the results of such experiments are mostly given in
retained percentage of the initially applied formulation, after a defined period of time. Flow
detachment assays were preferably applied to investigate bioadhesion of microparticles
[68,84,87-91] and polymer solutions [85,92-94] for drug delivery to the gastrointestinal
mucosa. These methods also found application for the evaluation of nasal [95], esophageal

10



MUCOADHESION 1.2

[76] and ocular delivery systems [96]. The disadvantage of a flow-detachment method is the
need of a flow device which has to be developed in house. As a consequence, different designs
and method parameters were used, which makes it difficult to compare the results between
different research groups. Mikos and Peppas [97] were the only ones who used a closed
channel. The open channel was used in numerous variations. For example, the flow channel of
Rao and Buri [84] was semi-cylindrical and had one nozzle for inlet flow, whereas Bachelor et
al. [76] have used a flat channel with three nozzles for inlet flow for better distribution of the
medium (see Fig. 1.3).

Fig. 1.3: Schematic presentation of two different flow-channel designs reproduced from Rao
and Buri (left [84]), and Batchelor et al. (right [76]).

In the rotating cylinder method, mucoadhesive microparticles or tablets are also subject to
drag forces. However, the difference is that the mucosa covered with adhering particles is
moved relative to the medium. The mucosal tissue is mounted around a basket commonly used
in USP | dissolution studies, and the mucoadhesive formulation is applied on the substrate. In
case of tablets or test discs, the time of adhesion is measured [77], whereas for microparticles
the percentage of remaining particles is determined after a specified time [98].

With the rheological approach it is possible to investigate the interactions of polymeric gels
with the mucin glycoprotein, since interpenetration of the two polymers can be detected by the
change of the rheological properties [99]. In general, the mixture of a hydrated mucoadhesive

11
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polymer and mucin shows increased viscosity when determined experimentally in comparison
to the theoretical cumulative viscosity calculated from the individual components. This
increased viscosity is due to the molecular interactions, which can be based on chain
interlocking, conformational changes, and chemical interaction. Therefore, the relative change
in viscosity of the solution, also described as rheological synergism of mucus and polymer,
can be used as an indirect quantification of mucoadhesion [79,100].

1.2.6 Invivo methods to study mucoadhesion

In vivo methods were applied to evaluate the usefulness of mucoadhesive formulations under
physiological conditions. In vitro tests are often performed under standardized conditions, and
do not resemble the complex environment of the gastrointestinal lumen and mucosa
Especially, in case of mucoadhesive formulations intended for gastrointestinal delivery,
factors like volume of fluid available, bowel movement, enzymatic activity, and the presence
of food contents are in general difficult to simulate.

In vivo studies with mucoadhesive microparticles can be performed in animals, preferably
fasted rats, by oral administration of a known number of microparticles and subsequent
dissection of the different intestinal segments [101]. The percentage of the recovered
microparticles at different time points and segments can be used to estimate the
gastrointestinal transit time of mucoadhesive formulations in comparison to non-
mucoadhesive control. To improve the reliability of the quantification method, mucoadhesive
microparticles were fluorescently labelled, and the number of particles in the different
segments quantified using a fluorescence microscope. Chickering et al. [102] have used
radiopaque barium to label mucoadhesive microspheres. After oral administration, the feces of
the rats were collected by a custom-built sampling robot at pre-defined time intervals. The
gastrointestinal lumen and the collected samples were X-rayed and analyzed for particle
content.

The gamma-scintigraphy technique is a powerful tool to visually track in vivo the fate of orally
administered dosage forms throughout the gastrointestinal tract [103,104]. Such clinical trials
in humans were also performed for investigation of gastrointestinal transit time of
mucoadhesive formulations [105-107]. The principle in gamma-scintigraphy studies is to
incorporate a suitable gamma-emitting radioisotope, such as technetium-99m, indium-111, or
samarium-153. The radioisotopes can be generated from stable nuclides, such as samarium-
152, using neutron activation, which is done in a nuclear reactor by bombardment with
neutrons. This means that the preparation of the pharmaceutical dosage form can be conducted
with a non-activated marker. However, the high energies during neutron activation can lead to
crosslinking or degradation of polymers and drug degradation. For these reasons, only a short
activation process is used, and the effect of neutron activation on drug release, drug content

12
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and impurities should be investigated in vitro prior to administration in vivo. After activation,
the dosage form is stored until alpha radiation is harmless, and gamma radiation has decreased
to approximately 1 MBq [108]. Gamma rays can be transferred into images using a gamma
camera. Samarium-153 is of major clinical relevance, since the relatively short half-life of
46.3 h is well suited for carrying out a visualization study of gastrointestinal transit of dosage
forms over few days [109].

Bioavailability studies were also performed for indirect determination of mucoadhesion by
comparison to a non-mucoadhesive control formulation [107,110]. Ideally, sustained-release
formulations are tested containing a drug which is absorbed only in a short part of the
gastrointestinal tract in order that non-mucoadhesive formulations do not reach bioavailability
values close to 100%. A significantly increased bioavailability of the mucoadhesive
formulation can then be indirectly explained by the prolonged gastrointestinal transit time.
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1.3 Colon drug delivery

The large intestine was recognized as a potential site of drug delivery for the local treatment of
colonic diseases, as the treatment of chronic inflammatory diseases with potent substances is
often accompanied by severe systemic side effects. The main rationale for local drug delivery
is to have increased drug concentrations directly at the site of action, with the benefits of
decreasing drug doses, plasma concentrations, and adverse drug effects. Colonic drug delivery
can also be an efficient strategy to circumvent metabolic degradation by enzymes or active
efflux by transporters in the small intestine [111]. Due to the reduced proteolytic activity, the
colon has been also often pinpointed as a potential site for delivery and absorption of peptides
[10,112]. Time-delayed drug delivery systems were one of the first formulation approaches for
colonic delivery. However, due to the wide intra- and intersubject variability of
gastrointestinal transit time, these formulations lacked precision of releasing the drug in the
colon. Only when the complex environment and physiology of the large intestine was
understood in more details, colon-specific characteristics could be identified as a trigger for
drug release. As a result, more efficient formulation strategies were developed, for instance
coating technologies which are pH-responsive or degradable by the colonic microflora. In this
Chapter 1.3, the relevant background knowledge related to colon drug delivery is summarized,
and in particular, the current status of the development of multiparticulate colon drug delivery
systems was reviewed.

1.3.1 Anatomy and physiology of the large intestine

The large intestine extends from the ileocecal junction to the anus, including distinct segments
in following order: cecum, ascending colon, transverse colon, descending colon, sigmoid
colon, and rectum (see Fig. 1.4). The main functions of the large intestine are the resorption of
water and electrolytes, and retention of the solid stool until a convenient time of defecation. In
healthy humans, the chyme coming from the ileum to the colon has a mean flow rate of
1-2 liter per day. The absorptive capacity of the colon can be up to 4 liter per day, and the
residual water content in the stool is less than 10% [19]. According to the results of an MRI
study conducted by Schiller et al. [113], the fluid volume in the large intestine was highly
variable among the subjects, and also depending on food intake. In fasted state, the total
colonic fluid volume ranged from 1-44 ml (median = 8 ml), and in the fed state from 2-97 ml
(median = 18 ml).

The highly viscous feces are transported towards the rectum by very intense and prolonged
contractions, the so-called mass movements or giant migrating contractions. But also
segmental contractions to mix the intestinal content, and antiperistaltic contractions towards
the ileum to retard the movement of fecal mass are observed [114]. The large intestine has a
length of approximately 1.6 m when measured post mortem, which is much smaller than the
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small intestine (6.0-6.7 m) [115]. There are additional factors why the large intestine is
considered to be less effective for drug absorption compared to the small intestine, such as the
absence of microvilli and organic nutrient transporters, the increased thickness of the mucus
layer, and the higher viscosity of the intestinal content. The latter leads to a lower drug
diffusion coefficient, and affects negatively the mixing of the colonic content, reducing the
drug concentrations close to the epithelium[19].

Transverse
Colon

Ascending @ { Descending
Colon = _‘ Colon
Y
Cecum —
Appendix Sigmoid

Colon

lleocecal junction
ANUS ‘ Rectum

Fig. 1.4: Anatomy of the large intestine (adapted from [19]).

The gastrointestinal transit time is an important factor in the design of targeted drug delivery
systems, because it can affect disintegration time of the dosage form, or the location and
extent of drug dissolution and absorption. However, the intra- and intersubject variability of
transit time, especially through the colon, is very high [2].The mean transit time of a dosage
form through the small intestine is fairly constant, ranging from 3-4 h, in both fed and fasted
state, and regardless of the size of the dosage form [116]. Furthermore, it was reported that the
physical state of the dosage form, i.e. liquid or solid, does not affect the transit speed through
the small intestine [117]. After passage through the small intestine, the dosage form rests in
the cecum before it enters the colon for a variable period of time (0-12 h) [7], and multiple-
unit formulations were observed to regroup [118]. According to a scintigraphy study of
Abrahamsson et al. [63], the colonic transit time is different for pellets and tablets, which
ranged within 6 to 48 h, and 3.8 to 26 h, respectively. Despite the large variations for both
dosage forms and the wide overlapping time range, tablets showed a clear trend of shorter
transit time.
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The pH in the gastrointestinal tract gradually increases from the stomach to the distal small
intestine due to the bicarbonate secretion in the small intestine. The bicarbonate secretion rate
is regulated by the hormone secretin and is the highest in the duodenum providing efficient
neutralization of the gastric pH [119]. In contrast to the common belief that pH continues
rising also along the large intestine up to pH 7-8 [120], various studies have demonstrated the
opposite, that pH is highest in the terminal ileum (pH 7.5) and drops significantly in the cecum
to pH 6.4-6.0, followed by a gradual increase from the right to the left colon.[121,122] This pH
drop in the caecum is mainly due to bacterial fermentation of polysaccharides generating short
chain fatty acids (such as acetic, propionic, and butyric acid) which contribute to reduce the
pH [123,124].

The human colon is hosting up to 400 different species and subspecies of bacteria [19], and
more than 99% of the colonic microflora are obligate anaerobes [24,125]. Most anaerobic
species belong to the Bacteroides, Bifidobacteria, and Eubacteria. Other Gram-positive
bacteria present in the colon are the Enterococci, Clostridia, and Enterobacteria [126]. The
high diversity and colonization of bacteria in the colon compared to the microflora in the
stomach and the proximal small intestine stems from the favorable changes of environmental
conditions, such as the decreased acidity and motility as well as the presence of a vast amount
of nutrients which escape digestion and absorption in the upper small intestine. The chyme,
containing polysaccharides indigestible for humans, is fermented by hydrolytic enzymes (B-
glucuronidase, PB-xylosidase, o-L-arabinosidase, and pB-galactosidase), and reductive enzymes
(nitroreductase, azoreductase, deaminase, and urea dehydroxylase) [111,127]. In addition to
the metabolic activity, we profit a great deal from the high diversity of the gut flora due to
secretion of a number of signaling factors supporting our immune system, and due to
protection of the intestinal mucosa from overpopulation by pathogenic microbes [128]. It is
therefore not surprising that a misbalance of the gut flora can be a crucial factor in the
pathogenesis of colonic diseases such as IBD or irritable bowel syndrome (IBS) [125].

1.3.2 Diseases of the large intestine

Ulcerative colitis and Crohn’s disease are chronic inflammatory conditions of the gastro-
intestinal mucosa. They are both referred to IBD due to a number of common features. IBD
are more prevalent in developed countries, and the incidence of ulcerative colitis is relatively
high with 1.2 to 20.3 cases per 100,000 persons per year [129]. In ulcerative colitis,
manifestation of the disease is limited to the rectum and the large intestine, whereas in Crohn’s
disease the whole gastrointestinal tract from the oral cavity to the rectum can be affected. The
main characteristic symptom of IBDs is diarrhea mixed with blood and mucus. The disease
can be classified by the severity of the symptoms [130] or by the extent of involved intestinal
segments [131]. In contrast to Crohn’s disease, ulcerative colitis can have a mild disease
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progression, and complete cure is only possible by surgery. In mild to moderate cases of
ulcerative colitis, the anti-inflammatory drug mesalazine (e.g. Asacol®) is used as first-line
therapy for induction and maintenance of remission [132]. Since autoimmune phenomena are
involved in the pathogenesis of IBDs, they are also managed with immunosuppressive drugs
such as corticosteroids (prednisone and budesonide), monoclonal antibodies (i.e. infliximab),
and others (azathioprine), depending on the severity of the disease and the response of the
patient [133]. These medicines can produce strong systemic side effects, including mortality.
The most prominent side effects in the treatment with corticosteroids are, besides many others,
water retention in the face and acne [134]. The treatment with immunosuppressives is often
accompanied by serious infections [135]. Hence, novel formulation strategies targeting the
diseased tissue are of high clinical relevance either for existing molecules or new chemical
entities (NCEs) [136].

Pseudomembranous colitis (PMC) is an inflammation of the large intestine most often caused
by overgrowth of Clostridium difficile (C. difficile) bacteria. The major cause for PMC is the
elimination of the normal microflora during antibiotic therapy allowing pathogenic bacteria to
flourish. Therefore, PMC is also referred to C. difficile colitis or antibiotic associated colitis.
In most cases, the inflammation is caused by the virulence factors toxin A and toxin B. They
are internalized by the enterocytes via receptor binding, where they disrupt the cell
cytoskeleton and activate an inflammatory immune response [137].

Colon cancer is the third most common type of cancer, and involves around 10% of all cancer
cases [138]. In early stage of non-metastatic colon cancer, surgical dissection is the most
effective treatment. However, a high risk of recurrence remains, and adjuvant chemotherapy
was demonstrated to be inevitable for successful therapy of colon cancer. Besides the standard
combination therapy of 5-fluorouracil and leucovorin, additional treatment with other
chemotherapeutic compounds such as oxaliplatin, capecitabine, and irinotecan can increase the
survival rate depending on the stage of the cancer [139].

1.3.3 Technologies for colon drug delivery

Colon drug delivery systems for oral administration have the advantage to reach the entire
large intestine, i.e. from the ileo-colonic region to the rectum, whereas rectally administered
formulations, such as suppositories or foams, only reach the lower part of the rectum. Drug
delivery to the colon via the oral route can be achieved by advanced formulation technologies
triggering the drug release only upon arrival in the ileo-colonic region. Alternatively, the drug
itself can be chemically modified to a prodrug which undergoes biotransformation to the
active parent drug under colon-specific conditions.
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The prodrug approach was successfully applied to the anti-inflammatory drug mesalazine
(5-aminosalycilic acid, 5-ASA) used in the treatment of ulcerative colitis and Crohn’s disease.
Sulfasalazine, olsalazine, and balsalazide are well-known examples for colon-specific
prodrugs having a second moiety coupled to 5-ASA via an azo bond (R-N=N-R?) [140]. An
important characteristic of colon-specific prodrugs is a low and reproducible absorption rate in
the small intestine. When administered orally, about 20% of sulfasalazine is systemically
absorbed [141]. In the colon, the remaining fraction of sulfasalazine is transformed to 5-ASA
and sulfapyridine moieties by bacterial azoreductase which cleaves the azo bond. The
absorption of 5-ASA in the colon is relatively low as the bioavailability ranges from 11-33%
[140]. Sulfapyridine has been found to be responsible for adverse drug effects. Therefore,
5-ASA prodrugs based on azo-linked polymers have also been developed to decrease systemic
absorption and reduce side effects [142]. The azo-coupling to mucoadhesive polymers
presents an interesting strategy for more effective local therapy [143,144], but the high amount
of polymers needed to reach the required dose of 5-ASA is a drawback of using polymeric
prodrugs. Colon-specific prodrugs were also developed for glucosteroids such as
dexamethasone, prednisolone, hydrocortisone, and fludrocortisone by coupling the highly
polar moieties galactose or glucose via a B-glycosidic bond [145,146].

Time-delayed release systems for drug delivery to the colon follow the principle of having a
predetermined lag time for drug release, which matches the transit time through the small
intestine. The Pulsincap™ technology was one of the first delivery devices based on the lag-
time principle [147]. It consists of a capsule with an insoluble body and a soluble cap. The
body of the capsule is filled with the drug and closed with a hydrogel plug. After a
predetermined time of swelling, the plug is pushed out and the drug starts to release [148]. The
problem of variable gastric emptying can be avoided by coating the whole drug delivery
system with enteric polymers. In an attempt to improve the Pulsincap™ system, an erodible
tablet instead of the swelling hydrogel was used [149]. Despite the relatively consistent transit
time through the small intestine [116], various studies demonstrated a poor precision of time-
delayed delivery systems to release the drug at the intended site [146,147], which might be
due to variability in pH and consequent localization of enteric coating dissolution exposing the
drug core .

The use of pH-dependent film coatings is the most popular strategy for targeted drug delivery
to the colon [120,152,153]. The polymers for pH-triggered drug release are usually
methacrylic acid - methyl methacrylate copolymers (Eudragit®, Evonik AG) or
hydroxypropyl methylcellulose (HPMC) derivatives such as HP-50 and HP-55, which have a
specific and narrow pH range where they start to dissolve. For example, Eudragit® S dissolves
at pH >7, which is considered as an optimized enteric coating formulation for colon delivery.

18



COLON DRUG DELIVERY 1.3

More pH-dependent coating polymers can be found in the review of Madhu et al. [154].
Ashford et al. [155] investigated the usefulness of pH-dependent model formulations coated
with Eudragit® S by determining the site of disintegration in vivo using gamma-scintigraphy.
In some cases, disintegration occurred already in the ileum, whereas in another case the tablet
travelled until the splenic flexure before the drug was released. This lack of site specificity can
be due to the high intra -and intersubject variability of pH and exposure time to the
gastrointestinal fluid and also due to the inconsistent acidity gradient along the gastrointestinal
tract with the highest pH in the ileum (pH 7.5), followed by the sharp drop of pH in the cecum
(6.0).

Biodegradable polymeric film coatings follow the same principle as the prodrugs. They are
degraded by the enzymatic activity of colonic bacteria with the advantage of allowing higher
drug doses which are released at once. Azopolymers were used for delivery of peptides
(insulin and vasopressin) [156,157], and various small molecules [158,159]. Naturally
occurring polysaccharides and its derivatives, such as amylose [160], pectin [161], chitosan
[162], inulin [163], and dextran [164] are biodegradable polymers which were also exploited
in terms of colon-specific targeting. To test the usefulness of such coatings, drug release in
appropriate media simulating the enzymatic activity of the colonic microflora can be measured
according to Molly et al. [165]. However, according to several in vivo studies, the
reproducibility of such microbially triggered release systems can also be affected by intra- and
intersubject variability of the intestinal microflora [150,157,166].

Novel approaches are focusing on the combination of two mechanisms, preferably enzymatic
and pH-sensitive systems, since gamma-scintigraphy studies have shown high reproducibility
regarding the site of disintegration [167,168]. Such coating systems are less affected by intra-
and intersubject variability, because in case that one mechanism fails, there is still a “back-up”
mechanism acting as a trigger of complete drug release.

1.3.4 Multiparticulate colon drug delivery systems

There is a clear trend in colon drug delivery to develop multiparticulate formulations rather
than single-unit systems. The advantages are similar as for mucoadhesive multiparticulates
described in Chapter 1.2.4, i.e. prolonged transit time, closer contact to the diseased tissue, and
more reproducible drug release [169,170]. The development of colon-targeted pellet
formulations has already led to the launch of several products in the market (Apriso and
Salofalk Granu-Stix) [169], whereas colonic-targeted formulations based on microparticles or
nanoparticles require further development, especially regarding its toxicity profile and
manufacturability at industrial scale.
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Most pellet formulations for colon delivery have been prepared by extrusion-spheronization.
The drug can be extruded together with a colon-specific polymer such as Eudragit S [171],
chitosan [172], or pectin [173]. Another popular method is to prepare drug-loaded pellets
which are subsequently film-coated with a pH-dependent or enzymatically-degradable
polymer, as described for 5-ASA [160,174-177], budesonide [178], and ibuprofen [171].
Alternatively, drug layering onto nonpareil starter pellets and subsequent film coating with
colon-targeting polymers can be carried out using the fluidized-bed process [179,180].
lonotropic gelation of pectin with zinc or calcium ions was also reported for fabrication of
colon-specific pellets, where the drug is incorporated during the crosslinking process [181—
183]. Various modifications of such pectin-based pellets have been investigated for colon drug
delivery [184-186]. Numerous in vivo studies have been carried out showing the potential of
colonic-targeted pellets to improve the therapeutic outcome in rats [156,162,176,178,187—
193], mice [194], rabbits [195], dogs [196], and humans [197,198].

Nanoparticles for colon drug delivery were first developed and described by Cheng and Lim
[199]. Their preparation method of insulin-loaded nanoparticles was based on ionotropic
gelation of the bacterial-degradable polymer pectin. The rationale of using nano-sized carriers
for colon delivery is a lower transit time and a faster degradation of the coating or matrix upon
arrival in the ileo-colonic region [200]. Furthermore, Lamprecht et al. have demonstrated a
size-dependent accumulation of polystyrene particles in inflamed mucus tissue of colitis-
induced rats. Highest binding affinity was observed for nanoparticles (100 nm), whereas
relative deposition of microparticles (1 um and 10 um) was significantly decreased. As a
consequence of these breakthrough results, the development of colon-specific nanoparticles
gained a lot of interest, and several in vivo studies were carried out as summarized in Table
1.1. Most formulation approaches were based on anti-inflammatory drugs, and incorporation
of pH-sensitive polymers (Eudragit® S100) into the particle shell. To test the usefulness of
such nanoparticulate drug delivery systems in vivo, many researchers used the colitis-induced
rat or mouse model to investigate the effect on the extent of inflammation after oral
administration. A more recent advancement by Vong et al. [201]is the use of redox polymers
which specifically accumulate in inflamed tissues (mechanism unclear) and eliminate the
reactive oxygen species (ROS), eventually reducing the extent of inflammation.
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Table 1.1: In vivo evaluation of nanoparticles for colon drug delivery.

Colon-specific polymer  Preparation method  Drug type (drug) In vivo method Ref.
Pectin lonotropic gelation Peptide (insulin) (in vitro release studies) [199]
Chitosan and chitosan Polyelectrolyte Peptide (insulin) Hypoglycemic effect in [202]
derivatives complexation rats
Chitosan and alginate Double emulsion/ Anti-inflammatory  Reduction of [203]
solvent evaporation tripeptide inflammation in colitis-
induced mice
Eudragit® S100 Emulsification- Anti-inflammatory  Reduction of [204]
diffusion (budesonide) inflammation in colitis-
induced rats
Eudragit® S100 Emulsification- Anti-inflammatory  Reduction of [205]
diffusion (curcumin) inflammation and
distribution in colitis-
induced mice
Eudragit® S100 oil-in-water emulsion/  Anti-inflammatory  Reduction of [206]
solvent evaporation (budesonide) inflammation in colitis-
induced mice
Eudragit® RS PO Emulsification- Fluorescent- Distribution in mice gut [207]
diffusion marker
Eudragit® S100 and azo-  oil-in-water emulsion/  Fluorescent- Distribution in colitis- [208]
polyurethane solvent evaporation marker induced rats
Redox block copolymer  Self-assembly Reduction of ROS  Cellular uptake in colitis-  [201]

induced mice

Microparticles for colon delivery are an interesting alternative to nanoparticles as they are not
internalized by epithelial cells, and hence, there is a much lower risk of systemic drug toxicity.
Lorenzo-Lamosa et al. [209] have prepared drug-loaded chitosan microspheres by spray-
drying which were subsequently encapsulated in Eudragit® L100 and Eudragit® S100 using
an oil-in-oil solvent evaporation method. In vitro drug release was continuous for several
hours when measured at pH 7, whereas no drug dissolution was observed in an acidic buffer.
There have been numerous reports on multiparticulate colon drug delivery systems in the
micro-size range, most of them based on bacteria-degradable or pH-sensitive release
mechanisms. However, only a few have been tested in vivo, as summarized in Table 1.2.
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Table 1.2: In vivo evaluation of microparticles for colon drug delivery.

Colon-specific polymer  Preparation method  Drug type In vivo method Ref.
Chitosan and alginate Spray drying Anti-inflammatory  Reduction of inflammation [217]
(budesonide) in colitis-induced rats
Chitosan and Emulsion crosslinking  Anticancer Distribution in mice gut [211]
polyethylene glycol solvent evaporation (5-fluorouracil) (X-ray)
Chitosan Spray drying Antibiotic Pharmacokinetics and [214]
(levofloxacin) distribution in rat gut
N-Succinyl-chitosan Spray drying and Anti-inflammatory  Reduction of inflammation [216]
freeze drying (5-ASA) in colitis-induced rats
Chitosan and Eudragit®  Emulsion/ solvent Anti-inflammatory  Reduction of inflammation [218]
S100 evaporation (5-ASA) in colitis-induced rats
Eudragit® S100 Double emulsion/ Peptide (insulin) Hypoglycemic effect in [219]
solvent evaporation rabbits
Eudragit® S100 Qil-in-oil emulsion/ Fluorescent Pharmacokinetics in colitis-  [220]
solvent evaporation marker induced rats
Eudragit® S100 Spray freeze-drying Fluorescent Pharmacokinetics and [210]
marker distribution in rat gut
Eudragit® P-4135F Double emulsion/ Anti-inflammatory  Pharmacokinetics in rats [221]
solvent evaporation (calcitonin)
Eudragit® S, L, L55 Oil-in-oil emulsion/ Anti-inflammatory  Pharmacokinetics in rats [222]
solvent evaporation (prednisolone)
Eudragit® S100 and Emulsion crosslinking  Anticancer Pharmacokinetics and [213]
dextran (5-fluorouracil) distribution in rat gut
Assam Bora rice starch Double emulsion/ Antibiotic Distribution in rat gut [215]
solvent evaporation (metronidazole)
Guar gum Emulsion crosslinking ~ Anti-inflammatory  Pharmacokinetics and [212]

(budesonide)

distribution in rat gut

Pharmacokinetic investigations have often been used for determining the delay of drug release
in comparison to control particles. However, for estimation of the colon-delivery potential,
pharmacokinetic data have to be compared with gastrointestinal transit time. This was done by
measuring the particle distribution in the gut at various time points using different techniques,
e.g. fluorescence labeling [205,208,210,211], X-ray analysis [207], or drug quantification by
HPLC [212-215]. Most of these multiparticulate colon drug delivery systems based on
nanoparticles or microparticles have shown a potential benefit in the animal models. However,
so far no clinical trials have been performed in humans to support this view.

Mucoadhesive functionalization of multiparticulate colon drug delivery systems can increase
the colonic transit time, and hence, they can improve the therapeutic efficiency. Varum et al.
[61] have developed mucoadhesive pellets coated with an Eudragit® S double layer system
(inner layer pH 8, outer layer unbuffered) to accelerate complete disintegration of the coating
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oncethe pH trigger is reached. Bautzova et al. [191] have developed chitosan pellets by
extrusion-spheronization, which were subsequently coated with Eudragit® FS 30D. These
mucoadhesive pellets showed a significantly better pharmacological effect in the colitis-
induced animal model compared to non-mucoadhesive pellets. Mucoadhesive microparticles
for colon delivery have also been developed and investigated in vivo [215,216]. This literature
research about multiparticulate colon drug delivery system has shown that most preparation
methods to obtain nano- or microparticles were based on emulsification or ionic-gelation
techniques. However, mucoadhesive formulations based on porous nano- or microcarriers
were not reported yet.

1.3.5 Porous microcarriers for the development of mucoadhesive microparticles

In general, processing of microcarriers is easier compared to nanocarriers due to the improved
flowability of larger particles and the possibility of using standardized processes suitable for
scale-up. Pellets in the millimeter range would have even better flowability, but microcarriers
are expected to show better mucoadhesive performance due to the increased surface area
available for mucoadhesive bonds compared to large tablets or pellets [47,55,69,223]. The
increased colonic transit time for smaller particles also favors the use of microcarriers.

The extrusion/spheronization method was often used for preparation of mucoadhesive
multiparticulates probably due to the simple preparation method. However, this method is only
suited for pellets in the millimeter range. For preparation of mucoadhesive microparticles,
drug-loading or drug-layering of microcarriers has the advantage that an established and easy
scalable process can be used (such as the fluidized bed process) compared to the
emulsification or ionic-gelation methods which are difficult to transfer to industrial scale.
Drug loading of porous microparticles might be advantageous in comparison to drug layering
of non-porous microparticles since the drug is deposited in the carrier skeleton better
stabilizing the mucoadhesive coating during drug dissolution and drug diffusion through the
swollen mucoadhesive outer coating.

There are a few candidates of commercially available porous microparticles which could be
used as drug carrier for the intended mucoadhesive multiparticulate formulation. However, the
particle size is a critical parameter and not all microparticles meet the desired requirements.
On the one hand, the microparticles should be as small as possible to have optimal
mucoadhesion properties related to the large specific surface area, but on the other hand, the
increasing cohesive forces of smaller particles can cause manufacturing issues related to poor
powder flowability. The flow properties might be critical for pharmaceutical excipients with
median particle diameters <30 um, as for example observed for microcrystalline cellulose
(MCC, Avicel PH 105) and hydroxypropy!l cellulose (HPC) with median particle sizes of 20
and 29 um, respectively [224].
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The granulated fumed silica AEROPERL® 300 was considered as a potential candidate due to
the high porosity, the small particle size (30 um), and its good flowability properties.
However, the small pore size of 30-40 nm [225,226] might be disadvantageous when high
drug loads are desired. Neusilin US2 is granulated magnesium aluminometasilicate with small
particle size (mean 60-120 um) and high porosity, but the mean pore size of 5nm is even
smaller than for AEROPERL®

FCC (Omyapharm) is a novel pharmaceutical excipient with unique properties, such as small
particle size (5-15 um), high porosity (>70%, v/v), and biodegradability [227-231], and due to
its large pore size diameter in the outer stratum (~1 pm), which is promising for high drug
loads, it has a relevant advantage compared to alternative microcarriers mentioned before.

Instead of coating individual particles with colon-targeting polymers, the mucoadhesive
microparticles were filled into capsules which could be coated with a colonic-targeted coating
layer. The feasibility of coating hard-shell HPMC capsules in a pan coater with a colon-
specific polymer was already demonstrated [232], and hard gelatin capsules are also feasible
for application of enteric coatings [233]. However, hydration and swelling of mucoadhesive
polymers inside capsule vehicles has been observed in an in vivo study in beagle dogs by
McGirr et al. [234] resulting in an incomplete release of the polymer from the capsules.
Therefore, dispersibility enhancement was an additional research focus to avoid agglomeration
of mucoadhesive microparticles prior to release from the capsule.
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Drug delivery of mucoadhesive microparticles to the colon has great potential for local
treatment of colonic diseases due to prolonged transit time and improved therapeutic efficacy.
However, the large intestine presents a challenging environment, and so far, no in vivo data on
the usefulness of oral mucoadhesive formulations in the human colon are available, despite
extensive preclinical data. The aim of this project was to develop a mucoadhesive and
multiparticulate formulation platform for colonic delivery. The formulation concept illustrated
in Fig. 2.1 consists of a colonic-targeted capsule filled with the mucoadhesive microparticles.
The focus of the work presented here was on the development of the mucoadhesive
microparticles, i.e. on the drug loading of porous microcarriers and subsequent coating with a
mucoadhesive polymer. The development of the enteric coating of the capsule for colonic
targeting is not part of this thesis, as it was carried out by our collaboration partner Tillotts
Pharma, based on their patented technology and internal know-how. To achieve a formulation
prototype feasible for a Phase 1 study, following three aims were defined and pursued.

I) Evaluation of a suitable porous microcarrier with small mean particle size (10-100 um) and
high loading capacity. The drug loading method should be applicable to metronidazole and
ideally to various other drug substances.

I1) Development of a coating method to functionalize the drug-loaded microparticles with a
mucoadhesive polymer. For optimization of the mucoadhesive microparticles, the
development of a particle retention assay was envisaged, including the design of a flow-
channel device and the development of a sensitive and reliable particle-quantification method.

I11) Method optimization towards a scalable and industrially applicable method for preparation
of mucoadhesive microparticles to manufacture of clinical batches for a Phase-1 study.

A drug
( @ @@ {:% porous drug carrier
@ @ @ @ © mucoadhesive and
release-maodifying coating
(I

colonic coating

Fig. 2.1: Proposed formulation concept of the mucoadhesive and multiparticulate colon drug
delivery system.
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Drug loading into porous carriers may improve drug release of poorly water-soluble drugs. However, the
widely used impregnation method based on adsorption lacks reproducibility and efficiency for certain
compounds. The aim of this study was to evaluate a drug-loading method based on solvent evaporation
and crystallization, and to investigate the underlying drug-loading mechanisms. Functionalized calcium
carbonate (FCC) microparticles and four drugs with different solubility and permeability properties were
selected as model substances to investigate drug loading. Ibuprofen, nifedipine, losartan potassium, and
metronidazole benzoate were dissolved in acetone or methanol. After dispersion of FCC, the solvent was
removed under reduced pressure. For each model drug, a series of drug loads were produced ranging
from 25% to 50% (w/w) in steps of 5% (w/w). Loading efficiency was qualitatively analyzed by scanning
electron microscopy (SEM) using the presence of agglomerates and drug crystals as indicators of poor
loading efficiency. The particles were further characterized by mercury porosimetry, specific surface area
measurements, differential scanning calorimetry, and USP 2 dissolution. Drug concentration was deter-
mined by HPLC. FCC-drug mixtures containing equivalent drug fractions but without specific loading
strategy served as reference samples. SEM analysis revealed high efficiency of pore filling up to a drug
load of 40% (w/w). Above this, agglomerates and separate crystals were significantly increased, indicating
that the maximum capacity of drug loading was reached. Intraparticle porosity and specific surface area
were decreased after drug loading because of pore filling and crystallization on the pore surface. HPLC
quantification of drugs taken up by FCC showed only minor drug loss. Dissolution rate of FCC loaded with
metronidazole benzoate and nifedipine was faster than the corresponding FCC—drug mixtures, mainly
due to surface enlargement, because only small fractions of amorphous drug (12.5%, wfw, and 8.9%,
w/w, respectively) were found by thermal analysis. Combination of qualitative SEM analysis and HPLC
quantification was sufficient to proof the feasibility of the solvent-evaporation method for the loading
of various drugs into FCC. Mechanistic investigation revealed that a high specific surface area of the
carrier is required to facilitate heterogeneous nucleation, and large pore sizes (up to 1 um) are beneficial
to reduce crystallization pressures and allow drug deposition within the pores. The solvent-evaporation
method allows precise drug loading and appears to be suitable for scale-up.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction but also to control or improve drug release [1]. A typical example

is mesoporous silica nanoparticles with tunable particle and pore

In recent years, porous drug carriers emerged as a promising
material, not only to deliver the drug to a specific site of action,
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differential scanning calorimetry; FCC, functionalized calcium carbonate; IBU,
ibuprofen; LK, losartan potassium; MBZ, metronidazole benzoate; NP, nifedipine;
RSD, relative standard deviation; SEM, scanning electron microscopy; SSA, specific
surface area.
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size [2]. These particles are suggested to be useful to improve oral
bioavailability of poorly water-soluble drugs [3]. After adsorption
to the pores, the drug remains entrapped in an amorphous state
possessing much higher internal energy relative to the crystalline
form and leading to enhanced in vitro dissolution rate [4,5]. Diffu-
sion-controlled, sustained-release kinetics were also described due
to the extensive porous network and thus long diffusion pathways
[2]. However, the synthesis of silica nanoparticles is a complex pro-
cess. This makes it a rather expensive material, and toxicity studies
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with this engineered nanomaterial have not yet eliminated all
health concerns [6,7]. For the development of a carrier-based for-
mulation to control drug release and to target specific sites in the
gastrointestinal tract where no systemic absorption of the particles
is desired, microparticles are preferred to nanoparticles, since cel-
lular uptake is significantly lower [8] making them toxicologically
less problematic [6,9].

The main requirements concerning material properties of the
carrier particles are sufficient mechanical strength, biocompatibil-
ity, and biodegradability. The number of materials for the design of
porous drug delivery systems is therefore limited. Pharmaceuti-
cally exploited materials as an alternative to silicon dioxide include
magnesium aluminometasilicate [10], alumino silicate [11], cal-
cium silicate [12], calcium carbonate [13], calcium phosphate
[14], titanium dioxide [15], zirconium dioxide [16], and other
ceramics [17,18]. However, in contrast to porous silicon dioxide,
drug loading of these materials remains a challenge because little
is known about drug-loading mechanisms. We decided to use por-
ous calcium carbonate microparticles as a model material to study
mechanisms of drug loading since this substance has several prop-
erties qualifying it for oral drug delivery.

Calcium carbonate is widely used as food additive, and concerns
about biocompatibility in the gastrointestinal tract can therefore
be excluded. Furthermore, toxicological tests in HeLa cells proved
biocompatibility of porous calcium carbonate particles in the
micrometer [19] and nanometer range [20]. Chemical decomposi-
tion of calcium carbonate is fast under acidic conditions in the
stomach by liberation of carbon dioxide. In the case of enteric-
coated capsule or tablet formulations, chemical decomposition of
calcium carbonate microparticles might play a minor role due to
the relatively high pH in the small and large intestine, thus most
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of the material will be eliminated by excretion. However, despite
the favorable properties of calcium carbonate, the available litera-
ture dealing with drug loading into porous calcium carbonate
microparticles is sparse, and low drug-loading capacity limits the
use of such particles [13,21]. Therefore, alternative calcium carbon-
ate particles with larger pore volume providing higher loading
capacity are desired. Functionalized calcium carbonate (FCC) was
recently introduced as a novel pharmaceutical excipient [22]. Be-
cause of its high porosity, we chose FCC as the model carrier parti-
cle to investigate drug loading.

Due to small pore size and enlarged surface area, FCC is able to
absorb 10 times more fluid with faster absorption rate than conven-
tional calcium carbonate [23]. So far, 4 types of FCC (S01, S02, S03,
and S04) are available, differing in particle size, pore size, pore struc-
ture, and specific surface area. FCC SO1 was chosen for our study be-
cause it has the largest average particle size (17.9 um) and highest
porosity (70%), theoretically providing high loading capacity. Pores
of the outer surface are characterized by interconnected “rose-like”
petals that are larger than the pores of the inner core (Fig. 1 Aand B).
This wide range of pore sizes (0.01-1 um), combining macroporous
and mesoporous characteristics, makes FCC SO1 a suitable material
to investigate pore-size dependent drug deposition.

Drug loading can theoretically be done during synthesis of the
carrier material, but practically it is more convenient to use
prefabricated carrier particles. This allows to use organic solvents
and to load poorly water-soluble drugs. The most common method
is based on adsorption of the drug to the carrier particles by
impregnation of the particles in a drug solution [11,15,16,24-28].
To reach the equilibrium between adsorbed and solubilized drug,
constant stirring or shaking was applied for an extended period
of time (12-72 h). Alternatively, this endpoint can be determined

—— 10um

Fig. 1. SEM images of (A) bulk FCC including schematic representation of cross-sectional FCC structure, (B) cross-section of broken FCC, (C) typical agglomerate of drug-

loaded FCC (MBZ 40% DL), and (D) an example of a separate drug crystal (MBZ 50% DL).
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by adsorption isotherms [29]. However, it is challenging to develop
an impregnation method with sufficient payload. A solvent dissolv-
ing sufficient amounts of drug is needed to obtain satisfactory drug
loads, but strong solute-solvent interactions lead to reduced
adsorption to the carrier. Hence, the resulting drug load (DL) can
vary considerably, constituting a major challenge when developing
a reproducible impregnation method.

An alternative to drug loading by impregnation is the solvent-
evaporation method which can be performed under reduced
pressure. Continuous removal of the solvent until complete dry-
ness allows to determine DL directly by adding the masses of drug
and carrier material. Otsuka et al. [30] made use of this approach
by loading phytonadione into porous silica, which resulted in a dis-
tinct mode of drug release that was rapid (1 h) initially but contin-
ued slowly over 24 h. Sher et al. [31] loaded ibuprofen into
macroporous polypropylene microparticles by evaporating metha-
nol or dichloromethane under ambient conditions and investigated
the influence of solvent volume on the adsorption mechanism. To
our knowledge, these are the only publications investigating the
solvent-evaporation method for drug loading into prefabricated
porous materials. In fact, the feasibility of the solvent-evaporation
method for drug loading has been questioned since it is considered
to deposit the drug as a crystalline layer whose properties and
composition cannot be reproducibly controlled [32]. However,
we believe that a better understanding of the processes is needed
before the solvent-evaporation method can be declared as unsuit-
able for drug loading of porous carriers.

For in-depth investigation of drug loading by solvent evapora-
tion, four model drugs representing three classes (BCSII-IV) of
the biopharmaceutics classification system (BCS) were selected,
with a special focus placed on poorly water-soluble drugs. Ibupro-
fen (IBU) [33] and nifedipine (NP) [34] have good permeability and
poor water solubility and were selected as BCS Il substances. The
potassium salt of losartan (LK) is freely soluble in water but shows
low bioavailability [35] and is therefore a BCS Il compound. Met-
ronidazole benzoate (MBZ; prodrug of metronidazole) is a BCS IV
substance since it is poorly water soluble and is not absorbed in
the intestine [36].

The aim of the present study was to investigate the mechanism
of drug loading by solvent evaporation. This included determina-
tion of the site of drug deposition (inside or outside the pores),
analysis of crystallinity, and comparison of theoretical and experi-
mental drug-loading capacities. Moreover, we studied the dissolu-
tion kinetics to evaluate the suitability of FCC as an oral drug
delivery system.

2. Materials and methods
2.1. Materials

Functionalized calcium carbonate (FCC SO1) was kindly pro-
vided by Omya, Switzerland. Metronidazole benzoate was donated
by Farchemia, Italia. [BU was received from Glatt GmbH, Germany.
NP was obtained from Siegfried AG, Switzerland. LK was purchased
from Hetero Drugs, India. Ammonium formate, formic acid (98%),
NP, and methanol (all HPLC-grade) were obtained from Sigma-
Aldrich, Switzerland. Acetonitrile (HPLC-grade) was purchased
from VWR, Belgium. Acetone, sodium dihydrogenphosphate
dihydrate (NaH,PO, * 2H,0), sodium hydroxide pellets, and sodium
lauryl sulfate (SLS) were purchased from Hdnseler AG, Switzerland.

2.2. Drug loading by solvent evaporation

FCC was loaded with MBZ, IBU, LK, and NP at different drug to
drug-carrier ratios. This ratio is called drug load (DL) and is defined

as the mass fraction of the active pharmaceutical ingredient (API)
as described in Eq. (1). DL can also be expressed as percentage
(wiw) [37].

DL = map; /(Mapr + Msk) (1

where myp is the mass of the API, and mg is the mass of the skel-
eton of the porous carrier.

The series of different drug loads included 25%, 30%, 35%, 40%,
45%, and 50% (w/w). The weighted drug was placed in a round-bot-
tom flask and dissolved in the organic solvent (50 ml). Acetone was
used for IBU, MBZ, and NP, and methanol was used for LK. The
amount of FCC particles (5.0 g) was kept constant for all drug-load-
ing experiments. The suspension was sonicated in a water bath
(Retsch, Switzerland) for 5 min to disperse agglomerates and degas
the solvent. The solvent was evaporated in a rotary evaporator
(Biichi RE 121 or R-114) with a water bath set to 40 °C (Biichi
461 or B-480). Pressure was gradually decreased by 100 mbar
per 0.5 h to 20 mbar, and held for 1 h at final pressure. Initial pres-
sure setting was 300 mbar for methanol and 480 mbar for acetone,
requiring a total runtime of 2.5 h and 3.5 h, respectively. After re-
moval of the residual solid from the round-bottom flask, the prod-
uct was gently milled with mortar and pestle, and subsequently
sieved through 250 pm and 90 um mesh screens (Retsch, Switzer-
land). Drug-loaded FCC was vacuum-dried for 24 h at room tem-
perature (KVTS 11, Salvis AG, Switzerland) under constant
nitrogen injection.

2.3. Particle characterization

2.3.1. Drug quantification by HPLC-UV

Drug quantification was performed by isocratic HPLC-UV
methods which had been validated for precision, accuracy, range,
and linearity in accordance with the quality guidelines of the
International Conference on Harmonization (ICH; Q2R1 1994).
Drug-loaded FCC (50 mg) was placed in a 10 ml volumetric flask,
suspended in 8 ml methanol, and sonicated for 5 min in a water
bath. After cooling down to room temperature, methanol was
added to a final volume of 10 ml. FCC suspensions were centrifuged
for 2 min at 14,000 rpm (Centrifuge 5415C, Eppendorf, Germany).
The supernatant was diluted 1:10 with methanol; subsequently
1:10 dilutions were prepared with water-methanol mixtures
(90:10 v/v for IBU, LK, and MBZ, and 50:50 v/v for NP). The result-
ing drug concentrations of the 1:100 dilutions were all within the
validated range of the HPLC-UV methods. Samples were filtered
(0.45 pm PTFE syringe filters, VWR, USA), and drug concentrations
were determined with an HPLC-UV system (Agilent 1100, USA).
The area under the curve (AUC) of HPLC-UV chromatograms was
converted into drug concentrations according to calibration
standards. The experimental drug load (DL.) was calculated by
applying Eq. (1). Samples of IBU- and LK-loaded FCC were prepared
in triplicates for each DL level, and each sample was measured in
triplicates; thus, the total number of measurements was n=9.
Samples of MBZ- and NP-loaded FCC were prepared in duplicates
for each DL level, and each sample was measured in triplicates,
thus, the total number of measurements was n=G6.

A Nucleosil C18 column with 120 mm length, 3 mm inner diam-
eter, and 5 um particle size (Marchery-Nagel, Switzerland) was
used for the separation of IBU, MBZ, and NP, whereas a ProntoSIL
C8 column with 125 mm length, 2 mm inner diameter, and 5 pm
particle size (Bischoff Chromatography, Germany) was used for
the analysis of LK. Mobile phases consisted of ammonium formate
(10 mM) and acetonitrile at a volumetric ratio of 50:50. The for-
mate buffer for IBU and LK quantification was adjusted with formic
acid to pH 3.5, whereas NP and MBZ were analyzed with buffers of
pH 4.0 and 4.5, respectively. Flow rate was 500 pl/min in all cases.
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UV-detection of IBU, LK, MBZ, and NP was done at 223, 225, 320,
and 235 nm, respectively.

2.3.2. Scanning electron microscopy (SEM)

The outer surface of FCC samples was analyzed with a scanning
electron microscope (Nova NanoSEM 230, FEI Company, USA).
Samples were sputtered with a 20 nm gold layer by a sputter coat-
ing machine (MED 020, BalTec, Liechtenstein).

Clogging and smoothening of the outer pore surface of FCC were
indicators of pore filling and provided qualitative evidence for suc-
cessful drug loading. Another important criterion for evaluating a
drug-loading method is loading efficiency, i.e. the extent of drug
deposited within the particles. However, direct quantification of
drug deposited within the pores is not possible by SEM or any
other method. Therefore, SEM image analysis was used for qualita-
tive estimation of drug-loading efficiency by applying a classifica-
tion system, namely “excellent”, “good”, and “poor”. Loading
efficiency was rated as “poor” if numerous agglomerates and sep-
arate drug crystals were detected (Fig. 1C and D, respectively).
Loading efficiency was rated as “good” if only a few agglomerates
and separate drug crystals were detected. If none of these two
types of undesired particles were found, complete drug loading
into porous microparticles was assumed [38], and loading effi-
ciency was rated as “excellent”.

It is assumed that drug loading becomes less efficient when DL
is above the loading capacity of FCC. Based on this assumption,
drug loading capacity was defined as the maximum possible DL
where loading efficiency is still rated as “good”. Experimentally,
loading capacity was determined as the DL (w/w) at which further
loading resulted in a significantly higher number of agglomerates
and separate drug crystals, i.e. “poor” loading efficiency. Successful
qualitative estimation requires SEM images of each DL containing
large numbers of particles. Therefore, the images were obtained
at the lowest magnification, yet ensuring detection of agglomer-
ates and separate drug crystals.

2.3.3. Particle density

True density (ps, density of the solid only) was determined
by helium pycnometry (AccuPyc 1330, Micromeritics GmbH,
Germany). Bulk density (p,) of non-loaded FCC was determined
by manual densification into a container of known volume and
subsequent determination of the sample weight. Bulk density
was determined in triplicates.

2.3.4. Mercury porosimetry

Samples of FCC loaded with IBU (40%, w{w), LK (40%, w/w), MBZ
(40%, wjw), and NP (35%, wfw), and bulk FCC were characterized
by mercury porosimetry for pore-size distribution using a Microm-
eritics Autopore IV mercury porosimeter. The maximum pressure
of mercury applied was 414 MPa, equivalent to a Laplace diameter
of 4 x 10 ? um. The data were corrected using Pore-Comp (soft-
ware program of the Environmental and Fluid Modelling Group,
University of Plymouth, UK) for mercury and penetrometer effects
and also for sample compression [39]. Intraparticle porosity (i)
was calculated based on Eq. (2).

Bintra = Vinwra/ Up (2)

where v, is the specific volume of intraparticle voids (ml/g), and
up is the specific volume of the particle considered as closed (ml/g).
The specific volume of particles (7,) can also be expressed as
Up= Vinpra + Us, Where . and u are the specific volumes of
intraparticle voids and the solid, respectively. Since the specific vol-
ume of the solid (#, ml/g) is equal to the reciprocal value of the true
density of the solid (ps, g/ml), intraparticle porosity was calculated
based on the specific intraparticle pore volume ( ;) measured by

mercury porosimetry, and the true density of the solid (ps) mea-
sured by helium pycnometry.

Vintr
PDintra = e (3)

v; 1
intra—-

The validity range of Eq. (3) is excluding pore sizes from 4 nm down
to 0.26 nm, because i, of pores smaller than 4 nm cannot be
measured by mercury intrusion, but true density measured by he-
lium pycnometry takes into account pore sizes down to 0.26 nm
(kinetic diameter of helium) [40]. Specific surface area (SSA)

SSA was determined with a NOVA 2000e (Quantachrome
Instruments, USA) using the 5-point BET method with P/P, ranging
from 0.1to 0.3. After degassing for 12 h, samples of drug-loaded
FCC and FCC-drug mixtures (with equivalent drug fraction) were
measured with nitrogen at constant temperature (77.4 K).

2.3.5. Differential scanning calorimetry (DSC)

Thermal analysis was performed with a DSC 400 (PerkinElmer,
USA). Melting enthalpy was measured (n = 3) for drug-loaded FCC
(AHjqq) and FCC—drug mixtures (AH,;ix). The amorphous content
(X,) in drug-loaded FCC was calculated with Eq. (4) according to Vi-
tez [41] and Shah et al. [42].

AH load

mix

Xo(%) = 100 — X (%) = 100 — £100 4)

where X. is the crystallinity of the drug (mass fraction of crystalline
drug). Reference samples contained the same fraction of drug as
drug-loaded FCC, but as a mixture of FCC and 100% crystalline stan-
dard. After a pre-run to remove traces of water (heating to 120 °C), a
temperature scan from —20 °C up to 300 °C was performed in steps
of 20 °C/min.

2.3.6. Dissolution USP 2

Drug release of IBU, LK, MBZ, and NP was studied with a USP 2
dissolution apparatus (SOTAX, Switzerland) using samples of drug-
loaded FCC for which loading capacity was reached. The sample
weights for IBU-loaded (40%, wfw), LK-loaded (40%, w/w), MBZ-
loaded (40%, w/w), and NP-loaded (35%, w/w) FCC were 75, 50,
125, and 57 mg, respectively. Physical mixtures of drug and FCC
with identical sample weights and drug contents served as refer-
ence samples. The samples were measured triplicates, and sink
conditions were provided in all experiments. Sodium phosphate
dissolution buffer (pH 6.8, 0.05 M) was produced according to
the standards of the International Pharmacopoeia. Sodium lauryl
sulfate (SLS) was used for IBU (1% SLS, w/v), MBZ (0.01% SLS, w/v)
to reduce surface tension of the dissolution medium and to avoid
floating of the powder samples. For dissolution experiments of
NP the addition of 1% SLS (w/v) was necessary to maintain sink
conditions and to enable dissolution since the solubility of NP is
only 6 mg/l at 37 °C (Table 1). Paddle speed was 100 rpm, and
the temperature of the water bath was set to 37 °C. The dissolution
medium was continuously transferred to the UV-spectrophotome-
ter (Amersham Bioscience, Ultrospec 3100 pro) and returned to the
dissolution vessels with a peristaltic pump (IPC, Ismatec, Switzer-
land). Glass-microfiber filters (693, VWR, France) with a particle
retention of 1.2 um were inserted in the filter head of the Hollow
Shaft™ sampling system (Sotax, Switzerland). Absorbance was
measured every minute at the wavelengths described for the
HPLC-UV methods. Path length of the cells was adjusted (0.2 or
1.0 cm) to obtain absorbances in the linear and valid range of the
calibration standard.

31



3 PEER-REVIEWED PUBLICATIONS

552 D. Preisig et al./European journal of Pharmaceutics and Biopharmaceutics 87 (2014) 548-558

Table 1

Model drugs and solvents used for drug loading with corresponding solubilities in solvent and water (mg/ml).

Model drug Solvent Solubility in solvent (mg/ml) Solubility in water {mg/ml)
Ibuprofen (1BU) Acetone 607 (25 °C) [54] 0.041 (25°C) [55]

Losartan potassium (LK) Methanol >1000 (25 *C)" >100 (25 °C)"
Metronidazole benzoate (MBZ) Acetone 256 (25 °C) [56] 0.122 (25 °C) [56]
Nifedipine (NP) Acetone 250(20°C) (57| 0.0056 (37 °C, pH 7) |57]

@ Experimental values.

3. Results
3.1. Quantification of drug load by HPLC-UY

Prior to drug quantification, optimized HPLC-UV methods were
validated for range, linearity, precision, and accuracy. Linearity of
all calibration standards fulfilled our requirement (R* > 0.999). Pre-
cision (intra-assay) was evaluated by relative standard deviation
(%RSD, n = 3) and was always below 3% RSD. Accuracy (intra-assay)
assessed by separately prepared samples was within 97% and 103%.

HPLC values of experimental drug load (DL. in w/w¥%) for parti-
cles loaded with LK, MBZ, and NP were close to the theoretical drug
load (DL,). IBU-loaded FCC showed a decrease in drug content DL,
(Table 2) which could be due to drug degradation during the load-
ing process. However, drug degradation was low or negligible for
the other three model drugs.

3.2. SEM analysis

In general, SEM image analysis revealed individual and intact
particles after drug loading. This implies that milling and sieving
did not destroy the porous structure of FCC. At a DL of 25%
(w/w), loading efficiency was “excellent” for all drugs, since no
agglomerates and separate drug crystals were seen. Fig. 2 shows
overview images of MBZ-loaded FCC with DLs of 30% (E), 40% (F),
45%(G), and 50% (H). A DL of 30% and 40% (w/w) caused the forma-
tion of only a few agglomerates (depicted by white arrows) indi-
cating “good” loading efficiency. However, the significant
increase in agglomerates at a DL of 45% compared to 40% indicates
decreased loading efficiency. At 50% DL, much more agglomerates
and two separate drug crystals were found (Fig. 2H; dashed ar-
rows). Fig. 1D shows the magnification of the upper crystal.
According to the definitions in the method section, drug-loading
capacity was thus 40% (w/w) for MBZ. The same method was ap-
plied for the other drugs, revealing drug loading capacities of 40%
(w/w) for IBU and LK, and 35% (w/w) for NP. Fig. 2E- H shows typ-
ical particles of the model drugs at full loading capacity. It should
be noted that the upper edges of the typical FCC petals stretch out
of the surface, indicating that the pores were filled with the drug
rather than just coated.

3.3. Particle density

Non-loaded FCC had a true density of 2.71 +0.04 g/ml (n=3)
and a bulk density of 0.45+£0.01 g/ml (n=3). True densities of

Table 2

drug-loaded FCC with DLs at maximum loading capacity were
1.71 g/ml (IBU40%, w/w), 1.88g/ml (LK40%, wiw), 1.95g/ml
(MBZ 40%, wfw), and 2.01 g/ml (NP 35%, w/w). True densities of
pure compounds amounted to 1.10 g/ml (IBU), 1.36 g/ml (LK),
1.39 g/ml (MBZ), and 1.37 g/ml (NP).

3.4. Mercury porosimetry

By taking the first derivative of the cumulative intrusion curve,
pore-size distributions based on equivalent Laplace diameter [43]
are shown (Fig. 3A). Because differential curves above 10 um asso-
ciated with the coarse packing of the powder are not reproducible,
they were excluded.

The measured powder samples showed bimodal pore-size dis-
tribution with the main peaks at 4.3 um, representing the interpar-
ticle pore diameters, and a broad pore-size distribution between
4 x 10 * and 1 um, representing the intraparticle voids. Discrimi-
nation between inter- and intraparticle pores can be done by
determining the minimum in the differential curve [39], which
was at 1 um for bulk FCC. However, drug-loaded FCC samples
showed no clear minimum. Therefore, a pore size of 1 um was used
to distinguish between inter- and intraparticle pores for all sam-
ples. Intraparticle porosity was calculated based on true densities
of drug-loaded FCC measured by helium pycnometry (Eq. (3)).
Fig. 3B shows a decrease in intraparticle porosity of bulk FCC from
69.2% (v{v) to 43.9% (MBZ), 40.1% (IBU), 34.6% (NP), and 24.0% (LK),
reflecting drug deposition in particle pores.

3.5. Specific surface area (SSA)

SSA of FCC S01 was determined to be 35.43 m?%fg. Gas adsorp-
tion analysis of drug-loaded FCC and FCC-drug mixtures used as
a reference showed that SSA generally decreased with higher DL
(Fig. 4). This effect was mainly due to the contribution of drugs
as they exhibit much lower SSAs than FCC (i.e. 0.42, 0.54, 0.66,
and 0.47 m?/g for MBZ, IBU, LK, and NP, respectively), thus reduc-
ing the SSA of drug-containing FCC samples, irrespective of the
location of the drug (i.e. inside or outside the pores). The most
striking finding from the plots was the consistently lower SSA val-
ues for drug-loaded FCC compared to reference samples. This dif-
ference was most pronounced for LK, and still significant for MBZ
and NP, whereas the SSA values of IBU-loaded FCC were superim-
posable with the reference samples. Since SEM pictures of LK- and
1BU-loaded particles were comparable, it is evident that the SSA

Theoretical drug loads (DL,) resulting from the sum of weights of drug and drug carrier, and experimental drug loads (DL,) determined by HPLC-UV quantification are shown,
where n corresponds to the total number of measurements as described in the methods section.

DL, (%, wfw)}  [BU-loaded FCC DL, (%, wjw, n=9)  LK-loaded FCC DL. (%, wjw, n=9)  MBZ-loaded FCC DL. (%, w/w, n=6)  NP-loaded FCC DL. (%, wiw, n=6)
25.00 24.05 +0.26 26.21+0.22 2531+£0.12 2496 +0.74
30.00 28.29+0.51 30.49 +£0.49 28.26+0.16 29.74 +0.56
35.00 34.13+0.15 36.69 +0.95 34.99+0.19 34.90 +0.93
40.00 38.05+0.50 41.14+0.27 40.00 + 0.63 39.60+0.41
45.00 43.05+0.72 44.81+0.29 44.11+0.75 4491+1.18
50.00 46,15 £0.27 50.58 +0.84 50.05+0.18 50.87 £0.11
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Fig. 2. SEM overview images of MBZ-loaded FCC showing almost no agglomerates (indicated by white arrows) at a DL of 30% (A) and 40% (B). At a DL of 45% (C), a significant
increase in agglomerates occurred, and at 50% (D), even separate crystals (dashed arrows) were observed, indicating loading capacity (maximum drug load) at 40% (w/w) for
MBZ. SEM images at DLs at maximum loading capacity are shown for MBZ 40% DL (E), IBU 40% DL (F), LK 40% DL (G), and NP 35% DL (H).
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bars, ml/g) and intraparticle porosity (- C-,%) of drug-loaded FCC and bulk FCC.

reduction after loading of LK was not only a result of pore filling,
but rather due to clogging of micropores (<2 nm) presenting the
largest fraction of SSA. Completely closed micropores inaccessible
for nitrogen gas may only be possible by clogging with amorphous
drug.

3.6. DSC analysis

Thermal analysis of drug-loaded FCC showed different heat flow
peaks compared to FCC-drug mixtures containing the same
amount of drug in 100% crystalline form (Fig. 5). LK-loaded FCC
was an exception because no peak occurred, but a glass transition
was observed at 130 £ 5 °C (half ¢,) suggesting that all loaded LK
was converted into an amorphous form. The presence of two heat
flow peaks (melting points) of LK-mixed FCC indicated the pres-
ence of two LK polymorphs.

Integration of DSC thermograms delivered the melting enthal-
pies for IBU 40% DL (AHpix = 39.75 £ 0.68 ]/g, AHjpua=37.10 £ 0.44
J/g), LK 40% DL (AH, = 3.50 £ 0.02 J/g, AHpuq = 0.0]/g), MBZ 40%
DL (AHpmix = 35.32 £ 2.46 ]/g, AHjpqa = 30.89 £0.12 J/g), and NP 35%
DL (AHjpnix = 28.30 + 0.22 J/g, AHjpaq = 25.79 + 0.11 J/g). The content
of amorphous drug was calculated with Eq. (4). Interestingly, small
fractions of amorphous drug (,) were found for FCC loaded with
IBU (6.7%, wiw), NP (8.9%, w/w), and MBZ (12.5%, wjw).

3.7. Dissolution USP 2

Fig. 6 shows dissolution plots of drug-loaded FCC in comparison
with FCC-drug mixtures. Immediate and complete drug release
within the first minute was observed for FCC loaded with LK and
IBU and corresponding reference formulations. In contrast, FCC
loaded with MBZ or NP showed faster drug dissolution in compari-
son with the drug-mixed FCC. After 3 min, 80% of the drug was re-
leased from MBZ-loaded FCC, whereas 80% of the MBZ-mixed
formulation was dissolved only after 6 min. FCC loaded with NP re-
leased the first 80% of drug 2.5-fold faster than NP-mixed FCC. In
summary, drug-loaded FCC provided immediate drug release and
showed faster release of NP and MBZ than did the reference samples.

4. Discussion
4.1. Drug loading capacity

To estimate the total available space for loading of a porous
material with an API, intraparticle porosity (v{v) should be
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determined. Mercury porosimetry measurement of bulk FCC re- Biga=1— Py (6)
mira

vealed a specific intraparticle pore volume of 0.82 ml/g, resulting
in an intraparticle porosity of 69.2% (v/v) using true density for cal-
culations of the specific volume of the solid skeleton. Conse-
quently, approximately 70% (v/v) of an FCC particle could
theoretically be loaded with drug. This high intraparticle porosity
is rather astonishing, but it can be verified by applying a simplified
geometrical model as shown below.

It is generally accepted that efficiency of random close packing
(RCP) of equisized spherical particles is 64% (v/v); the remaining
36% are interparticle voids [44]. Assuming that FCC particles are
spherical and packing efficiency meets the conditions of RCP, the
specific particle volume v, can be approximated as v, = 7, x 0.64,
where v, is the specific bulk volume. Intraparticle porosity can
then be expressed as

Vp—Us _ o' =0.64 — p7!
vy p;' =064

(5)

Pinera =

where pj, is the bulk density and p; is the true density of the solid
only. Simplification of Eq. (5) yields Eq. (6).

P, +0.64

In order to use Eq. (6), the RCP conditions have to be met. Thus, the
fluffy FCC powder was manually densified by means of a punch be-
fore bulk density was determined. Experimental values of bulk den-
sity (0.45 g/ml) and true density of FCC (2.71 g/ml) yielded an
intraparticle porosity of approximately 74% (v/v). The discrepancy
of 5% (v/{v) between the calculated value and the value obtained
by mercury intrusion may be explained by the microporosity and
the shape factor of FCC. As described in the methods section,
Eq. (3) is only valid for particles with pore sizes above 4 nm.
However, SEM and SSA analysis indicated that FCC also consists
of micropores (<2 nm), yielding too low values for intraparticle
porosity (69.2% v/v) obtained by mercury intrusion and helium
pycnometry. Furthermore, FCC particles are not perfectly spherical
as shown in Figs. 1 and 2, thus packing efficiency is different to
the suggested 64% (v/v) for RCP of spherical objects of equal
diameter. Therefore, the calculated porosity (74% v/{v) based on
Eq. (6) might be overestimated. Since the real value lies in this range
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(69.2-74%, viv), we used 70% (v/v) as the reference value for
intraparticle porosity and maximum available space for drug load-
ing. Accordingly, theoretical drug-loading capacity of IBU amounted
to 49% (w/w), because DL= 0.7 + 1.1/(0.7 + 1.1 + 0.3 + 2.7 + 100, where
0.7 is the volume fraction (intraparticle porosity) which can be
loaded with IBU having a true density of 1.1 g/ml, and 0.3 is the vol-
ume fraction of the solid having a density of 2.7 g/ml. The calcula-
tions for MBZ (p = 1.39 g/ml) yielded a possible DL up to 54% (w/w).

Comparison with drug-loading capacity by systematic SEM
analysis revealed that the particles could not be completely filled.
A critical level was observed at 35% (w/w) for NP and at 40% (w{w)
for IBU, LK, and MBZ, where numbers of agglomerates and separate
crystals started to increase. Above this critical level, the intraparti-
cle pores could not be filled any further, and interparticle voids
were also filled with drug causing the formation of agglomerates
(Fig. 2B). Recalculation to the volume fractions revealed that only
20% (v{v) of the estimated 70% (v/v) could be loaded with MBZ,
amounting to a space-filling efficiency of around 28%. These calcu-
lations and comparisons were necessary to understand where the
drug was deposited, and also gave interesting insight into the
mechanism of drug deposition when using the solvent-evaporation
method. Ideally, the resulting product consists exclusively of
drug-loaded FCC particles, without agglomerates and separate
drug crystals present, because such undesired particles might have
a negative effect on drug-release properties. It is therefore manda-
tory to determine drug loading capacity by a systematic and qual-
itative method, e.g. SEM image analysis.

4.2. Site of drug deposition

“Excellent” loading efficiency does not necessarily prove that
the drug has completely crystallized inside the pores since drug
degradation may have occurred. Hence, SEM analysis in combina-
tion with HPLC is needed to determine the site and amount of drug
deposition. Analysis of porosity and SSA supported the concept of
pore filling, but this is not sufficient to unambiguously characterize
drug deposition.

Based on SEM images of drug-loaded FCC with low DL (25%, wjw)
where no filled pores or separate drug crystals were observed, it
can be hypothesized that the drug was deposited as a thin layer
on the surface of the outer pores and probably also in deeper
regions. With higher DLs (35% and 40% wjw), the FCC surface

became smooth, and most of the outer pores disappeared (Fig. 2).
This observation was decisive for the confirmation of pore filling.

The extent of pore filling was quantitatively analyzed by mer-
cury porosimetry. A significant decrease in intraparticle porosity
was observed after drug loading, a finding that was most pro-
nounced for LK-loaded FCC samples. The phenomenon was thought
to be due to the amorphous drug clogging pores smaller than
0.1 um, since practically no mercury penetrated below this pore
size (Fig. 3A). The lower SSA of drug-loaded FCC compared to mix-
tures of drug and FCC suggested that the drug was directly associ-
ated with the surface of the pores. The mechanism of drug
deposition as suggested by the available results is explained below.

4.3. Proposed mechanism of drug deposition in FCC by solvent
evaporation

The crystal state of drugs incorporated into FCC particles was
investigated by DSC analysis (Fig. 5). For IBU-, MBZ-, and NP-
loaded FCC, the amorphous fraction of the drug was around 10%
(w/w) which might be due to adsorption into the porous matrix
with small pore size, where space limitation prevented the forma-
tion of crystalline material, thus retaining the drug in its non-crys-
talline, amorphous form [45]. However, pore-size distribution
estimated by mercury intrusion showed no significant change for
pore sizes below 20 nm, suggesting that these small pores were
not filled with drug. Entrapment of amorphous drug in pores larger
than 20 nm could have occurred, but this is rather unlikely. Alter-
natively, lower accuracy of the DSC method due to comparison of
materials with different porosities could have resulted in the dif-
ference of melting enthalpies. Complete amorphization of LK was
not due to confinement in small pores, but due to processing in
methanol as described elsewhere [46]. Additional DSC measure-
ments of pure amorphous LK after processing in methanol (results
not shown) showed a glass transition state at a temperature range
similar to that observed for LK-loaded FCC. However, the thermo-
gram of pure amorphous LK also showed recrystallization and
occurrence of two polymorphs, which was not observed for LK-
loaded FCC, indicating stabilization of the amorphous form in the
porous matrix.

The largest fraction of IBU, MBZ, and NP in drug-loaded FCC re-
gained its original crystalline form (see Fig. 5). This crystallization
process is assumed to depend on two major events, i.e. nucleation
and crystal growth [47]. Nucleation is the initial step when the
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solute gathers in clusters. This process is driven by supersaturation
of the solute in the solvent. Subsequent precipitation (nucleation)
occurs when the cluster reaches a critical size and becomes suffi-
ciently stable. The crystal structure is defined by the distinctive
arrangement of the molecules during the nucleation phase. Crystal
growth is also driven by supersaturation and can occur in parallel
to nucleation. Homogeneous nucleation occurs in the middle of the
solution, whereas heterogeneous nucleation is the formation of
critical clusters on a pre-existing surface, a so-called nucleation
center. Heterogeneous nucleation rate is higher than homogeneous
nucleation rate under identical conditions because the formation
of a new surface (of the nucleus) requires energy due to surface
tensions between the liquid phase and the newly forming solid
phase. A pre-existing surface decreases the required energy of sur-
face formation, and the nucleation barrier is lower [48]. These con-
siderations are relevant for initial nucleation in the presence of FCC
which provides numerous nucleation centers on its extensive and
rough surface. Assuming that drug diffusion into the larger (outer)
pores of FCC is fast and no concentration gradient occurs upon
evaporation of the solvent, nucleation on the FCC surface, i.e. inside
the pores, is preferred. Driven by supersaturation due to continu-
ous evaporation of the solvent, the nuclei start to grow, and the
crystals fill the pores. Evidence for heterogeneous nucleation upon
solvent evaporation was provided by SSA measurements. The re-
duced SSA of drug-loaded FCC compared to non-loaded reference
samples (Fig. 2) indicated that drug crystals grew directly on the
surface of the pores. However, SSA was still relatively high after
drug loading of IBU, MBZ, and NP, which is a hint for crystal growth
in the larger outer pores (macro- and mesopores), because their
contribution to SSA is much lower than the one of micropores.
The strongest decrease in SSA was observed for LK-loaded FCC
compared to physical mixtures, most probably due to clogging of
the micropores by the amorphous drug as shown by DSC and mer-
cury porosimetry. When the pores are filled, drug loading capacity
is reached and drug excess leads to the formation of agglomerates.
At this stage, drug diffusion into the inner core of the particle is
only possible at very slow drying to allow sufficient time.

Crystal growth in porous materials may increase the pressure,
thus potentially damaging the material. Typically, this occurs be-
low a pore size of 20 nm [49]. Since crystallization pressure is high-
er with smaller pore sizes, crystals will preferably grow in the
largest pores in materials with multiple pore sizes [49], e.g. FCC.
This phenomenon correlated with drug solubility which increased
with crystals with positive pressure compared to bulk solubility
[50]. These assumptions explain well why the drug preferentially
deposited in the larger outer pores of FCC, and why the theoretical
drug loading capacity of 70% (v/v) was not reached.

At a late stage of drying, when all remaining solvent is inside
the porous matrix, continuing evaporation will lead to an out-
ward flow of the solution (convection) [51]. As a consequence
of the mass transfer, drug accumulation and crystallization occur
mainly near the surface [51]. These assumptions additionally sup-
port the view that drug loading into the inner core is challenging.
Inward drug diffusion counteracts the outward mass transfer,
potentially leading to more homogeneous drug distribution with-
in the particle, but only when sufficient time for diffusion is gi-
ven, i.e. when drying is slow enough. Therefore, we hypothesize
that drug-loading capacity is dependent on the drying rate and
that drug-loading efficiency can be increased if evaporation is
slowed.

Our values for loading capacity could still be improved. How-
ever, the influence of prolonged drying time was not investigated
in this study, because the applied process parameters of the sol-
vent-evaporation method with short drying time (2.5 h or 3.5 h)
yielded a sufficiently high DL of 40% (w/w) with good loading
efficiencies.

The mechanism of drug loading by solvent evaporation differs
fundamentally from the impregnation method, where the adsorp-
tion equilibrium controls DL. The adsorption equilibrium essen-
tially depends on physicochemical properties (besides
temperature and surface area), especially on drug and solvent
polarities [52]. In this study, we showed that crystallization on cal-
cium carbonate templates is not limited to a specific polarity range
of the drug. Three highly lipophilic drugs and a salt could be depos-
ited within FCC. In preliminary studies, 16 of 21 model drugs with
varying polarities showed excellent loading efficiencies at a DL of
25% (w/w), demonstrating the wide range of applicability of the
solvent-evaporation method.

4.4. Release profiles of drug-loaded FCC

A main objective of using porous carriers as a drug delivery sys-
tem is to improve dissolution rate. Dissolution experiments with
the standard USP 2 method have shown that drug loading into por-
ous microparticles can accelerate drug release of poorly water-sol-
uble drugs, e.g. NP and MBZ (Fig. 6). The faster drug dissolution of
the loaded drug was attributed to the enlarged surface area com-
pared to micronized drug crystals since only a minor fraction of
the loaded drug was considered to be amorphous (approximately
10%). The loaded drug can be considered as a crystalline coating
over the pore surface of the microparticles. Increased crystalliza-
tion pressure in pores leads to locally increased solubility and
might be an additional mechanism for faster drug release [50].

Drug release from drug-loaded FCC was investigated without
specific formulation strategies (e.g. tablet compaction or additional
excipients) to eliminate influences altering the dissolution rate,
and to have direct information on the performance of drug-loaded
particles. Addition of SLS was necessary to avoid floatation of the
particles, but its use is only appropriate for investigation of en-
teric-coated drug delivery systems targeted to the small or large
intestine. It also has to be considered that a certain fraction of sus-
pended FCC and drug particles is sucked through the coarse parti-
cle filter and retained in the glass-microfiber filter where
temperature and flow conditions are different than in the dissolu-
tion vessel.

A significant increase in drug dissolution rate was observed for
NP- and MBZ-loaded FCC compared to reference samples, meaning
that complete drug dissolution occurred in half the time. This ef-
fect might be even higher in vivo than in vitro due to different
hydrodynamic conditions and generally decreased dissolution
rates compared to the USP2 apparatus [53]. For the model
compounds IBU and LK, little changes in dissolution rate were ob-
served. However, in the case of IBU, loading into FCC proved to be
an interesting alternative to the micronization of this poorly solu-
ble drug. For highly soluble compounds such as LK, the use of FCC
as a carrier material might be an advantage when low doses have
to be administered. In addition, drug-loaded FCC may be coated to
modulate drug release, and to obtain, for example, a sustained
release formulation.

5. Conclusion

Contrary to common belief, we demonstrated that drug loading
by solvent evaporation is simple, fast, and efficient. In particular,
the solvent-evaporation method offers three advantages over the
widely used impregnation method: (1) the resulting DL can be pre-
cisely determined in advance, (II) a high DL can be achieved in a
short time, and (IIl) loading efficiency is good up to the loading
capacity of FCC or other porous carriers (i.e. no waste of expensive
drugs). The combination of qualitative SEM analysis and HPLC
quantification was sufficient to estimate both loading efficiency
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and loading capacity, but additional analysis of porosity, SSA, and
crystallinity was necessary to elucidate the loading mechanism.
It was shown that the extensive surface area of FCC presents a large
number of crystallization centers leading to heterogeneous nucle-
ation and drug deposition mainly in the pores, preferably in the
larger outer pores. Complete pore filling of the inner core was
not possible. Nevertheless, DLs up to 40% (w/w) with good loading
efficiencies were achieved. Proof of feasibility of the solvent-evap-
oration method was mainly attributed to the unique properties of
the model carrier used in this study. The large pore sizes (up to
1 um) decreases crystallization pressures, facilitating drug deposi-
tion within the pores, and high DLs were achieved due to the high
porosity (70% v/v). Drug-loading capacity could possibly be in-
creased by slowing evaporation, thus allowing enough time for dif-
fusion of drug into the core of the particles.

Dissolution experiments proved that drug release can be accel-
erated by loading poorly water-soluble drugs into microparticles
by the solvent-evaporation method. In contrast to the impregna-
tion method based on adsorption, solvent evaporation led to a
low fraction of amorphous drug after drug loading. The faster drug
release can be explained by surface enlargement of the drug and
locally increased drug solubility. Drug-loaded FCC may be used in
capsules or tablets for oral delivery. Possible applications include
the formulation of poorly soluble compounds to accelerate their
dissolution. Sustained release formulations of highly soluble drugs
can be obtained by coating of loaded FCC particles. Technical
advantages include the formulation of drugs which are adminis-
tered at low doses, or the preparation of orally dispersible tablets
(ODT’s). Indeed, the suitability of FCC for preparation of ODT's
was already demonstrated [22]. These findings are promising for
the future development of carrier-based drug delivery systems.
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The objective of the present work was to develop an improved method to quantify particle retention on
mucosal tissue under dynamic flow conditions with simultaneous determination of drug dissolution. The
principle was to dissolve the collected inert carrier material and quantify specific marker ions by reliable
analytical methods. The mucoadhesive model particles consisted of drug-loaded porous calcium
carbonate microcarriers coated with chitosan, and quantification of calcium ions by capillary
electrophoresis enabled to determine particle-retention kinetics on colonic mucosal tissue. The method

Keywords: . was validated by image analysis, and the particle-retention assay was successfully applied to granulate
Mucoadhesion = i 2 5 < . 7
Bioadhesion material (125-250 mm) and small particles (<90 wm) with mucoadhesive properties. Particle retention

on colonic mucosa was improved by increasing the chitosan content, demonstrating the sensitivity and
usefulness of marker-ion analysis for quantification of detached particles. Furthermore, we showed that
drug dissolution from mucoadhesive microparticles followed comparable kinetics in the particle-
retention assay and the standard USP IV method. Our findings are helpful for the development of micro-
sized colonic drug delivery systems, in particular for optimization of mucoadhesive properties and
sustained drug release kinetics of porous drug carriers.

Microparticles
Particle-retention assay
Marker-ion analysis
Colon delivery

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The physiology of the gastrointestinal tract presents innumer-
ous challenges to drug delivery, particularly when developing
modified-release dosage forms for oral administration (McConnell
et al., 2008). For instance, a physiological parameter showing
marked variability is gastrointestinal transit. Total transit of dosage
forms through the gut can be as short as a few hours or as long as a
few days (Varum et al., 2010a), highlighting wide inter- and intra-
individual variabilities. Therefore, increased residence time in the
target region would improve oral bioavailability. This can be
achieved using the mucoadhesion approach. Mucoadhesive drug
delivery systems can potentially prolong and harmonize the
gastrointestinal residence time due to their adhesive interactions
with the mucus covering the gastrointestinal epithelium (Ch'ng
et al., 1985; Park and Robinson, 1984; Varum et al., 2008).

* Corresponding author. Tel.: +41 0 61 267 15 13.
E-mail addresses: daniel.preisig@unibas.ch (D. Preisig), fvarum@etillotts.ch
(FJ.0. Varum), rbravo@tillotts.ch (R. Bravo), rainer.alles@unibas.ch (R. Alles),
joerg.huwyler@unibas.ch (J. Huwyler), maxim.puchkov@unibas.ch (M. Puchkov).

http://dx.doi.org/10.1016/j.ijpharm.2015.04.020
0378-5173/© 2015 Elsevier B.V. All rights reserved.

Modified-release dosage forms can be classified as single-unit
or multiple-unit forms. The latter consist of many, often small-
sized, units which are filled in a capsule or sachet, or they are
compressed as tablets which disintegrate to release the individual
units (Follonier and Doelker, 1992). Multiple-unit dosage forms
generally have a more predictable and reproducible transit
through the gut, resulting in lower inter- and intra-individual
variabilities compared to single-unit dosage forms (Efentakis et al.,
2000).

The design of multiparticulate drug delivery systems with a
mucoadhesive functionality combines the advantages of both
technologies to increase residence time, particularly in the colon
(Chowdary and Rao, 2004; Varum et al., 2011). However, in vitro
evaluation of such mucoadhesive formulations is still challenging,
and standardized methods are missing. Evaluation of particles in
the nano- and micro-size ranges is particularly difficult.

For in vitro evaluation of mucoadhesive formulations, the
tensile detachment method is most commonly used due to the
convenient experimental procedure and simple data reading
(Woertz et al., 2013). The mucoadhesive formulation is thereby
brought into contact with an appropriate gastrointestinal mucosa
model (animal mucosa or artificial substrate), and the force to
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break the adhesive bond is measured (Ch'ng et al., 1985; Lejoyeux
et al., 1989). This method found application also for investigation of
mucoadhesive microspheres (Cao et al., 2012), but uneven particle
distribution on the sticky tape and varying contact surface areas
may impact on the reproducibility of the results. Furthermore, the
test conditions, such as initial application force and tensile stress,
do not match the shear forces in vivo (Laulicht et al., 2009).
Therefore, other assessment methods were proposed in which
multiparticulate bioadhesives were exposed to shear stress of a
fluid. Examples are the rotating cylinder method performed in a
USP 11 dissolution apparatus (Bernkop-Schniirch and Steininger,
2000; Grabovac et al., 2005), and the wash-off method for which a
USP disintegration apparatus is used (Brahmaiah et al., 2013).

The falling liquid method first described by Rao and Buri (1989)
has been most often used and adapted to investigate mucoadhe-
sion of microparticles (Belgamwar and Surana, 2010; De Ascentiis
et al.,, 1995; Déat-Lainé et al., 2013; Kockisch et al., 2003; Liu et al.,
2005; Mishra and Mishra, 2012; Nielsen et al., 1998; Rastogi et al.,
2007).The mucosal tissue is mounted on a channel-like device, and
the particles are evenly distributed on the mucosal surface. A
constant flow of medium is then applied to simulate the dynamic
conditions and shear forces in the gastrointestinal tract or at any
other site of intended delivery. Quantification of the remaining
particles is done by visual counting (Belgamwar and Surana, 2010;
Déat-Lainé et al., 2013; Kockisch et al., 2003; Liu et al., 2005), but
this method is prone to human errorand limited to a particle size of
at least 200 um. Gravimetric analysis of the dried washings
presents a more reliable method (De Ascentiis et al., 1995; Mishra
and Mishra, 2012; Rajinikanth et al., 2003; Rastogi et al., 2007), but
washed-out mucus and drug released from adhering particles
might significantly affect the results.

Fluorescein-labeled microspheres were also tested in a modi-
fied flow channel. Adhering particles were determined under UV
light and by image analysis software, but this approach provided
only semi-quantitative information about the release of the water-
soluble model drug fluorescein, and not about the retention
behavior of the particles on mucosal tissue (Kockisch et al., 2004).

Simultaneous determination of particle retention and drug
dissolution kinetics using mucoadhesion assays with dynamic flow
conditions has not yet been described in the literature. Addition-
ally, there is still a need for improved analytical tools to quantify
the detached microparticles. Such microparticles often consist of
inert drug carriers, such as silicon dioxide or calcium carbonate, for
example.

In previous studies, we used functionalized calcium carbonate
(FCC', Omyapharm, Switzerland) for the development of floating
gastroretentive drug delivery systems (Eberle et al., 2014) and
orally dispersible tablets (Stirnimann et al., 2013). This multifunc-
tional excipient, which is characterized by a small particle size
ranging from 5 um to 15 wm and high porosity of 70% (Stirnimann
et al., 2014), was also shown to be a suitable drug carrier for oral
delivery of various small molecules (Preisig et al., 2014).

The semisynthetic polymer chitosan (CS)” is well known for its
mucoadhesive properties (Lehr et al., 1992), also when formulated
as microparticles (He et al., 1998; Kockisch et al., 2004). Since CS is
soluble at acidic pH but insoluble at pH>6 (Sogias et al., 2010),
calcium carbonate microparticles can be coated with CS layers
using a precipitation method, as demonstrated by Han et al. (2012).

It can be hypothesized that carrier materials such as FCC can be
brought into solution, e.g. by chemical dissolution, thus producing
marker ions that can be quantified by appropriate analytical
methods. This method has the advantage that very small particles

_‘ FCC: Functionalized calcium carbonate.
2 CS: Chitosan.

can be tested without labeling. Drug carriers based on calcium
carbonate are well suited for marker-ion analysis due to fast
dissolution in acidic conditions, and due to the availability of
various analytical methods to quantify calcium, e.g. ion chroma-
tography (Souter et al., 2011), flame atomic absorption spectrom-
etry (Pohl et al., 2014), and capillary electrophoresis (Nussbaumer
et al.,, 2010).

The objective of our study was therefore to investigate the
usefulness and reliability of marker-ion analysis as a new method
for particle quantification in dynamic particle-retention assays. For
this purpose, visible (125-250 um) and subvisible (<90 pm)
mucoadhesive model particles based on calcium carbonate were
used. Furthermore, we aimed to implement simultaneous testing
of drug dissolution and particle retention on the colonic mucosa.

2. Materials and methods
2.1. Materials

FCC (Omyapharm, batch SO01) was kindly provided by Omya,
Switzerland. Metronidazole benzoate (MBZ)® was purchased from
Farchemia, Italy. Ammonium formate, formic acid (98%), HCI,
methanol, N-acetylcysteine, phthaldialdehyde (all HPLC-grade),
and CS with medium molecular weight and 75-85% of deacety-
lation were purchased from Sigma-Aldrich, Switzerland. Acetone,
acetic acid (99%), sodium dihydrogenphosphate dihydrate (NaH,.
P0O4-2H,0), and NaOH pellets were purchased from Hénseler AG,
Switzerland. Boric acid was obtained from Merck, Germany.

2.2. Preparation of mucoadhesive model microparticles

2.2.1. Drug loading

Drug loading of the porous microparticles was done by solvent
evaporation as described recently by our group (Preisig et al.,
2014). Briefly, MBZ-loaded FCC microparticles with a drug load of
40% (w/w) were prepared in a scale of 100g by dissolving MBZ
(40 g) in acetone (250 ml). FCC (60 g) was suspended in a round-
bottom flask (31) connected to the solvent evaporator (R-114,
Biichi, Switzerland). Rotation speed was set to 30rpm, and the
water bath (B-480, Biichi, Switzerland) was kept at 40° C. Pressure
was initially set to 450 mbar and held for 1 h, followed by a gradual
decrease to 20 mbar at a rate of 100 mbar/30 min, and maintained
for 1h at the final pressure. Total drying time was approximately
4h. The collected solid material was ground and fractionated by
sieving (Retsch, Switzerland) to generate two fractions of particle
sizes: (1) <90 wm, and (2) 125-250 p.m. Both fractions were used
as non-mucoadhesive control in the particle-retention assay.
Particles smaller than 90 pum were used for mucoadhesive coating.

2.2.2. Mucoadhesive coating

For CS coating of drug-loaded FCC, a previously reported
precipitation method was adapted (Han et al., 2012). Precipitation
of different amounts of CS (1.0g, 2.0 g, and 5.0 g) on 10.0 g of drug-
loaded FCC resulted in three batches with theoretical CS contents
0f9.1%,16.7%, and 33.3% (w/w), respectively. First, CS was dissolved
in ultra-pure water (1000 ml) containing acetic acid (0.1%, 0.2%,
and 0.5%, v/v, respectively) by stirring for 12 h. Subsequently, the
solution was adjusted to pH 5.0 with NaOH (1 M). After sonication
in a water bath for 1 h, the solution was paper-filtered. The MBZ-
loaded FCC particles (10g) with a drug load of 40% (w/w) and
particle size smaller than 90 um were homogeneously dispersed in
the solution. Under constant stirring, the suspension was slowly
adjusted to neutral pH with NaOH (0.05M) using a peristaltic

* MBZ: Metronidazole benzoate.
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Fig.1. Schematic drawingon the left side showing breakdown of the flow-channel assembly: (a) upper plate, (b) fixation plate, (c) support plate, (d) nozzle plugs for inlet flow,
(e) open channel, (f) threaded hole for outlet flow, (g) chamfered collection region with connection to the upper plate, (h) mucosa holder, (i) excessive mucosa void space. The
dimensions are in millimeters. The right side shows the top view of the flow-channel assembly with particles placed on the mucosa. The area of particle application is

indicated by dashed lines.

pump (0.5ml/min). Separation of the CS-coated microparticles
from the aqueous phase was done by centrifugation at 1000 rpm
for 5min (302K, Sigma, Germany). After removing the superna-
tant, the product was washed with ultra-pure water and
centrifuged again. This washing and centrifugation step was
repeated three times. In the final step, the particles were dried in a
vacuum oven at 40°C. The dried product was sieved (Retsch,
Switzerland) to generate two fractions of particle sizes: (1)
particles smaller than 90 wm, and (2) granules with particle sizes
ranging from 125 to 250 pm.

2.3. Particle characterization

2.3.1. Scanning electron microscopy

The outer surface of CS-coated microparticles was analyzed
with a scanning electron microscope (SEM*; Nova NanoSEM 230,
FEI Company, USA). Samples were sputtered with a 20 nm gold
layer by a high-vacuum sputter coater (EM ACE600, Leica,
Germany).

2.3.2. Drug quantification by HPLC

MBZ in model particles was extracted with acetone and then
diluted with methanol and ultra-pure water to receive drug
concentrations in the validated range of the isocratic HPLC method
described previously (Preisig et al, 2014). The samples were
assayed with an HPLC-UV system (Agilent 1100 series) comprising
an autosampler, binary pump, and variable wavelength detector.
The C18 column (Nucleosil, Marchery-Nagel, Switzerland) with
120 mm length, 3 mm inner diameter, and 5 p.m particle size was
kept in a column oven (PerkinElmer 200 series) set to 40° C. The
mobile phase consisted of ammonium formate (10 mM, pH 4.5)
and acetonitrile at a volumetric ratio of 50:50. Flow rate was
0.5 ml/min, and UV detection was performed at 320 nm.

2.3.3. Chitosan quantification by colorimetric assay

CS was quantified by a colorimetric method as described by
Larionova et al. (2009). The primary amine of CS was derivatized

4 SEM: Scanning electron microscope.

with phthaldialdehyde, and the resulting isoindoles were mea-
sured with a UV spectrophotometer (V-630, Jasco, Japan) at
340 nm. Since MBZ also shows UV absorbance at 340 nm, the drug
was first extracted with acetone, which does not dissolve CS. The
CS-coated particles (100 mg) were transferred to a Falcon tube and
dispersed in acetone (10 ml). After mixing for 5 min on an orbital
shaker (3005, GFL, Germany) at 300rpm, the particles were
centrifuged for 5min at 2000rpm (302K, Sigma, Germany), and
the supernatant was decanted. The extraction step with acetone
was repeated three times. After drying under reduced pressure, the
Falcon tube containing FCC and CS was weighed. The solids were
dissolved in 10ml HCl (0.1 M) using an orbital shaker. When
complete dissolution of FCC and CS was observed, the solution was
adjusted to pH 3.0 with NaOH. The Falcon tube was weighed again
to determine the precise sample volume based on a density equal
to unity. The solutions were filtered using 0.45 wm syringe filters
(Filtropur S, Sarstedt, Germany) and diluted (1:50) with HCl 1 mM.
Equal volumes of reagent solution and diluted CS sample (1 ml)
were mixed and allowed to react for 1 h. The reagent solution was
freshly prepared by adding 200 .l of phthalaldialdehyde solution
(011M in ethanol) and 200! of N-acetylcysteine solution
(0.071 M in ethanol) to 5 ml of borate buffer (0.2M, pH 8.9).
Absorption was measured against a reference consisting of equal
volumes of reagent solution and 1 mM HCl. Calibration curve
included 5 data points with CS concentrations ranging from 10 to
100 pg/ml (R?>0.999).

2.3.4. FCC quantification by capillary electrophoresis

FCC content in mucoadhesive and non-mucoadhesive model
particles was determined by capillary electrophoresis using the
Cation Analysis Kit (Beckman & Coulter, USA) for quantification of
calcium ions. MBZ-loaded or CS-coated FCC particles (50 mg) were
decomposed to calcium ions by adjusting the pH to pH 2.5 with HCI
in a 50 ml volumetric flask. The samples were diluted 1:10 with
3 mM HCI (pH 2.5), and filtered with 0.45 pwm syringe filters. lon
analysis by capillary electrophoresis was done according to the
Cation Analysis Kit (2013). Samples were prepared in triplicate. The
area under the curves (AUCs) of calcium peaks were calculated
using 32 KaratTM Software 8.0 (Beckman Coulter, Germany). The
masses of FCC were calculated according to the calibration curve of
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FCC, which included 7 data points with FCC concentrations ranging
from 1 to 80 ug/ml (R*>>0.990). The calibration curve was re-
measured every time before each test run, and each capillary
electrophoresis measurement was carried out in duplicate.

2.4. Particle-retention assay

2.4.1. Flow-channel design

The flow channel for measuring particle retention was adapted
from Batchelor et al.(2002) and built in-house. It consisted of three
main parts, i.e. polymethyl methacrylate support plate, upper
plate, and stainless steel fixation plate (Fig. 1). The mucosal tissue
(porcine colonic mucosa) was spread on the mucosa holder of the
support plate and immobilized with the fixation plate and four
screws. The fixation plate and mucosa holder overlapped by 2 mm
on the long sides allowing to clamp the mucosa in between.
Excessive tissue was fitted into void space surrounding the mucosa
holder. Between the fixation plate and upper plate, a silicon seal
was placed to prevent leakage of flow medium. The upper plate
with connections for inlet and outlet flow was fixed with six
screws. The flow medium was transported with a peristaltic pump
(Flocon 1B.1003-R/65, Petro Gas Germany) and distributed on the
mucosa via three nozzles plugged into the designated holes. The
distance between the nozzle tips and mucosa was set to 1 mm. The
flow medium arriving at the chamfered collection region of the
channel was removed with a second peristaltic pump through the
outlet of the upper plate into the collection beakers.

2.4.2. Experimental procedure

Segments of pig proximal colon obtained from a local
slaughterhouse were kept on ice and processed the same day.
The colonic tube was opened longitudinally and washed with tap
water. After removing the outer muscle layers, the mucosal tissue
was sectioned into smaller pieces and rinsed with isotonic saline
(0.9% NaCl). The mucosal sections were wrapped in aluminium foil,
flash-frozen with liquid nitrogen, and stored at —20° C. Before use,
the tissue was allowed to thaw in a refrigerator and equilibrate at
room temperature (Varum et al., 2010b). This procedure has been
shown to not affect the mucosa quality (Tobyn et al., 1995).

Prior to each experiment, the flow rate was set to 20 ml/min,
which is close to the 22 ml/min recommended by Rao and Buri
(1989). After a pre-hydration phase of 5 min with a constant flow of
ultra-pure water (37 °C), 20.0 mg of particles was evenly distributed
over the center area of the mucosa (55 x 17 mm) with a sieve. The
flow channel was keptin horizontal position for 5 min. Subsequently,
the assembly was tilted to 45° and the flow was started. The
outcoming flow medium was collected in beakers which were
changed every 10 min. The duration of the experiment was 30 min.
Experiments with small control particles presented an exception,
since in preliminary experiments a quick washout was visually
observed. Therefore, the duration of the experiment was reduced to
10 min, and collection beakers were changed after 2 min and 5 min.
Theremaining particles were scraped off the mucosa and washed out
with flow medium into separate beakers. All beakers were weighed
before and after collection of flow medium to calculate the sample
volume based on a density equal to unity. Samples were adjusted to
pH 2.5and analyzed according to Section 2.3.4. Foreach formulation,
the particle-retention assay was repeated five times. As a control of
calcium flux from mucosal tissue, the experiment was repeated
without applying particles (in triplicate).

The percentage of detached particles, FCCqet, was calculated for
each collected fraction using Eq. (1):

o Fccdet(mg)

= 100 1
FCCapp(mMg) » M

Fccde( (% )

where FCCqe; (mg) is the weight of detached FCC determined by
capillary electrophoresis, and FCC,,;, is the weight of FCC applied
on the mucosa, i.e. the FCC content in 20 mg of tested formulations.
The relative adhesion to mucosal membrane is presented as
retained FCC particles (FCC,,.), which was calculated by Eq. (2):

FCCret(%) = 100% — FCCqer(%) (2)

Recovery of FCC was a measure for the reliability of the particle-
retention assay and was determined by Eq. (3):

Recovery(%) = FCCger (%) + FCCrmuc (%) 3)

where FCCyy,, is the percentage of remaining particles which were
scraped off the mucus after 30 min.

2.4.3. Image analysis

The particle-retention assay was validated with mucoadhesive
granules. The experiments were done as described in the standard
protocol of the particle-retention assay, but the detached particles
were trapped onadark membrane filter(0.45 pum, VWR, USA) having
grating lines with a defined mesh size of 3500 pum. The flow medium
was passed through the filters by the aid of a vacuum filtration
system and collected for further analysis of calcium content. The
filters were changed every 10 min, and filters were photographed for
investigation by image analysis software (Image] 1.48 v, National
Institutes of Health, USA). The mesh size of the grating on the filter
was measured inpixels and was used to set the scale in um/pixel. The
threshold was set to convert into monochrome image, and
Watershed function was applied to separate adjacent particles
(Rasband, 2014).For selective particle analysis, the size range was set
from 0.01 mm? to Infinity, and circularity range was set from 0.3 to
1.0.For quantification of particles, a calibration image with 10.0 mgof
particles distributed on a filter was processed, and the total area of
particles (projected area in mm?) was determined. The total
projected area of 20.0mg of mucoadhesive granules was
420.0mm? corresponding to 100% of particles. Based on this
calibration value, the image analysis results of each fraction were
expressed as detached particles in percentage. Afterwards, the
particles trapped on the filters were dissolved in a known volume of
HCl and determined as described in Section 2.3.4.

Comparison with the results from image analysis can provide
quantitative information about the reliability of the FCC quantifi-
cation method by capillary electrophoresis. The calcium concen-
trations in the filtered flow medium were also quantified by
capillary electrophoresis. The influence of tissue-derived calcium
was investigated in three blank runs without application of FCC
particles.

2.5. Drug dissolution

2.5.1. Particle-retention assay

Immediately after collecting a fraction, samples were taken to
determine drug release from control and mucoadhesive particles.
To prevent further drug dissolution in the collection beaker,
aliquots (1.5 ml) were immediately sampled into Eppendorf tubes
through a syringe filter (0.45 wm). For HPLC analysis, 800 .l of
each sample was diluted with 200 p.l water/methanol (50%, v/v) in
HPLC vials, ensuring a constant methanol concentration of 10% (v/
v). The HPLC method for MBZ quantification was used as previously
described by our research group (Preisig et al., 2014).

2.5.2. USP IV
Drug release from CS-coated particles was also investigated in
the USP IV closed-loop dissolution apparatus (CE 6, Sotax,
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Fig. 2. Particle composition of tested mucoadhesive particles and control particles. Content of FCC (black bar), MBZ (gray bar), and CS (hatched bar) is shown for small
particles (<90 pwm, left side) and granules (125-250 pum, right side) with different CS contents (0.0%, 9.1%, 16.7%, and 33.3%, w/w). Error bars indicate the SD (n=3 for all).

Switzerland). The dissolution cells with 12mm inner diameter
were filled with 1 mm glass beads and covered with a sieve insert
(90 wm mesh). Sample size was 50 mg. The dissolution medium
(phosphate buffer, 37° C, pH 6.8, 1000 ml) was transported through
the USP IV dissolution cells and back to the reservoir vessels with a
piston pump (CY 7-50, Sotax, Switzerland) at a flow rate of 16 ml/
min. The UV absorbance was measured online at 320 nm with a
multi-cell UV-spectrophotometer (Amersham Bioscience, Ultro-
spec 3100 pro).

2.6. Statistical analysis

All results were expressed as means +standard deviations®
(SD). Single-factor analysis of variance (ANOVA)® was performed to
analyze the degree of significance for investigated parameters, e.g.
particle size and CS content. For statistical analysis, we used the
data analysis software (OriginPro 9.1.0, OriginLab USA).

3. Results
3.1. Particle characterization

Depending on the CS concentration, the precipitation processes
lasted 30-40 min, and a total volume of 15-20 ml NaOH (0.05 M)
was required to reach pH 7. The yields of the three precipitation
batches (9.1%, 16.7%, and 33.3% CS, w/w) were 73.1%, 79.1%, and
61.9% (w/w), respectively.

The results of quantitative analysis of FCC, MBZ, and CS were
consistent with the expected values, and total contents were close
to 100% (w/w) as shown in Fig. 2. This means that the ratio (w/w) of
drug-loaded FCC to CS can be controlled by their masses used for
precipitation. The largest deviation from theoretical CS content
was found for the small particles (expected CS content of 33.3%,
versus actual content of 27.1 +0.3% w/w).

The CS coatings were qualitatively analyzed by SEM (see Fig. 3).
After drug loading of FCC, the particles had a relatively rough
surface, as shown in Fig. 3A (<90 wm) and Fig. 3B (125-250 um).

5 SD: Standard deviation.
& ANOVA: Analysis of variance.

After CS precipitation, the particles had a much smoother surface,
which is an indication for successful CS coating. Typical examples
of particles after precipitation with a CS content of 33.3% are shown
in Fig. 3C (<90 wm) and Fig. 3D (125-250 pm). Qualitative analysis
by SEM confirmed the feasibility of the precipitation method to
create homogeneous CS coatings on drug-loaded FCC particles.

3.2. Particle-retention assay

3.2.1. Image analysis

Fig. 4 shows a typical example of an image for mucoadhesive
granules retained on the filter. Particle-detachment profiles
obtained by capillary electrophoresis and image analysis are
almost superimposable as shown in Fig. 5. Cumulative detachment
after 30min was 11.8+3.0% (w/w) determined by capillary
electrophoresis (n=3), and 10.8 & 1.4% (w/w) determined by image
analysis (n=3). Particle recovery for image analysis was 98.5 = 5.3%
(w/w). The cumulative amount of dissolved FCC after 30 min was
7.8 £1.6% (w/w). Fig. 5 shows the FCC dissolution profile of
mucoadhesive granules. Total recovery of FCC measured by
capillary electrophoresis was 92.9 +5.6% (w/w), also taking into
account dissolved FCC. This result indicates that calcium flux from
the tissue was negligible. However, the opposite was observed for
blank runs with no calcium-containing particles applied on the
mucosal tissue. In this case, high amounts of calcium were detected
in collected fractions and were equivalent to approximately 3 mg of
FCC (n=3). This calcium was tissue-derived, but the calcium flux
from the tissue to the flow medium was suppressed when the
mucus was covered with a homogeneous layer of mucoadhesive
microparticles containing calcium.

3.2.2. Particle retention and drug dissolution

Table 1 shows the results of particle retention after 30 min,
demonstrating that mucoadhesion strongly depended on the
extent of CS coating. Immediate washout of the control particles
(<90 wm) was observed after only 2 min, whereas 64.4 +9.0% (w/
w) of small mucoadhesive particles (<90 pm) with a CS content of
33.3% (w/w) still remained after 30 min. Mucoadhesive granules
(125-250 wm) with highest CS content (33.3% w/w) showed
strongest retention on colonic mucosa (81.6 + 6.2%, w/w), which
was more than three times higher than the value for control
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Fig. 3. Representative SEM images of model particles: (A) Non-mucoadhesive particles (<90 .m), (B) non-mucoadhesive granules (125-250 m), (C) mucoadhesive particles

(<90 wm, 33% CS, w/w), and (D) mucoadhesive granules (125-250 pm, 33% CS, w/w).

Ly

Fig. 4. Typical procedure for particle quantification by image analysis software. (A) Photo of detached mucoadhesive granules retained on the filter after 10 min, (B) particle

analysis, and (C) magnification of highlighted area.

granules (25.7 +20.4%, w/w). ANOVA revealed no significant
differences of particle retention between particles with 9.1% and
16.7% CS coatings, for both the small particles (p>.05) and the
granules (p >.05). However, particles with 33.3% CS (w/w) showed
significantly higher mucoadhesivity compared to particles con-
taining 16.7% CS (w/w), for the small particles (p <.0005) as well as
for the granules (p<.05). Another important aspect was the
influence of particle size on particle retention. In general, the
granules (125-250 um) showed better mucoadhesive perfor-
mance in the particle-retention assay than smaller particles

(<90 wm). Table 1 shows average FCC recoveries for different
model particles tested in the particle-retention assay. Most values
were between 84.6% and 96.5% (w/w). Recoveries in excess of 100%
(w/w) were only found for control particles without CS coating,
and a poor recovery of 67.7% (w/w) was only found for the small
particles with 33.3% CS (w/w).

Fig. 6 shows typical results for particle-retention and drug-
dissolution kinetics for the model particles with an expected CS
content of 33.3% (w/w). The retention kinetics of mucoadhesive
particles were characterized by an initial burst detachment within
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Fig. 5. Validation results of the particle-retention assay with mucoadhesive
granules (125-250 um, 33% CS, w/w). Detached particles measured by marker-ion
analysis (solid line) and image analysis (dashed line) are related to the particles
trapped on the filter, whereas dissolved particles (dotted line) are related to the
particle-free solution after filtration. The error bars indicate the SD (n=3).

the first 10 min, followed by lower detachment rate for the
remaining time of the experiment, which was in agreement with
visual observations.

The two different dissolution methods (flow-channel and USP
IV) showed comparable drug-release kinetics for tested particles.
Drug-dissolution rates of CS-coated particles (33.3%, w/w) were
relatively fast for both particle sizes. After 60 min in the USP IV, the
small particles (<90 pm) had released 74.0 + 7.3% of the drug, and
the granules showed almost complete drug release (87.7 +2.7%).

Table 1

4. Discussion
4.1. Design of the flow channel

A new feature of our flow channel was the mucosa holder on the
support plate, on which the mucosal tissue could be placed and
clamped with the fixation plate. The void space surrounding the
mucosa holder was necessary to prevent excessive mucosa from
squeezing into the channel. The sealing was tight enough to
prevent leakage of the flow medium, and the mucosal tissue
remained firmly attached to the support plate during the whole
experiment without additional fixation aids such as pins (Rao and
Buri, 1989) or low vacuum (Kockisch et al., 2003; Riley et al., 2002;
Smart et al., 2003) described by others.

As shown in Fig. 1, the drilled holes present plugging stations for
the nozzle tips. Three of them showed satisfying fluid distribution
over the whole width (17 mm) of the exposed mucosa. The flow
rate of 20 ml/min was close to the 22 ml/min originally described
(Rao and Buri, 1989). In healthy humans, the intestinal fluid is
transported from the ileum to the colon at a rate of 1.5-21/day,
corresponding to approximately 1 ml/min (Szmulowicz and Hull,
2011). The use of a higher flow rate in the particle-retention assay
than that in vivo is reasonable since it can compensate for the lower
shear stress of water compared to the more viscous intestinal fluid.
Another advantage of a high flow rate is that the duration of an
experiment can be reduced, and the integrity of the mucus layer is
less markedly affected.

4.2. Validation of marker-ion analysis

The lower limit of FCC quantification was 1.0 pg/ml. Thus, it was
possible to quantify 0.20 mg FCC in a collected fraction of 200 ml,
which corresponds to 0.33 mg of the small control particles and
0.49 mg of mucoadhesive granules. Therefore, a minimum of 1.7%
of small control particles or 2.5% of mucoadhesive granules had to

Particle retention after 30 min (FCCre(30) and particle recovery (%, w/w) of small particles and granules with different CS contents (0.0%, 9.1%, 16.7%, and 33.3%, w/w). The

results are presented as mean+SD (n=5).

Small particles (<90 wm)

Granules (125-250 pm)

CS content FCCret30 Recovery FCCret30 Recovery
(%, wiw) (%, wiw) (%, wjw) (%, wiw) (%, ww)
0.0 —-2.6+4.9 1155 +6.5 25.7+204 105.2+11.1
91 276+70 96.0+5.8 62.0+ 149 89.7+18.0
16.7 323+74 92.1+117 69.2+6.5 96.5+6.8
333 64.4+9.0 67.7+76 81.6+6.2 84.6 +23.1
1 Small particles (< 90 um) r Granules (125-250 um) r
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Fig. 6. Typical particle-retention and drug-dissolution kinetics of (A) small particles (<90 um) and (B) granules (125-250 pum), both containing 33.3% CS (w/w). The solid
lines present FCC retention (left y-axis) of mucoadhesive particles (@) and control particles (O). The dashed lines show MBZ release (right y-axis) of mucoadhesive particles
measured in the flow channel () and with the USP IV method (< ). Error bars indicate SD for FCC retention (n=5), MBZ dissolution in the flow channel (n=3), and MBZ

dissolution in USP IV (n=3).
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be detached or dissolved in each fraction for precise calcium
quantification, considering the sample size of 20 mg. Thus, the
method was sensitive enough to detect small amounts of detached
particles. However, it was not possible to use a physiological buffer
solution as the flow medium because high sodium concentrations
inisotonic saline decreased the sensitivity of the ion-quantification
method, and low calcium concentrations were no longer detect-
able. Therefore, ultra-pure water was used to optimize the
reproducibility of results. The use of an alternative method for
calcium quantification could allow using physiological buffer
solutions, provided that the method accuracy is not affected by
sodium.

In this study, we showed that microparticles retained on a
suitable filter can directly be quantified by image analysis without
dye labeling (see Fig. 4). To exclude the influence of tissue-derived
calcium flux, values from image-analysis experiments were
compared with those obtained by the calcium-quantification
method. Comparison of projected area of particles with findings
from the calcium-quantification method revealed almost identical
values (see Fig. 5). This finding implies that FCC quantification by
capillary electrophoresis is reliable, and the influence of tissue-
derived calcium flux is negligible.

Evaluation of particle retention by image analysis was already
described for microparticles (Kockisch et al., 2004) and polymeric
solutions (Cave et al., 2012) by incorporation of a dye. However,
results from image analysis gave information about the retention
of the water-soluble dye only, and not about the retention of the
drug carriers. Image analysis of particles retained on filters was not
possible for small particles (<90 wm), since they tend to
agglomerate and hide other particles leading to inaccurate results.
Another reason why the image-analysis method was only
applicable to granules (>125 pwm) was the requirement to exclude
image artefacts, for example detached mucus retained on the filter.
This was done by setting the minimum area of measured particles
to 0.01 mm? Since the process of image analysis, including
thresholding and particle selection, is tedious and error-prone
(Cave et al., 2012), the results from image analysis were only used
for validation of the calcium-quantification method. The filtration
step in validation experiments also allowed estimating the
dissolution of FCC during the particle-retention assay. The
contribution of FCC dissolution to overall clearance of mucoadhe-
sive granules from the mucosal tissue was 7.8% + 1.6% (w/w), as
shown in Fig. 5.

To test the reliability of the results and estimate the amount of
calcium extracted from the biological matrix, recovery of FCC was
determined in each particle-retention experiment. Indeed, control
experiments without any particles showed relatively high
amounts of tissue-derived calcium, but since validation experi-
ments resulted in an FCC recovery of 92.9 +5.6% (w/w), the
influence of mucosal calcium was considered to be negligible in the
presence of calcium microparticles. Despite the high potential of
variability associated with biological tissues (Varum et al., 2010b)
and potentially non-laminar flow regime (Chanson, 2004), the
proposed method showed high robustness as demonstrated by the
low SD values (Fig. 6). Moreover, the particle-retention assay was
highly discriminative between CS-coated particles and non-
mucoadhesive control formulations, which is a prerequisite for
in vitro evaluation of mucoadhesion.

4.3. Influence of particle size on in vitro particle retention

Mucoadhesion was tested using colonic tissue in view of our
interests in colonic drug delivery. Retention of control formula-
tions significantly depended on particle size, i.e. granules showed
better retention than small particles. This implies that besides
mucoadhesion, there are other mechanisms involved in resisting

the washout. Transport of particles in an open-channel flow is a
well-known problem in sedimentology (Hsii, 2004), and it is
commonly known that large particles are more difficult to be
transported than the smaller ones (Chanson, 2004). Particles can
be set in motion when the resulting weight Fy is exceeded by a drag
force Fpp, which is the force exerted by the fluid onto a particle due
to relative differences of speed between the stream and particle.
Drag force Fp of a spherical particle is defined by Eq. (4):

FD = %’ﬂ'rzpjlfzcl) (4)

where ris the radius of the particle, pris the density of the fluid, vis
the speed of the object relative to the fluid, and Cp is the
dimensionless drag coefficient (Chanson, 2004). The resulting
weight Fr of a particle immersed in a fluid is the vectorial sum of
gravity and buoyancy force, and is defined by Eq. (5):

Fr= %ﬂﬁg(pp - py) (5)

where g is the gravitational constant, and p, is the density of the
particle (Eberle et al., 2014).

Fig. 7 illustrates the forces acting on small and large particles.
The large particle on the right is assumed to have a radius 10 times
larger than that of the small particle (R=10r), which approximately
corresponds to the two size fractions of tested model particles
(20 wm vs. 200 pm). Assuming a constant flow velocity, Fpand Fg
are solely dependent on the particle radius. According to Egs. (4)
and (5), the ratio of Fg to F increases exponentially by increasing
the particle radius. For example, Fp,of the large particle is
increased by a factor of 100 compared to Fp, of the small particle,
whereas Fy, is increased by a factor of 1000 compared to Fy, . This
simplified theoretical consideration explains why larger particles
are less readily set in motion than the smaller ones.

Our experimental data indicate that non-mucoadhesive gran-
ules reached a critical weight to resist the drag of the fluid. We also
observed that the granules were not completely covered with the
fluid, which decreases FDZ due to the lower cross-section area
exposed to the stream, and additionally increases Fg, due to lower
buoyancy force. These findings demonstrate the importance of
performing control experiments on non-mucoadhesive particles of
a density and particle size identical to those of the mucoadhesive
particles.

v R=10r
R ——
' Fp, = 100,
D ——
— r _
— Fp,
—
Fp, Fp, = 1000Fy,

Fig. 7. Schematic presentation of two spheres with different particle sizes in an
open channel flow with defined flow-velocity profile v. For the small particle with
radius r, the drag force Fp, exceeds the resulting weight Fi, leading to initiation
of particle motion. For the large particle with radius R=10r, the ratio of F‘Rl
to Fp, is increased by a factor of 10, which leads to better resistance to the
washout of particles. The dimensions and vectors are schematic and not true
to scale. Image modified from Sourani et al, 2014.
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4.4. Drug release in the flow channel vs. USP IV dissolution

It was possible to simultaneously investigate drug release and
particle retention of mucoadhesive formulations in the same
experiment. Drug-release kinetics in the flow-channel method
were similar to those obtained by the USP IV method (see Fig. 6),
possibly due to the comparable flow rates which were 20 ml/min
for the flow channel and 16 ml/min for the USP [V method. The two
flow media (ultra-pure water and phosphate buffer) showed no
differences in MBZ-dissolution kinetics when tested in the USP IV
apparatus (results not shown). Therefore, the results from the
flow-channel method, where ultra-pure water was used, were
expected to be similar to the results from the USP IV method
involving phosphate buffer. The flow rate used in the USP IV
method (16 ml/min) most probably overestimated the drug
dissolution rate in vivo. Among the different flow rates (4, 8,
and 16 ml/min) described in the USP IV method (European
Pharmacopoeia, 2011), a flow rate of 4ml/min might be more
biorelevant for simulation of the colonic conditions, as discussed in
Section 4.1 and as indicated by in vitro-in vivo correlation studies
(Fotaki et al., 2005). It was shown that CS is characterized by a fast
water uptake of more than 100% (w/w) within 15 min (Silva et al.,
2004). This implies fast water diffusion through the micrometer-
thick CS layer to the inner core, where the drug is dissolved and
transported out again. Introduction of sustained-release polymers
may optimize sustained drug release in the targeted gastrointesti-
nal mucosa.

5. Conclusions

Our study demonstrates the relevance of appropriate analyti-
cal methods to quantify mucoadhesive microparticles in dynamic
test systems. The new approach of quantifying inert carrier
particles presents a simple and more reliable alternative to the
counting or weighing method, since it is not affected by drug
dissolution and mucus detachment. Furthermore, the method is
applicable to a wide range of particle sizes, potentially down to
the nanometer size range, as well as different drugs and polymer
coatings. The prerequisites for marker-ion analysis are (1) a
poorly water-soluble carrier material which can be chemically
decomposed to water-soluble ions, and (2) an analytical method
capable of accurately quantifying the marker ions at low
concentrations (1-100 pg/ml).

Reliability of the FCC quantification method was confirmed by
validation experiments supported by image analysis. Calcium flux
from porcine mucosal tissue was negligible when the tissue was
covered with FCC particles, as indicated by the results for FCC
recovery.

Investigation of mucoadhesive model particles showed in-
creased retention on mucosal tissue for particles with increased CS
content, demonstrating the sensitivity of the marker-ion analysis
method. Since the particle-retention assay also allows to deter-
mine drug-release kinetics, it presents a useful tool for in vitro
characterization of mucoadhesive microparticles for colonic drug
delivery.
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ABSTRACT

Mucoadhesive microparticles formulated in a capsule and delivered to the gastrointestinal tract might be
useful for local drug delivery. However, swelling and agglomeration of hydrophilic polymers in the
gastrointestinal milieu can have a negative influence on particle retention of mucoadhesive microparti-
cles. In this work, we investigated the impact of dry-coating with nano-sized hydrophilic fumed silica on
dispersibility and particle retention of mucoadhesive microparticles. As a model for local treatment of
gastrointestinal diseases, antibiotic therapy of Clostridium difficile infections with metronidazole was
selected. For particle preparation, we used a two-step fluidized-bed method based on drug loading of por-
ous microcarriers and subsequent outer coating with the mucoadhesive polymer chitosan. The prepared
microparticles were analysed for drug content, and further characterized by thermal analysis, X-ray
diffraction, and scanning electron microscopy. The optimal molecular weight and content of chitosan
were selected by measuring particle retention on porcine colonic mucosa under dynamic flow conditions.
Mucoadhesive microparticles coated with 5% (weight of chitosan coating/total weight of particles) of low
molecular weight chitosan showed good in vitro particle retention, and were used for the investigation of
dispersibility enhancement. By increasing the amount of silica, the dissolution rate measured in the
USP IV apparatus was increased, which was an indirect indication for improved dispersibility due to
increased surface area. Importantly, mucoadhesion was not impaired up to a silica concentration of 5%
(wfw). In summary, mucoadhesive microparticles with sustained-release characteristics over several
hours were manufactured at pilot scale, and dry-coating with silica nanoparticles has shown to improve
the dispersibility, which is essential for better particle distribution along the intestinal mucosa in
humans. Therefore, this advanced drug delivery concept bears great potential, in particular for local
treatment of gastrointestinal diseases.

@ 2016 Elsevier B.V. All rights reserved.

1. Introduction

drug doses may be required, eventually reducing systemic adverse
drug effects [3].
Colonic drug delivery is paramount for local treatment of dis-

Mucoadhesive drug delivery systems can be beneficial for local
treatment of diseases related to mucosal membranes, such as fun-
gal or bacterial infections [1,2]. Since the dosage form can be
brought in close contact with the diseased tissue for an extended
period of time, the therapeutic efficacy can be increased and lower

Abbreviations: AUC, area under the curve; D50, median particle size; DSC,
differential scanning calorimetry; FCC, functionalized calcium carbonate; LMW, low
molecular weight; MBZ, metronidazole benzoate; MMW, medium molecular
weight; SD, standard deviation; XRPD, X-ray powder diffraction.

* Corresponding author.
E-mail address: joerg.huwyler@unibas.ch (J. Huwyler).

http://dx.doi.org/10.1016/j.ejpb.2016.06.009
0939-6411/® 2016 Elsevier B.V. All rights reserved.

eases such as ulcerative colitis, Crohn’s disease, or pseudomembra-
nous colitis [4,5]. However, these diseases are often characterized
by severe diarrhoea episodes [6], making it difficult to reach suffi-
ciently high local drug concentrations for a long enough period of
time, particularly in the ascending colon where the volume of flu-
ids is higher [7]. The mucoadhesion approach can be an effective
strategy to resist the wash-out of the drug. However, delivery
and adhesion to the colonic mucosa still presents a great challenge
[8].

In case of hard-gelatine capsules for delivery of a mucoadhesive
formulation, there is a lack of strategies to prevent agglomeration
after hydration. McGirr et al. [9] have observed an incomplete
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release of mucoadhesive polymers (carbomers) from InteliSite®
plastic capsules administered to beagle dogs and opened in the
colon by remote control. This was explained by hydration and
swelling of the polymer inside the capsule before the polymer
could be released.

The gastrointestinal transit of multiparticulate formulations is
less variable than single-units, and transit through the colon is
slower than monolithic dosage forms due to a sieving effect of
multiparticulates [10,11]. Therefore, a drug delivery platform com-
bining mucoadhesive features in multiparticulates can contribute
to an overall increased gastrointestinal residence time. Procedures
describing the preparation of mucoadhesive multiparticulates,
nanoparticles [12-14], microparticles [15-18], and pellets in the
millimetre range [19,20] have been reported.

The particle size of mucoadhesive drug carriers plays an impor-
tant role in terms of mucoadhesion and manufacturability. Sch-
midt et al. have carried out a first in vivo study investigating the
size-dependency of carrier uptake to inflamed rectal mucosa
[21]. The most striking finding was the significantly enhanced
accumulation of microparticles (3 pm) in ulcerous lesions. The
authors concluded that size-tuning of drug carriers in
the micrometre range offers a possibility for passive targeting of
the inflamed regions in the gastrointestinal tract. Moreover, the
results of ex vivo transport experiments let suggest that nanoparti-
cles are not suitable for local treatment of inflammatory bowel dis-
eases, since translocation towards the serosal compartment could
enhance systemic drug absorption leading to higher risk of adverse
drug effects [21].

In general, manufacturability of microcarriers is easier com-
pared to nanocarriers due to the improved flowability of larger par-
ticles and the possibility of using standardized processes suitable
for scale-up. Mucoadhesive microparticles were prepared by spray
drying [22], dry powder coating [20], suspension polymerization
[15], ionic gelation [23], emulsion-solvent evaporation [24], and
supercritical fluid technique [25]. Our group has developed a pre-
cipitation method to coat drug-loaded microparticles with the
mucoadhesive polymer chitosan [26]. These model particles
showed significant retention on porcine colonic mucosa, and they
have been used for the implementation and validation of a new
particle-retention assay based on marker-ion analysis. However,
manufacture of mucoadhesive microparticles by chitosan precipi-
tation was done at small scale, and therefore, a method suitable
for large scale is essential.

The fluidized-bed technology is an efficient and established
pharmaceutical process often used for drug layering of non-
porous pellets, particularly for low drug dosages, with several
products in the pharmaceutical market [27,28]. The suitability for
drug loading of porous microcarriers has also been demonstrated
[29]. Additionally, this technology can be used to stabilize the drug
as a solid dispersion leading to increased dissolution rate and
bioavailability of poorly water-soluble drugs [30-32]. Scarce liter-
ature is available on the preparation of mucoadhesive microparti-
cles using a fluidized-bed process, being a publication from
Moschwitzer and Miiller [17] one of the few examples. However,
no mucoadhesion studies with these chitosan-layered pellets have
been carried out.

In the present work, we describe a two-step fluidized-bed
method for preparation of mucoadhesive microparticles with opti-
mized drug-loading and chitosan-coating process to address local
drug delivery to the colon. Metronidazole benzoate (MBZ, prodrug
of metronidazole) was used as a model drug for poor aqueous sol-
ubility and local treatment of gastrointestinal diseases (Clostridium
difficile infections). Further objectives of this work were to evaluate
the feasibility of hydrophilic fumed silica to improve the dis-
persibility of the mucoadhesive microparticles, and to investigate
its impact on the mucoadhesivity.

2. Materials and methods
2.1. Materials

Functionalized calcium carbonate (FCC, Omyapharm 500-0G)
was kindly provided by Omya, Switzerland. Metronidazole ben-
zoate (MBZ) was purchased from Farchemia, Italy. Ammonium for-
mate, formic acid (98%), HCl, methanol (all HPLC-grade), and
chitosan with low and medium molecular weight (LMW and
MMW, respectively) and 75-85% of deacetylation were purchased
from Sigma-Aldrich, Switzerland. Ethocel® Std. 10 cp was received
from Colorcon, UK. Aerosil 300 was obtained from Evonik
Industries AG, Germany. Acetone, acetic acid (99%), sodium dihy-
drogen phosphate dihydrate (NaH,P04-2H,0), and NaOH pellets
were purchased from Hédnseler AG, Switzerland.

2.2. Particle preparation

For preparation of mucoadhesive microparticles, we used a
laboratory-scale fluidized-bed equipment (Strea-1, Aeromatic
Fielder, Switzerland) with top-spray configuration. A spray nozzle
with an orifice diameter of either 0.5 or 0.8 mm was used (Schlick,
Germany). The spray rate was controlled using a peristaltic pump
and a balance. The mucoadhesive microparticles were prepared
in two steps: (1) drug loading of the porous microcarrier FCC with
the model drug MBZ dissolved in a mixture of ethanol and acetone
co-loaded with a binder polymer, and (2) spray coating of the drug-
loaded carrier particles with a chitosan solution.

After preliminary experiments, three different mucoadhesive
formulations, and one non-mucoadhesive control formulation
were prepared in this study. MMW-5 and MMW-10 particles con-
taining 5% and 10% (w/w) MMW chitosan, respectively, were pre-
pared to evaluate the optimal chitosan content in terms of
mucoadhesivity. LMW-5 particles containing 5% (w/w) LMW chi-
tosan were the optimized formulation in terms of higher drug load
and easier manufacturability. The viscosity of the spray solution is
lower for LMW chitosan than for MMW chitosan (20-300 cps vs.
200-800 cps, 1% (w/w) in 1% acetic acid [33,34]), which should
result in decreased droplet size and reduced risk of nozzle block-
ing, leading to an overall improved coating quality. The fluidized-
bed process parameters of the drug-loading and chitosan-coating
batches are summarized in Tables 1 and 2, respectively.

2.2.1. Drug loading

After a preliminary screening, two drug-loading batches were
prepared according to Table 1. For preparation of PEG-MBZ-FCC
particles, PEG 3000, MBZ, and FCC were used at a ratio of
28.6:28.6:42.8 (w[w). PVP-MBZ-FCC particles were prepared at a
higher drug load using PVPK-25, MBZ, and FCC at a ratio of
37.5:37.5:25 (w/w). The drug solution consisted of 10% MBZ (w/
w), and 10% polymer (w/w) dissolved in a mixture of acetone

Table 1
Fluidized-bed process parameters used for the two drug loading batches PEG-MBZ-
FCC and PVP-MBZ-FCC.

PEG-MBZ-FCC PVP-MBZ-FCC
FCC (g) 180 96
MBZ (g) 120 144
Polymer (g) 120 144
Co-loaded polymer PEG 3000 PVP K-25
Theoretical drug load (%, wiw) 28.6 375
Inlet temperature (°C) 50 50
Air volume (level) 2-3 2-3
Atomization pressure (bar) 0.8 0.8
Spray rate (g/min) 5 5
Spray nozzle orifice diameter (mm) 0.8 0.8
Process time (h) 4 5
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Table 2

Fluidized-bed process parameters for mucoadhesive coating with MMW and LMW chitosan on drug-loaded PEG-MBZ-FCC and PVP-MBZ-FCC particles, respectively.

MMW-5 MMW10 LMW-5 EC-5

Drug-loading batch PEG-MBZ-FCC PEG-MBZ-FCC PVP-MBZ-FCC PVP-MBZ-FCC
MBZ-loaded FCC (g) 70 70 120 152
Chitosan coating (%, w/w) 5 10 5 -
Theoretical drug load (%, wfw) 27.14 25.71 35.63 32.39
Inlet temperature (°C) 50 50 50 40
Air volume (level) 2-4 2-4 2-4 2-4
Atomization pressure (bar) 0.8 0.8 0.8 0.8
Spray rate (g/min) 1-15 1-15 5 2.5
Spray nozzle orifice diameter (mm) 0.5 0.5 0.8 0.8
Process time (h) 4 8 2 1

and ethanol (60:40, v/v). The drug solutions were sprayed com-
pletely to reach the desired drug loads. The dimensions of the
stainless steel chamber were as follows: cone height 330 mm, bot-
tom diameter 100 mm, and top diameter 250 mm. The product
was dried by fluidizing for 30 min at 40 °C, and by storing over-
night in a vacuum oven set to 40° C. The dried product was kept
in closed jars and stored at room temperature.

2.2.2. Chitosan coating

Mucoadhesive coatings using MMW chitosan were applied on
drug-loaded PEG-MBZ-FCC particles to a final chitosan content of
5% and 10% (w/w, MMW-5 and MMW-10, respectively). The coat-
ing solution was prepared by suspending 1.5% chitosan (w/v) in
purified water and adding 1.5% acetic acid (w/v). After stirring
for 12 h, the pH was adjusted to pH 5.8 using NaOH 1 M, and then
the solution was passed through a metal sieve with a mesh size of
90 um (Retsch, Switzerland). To reach the desired chitosan con-
tents of 5% and 10% (w/w), the chitosan solutions (250 ml and
500 ml, respectively) were sprayed with a spray rate set to 1-
1.5 g/min. The bottom diameter of the fluidizing chamber was
slightly reduced to 55mm to process smaller quantities of
particles.

The optimized LMW-5 particles containing 5% (w/w) LMW chi-
tosan were prepared using drug-loaded PVP-MBZ-FCC particles. A
stainless steel chamber with 100 mm bottom diameter was used.
An aqueous solution of LMW chitosan (1%, wfv) was prepared in
620 ml diluted acetic acid (10%, w/v) by stirring for 12 h and filter-
ing through a metal sieve with a mesh size of 90 pm.

2.2.3. Granulation with ethyl cellulose

For preparation of the non-mucoadhesive control particles con-
taining 5% (w/w) of ethyl cellulose (EC-5), 152 g of PVP-MBZ-FCC
was granulated with 8 g of ethyl cellulose in a fluidized-bed pro-
cess. The spray solution consisted of 16g PVP dissolved in
124 ml of purified water, and was sprayed at a flow rate of 5 g/
min. The process parameters for the EC-5 particles are summarized
in Table 2.

2.2.4. Dry-coating with silica

Dry-coating of LMW-5 particles with hydrophilic fumed silica
(Aerosil 300) was carried out by a simple blending procedure.
The exact amounts of LMW-5 and silica particles were weighed
to obtain silica concentrations of 2%, 5%, and 10% (w/w). The blends
were sieved three times using a metal sieve with a mesh size of
500 pm (Retsch, Switzerland). Subsequently, the blends were pro-
cessed in a laboratory-scale Turbula® mixer for 10 min, and sieved
again (500 pwm) three times.

2.3. Particle characterization
2.3.1. Particle-retention assay

Mucoadhesivity of chitosan-coated particles was characterized
by measuring the relative particle retention on mucosal tissue in

a custom-built flow channel. Porcine colonic mucosal tissue was
used as substrate to mimic the anatomy and mucus thickness of
the human large intestine [8], which is the target tissue for local
treatment of Clostridium difficile infections.

Segments of pig proximal colon obtained from a local slaughter-
house were kept on ice and processed the same day. The colonic
tract was opened longitudinally and washed with tap water. After
removing the outer muscle layers, the mucosal tissue was sec-
tioned into smaller pieces and rinsed with isotonic saline (0.9%
NaCl). The mucosal sections were wrapped in aluminium foil,
flash-frozen with liquid nitrogen, and stored at —20°C. Before
use, the tissue was allowed to thaw in a refrigerator and equili-
brate at room temperature [35].

Fig. 1A shows a diagram of the flow-channel assembly. The
colonic mucosal tissue was spread on the mucosa holder of the
support plate and immobilized with the fixation plate. The flow
medium (37° C) was transported with a peristaltic pump and dis-
tributed on the mucosa via three nozzles. The flow rate was set
to 20 ml/min, and the mucosal tissue was hydrated by applying a
constant flow of medium for 5 min. The dry particles (20.0 mg)
were evenly distributed over the centre area of the mucosa
(55 x 17 mm). After a contact time of 5 min, the flow channel
was tilted to 45° and the flow was started. Ultra-pure water was
used as flow medium for better sensitivity and precision of the cal-
cium quantification by capillary electrophoresis.

The flow medium was collected in beakers, which were changed
every 10 min and weighted to determine the sample volume. The
duration of the experiment was 30 min. The remaining particles
were scraped off the mucosa and washed out with flow medium
into separate beakers. Samples were adjusted to pH 2.5 and anal-
ysed by capillary electrophoresis according to Section 2.3.2. For
each formulation, the particle-retention assay was repeated three
times.

The percentage of detached particles, FCCqe, was calculated for
each collected fraction using Eq. (1):

FCCye

FCCet = FCC
app

M

where FCCyc is the mass of detached FCC determined by capillary
electrophoresis, and FCC,pp is the mass of FCC applied on the
mucosa, i.e. the FCC content in 20 mg of tested formulations. The
results of particle retention are the percentage of retained FCC,
FCCyet, which was calculated by Eq. (2):

FCCrop = 1 — FCCoet (2)

To measure the reliability of the experimental results, recovery
of FCC was determined by Eq. (3):

Recovery = FCCyer + FCCinuc (3)

where FCC,,c is the percentage of remaining particles which were
scraped off the mucus after 30 min.
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Fig. 1. Particle-retention assay for measuring mucoadhesivity under dynamic flow conditions. (A) The breakdown of the flow-channel assembly: (a) upper plate, (b) silicon
seal, (¢) fixation plate, (d) support plate, (e) nozzle plugs for inlet flow, (f) open channel, (g) vertical connection to collection region for outlet flow, (h) chamfered collection
region, (i) excessive mucosa void space, and (k) mucosa holder. (B) The top view of the flow-channel assembly with schematic illustration of inlet and outlet flow using two
peristaltic pumps. The area of particle application (55 x 17 mm) is indicated by dashed lines. The dimensions are in millimetres.

2.3.2. FCC quantification by capillary electrophoresis

For quantification of detached microparticles, marker-ion anal-
ysis was applied as described previously [26]. FCC content of col-
lected samples from the particle-retention assay was determined
by capillary electrophoresis using the Cation Analysis Kit (Beckman
& Coulter, USA) for quantification of calcium ions [36]. FCC content
in tested microparticles was also determined. The microparticles
(50 mg) were decomposed to calcium ions and remaining compo-
nents by adjusting the pH to pH 2.5 with HCl in a 50 ml volumetric
flask. The samples were diluted (1 ml in 10 ml) with 3 mM HCl
(pH 2.5), and filtered with 0.45 pm syringe filters. Samples were
prepared in triplicate.

The area under the curves (AUCs) of calcium peaks was calcu-
lated using 32 KaratTM Software 8.0 (Beckman Coulter, Germany).
The masses of FCC were calculated according to the calibration
curve of FCC, which included 7 data points with FCC concentrations
ranging from 1 to 80 pg/ml (R? > 0.990). The calibration curve was
re-measured every time before each test run, and each capillary
electrophoresis measurement was carried out in duplicate.

2.3.3. Drug dissolution in USP IV and particle dispersibility

Drug-loaded, chitosan-coated, and silica-coated microparticles
were filled in hard-shell gelatine capsules size 2 and tested in the
USP 1V dissolution apparatus (CE6, Sotax, Switzerland) using a
closed-loop system. The USP 1V dissolution cells with 12 mm inner
diameter were filled with 1 mm glass beads and covered with a
sieve insert (90 um mesh). Glass-microfiber filters (Whatman,
GF/D, GE Healthcare Life Sciences, UK) with diameter of 25 mm
and pore size of 2.7 um were used to filter the dissolution medium
prior to spectrophotometric measurement. The dissolution med-
ium (1 1 of phosphate buffer, pH 6.8, 37°C) was transported
through the USP IV dissolution cells and back to the reservoir ves-
sels with a piston pump (CY 7-50, Sotax, Switzerland) at a flow rate
of 16 ml/min. The UV absorbance was measured online at 320 nm
with a multi-cell UV-spectrophotometer (Amersham Bioscience,
Ultro-spec 3100 pro).

The capsules were completely filled with the microparticles,
and the sample size was weighted after closing of the capsule.
Due to the different bulk densities, the sample size varied from
80 to 120 mg formulation per capsule, but sink conditions were
provided in all experiments. Pure MBZ was filled in capsules size 3
with a sample size of 40 mg. For a qualitative comparison of parti-
cle dispersibility, the photographs of the dissolution cells were
taken after opening of the capsule, and after 30 min of the
experiment.

2.3.4. Particle drug content

To determine the drug content in prepared microparticles, a
validated HPLC method was applied as described previously [37].
After extraction of MBZ with acetone, a first dilution (1 ml in
10 ml) with methanol, and second dilution (1 ml in 10 ml) with a
mixture of ultra-pure water and methanol (90:10, v/v) were pre-
pared. The resulting drug concentrations were in the validated
range of the isocratic HPLC method. The samples were assayed
with an HPLC-UV system (Agilent 1100 series) comprising an
autosampler, binary pump, and variable wavelength detector.
The C18 column (Nucleosil, Macherey-Nagel, Switzerland) with
120 mm length, 3 mm inner diameter, and 5 pm particle size was
kept in a column oven (Perkin Elmer 200 series) set to 40° C. The
mobile phase consisted of ammonium formate (10 mM, pH 4.5)
and acetonitrile at a volumetric ratio of 50:50. Flow rate was
0.5 ml/min, and UV detection was performed at 320 nm.

2.3.5. Scanning electron microscopy (SEM)

The morphology of non-loaded, drug-loaded, chitosan-coated,
silica-coated, and ethyl cellulose control microparticles was anal-
ysed with a scanning electron microscope (SEM; Nova Nano-
SEM 230, FEI Company, USA). Samples were sputtered with a
20 nm gold layer by a high-vacuum sputter coater (EM ACEG00,
Leica, Germany).

2.3.6. Particle size

For measurement of particle size, a Camsizer XT (Retsch Tech-
nology, Germany) equipped with the X-Jet module for air pressure
dispersion was used. A sample of 200 mg was applied via the
vibrating feed chute and dispersed with a pressure of 300 kPa.
The two-camera system and the included software for digital
image processing allowed particle analysis in the range from
1 um to 4.5 mm. In our study, results of particle size are presented
as the longest Feret diameter, which is the longest possible dis-
tance between two parallel tangents of a projected particle. The
amount of particles is presented as volume percentage (%, v/v).
For each formulation, five measurements were performed, and
the mean volume percentage (%, v{v) was calculated for each size
fraction.

2.3.7. X-ray powder diffractometry (XRPD)

The crystalline state of the drug-loaded samples was investi-
gated using a high-resolution XRPD system (SmartLab, Rigaku,
Japan) equipped with Bragg-Brentano optics and a HyPix-3000
detector (Rigaku, Japan). A rotating anode X-ray source (45 kV
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and 200 mA) was used for generation of the Cu K radiation
(4=1.5406 A). The samples were measured in 1D detection mode
in an angular range of 10-40° (20) and with a step size of 0.01° (20).

For comparison purposes, co-evaporates of the drug and PVP K-
25 in ratios of 50:50 and 10:90 (w/w) were prepared. The ratio of
50:50 was the same as in drug-loaded samples, and the ratio of
10:90 was for preparation of a solid dispersion. For preparation
of both co-evaporates, a total mass of 1 g (MBZ and PVP) was dis-
solved in 20 ml of a mixture of acetone and ethanol (60:40, v/v).
The solvents were removed using a rotary evaporator (R-114,
Biichi, Switzerland) until a highly viscous solution was obtained
which was filled into the depression of the sample holder, and
dried in a vacuum oven set to 40 °C and 250 mbar.

2.3.8. Differential scanning calorimetry (DSC)

Thermal analysis of the samples was carried out with a DSC 400
instrument (PerkinElmer, USA). A temperature scan from 0 °C up to
150 °C was performed in steps of 10 °C/min. Samples size was
between 4 and 9 mg.

For comparison purposes, the same co-evaporates of MBZ and
PVP as described in Section 2.3.7 (drug-to-polymer ratio of 50:50
and 10:90, w/w) were analysed. One drop of the highly viscous
solution was put in a DSC-analysis pan, and dried in a vacuum oven
set to 40 °C and 250 mbar.

2.3.9. Statistical analysis

For statistical analysis, we used the data analysis software
(OriginPro 9.1.0, OriginLab, USA). All results were expressed as
means + standard deviations (SD). A two-tailed t-test was
performed to analyse the differences of mucoadhesivity between
different mucoadhesive formulations. P-values < 0.05 were consid-
ered as statistically significant.

3. Results
3.1. Particle-retention assay

The results of in vitro particle retention for mucoadhesive
microparticles (without silica) are summarized in Fig. 2A. The data
showed strongest particle retention for MMW-10 particles
(74.79% * 4.79%) being significantly higher than for MMW-5 parti-
cles (p < 0.01). It was possible to significantly improve the mucoad-
hesive performance by increasing the content of medium
molecular weight chitosan coating from 5% to 10% (w/w). Interest-
ingly, particles coated with LMW chitosan were significantly better
retained than MMW-5 particles (p < 0.01) with identical amount of
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chitosan coating. For comparison purposes, non-mucoadhesive
control particles (EC-5) comprising ethyl cellulose showed almost
complete detachment after 30 min (6.67% + 8.38%). The average
recoveries ranged from 87.91% to 111.78%, which was an indica-
tion for the good reliability of the experimental data.

Typical retention kinetics for different particles are plotted in
Fig. 2B. LMW-5 particles showed an initial burst detachment
within the first 10 min, followed by a reduced detachment rate
for the rest of the experiment. Contrarily, most of the EC-5 particles
were already washed off after 10 min.

In a next step, LMW-5 microparticles, coated with various con-
centrations of silica nanoparticles as potential dispersing agent,
were also assayed for particle-retention on colonic mucosal tissue.
The results are summarized in Fig. 2C. The average recoveries were
between 75.79% and 113.72%. It should be noted that the addition
of 2% and 5% (wjw) silica led to an insignificant decrease in
mucoadhesivity compared to LMW-5 particles without silica
(p > 0.1), whereas 10% silica (w/w) reduced the particle retention
significantly (p < 0.005).

3.2. Drug dissolution in USP IV and particle dispersibility

Drug-dissolution profiles of pure drug, drug loaded particles,
mucoadhesive, and non-mucoadhesive microparticles are shown
in Fig. 3A. The drug-loaded batches PEG-MBZ-FCC and PVP-MBZ-
FCC showed a much higher dissolution rate than pure MBZ powder.
Contrarily, the drug-dissolution rate of chitosan-coated particles
was lower than drug-loaded particles, which can be explained by
the strong agglomeration effect of mucoadhesive microparticles.
Fig. 4A shows a typical agglomerate of MMW-10 particles during
dissolution studies, keeping the form of the capsule. The increased
dissolution rate of LMW-5 compared to MMW-10 particles can be
well explained by the better dispersibility of LMW-5 as shown in
Fig. 4B.

Dissolution profiles of LMW-5 particles coated with silica are
also shown in Fig. 3B. For the formulations containing 0%, 2%, and
5% silica, the average time until 60% of the drug had been released
was >10, 3.6, and 2.9 h, respectively. Moreover, capsules filled with
10% silica could achieve a drug release of 80% after 4.6 h. This cor-
relation of higher drug-dissolution rate with increasing silica con-
centrations can be explained by the capability of silica to disperse
the particles and enlarge the surface area accessible by the dissolu-
tion medium. The improved particle dispersion was also found by
visual observation as shown in Fig. 4D and F, showing LMW-5 par-
ticles coated with 5% and 10% silica, respectively, directly after dis-
integration of the capsule. Fig.4E shows the LMW-5 particles
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Fig. 2. Results of mucoadhesivity for chitosan-coated and silica-coated microparticles tested in the particle-retention assay. Panel A shows particle retention after 30 min for
MMW-5, MMW-10, LMW-5, and EC-5 (non-mucoadhesive control). Panel B shows particle-retention kinetics for LMW-5, MMW-5, and EC-5. Panel C shows particle retention
after 30 min for LMW-5 particles dry-coated with different amounts of silica. By increasing the silica concentration from 5% to 10% (w/w), the particle retention decreased
significantly. The dashed bars in Panels A and C indicate the particle recovery (right y-axis). Error bars represent SD (n =3 for all, except n =6 for LMW-5).
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Fig. 4. Representative images of particle dispersion during USPIV dissolution
studies after disintegration of the capsule shell. The photographs were taken 30 min
after starting the flow, except (D) and (F) were taken after 5 min, i.e. after
disintegration of the capsule. Contrary to MMW-5 and LMW-5 (A and B) showing
dense agglomerates, EC-5 (C) was characterized by excellent dispersibility. The
silica-coated (5%, wfw) LMW-5 particles showed good dispersion directly after
capsule disintegration (D), but formation of loose agglomerates occurred after a
certain period of time (E).

coated with 5% (w/w) silica after 30 min, indicating that, despite
the good particle dispersion in the beginning of the dissolution
run, agglomeration occurred after a certain time.

3.3. Scanning electron microscopy (SEM)

Typical SEM images of bulk FCC, drug-loaded PEG-MBZ-FCC,
and drug-loaded PVP-MBZ-FCC particles are shown in Fig. 5A-C,
respectively. Particles co-loaded with PEG still showed the charac-
teristic pore structure of FCC, and they were mainly consisting of
single FCC particles, whereas PVP-MBZ-FCC particles with higher
drug and polymer content showed complete pore filling and bigger
aggregates. In the example of PVP-MBZ-FCC, the drug can be iden-
tified as crystals embedded in the polymer layers.

Representative examples of chitosan-coated particles (MMW-5,
MMW-10, and LMW-5) are shown in Fig. 5D-F, respectively, indi-
cating a homogeneous layer of chitosan. The formation of granules
was also observed, including EC-5 particles (Fig. 5G).

LMW-5 particles with different concentrations of silica
nanoparticles were analysed by SEM to evaluate whether the
dry-particle coating process was feasible. Fig. 51 shows a close-up
view of a chitosan surface with 2% silica (w/w) revealing a homo-
geneous distribution of silica particles as a monolayer. However,
due to the uneven surface morphology of the chitosan granules,
there was a strong tendency of the silica nanoparticles to adsorb
and accumulate between the gaps as shown in Fig. 5H. The same
image shows that the major fraction of silica nanoparticles was
present as agglomerates with sizes from 1 to 50 pm.

3.4. Particle drug content

In Table 3, the theoretical and experimental drug loads of pre-
pared microparticles are compared. Both drug-loading batches
(PEG-MBZ-FCC and PVP-MBZ-FCC) deviated less than 1% (w/w)
from expected MBZ contents (28.6% and 37.5%, respectively). For
mucoadhesive and control particles, the discrepancies between
theoretical and experimental drug loads were also within an
acceptable range (1-2.5%, w/w).

3.5. Particle size

Median particle sizes (D50) of prepared microparticles are listed
in Table 3, and plots of particle size distribution are shown in Fig. 6.
PEG-MBZ-FCC particles were characterized by a very narrow size
distribution (Fig. 6A), and median particle size was only slightly
higher than for bulk FCC (10.10+0.07 pum vs. 7.77 £ 0.07 pum).
The PVP-MBZ-FCC particles, having increased drug and polymer
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H |LMW-5 (Silica 10%)

Fig. 5. Representative SEM images of bulk FCC (A), microparticles prepared in the fluidized bed (BG), and LMW-5 particles dry-coated with fumed silica (H and I). (H) was dry-
coated with 10% silica (w/w) and white arrows indicate silica agglomerates. (1) is a close-up view of a LMW-5 surface homogeneously coated with silica (2%, wfw).

content, showed a wider size distribution (Fig. 6B) and a higher
median diameter (48.48 + 2.83 pum) as expected.

Coating of the drug-loaded microparticles with chitosan led to a
further increase in median particle size as shown in Table 3. By
increasing the content of MMW chitosan from 5% to 10% (wfw),
particles sizes increased approximately by a factor of 3
(54.40 +2.01 pm vs. 183.48 +9.98 um). The median particle size
of EC-5 particles was in between 115.23 £3.51 um, which was
important for the use as a control formulation.

3.6. X-ray powder diffractometry XRPD

For the X-ray diffraction pattern of crystalline MBZ, we identi-
fied 2 characteristic peaks at 12.11° and 17.27¢ (26) which do not
interfere with FCC and PEG. The characteristic peaks are labelled
in Fig. 7B with %1 and %2, respectively, and were also detected in

samples of PEG-MBZ-FCC and PVP-MBZ-FCC. This clearly demon-
strated that the major fraction of the drug was still in the crys-
talline state. As a reference for XRD sensitivity, mixtures of FCC
and crystalline drug in low concentrations were prepared. Mix-
tures of 1% (w/w), 0.5% (wfw), and 0.1% (wfw) of MBZ in FCC
were analysed (data not shown). It was possible to detect crys-
talline MBZ at the 1% concentration but no signal was detected
at 0.5% concentration of drug. The characteristic peaks are
labelled in Fig. 7B with %1 and %2, respectively, and were also
detected in samples of PEG-MBZ-FCC and PVP-MBZ-FCC. In view
of the high sensitivity and selectivity of the used method, we
can assume that the major fraction of the drug was still in the
crystalline state. The co-evaporate of MBZ and PVP in a ratio of
10:90 (wfw) led to stabilization of the amorphous form of MBZ
as confirmed by the diffraction pattern without any peaks
detected.
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Table 3
Experimental drug loads (%, wjw, n = 3), process yields (%, w/w), and mean particle size (D50) of different batches prepared in the fluidized bed.
Theoretical drug load (%, wiw) Experimental drug load (%, w/w, n=3) Process yield (%, wfw) Median particle size D50 (um, n=5)

Bulk FCC - - - 7.77 £0.06

PEG-MBZ-FCC 28.57 28.92+291 98.4 10.10 £ 0.07

PVP-MBZ-FCC 37.50 38.19+0.24 96.5 48.48 +2.83

EC-5 32.39 3431+0.13 97.5 115.23 £3.51

MMW-5 27.14 25.25+0.36 98.2 5440 £ 2.01

MMW-10 25.71 23.29+0.08 102.0 183.48 +9.98

LMW-5 35.63 35.88 +0.20 101.1 190.88 + 10.96
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Fig. 6. Particle size distributions (largest Feret diameter) of prepared particles measured by dynamic image analysis. The bar plots indicate the frequency by volume for the
measured size ranges (%, v/v, left y-axis), and the curve plots are the cumulative volume percentages (%, v/v, right y axis). Error bars represent SD (in=5).
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Fig. 7. Results of XRPD (A) and DSC analysis (B) of (a) FCC; (b) crystalline MBZ; (c) co-evaporate of MBZ and PVP (10:90, w/w) with all drugs in amorphous state; (d) co-
evaporate of MBZ and PVP (50:50, w/w) with drug in crystalline state; (e) PVP-MBZ-FCC; (f) PVP K-25; (g) PEG-MBZ-FCC; and (h) PEG 3000. XRPD peaks labelled with =1 and
%2 are characteristic for crystalline MBZ.
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3.7. Differential scanning calorimetry (DSC, dm D..
g a % (PSE) EzAE(C“iCb) 4)

Representative plots of DSC analysis are shown in Fig. 7A. For
the crystalline MBZ, a sharp endothermic peak was observed at
101.5£0.1 °C with a melting enthalpy of 93.0+0.9 J/g. For the
PEG-MBZ-FCC particles with a drug load of 28.57% (w/w), a first
peak was detected close to 60°C, which is in line with the
endothermic peak from PEG alone. Therefore, the second peak
at 90.3+0.3 with a melting enthalpy of 13.10+0.8 |/g corre-
sponds to MBZ, even though the peak onset was shifted to lower
temperatures. The melting enthalpy lower than the expected
value for 28.57% of crystalline MBZ (26.6 ]/g), and the peak onset
shifted to lower temperatures were already observed previously
in drug-loaded FCC samples [37]. It is also likely that MBZ has
partially dissolved in liquid PEG resulting in an apparently
reduced melting enthalpy. In case of PVP-MBZ-FCC particles,
determination of melting enthalpy of MBZ was not possible
due to the strongly interfering heat-flow curve of amorphous
PVP.

4. Discussions

In this study, we present for the first time data on particle
retention of chitosan-coated microparticles prepared in a
fluidized-bed process. MMW-10 particles showed a 3-fold increase
in particle retention compared to MMW-5 (see Fig. 2A). The LMW-
5 particles also showed good in vitro particle retention
(55.35% + 5.94%) in comparison with non-mucoadhesive EC-5 par-
ticles. The use of LMW chitosan with lower concentration in the
spray solution had a big advantage compared to MMW chitosan
in terms of manufacturability, since the shorter chain length of chi-
tosan and the lower concentration in the spray solution (1% vs.
1.5%) decreased the viscosity which was important to reduce the
risk of nozzle blocking. Further optimizations of the LMW-5 formu-
lation led to a higher drug load (see Table 1), i.e. higher dose, and a
reduced process time due to increased spray rate of the chitosan
coating solution (see Table 2).

Dissolution studies were performed using the USP IV apparatus
since the resulting drug-release profiles were found to be similar to
the results measured in the flow channel [26]. However,
mucoadhesive microparticles tested in the USP IV apparatus have
shown a strong agglomeration tendency, potentially affecting par-
ticle retention. To overcome this issue, we investigated the
dispersibility-enhancing effect of dry-particle coating with nano-
sized colloidal silica. A silica concentration in the range of
0.10.5% (w/w) is often used as a lubricant or glidant in tablets,
and higher concentrations of 24% (wfw) were reported to act as a
disintegrant [38]. In our study, we used relatively high silica con-
centrations (110%, w/w) to achieve the desired disintegration
properties. From a toxicological point of view, it was reported that
oral intake of colloidal silica up to 1500 mg/day is of no safety
concern [39]. The simple blending and sieving process led to
homogeneous silica monolayers adsorbed to the chitosan surfaces
as shown in a typical example of an SEM image with high magni-
fication (see Fig.5I). However, the main fraction of silica was
agglomerated and not adsorbed as shown by the arrows in Fig. 5H.
These silica agglomerates were considered to be the main mecha-
nism of improved dispersibility. Measuring drug dissolution in the
USP IV apparatus presented a feasible method for indirect quanti-
tative measurement of dispersibility. According to Noyes-
Whitney and Nernst-Brunner equation (Eq. (4)), the surface area
at the interface of the dissolution medium (A), and the thickness
of the diffusion layer to the interface of the dissolution medium
(d) are the two factors which influence the dissolution rate (dim/
dt) when agglomerates are formed.

where D is the diffusion coefficient, C; is the drug solubility, and
C, is the drug concentration in the bulk medium [40]. Dis-
persibility enhancement means smaller agglomerates and more
individual particles, i.e. a larger surface area and a shorter thick-
ness of the diffusion layer, both of which increase the dissolution
rate. This hypothesis was confirmed by the experimental data
shown in Fig. 3B, where the dissolution rate and drug release
after 10 h were increased with higher silica concentrations. All
silica-coated mucoadhesive formulations showed a controlled
release over several hours, which is desired for local treatment
of colonic diseases directly at the site of action for prolonged
period of time.

The mucoadhesion of LMW-5 particles coated with 2% and 5%
(wfw) silica was marginally improved in comparison with non-
coated LMW-5 particles, however, without significant difference
(p>0.1). This is explained by the hydrophilic nature of the silica
nanoparticles which allows them to diffuse into the hydrated chi-
tosan coating and mucin meshwork, and interpenetration of the
chitosan polymer chains into the mucin meshwork is not hindered.
This assumption has to be further investigated with cryo-SEM or
cryo-TEM imaging techniques to confirm an entanglement of the
polymer and mucin chains. Contrarily, coating with 10% (w/w) sil-
ica decreased the mucoadhesivity significantly (p <0.005) as
shown in Fig. 2C, probably due to an oversaturation with silica
agglomerates, preventing a close contact of the chitosan polymer
chains with the mucus. Thus, silica nanoparticles used as a
dispersant aid may reduce drug-mucosa contact, thus affecting
mucoadhesivity.

In addition to the chitosan coating, the fluidized-bed process
was also shown to be feasible for drug loading of porous microcar-
riers with particle sizes from 5 to 12 pum and outer-pore sizes of
approximately 0.1-1 pm. Qualitative SEM analysis confirmed that
the outer pores were filled as shown in Fig. 5A-C. Since the
fluidized-bed method is well suited for scale-up, it is preferable
to the previously reported solvent-evaporation method [37]. Drug
dissolution rates of PVP-MBZ-FCC and PEG-MBZ-FCC particles were
much higher than those of pure MBZ powder as shown in Fig. 3.
This increased dissolution rate was associated with the enlarged
surface area of the inert microcarrier (FCC) as demonstrated
recently [37], and probably also due to the solubility-enhancing
effect given by the polymers. In both drug-loaded batches, MBZ
was present in a crystalline state as demonstrated by XRPD and
DSC analysis (see Fig. 7A and B), which could be an indicator for
long shelf-life of the drug product [32]. It was not possible to dis-
tinguish between different crystal polymorphs based on registered
diffraction patterns. However, a distinction between the amor-
phous and the crystalline state was possible. In case of PVP-MBZ-
FCC particles, analysis of SEM images made it possible to identify
drug crystals embedded in the polymer matrix. XRPD analysis of
the co-evaporates with a drug-to-polymer ratio of 50:50 (w/w)
showed that MBZ was not in an amorphous phase, hence, cannot
contribute to increased dissolution rates. As a reference for solid
dispersions, co-evaporation of PVP and MBZ in a high ratio of
90:10 (w/w) was performed, resulting in a glassy material. The
absence of characteristic peaks in the X-ray diffraction pattern
indicated that MBZ was present in amorphous form. This indicates
a usability of the fluidized-bed process for preparation of mucoad-
hesive microparticles containing the drug as a solid dispersion.
However, a higher drug-to-polymer ratio is required, which is
decreasing the drug load, and potentially leading to drug stability
issues [32].

60



PREPARATION OF OPTIMIZED MUCOADHESIVE MICROPARTICLES 3.3

D. Preisig et al./European Journal of Pharmaceutics and Biopharmaceutics 105 (2016) 156-165 165

5. Conclusions

The fluidized-bed process is a suitable method for preparation
of mucoadhesive microparticles by applying a two-step method,
i.e. drug loading and chitosan coating. The optimized LMW-5 par-
ticles showed good manufacturability, high drug load, and a good
in vitro particle retention on porcine colonic mucosa. Dry coating
of the chitosan-coated microparticles with hydrophilic fumed sil-
ica improved the dispersibility as indicated by visual observation
and dissolution studies. Moreover, mucoadhesion was not
negatively influenced by colloidal silica particles up to 5% (w/w)
concentration. Since the formulation approach described here is
applicable to other drugs, the results of this study present a basis
for further development and optimization of mucoadhesive dosage
forms for local treatment of gastrointestinal diseases.
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4 Clinical study protocol

To investigate the gastrointestinal transit times of two different multiparticulate formulations
(mucoadhesive vs. non-mucoadhesive), a pharmaco scintigraphy study on human subjects
was designed in the scope of this collaboration project. The preparation of the Phase-1
clinical trial was managed and performed by Tillotts Pharma and the University Hospital. In
the context of the global project, the study protocol is here briefly described

Formulation A consists of mucoadhesive microparticles and is expected to show increased
colonic transit time in comparison to Formulation B which consists of non-mucoadhesive
microparticles. Both formulations contain the antibiotic drug metronidazole benzoate
(100 mg/capsule) and samarium oxide (5 mg/capsule) as radioactive marker. Both
formulations are filled into hard-shell capsules coated with a novel and patented colonic
targeting coating system, which disintegrate upon arrival in the colon.

Each formulation will be tested in 9 fasted, healthy volunteers, i.e. 18 subjects are recruited
in total. Each subject receives one capsule by oral administration. The radiolabeling of the
microparticles is based on neutron activation of the incorporated samarium oxide. In this
process, the stable isotope Sm-152 contained in samarium oxide is converted to Sm-153, and
the activated capsules are stored in radiation protection containers till administration. Before
administration to the volunteers, the capsules are tested at the site of clinical investigation to
ensure a radioactivity of <1 MBq, corresponding to 0.8 mSv (effective dose of radiation),
which is considered to be harmless [235]. As a comparison, the annual radiation exposure of
the average population in Switzerland is 3.2 mSv [236].

On day 1 of the study, pre-dose PK sampling and pre-dose scintigraphy of the fasted subjects
will be done before capsule intake to measure the baseline. After capsule intake (at 8:00), PK
sampling and scintigraphy will be done at following time points (in hours): 1, 2, 3, 4, 4.5, 5,
55,6,6.5,7,75,8,9, 10, 11, 12, 13, 14, 15, 16, 24, 48 h post dose. The last sampling on
day 1 is done at midnight (16 h post dose). The subjects can stay overnight or go home. On
day 2 and day 3, there will be one sampling in the morning (24 h and 48 h post dose). On
day 7, a follow-up investigation is done to finish the study.

For determination of standard PK parameters, concentrations of metronidazole and its
metabolites are analyzed in blood. Among others, following PK parameters will be
determined: Maximum plasma concentration (Cmax); time to reach Cmax (Tmax); area under the
concentration-time curve from dosing to 48 h post-dose (AUCo.); elimination rate constant
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4 CLINICAL STUDY PROTOCOL

(k); and lag time (Tiag) Which is defined as the time (post-dose) of the last blood sample with
a non-quantifiable metronidazole plasma concentration.

Localization of initial capsule disintegration is mainly assessed by comparison of
scintigraphy images (Tiag not only reflects the capsule disintegration and drug dissolution, but
also hydrolysis of MBZ to metronidazole). The released granules are recognizable as a
scintigraphic cloud, and their colonic residence time can be determined visually by
comparison of a series of scintigraphy images taken over time after capsule rupture. In
addition, gastric emptying time, small intestinal transit time, ileocecal junction residence
time, and colonic arrival time are determined using the same method. Furthermore, the
scintigraphic images will be quantitatively analyzed by dividing into two regions of interest
(ROI), i.e. right side (ROI 1) and left side (ROI 2) as shown in Fig. 4.1. ROI 1 covers the
ileocecal junction, ascending colon, and the right half of the transverse colon, whereas ROI 2
covers the left half of the transverse colon, the descending colon, and the rectum. For each
ROI, mean values of signal intensity from anterior and posterior images are calculated. The
ratio of ROI 1 to ROI 2 will be used as quantitative parameter to compare colonic residence
time from both formulations. For each time point, average ROI values of all nine subjects
tested with mucoadhesive formulation can be calculated and compared to average ROI of the
nine subjects tested with non-mucoadhesive formulation.

ROI 1 R ANT L ROI 2

e L ]
 ——
LE L R R R LR R R R L R R L Yy

Fig. 4.1: The two ROIs for quantitative analysis of scintigraphy images.
R =right; L = left, ANT = anterior
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5 Discussions

The development of the presented multiparticulate and mucoadhesive formulation platform
for colon delivery consisted of three steps. The different solvent-evaporation methods for
drug loading into FCC and the underlying mechanisms are discussed in Chapter 5.1.
Technical aspects of mucoadhesive coating and in vitro particle retention of microparticles
are discussed in Chapter 5.2 and 5.3, respectively. The in vivo potential of mucoadhesive
colon drug delivery systems is discussed in Chapter 5.4. The development of the colonic-
targeted capsule coating was carried out by Tillotts Pharma based on their patented
technology and internal know-how and is not part of this thesis.

5.1 Drug loading into FCC

The novel pharmaceutical excipient FCC was demonstrated to be a feasible carrier material
for various types of drugs, and drug loading was performed in a rotary evaporator [231], or a
fluidized-bed process [237]. For both methods, the drug-loading mechanism is based on
solvent evaporation and drug crystallization in the outer-porous domain of FCC. This is in
contrast to immersion methods which are based on drug adsorption to the porous carriers
[238-244], and which were often used for drug loading of mesoporous nanomaterials. The
advantages of the presented solvent-evaporation methods are higher loading efficiencies and
precise control of the loaded drug content.

A drawback of the solvent-evaporation method is that loading efficiency (which has to be
differentiated from the drug load) has to be determined qualitatively by SEM analysis, since
non-loaded drug crystals cannot be separated from the drug-loaded particles to perform
quantitative analysis of loading efficiency. Agglomerates are formed by drug crystals
growing in the interparticle voids, and thus, agglomerates were also a sign of inefficient drug
loading. Loading efficiencies of the tested drugs were excellent up to a drug load of 35-40%,
which was defined as the drug-loading capacity. The excellent loading efficiencies can be
explained by heterogeneous nucleation on the outer lamellas of FCC [245]. Heterogeneous
nucleation is the formation of critical drug clusters (nuclei) on a pre-existing surface, which
requires less energy in comparison to nucleation without pre-existing surfaces (homogeneous
nucleation). Hence, the drug preferably crystallizes on the large lamellar surface of FCC.

The high drug-loading capacities, up to 40% (w/w), were possible due the macroporous
characteristics (0.05-1 um pore size) of the outer stratum of FCC. Measurement of pore-size
distribution by mercury intrusion revealed that most drug was deposited in the outer-porous
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domain of FCC, and not in the mesoporous inner core. This was possibly due to higher
crystallization pressures occurring in mesoporous systems [246]. The possibility to increase
the drug-loading capacity by slowing down the evaporation process was exploited
(decreasing the pressure by 50 mbar instead of 100 mbar per 0.5 hour), but no improvement
of drug-loading efficiency could be achieved at high drug loads of 45% (results not shown).
Hence, the drug was preferably crystallizing in the outer pores with diameters up to 1 um
[231]. Accordingly, drug-loading by solvent evaporation might not be suitable for
mesoporous drug carriers, as the crystals preferably grow outside the particles [246].
Therefore, comparative studies with mesoporous microparticles, such as AEROPERL® or
Neusilin US2, have not been carried out.

Despite a deposition of mainly crystalline drug (not amorphous), drug dissolution rates were
increased for MBZ- and nifedipine-loaded FCC in comparison to drug powder. This effect
was explained by the increased surface area associated with the high porosity of FCC and its
small particle size (5-15 um). Therefore, drug loading into FCC presents an effective strategy
for oral delivery of poorly water-soluble drugs. Based on these mechanistic investigations,
further developments were carried out to improve the drug-loading method in terms of
manufacturability and increased drug-release rates.

The fluidized-bed process was evaluated for drug loading into FCC using MBZ as model
drug for treatment of colonic diseases Preliminary trials with a drug load of 40% (w/w)
showed excellent loading efficiency and similar pore-size distribution data as for particles
obtained by the rotary-evaporation method. This is not surprising, as the mechanism of drug
loading in the fluidized-bed process is very similar to the solvent-evaporation method using
the rotary evaporator, meaning that drug crystallization occurs on the large surface area of the
outer pores of FCC. The main difference is that drying is not based on reduced pressures, but
on heat and moisture transfer by applying an air flow at elevated temperature. However, it
was important to adjust the parameters as such that no spray drying effect occurred, i.e. that
the spray solution did not dry before it got in contact with FCC particles. Limnell et al. [247]
have already demonstrated the feasibility of the fluidized-bed process for drug loading of
indomethacin into two different types of mesoporous silica. However, the advantage of FCC
is the macroporous outer stratum allowing higher drug loads than for mesoporous materials.

The fluidized-bed process offered the possibility of co-spraying solubility-enhancing
polymers. In the performed drug-loading experiments, PVP K-25and PEG 3000 were used in
a drug-to-polymer ratio of 50:50 (w/w). Based on SEM and XRPD analysis, it was found that
the loaded drug was present in a crystalline state, embedded in the polymer matrix [237].
Stabilization of the drug in amorphous form is possible by increasing the amount of polymer,
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and could be a strategy to increase the drug dissolution rate. However, this would reduce the
drug loading capacity.

Co-loading with hydrophilic polymers was also hypothesized to be useful to improve the
homogeneity of the subsequent chitosan coating. MBZ-loaded FCC without co-loaded
polymer has a hydrophobic surface due to the hydrophobicity of MBZ, and hence, a poor
wettability of the spray solution is expected [248]. Hydrophilization of the particle surface by
co-loading with PVP or PEG should lead to better wettability [249] of the chitosan spray
solution on the particle surface.

To improve the flowability of FCC, granulation by roller compaction could be performed
prior to drug loading [228], provided that the macroporous characteristics of the outer
stratum is not lost after granulation. Such a larger particle size of the FCC granules (e.g.
around 100 um) would also be beneficial for the subsequent chitosan-coating step to avoid
further granulation, and to improve the reproducibility of the chitosan-coated particles in
terms of particle size distribution and mucoadhesivity. It should be noted that the mean
particle sizes (D50) of the three different chitosan-coating batches MMW-5, MMW-10, and
LMW-5 were highly variable, i.e. 54.4 +2.0 um, 183.5+10.0 um, and 190.9 + 11.0 um,
respectively [237].

5.2 Mucoadhesive coating of microparticles

For mucoadhesive coating of microparticles, a pH-dependent precipitation method [86] and a
fluidized-bed method [237] were developed. In both methods, the semi-synthetic polymer
chitosan was used for mucoadhesive coating. Chitosan is well known for its biodegradability,
biocompatibility, and excellent mucoadhesivity. The relatively low viscosity of dilute
chitosan solutions was an additional important property for the feasibility of the reported
methods.

The development of a precipitation method was possible due to the pH-dependent solubility
of chitosan which is insoluble at pH >6. The method was modified from Han et al. [250] who
prepared hollow chitosan capsules by repeated incubation of calcium carbonate particles in
buffered chitosan solutions. For the preparation of the presented mucoadhesive
microparticles, dissolution of the core particles was not desired, and the micrometer thick
chitosan coating was obtained in one precipitation cycle. For titration of the chitosan
solution, highly diluted NaOH was used (0.05 M) in order to prevent fast and locally
increased precipitation. It can be assumed that chitosan precipitated directly on the surface of
FCC particles due to heterogeneous nucleation [245] and the ionic interactions with calcium
carbonate [250]. A critical step in the method was the initial suspension of the drug-loaded
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FCC in the slightly acidic chitosan solution (pH 5), leading to partial decomposition of
calcium carbonate and dissolution of MBZ. However, the amount of decomposed FCC
during the whole precipitation process was only 3% (w/w) as measured by calcium-ion
analysis of the remaining solution. The fraction of dissolved drug was calculated to be very
similar (3.5%, w/w) based on the solubility of MBZ. Eventually, FCC, MBZ and chitosan
contents were all close to the expected values. Nevertheless, for development of a delivery
platform also applicable to water soluble drugs, alternative methods had to be evaluated to
achieve reproducible mucoadhesive coatings on microparticles.

Established pharmaceutical processes have been evaluated in preliminary trials, e.g.
lyophilization and spray drying. However, only the fluidized-bed process was feasible for
mucoadhesive coating of microparticles. The drug-loaded FCC particles were spray-coated
with a chitosan solution. This approach had several advantages compared to the precipitation
method, such as larger batch size, higher production yields, and better suitability for scale-up.
Furthermore, the absence of a milling step was of great importance in terms of mucoadhesive
performance since there was no destruction of the chitosan coating. As a consequence, a
lower amount of chitosan coating was required compared to the precipitation method to
obtain particles with similar mucoadhesivity. Regarding the manufacturability, low molecular
weight (LMW) chitosan was superior to medium molecular weight (MMW) chitosan due to
the reduced viscosity of the spray solution minimizing the risk of nozzle blocking. In the
optimized formulation method, a higher spray rate was used (5 g/min vs. 1.5 g/min) to reduce
the process time. However, it has to be mentioned that this high spray rate resulted in larger
granules (D50 =~ 190 um), even though only 5% (w/w) of LMW chitosan was applied. Hence,
the spray rate presents a critical process parameter that could be optimized to obtain smaller
particles.

In addition, the development of non-mucoadhesive microparticles with similar mean particle
size was required as control in the in vitro flow-detachment experiments, and as comparison
to the mucoadhesive microparticles in the planned in vivo gamma-scintigraphy studies. For
this purpose, MBZ-loaded FCC was granulated with ethylcellulose in a fluidized-bed process
by spraying an aqueous binder solution containing PVP K-25. The prepared control particles
had a median particle size of 115.2 + 3.5 um, and practically no mucoadhesive interactions
on colonic mucosa was measured (mean particle retention was 6.7% + 8.4%, n=3).
Therefore, these ethylcellulose particles are suited to be used as non-mucoadhesive control in
the gamma-scintigraphy studies in humans.
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5.3 Investigation of in vitro particle-retention

For evaluation of mucoadhesive properties of prepared microparticles, a suitable in vitro
mucoadhesion test was developed. To simulate the drag forces acting on the particles in the
gastrointestinal tract, a flow-detachment method was preferred to the commonly used tensile-
detachment method. A flow-channel device with an improved design was built in-house, and
marker-ion analysis (calcium) was applied for reliable quantification of microparticles [86].

The development of the flow-channel device required several preliminary tests to evaluate
the optimal channel geometry. In a closed channel with laminar flow regime, the flow
velocity at the solid-fluid interface was too low to set the particles in motion, regardless of
their mucoadhesive interactions. The problem observed in the semi-cylindrical channel was
that the fluid formed a thin stream with an unreproducible (eddy) flow pattern. Therefore, the
flat open channel was evaluated as the most suitable channel geometry. The use of multiple
nozzles for inlet flow, as proposed by Batchelor et al. [76], was found to be an important
feature to ensure homogeneous flow distribution throughout the channel area.

A new feature of our design was the mucosa holder on the support plate, on which the
mucosal tissue could be clamped with the fixation plate. To prevent excessive mucosa from
squeezing into the channel, a void space surrounding the mucosa holder was necessary. The
sealing was tight enough to prevent leakage of the flow medium. Furthermore, the mucosal
tissue remained firmly attached to the support plate during the whole experiment without
additional fixation aids such as pins [84] or low vacuum [88,94,251]. To simulate the
targeted tissue of our formulations, porcine colonic mucosa was used as substrate in the
particle-retention assay, as it shows similarities to the human colonic mucosa in terms of
anatomy and mucin structure [252].

Direct quantification of the inert carrier particle theoretically presents a more precise and
reliable method compared to usual methods such as visual counting, which is limited to a
certain particle size, and weighing of collected solids, which is biased by detached mucus and
dissolved drug. The high sensitivity of the marker-ion analysis allowed for the first time
precise characterization of mucoadhesive microparticles without additional labeling.
However, the feasibility of using calcium ions as a marker to quantify the detached particles
had to be evaluated first, since calcium ions are abundant in biological tissues. Indeed,
control experiments without any microparticles showed relatively high amount of tissue-
derived calcium. However, validation of the marker-ion analysis by image analysis of
detached particles retained on a black filter showed a different picture. The projected area of
photographed particles was in good correlation with the calcium concentration measured by
capillary electrophoresis. Hence, the influence of tissue-derived calcium flux was found to be
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negligible when the mucosa was covered with FCC particles. Therefore, marker-ion analysis
was routinely applied for particle quantification in collected fractions. The obtained results
usually showed low standard deviations, and FCC recoveries close to 100%, indicating a
good precision and accuracy of the method. As an alternative to capillary electrophoresis,
other methods for quantification of calcium ions could be used, such as flame atomic
absorption spectrometry or ion chromatography. The applicability of marker-ion analysis to
other carrier materials such as silica or alumina has to be assessed individually.

Investigation of two size fractions of microparticles (<90 um and 125-250 um) revealed a
size-dependent in vitro retention behavior. It was shown that bigger particles were
significantly better retained on mucosal tissue than the smaller ones, which was consistent for
all four chitosan concentrations (0%, 9.1%, 16.7%, and 33.3%, w/w). This finding is
contradictory to generally accepted mucoadhesion theories. Since this size-dependency was
also observed for non-mucoadhesive control particles, additional retention mechanisms other
than mucoadhesive interactions were involved. This can be explained by the forces acting on
a particle in an open channel flow [86].

To set a particle in motion, the resulting weight of the particle has to be exceeded by the drag
force, which is exerted by the fluid onto the particle. However, the ratio of resulting weight to
drag force increases exponentially with increasing particle size. Hence, bigger particles can
resist better the washout, and control experiments with particles of similar size and density
would be ideal for correct data interpretation. However, particles prepared in the fluidized-
bed had wide particle size distributions and varying median diameters (D50). Mucoadhesive
microparticles coated with 5% of MMW chitosan (MMW-5, w/w) were the smallest
(D50 = 55 um) and the ones coated with 5% of LMW chitosan (LMW-5, w/w) were the
largest (D50 = 190 um), as measured by a Camsizer XT instrument. Since grinding would
destroy the mucoadhesive coating, and size fractionation was not possible due to insufficient
batch sizes, it was very difficult to prepare non-mucoadhesive control particles with similar
D50 and size distribution. Therefore, the D50 of the non-mucoadhesive ethylcellulose control
particles should be in between the MMW-5 and LMW-5 particles. This was well achieved
since the control particles had a D50 of of 115 pm.

All chitosan formulations prepared in the fluidized-bed showed significantly improved
particle retention compared to the ethylcellulose control particles. The optimized
mucoadhesive formulation coated with 5% LMW chitosan was selected as a prototype for the
pharmaco-scintigraphy study in humans due to the good in vitro particle retention and
manufacturability.
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5.4 In vitro assessment of colonic mucoadhesion and in vivo considerations

The particle-retention assay was a useful indicative tool to characterize and optimize the
mucoadhesive microparticles in vitro during the development stage. To simulate the in vivo
conditions in the human large intestine, fresh porcine colonic tissue was used and the
particles were exposed to drag forces of a constant flow of fluid. However, many in vivo
parameters are difficult to simulate in this standardized in vitro assay, such as pre-hydration
and dispersion of the dosage form, motility of the colonic content, and turnover of the mucus
gel layer. The mucoadhesive microparticles must overcome various hurdles to establish a
successful bioadhesive contact with the colonic mucus layer as illustrated in Fig. 5.1.

Particle release Particle Migration to 1) Overhydration and
in the colon dispersion mucosal wall II) mucus turnover
@ ép 9 @ o Jj
(1)
—x O( \O -/9’

Fig. 5.1: The hurdles that a mucoadhesive and multiparticulate capsule formulation must
overcome for optimal mucoadhesive performance in the colon. A) Dissolution of the capsule
coating in the ileocolonic region, B) dispersion of the microparticles to improve the
therapeutic effect, C) migration through the colonic content to reach the mucus layer,
D) overhydration of the mucoadhesive microparticles and the mucus turnover eventually
present limiting factors of mucoadhesion in the colon.

Once the colonic-targeted capsule is dissolved or disintegrated at the desired site, i.e. in the
ileocolonic region, the released mucoadhesive microparticles have to disperse and spread
along the colonic wall. However, hydration and swelling of the mucoadhesive microparticles
in the capsule can lead to agglomerates as observed in USP Il and IV dissolution studies.
When no dispersibility-enhancing excipient was used, the agglomerates remained in the
shape of the dissolved capsule as shown in Fig. 4 of Chapter 3.3 [232]. A similar issue was
observed by McGirr et al. [234] when they administered radiolabeled carbomers to beagle
dogs. After remotely-controlled opening of the capsule (Intelisite®), only little dispersion of
radioactivity was observed. Furthermore, the capsule recovered from the stool showed
incomplete release of the polymer, probably due to hydration and swelling of the polymer
inside the capsule before the polymer could be released. Therefore, we evaluated different
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excipients to improve the dispersibility of mucoadhesive microparticles. In preliminary trials,
hydrophilic fumed silica (colloidal silica) showed the most promising results and further
investigations on dry-particle coating of mucoadhesive microparticles with colloidal silica
were performed. The influence of silica concentrations on particle retention and dispersibility
were of particular interest.

In the study presented in Chapter 3.3 [232], it was found that colloidal silica can be added in
concentrations up to 5% (w/w) without reducing the mucoadhesive properties in vitro.
Indeed, a promising effect on particle dispersion was found by visual observation and also by
increased dissolution rates of silica-coated particles. The latter can be explained by larger
surface areas due to size reduction of the agglomerates, i.e. improved particle dispersion. At
such high concentrations, silica nanoparticles were mainly present as secondary agglomerates
with sizes ranging from 0.1-1 pum. These silica agglomerates were found to form an effective
“shield” around the mucoadhesive particles, preventing a direct contact between the
mucoadhesive surfaces. It is assumed that the silica monolayers, i.e. individual silica particles
adsorbed to the chitosan surface, have a much lower dispersibility-enhancing effect than the
silica agglomerates.

Despite the promising results indicating a dispersibility-enhancing effect of silica, an in vitro
- in vivo correlation is disputable. The higher viscosity of the colonic content compared to the
in vitro test medium is clearly a factor which negatively affects the particle dispersion in
vivo. On the other hand, the peristalsis of the colon, which is important for mixing and
transporting of the colonic content, might lead to better particle dispersion than observed in
vitro. Therefore, gamma-scintigraphy studies of radio-labelled mucoadhesive microparticles
would be also relevant for the investigation of particle dispersion in the colon once rupture of
the coating and the capsule shell

For evaluation of in vitro particle retention on mucosal tissues, the microparticles were
usually applied in dry state [68,90,91,253,254]. During a contact phase of 5 min [86], the
particles had time for swelling, interpenetration into the mucin network, and formation of
adhesive bonds. However, in reality the particles are hydrated before they can get in contact
with the mucosal tissue, which already starts during dissolution of the capsule. Several
tensile-detachment studies have shown that pre-hydration of mucoadhesive dosage forms
leads to significantly reduced adhesive strength [255-257]. To measure particle retention of
pre-hydrated particles, we used a special application method, and it was found that pre-
hydration of the optimized formulation (5% LMW chitosan) significantly reduced the particle
retention from 55.4% £ 5.9% to 21.0% % 9.2% (method and results of pre-hydration not
published).
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These findings were in agreement with the results of Albrecht et al. [258] who tested the
influence of pre-hydration on retention of the microparticles in a flow channel. They showed
that particle retention of dry particles was increased more than 2-fold compared to pre-
hydrated particles. They argued that dry polymeric particles show better interpenetration into
the mucin network due to smaller sizes and increased surface area available for adhesive
bonds in comparison to hydrated (swollen) particles. Other researchers explained the loss of
mucoadhesive properties after pre-hydration by dissolution of the polymers and formation of
a slippery mucilage [256,259]. Excessive accumulation of water molecules around the
hydrophilic functional groups of mucoadhesive polymers also increases the diffusion path
length, making it difficult for the polymer to get in close contact with the mucin molecule,
and eventually reducing hydrogen bonding or ionic interactions.

Therefore, a formulation system capable of delivering the mucoadhesive particles in a non-
hydrated state to the gastrointestinal mucosa would be of great benefit. In an interesting
study, Albrecht et al. [260] proposed a special capsule device consisting of latex
(impermeable to water), which is under tension and closed by a pH-sensitive twine made of
Eudragit L100 55 (pH 5.5). When the twine is dissolved, relaxation of the stretched latex
leads to immediate opening of the capsule, and the microparticles are released in dry state. In
an in vivo study in rats, they demonstrated that mucoadhesive particles, which were delivered
in non-hydrated state by such a latex capsule, had significantly prolonged residence time
compared to hydrated particles delivered in a standard capsule. However, manufacturing of
such a complex capsule device is very challenging at an industrial scale.

The flow rate in the particle-retention assay was chosen much higher than expected in the
colon to simulate harsher conditions. The purpose was to trigger a forced detachment of the
mucoadhesive microparticles and to measure their resistance to the washout in a short time.
Therefore, a fast flow of water was applied to simulate the drag forces acting on the particles.
The parameters influencing the drag force are the speed and density of the flow medium, and
the projected surface area exposed to the flow (see Eqg. 4 in Chapter 3.2) The in vitro flow
rate of 20 ml/min was much higher than the in vivo flow rate of approximately 1 ml/min to
increase the height of the stream and ensure a full immersion of the particles. The speed of
flow applied by the inlet nozzles was already high due to the small nozzle orifice diameter
and the high flow rate. The average speed of flow along the channel (positioned at an angle
of 45°) was approximately 50 mm/s as measured by the time until the initial water front
arrived at the end of the channel. Hence, it can be assumed that the flow conditions in the
colon are milder as simulated in the particle-retention assay and that mucoadhesive
microparticles with good in vitro particle retention might increase the residence time in vivo,
despite the negative influence of other factors such as pre-hydration or mucus turnover.
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Assuming that the mucoadhesive particles can reach the intestinal wall and form a strong
adhesive bond with the mucus layer, the retention is limited to a certain time since the mucus
layer is constantly being renewed. Therefore, the mucus turnover rate is the time-limiting
factor of particle retention (see Fig. 5.1). As an indication of colonic mucus turnover rate in
humans, rat experiments have been performed, showing a colonic mucus turnover rate of
around five hours [29]. In case of diarrhea, when the gastrointestinal transit time is
significantly reduced, a transit time prolongation of five hours would be of clinical
importance. However, in such a condition the mucus might be washed away quicker and it is
very likely that shedding of the loose outer mucus layer already leads to particle detachment.
Hence, the time of adhesion might be much less than the five hours required for complete
renewal. Another factor to consider is the change of mucus integrity in a diseased state. For
example, patients with ulcerative colitis were found to have a depletion of goblet cells and a
lower rate of mucus secretion [261], i.e. the effect of mucoadhesion could be more
pronounced in ulcerative colitis patients than in healthy humans due to a lower rate of mucus
turnover. However, there is no data in literature clearly showing the influence of the mucus
condition in diseased state on mucoadhesive potential.
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The focus in this work was the development of a multiparticulate formulation based on FCC
microparticles. In this chapter, the successful development of the mucoadhesive and
multiparticulate drug delivery system is summarized, and an outlook is given on other
possible applications of FCC as oral drug carrier.

The formulation concept proposed in Chapter 2 (Aims) was successfully achieved. Porous
FCC microparticles were used as drug carriers, and the fluidized-bed process was suitable for
drug loading and mucoadhesive coating. The antibiotic MBZ was used as model drug for
local treatment of colonic diseases (Chlostridium difficile infections). The use of LMW
chitosan spray solutions reduced the risk of nozzle blocking compared to MMW chitosan,
improving the manufacturability of the mucoadhesive microparticles. The optimized
formulations had a high drug load, and showed good in vitro particle retention on porcine
colonic mucosa.

By using FCC as the drug carrier, various types and high amounts of drug can be loaded into
the porous calcium carbonate skeleton. Both presented drug-loading methods, i.e. the rotary-
evaporation and fluidized-bed method, were based on the principle of solvent evaporation
and crystallization. The rationale of using porous drug carriers for preparation of
mucoadhesive microparticles is to have a stable skeleton for loading the drug and for further
functionalization with a mucoadhesive coating which remains intact until the drug is
released. Furthermore, the spherical shape of porous carrier particles should improve the
coating quality compared to non-spherical particles, such as micronized drug crystals, which
are usually characterized by poor flowability and higher agglomeration tendency during
fluidized-bed coating.

For evaluation of the mucoadhesive properties of the chitosan-coated microparticles, a
particle-retention assay was developed featuring a novel and reliable method for particle
quantification (marker-ion analysis), and a modified flow-channel design for easier clamping
of the mucosal tissue.

To prevent agglomeration of mucoadhesive microparticles due to swelling in the capsule,
dry-particle coating with hydrophilic fumed silica was investigated. Promising results were
obtained by visual observation and dissolution studies, indicating a dispersibility-enhancing
effect of silica. Importantly, mucoadhesion was not negatively influenced by silica up to a
concentration of 5% (w/w).
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The application dossier of the pharmaco-scintigraphy study was approved by Swissmedic and
the Ethics committee. The clinical batches were manufactured by Tillotts Pharma AG under
GMP conditions, and the pharmaco-scintigraphy will be carried out at the University
Hospital Basel. The results of the study is of great relevance, as it is the first-in-human
investigation (from the best of our knowledge) of mucoadhesive microparticles delivered to
the colon. A positive outcome, i.e. a prolonged residence time of mucoadhesive
microparticles in the colon compared to the non-mucoadhesive control particles, would be an
indication that the drug delivey strategy of mucoadhesion could also be applied to the harsh
conditions in the large intestine, and that further research in this field would be promising.
Since the preparation method allows exchange of the drug without affecting the
manufacturability and mucoadhesivity of the outer chitosan layer, this formulation platform
has great potential for local treatment of other colonic diseases. The presented formulation
concept was subject to a patent application [262].

Drug-loaded FCC could also be used for other applications in oral drug delivery, such as
immediate release formulations, orally dispersible tablets (ODTs), and as carrier of highly
potent substances requiring low and precise dosing. Since the drug-loading approach was
shown to result in enhanced drug dissolution, drug-loaded FCC might be beneficial for the
development of immediate release formulations, in particular for poorly water-soluble drugs.
The good compaction properties of FCC have already been demonstrated by Stirnimann et al.
[228]. However, the use of a superdisintegrant would be essential to promote immediate
disintegration into smaller particles, providing a large surface area for fast and complete drug
dissolution. For better manufacturability of such tablets, granulation of drug-loaded FCC and
superdisintegrants can be performed by roller compaction. It was shown that roller
compaction of FCC had little impact on the compactibility of the obtained granules. The
suitability of FCC for development of orally dispersible tablets (ODTs) has recently been
reported [227]. Drug loading into FCC prior to roller compaction could be a promising
strategy to prevent segregation of drug and excipients during manufacturing. Furthermore,
improved dissolution of poorly water-soluble drugs in the saliva could lead to a large fraction
of drug absorbed via the buccal mucosa, and hence, leading to a rapid onset of the
pharmacological effect.

The use of FCC as a drug carrier is also encouraged for formulation of drugs with a narrow
therapeutic window requiring low and precise dosing, since drug loading into FCC leads to a
uniform drug distribution, even at very low drug loads. Since no segregation of drug and
excipients can occur, an increased uniformity of drug content is expected. However, the
usefulness of drug-loaded FCC for tablet formulations has not been investigated thus far, and
further research is required to exploit the full potential of FCC as an oral drug carrier.
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