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Abstract

A novel Dynamic Colon Model (DCM) that represents the anatomy and physiology of the
human proximal colon was developed. Analysis of the hydrodynamics was performed using
Positron Emission Particle Tracking (PEPT) system and Positron Emission Tomography
(PET). The pressures generated by the wall motion of the DCM tube compared with the
available published in vivo data. The hydrodynamics in USP 2 dissolution apparatus were also
assessed using Particle Image Velocimetry (PIV) and Planar Induced Fluorescence (PLIF).

Areal distribution and individual striation methods showed high mixedness level close to tip.

PEPT experiments were performed using particles of different buoyancy. Use of different

particles gave different results in terms of velocities and residence times within the DCM tube.

PET images showed that antegrade propagating waves of amplitude lower than the
minimum threshold used in vivo studies were associated with flow episodes. In addition, flow

episodes can occur which are not related to the wall motion.

Dissolution profiles of theophylline, a high water soluble drug, released from a hydrophilic
matrix obtained at viscous shear thinning media, mimicking the dewatering process in the

human colon.

The novel DCM provides a realistic colonic environment, enabling biorelevant in vitro

assessment of the in vivo performance of dosage forms.
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Figure 5.17. Time series of PET images (recording time 1s/f) and the corresponding
membrane status obtained during an antegrade propagating wave using 0.25% NaCMC
(w/w) as fluid. The occlusion degree was 73%; wave speed 0.02 m s; DCM tube filled
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Figure 5.18. Time series of PET images (recording time 1s/f) and the corresponding
membrane status obtained during an antegrade propagating wave using 0.50% NaCMC
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Figure 5.19. Time series of PET images (recording time 1s/f) and the corresponding
membrane status obtained during an antegrade propagating wave using 0.75% NaCMC
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Figure 5.20. PET images of 0.25% NaCMC (w/w) after the completion of each antegrade
cyclic propagating pressure wave (CPPW). The recording time is a frame per 10s. A
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Figure 5.21. PET images of 0.50% NaCMC (w/w) after the completion of each antegrade
cyclic propagating pressure wave (CPPW). The recording time is a frame per 10 s. A
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Figure 5.22. PET images of 0.75% NaCMC (w/w) after the completion of each antegrade
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Figure 6.3. Data density of the axial displacements of floating and neutrally buoyant
particle across the cross section of the Dynamic Colon model tube, in different viscous
(£ 0T=To I TP TP TP PP PPPPPPPR 173
Figure 6.4. Plots of y and x axes of the floating and neutrally buoyant particle for all the
individual passes of the tracer along the DCM tube...........ccccoiiiiiiiiiiiinee, 175
Figure 6.5. Analysis of distances covered at different velocities based on tracking data
of the floating and neutrally buoyant particle obtained in different viscous media.
Negative and positive velocities indicate the retrograde and antegrade motion of the
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Figure 6.6. Plot of individual passes of the (a) floating particle and (b) neutrally buoyant
particle along the DCM tube (x axis) in 0.25% NaCMC (w/w); every line represents one
pass whereas each peak represents the motion of the particle in antegrade or
retrograde direction after a single antegrade propagating wave (CPPW). The plateau
between the peaks is the time delay of 10 s before the next CPPW applied. ............. 179
Figure 6.7. Plot of individual passes of the (a) floating particle and (b) neutrally buoyant
particle along the DCM tube (x axis) in 0.50% NaCMC (w/w); every line represents one
pass whereas each peak represents the motion of the particle in antegrade or
retrograde direction after a single antegrade propagating wave (CPPW). The plateau
between the peaks is the time delay of 10 s before the next CPPW applied. ............. 180
Figure 6.8. Plot of individual passes of the (a) floating particle and (b) neutrally buoyant
particle along the DCM tube (x axis) in 0.75% NaCMC (w/w); every line represents one
pass whereas each peak represents the motion of the particle in antegrade or
retrograde direction after a single antegrade propagating wave (CPPW). The plateau
between the peaks is the time delay of 10 s before the next CPPW applied. ............. 181
Figure 6.9. Mean values of the number of propagating waves needed for the particle to
reach the very end of the tube; pp (polypropylene — floating particle); ps (polystyrene —
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Figure 6.10. Box plots of distance covered per peristaltic wave in different viscous
media (0.25%, 0.50% and 0.75% NaCMC(w/w); (A) anterograde motion, (R) retrograde
motion and (N.T) net transport of the particle..........cccooo i, 183
Figure 6.11. Series of four frames of a single antegrade wave, showing the relationship
between the wall motions of the DCM tube and the movements of the radioactive tracer
in L media. Membrane travels both from the neutral position (N) towards the contraction
(C) or relaxation (R) position and vice versa as indicated by the arrows. The solid line
represents the steady period of 1 s of the membrane before travel back to the neutral
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Figure 6.12. Series of four frames of the second antegrade wave applied after 10 s from
the first wave. Relationship is presented between the wall motions of the DCM tube and
the movements of the radioactive tracer in different viscous media. Membrane can
travel both from the neutral position (N) towards the contraction (C) or relaxation (R)
position and vice versa as indicated by the arrows. The solid line represents the steady
period of for 1 s of the membrane before travel back to the neutral position. ........... 188
Figure 7.1. 3D model of DCM tube using ANSYS Spaceclaim 2015; S1, S2 and S3
represent the location of the sampling points along the DCM tube. ..........c....cceeee. 200
Figure 7.2. Dissolution curves of theophylline obtained from three different sampling
points along the length of the DCM tube (@ S1; 8 S2; A S3). The dissolution experiments
were performed in (a) 0.25% and (b) 0.50% NaCMCzo0000) (W/W) solutions adjusted at pH
7.4 using phosphate buffer; Temperature was 37 °C; Standard deviation bars for the
dissolution profile theophylling (N=6).......ccoeeieeieee 202
Figure 7.3. Dissolution profile of theophylline of two different runs in 0.50% NaCMC
(w/w) adjusted at pH 7.4 using phosphate buffer; The dissolution curves were obtained
from three different sampling points along the length of the DCM tube (@ S1; A S2; B

S3). Temperature was 37 °C; Error bars for the dissolution profile of theophylline (n=3).

18



Konstantinos Stamatopoulos Dynamic Colon Model

Figure 7.4. (A) Images of the cross section of the DCM tube and (B) schematic
illustration of the in vitro model along the x axis, showing the position of the partially
disintegrated tablet in two separated runs of the dissolution experiments. Arrows in (A)
showing the fragments of the tablet. ..., 204
Figure 7.5. Images of the final solutions of the two different viscous media (a) 0.25%
and (b) 0.50% NaCMC(700000) (w/w) after the end of two separate runs of the
dissolution experiments. Big agglomerates of the disintegrated tablet found in the final
solution of 0.50% NaCMC(700000) (w/w) indicated inside the circles. ............cccuvvnnen. 205
Figure 7.6. PET images of (a) injection, (b) 15' wave, (c) 5" wave and (d) 10" wave using
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1 Introduction

1.1 Overview

Inflammatory bowel diseases (IBD), including Crohn's disease (CD) and ulcerative colitis
(UC), are long-term (i.e. chronic) conditions resulting in inflammation of the gastrointestinal
tract with unknown aetiology (Burisch et al., 2013). The terminal ileum and the colon are the
main regions of the gastrointestinal tract (Gl) affected by CD and UC. Typical symptoms are
abdominal pain, diarrhoea, tiredness, feeling generally unwell or feverish, mouth ulcers, loss
of appetite, weight loss and anaemia. In Europe it has been estimated that approximately 2.5—
3 million people are affected by IBD, with the treatment costs for the healthcare systems 4.6—
5.6 billion Euros/year (Burisch et al., 2013). The corresponding estimated number of affected
people in the United Kingdom is approximately 620000 (Molodecky et al., 2012). Due to the
increasing number of people suffering from IBD (Kaplan, 2015), a lot of effort has been exerted
to effectively deliver drugs for the local treatment of the inflamed colon (Amidon et al., 2015a)

as well as for systemic treatment.

Most of the drugs are administrated orally and hence, the drug should pass through the upper
Gl tract before reaching the colon. To improve the local and systemic drug delivery via the
complex Gl tract environment, several modified-release (MR) colon specific drug delivery
systems have been developed. Upon ingestion, the formulation enters a highly dynamic
environment in which disintegration, dissolution and absorption/local action occurs. This
complex in vivo process is usually evaluated in vitro using pharmacopoeia disintegration and
dissolution tests. Predictive dissolution methods can contribute to a reduction in the number
of costly in vivo studies required during the design, development and evaluation of these

formulations.

It has been realised that both physicochemical characteristics of the gastrointestinal fluids
as well as the hydrodynamics need to be reproduced in order to make a powerful in vitro model

to predict in vivo performance (Garbacz et al., 2008, Garbacz and Klein, 2012, Fotaki et al.,
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2009a). Existing compendial dissolution methods oversimplify the complex and dynamic
environment of the human colon (Spratt et al., 2005) with the convention being the use of the
USP dissolution Testing Apparatus 2 (USP 2) by the pharmaceutical industry (Zuleger et al.,
2002, Mitchell et al., 1993). This apparatus presents some drawbacks (Kostewicz et al., 2014)
and numerous published works have indicated that there is high variability in dissolution
profiles using USP 2 (Costa and Lobo, 2001, Kukura et al., 2003b, Bai et al., 2011, Qureshi

and Shabnam, 2001a).

Recently, the small volume USP 2 apparatus has gained popularity due to the reduced mass
of material required, analytical methodology and discriminatory power of conventional
apparatus (Klein and Shah, 2008a). However, there is still a need to analyze the
hydrodynamics since the miniaturised systems do not exactly reflect the conditions of the
standard USP2 paddle system (Klein and Shah, 2008a), nor the conditions in the Gl tract. In
addition, the effect of changing and increasing viscosity of the fluids, due to the dewatering
process which takes place in human colon, may increase the uncertainty and the variability of

the results from the dissolution test.

Understanding the hydrodynamics inside the USP 2 apparatus does not in itself explain how
a dosage form will perform within the environment of the Gl tract. Thus, in addition to the
application of the biorelevant media in dissolution methods (Schellekens et al., 2007, Jantratid
et al., 2009), attempts have been made to improve the bio-relevance of the hydrodynamic and
mechanical conditions (Klancar et al., 2013, Thuenemann et al., 2015). The most advanced
models currently available such as the TNO TIM-1 (Minekus, 2015), TIM-2 (Venema, 2015)
and IFR Dynamic Gastric model (DGM) (Thuenemann et al., 2015), aim to simulate the Gl
environment under well controlled conditions and have progressed dissolution science, yet
they are not considered to be the final solution to the problem (McAllister, 2010). Some of the
major drawbacks of TIM-2 are the cost, complexity of the technique and lengthy equipment

setup time resulting in a limited amount of data which can be obtained in a reasonable time
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period. Furthermore, the TIM-2 is not physiologically representative, with a different length,

volume and mixing process when compared with the human colon (Blanquet et al., 2001a).

Thus, the development of more realistic biorelevant in vitro models is an ongoing research

topic with significant potential for the improvement of colon- targeted dosage forms.

Many modified release (MR) dosage forms have been designed to release the active
compound within the human proximal colon. This particular section of the human colon has
been targeted due to higher water availability for drug and nutrients absorption. Thus, there is
a need to analyse the hydrodynamics of this region of the human colon and understand their
effects on the performance of solid drug products.

Physiologically realistic in vitro models should reproduce the widely accepted “law of the
intestine” which states that the propulsion of the bolus occurrs due to the combined ascending
excitatory (muscle contraction) coupled with the forward descending inhibition (muscle
relaxation). In addition, presence of taenia coli (i.e. the thickest layer of the longitudinal
muscle) and semilunar folds, which form the characteristic pockets in the colon called haustra,
play a major role in regulation of transit through the colon (Langer and Takacs, 2004). There
is limited data in the literature which investigates the relationships between wall motion and
movements of the contents in human proximal colon (Cook et al., 2000, Dinning et al., 2008).
Monitoring techniques used to obtain human colon motility such as manometry and
scintigraphy have some technical limitations. As a further consequency, contradictory results
have been obtained among in vivo studies with regards to the association between wall motion
and flow episodes. These limitations are due to the sensitivity of the manometry which is
affected by the diameter of the proximal colon (>0.056 m) (Von Der Ohe et al., 1994), and the
viscosity of the contents (Proano et al., 1990). In vitro studies assessing the performance of
manometry have been conducted in fully filled tubes (Arkwright et al., 2013), despite previous
in vivo studies showing that the volume in the colon varies from 10 — 125 mL which does not

reflect a fully filled tube (Sutton, 2009, Schiller et al., 2005). Thus, the interpretation of the
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manometry measurements should be performed in a representative system that reflects the
volume of the fluids in the (partly-filled) human proximal colon and the diameter of the tube.

Furthermore, there is no information about how the degree and rate of occlusion of the
human proximal colon wall will affect the interpretation of manometry in combination with the
volume and the viscosity of the fluids. Thus, the current reliance on manometry to characterize
wall motion and correlate it with flow episodes could limit and/or mislead the interpretation of
the results.

Scintigraphy has been utilized to visualize in vivo flow episodes in human colon, however,
without linkage to changes in human colon diameter. Hence, a more systematic analysis of
the motility in human proximal colon has still to be reported to investigate how viscosity and
volume of fluids will affect the interpretation of manometry as well as the propulsion and mixing
of the colonic contents. However, this is difficult to perform in vivo in a controllable way, due
to the high variability between subjects. Thus, the development of a biorelevant in vitro model
offers advantages to investigate the interplay of those parameters (i.e viscosity, volume, wall
motion etc.) on fluid mixing and transit. To ensure that the in vitro model provides a realistic
environment, the anatomy of the proximal colon should be reproduced as much accurately as
possible. This model enables assessment of the performance of dosage forms within a
realistic colonic environment.

Positron Emission Tomography (PET) is used in this project, as an alternative to scintigraphy
flow visualization technique, to understand how motility pattern, viscosity and volume of the
fluids affect the mixing process and the propulsion of the contents in the in vitro model.

The pressure forces generated from the wall motion are recorded and compared with in vivo
data obtained from literature using manometry which is a common clinical method to
investigate abnormalities in the human colon motor.

Positron Emission Particle Tracking (PEPT) system is used as an alternative method to
magnetic pill tracking systems which has been used to monitor colonic movements in healthy

subjects and determine velocities and displacements of the contents upon wall motion.
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Particle Image Velocimetry (P1V) as well as Planar Laser Induced Fluorescence (PLIF) have
extensively been used to assess fluid flow and mixing performance of stirred tanks as well as

USP 2 dissolution apparatus.

1.2 Thesis Aims & Objectives

The aim of this thesis is to understand the impact of the hydrodynamics in the human
proximal colon, in particular relating the motility of the colon wall and the viscosity of the fluids
to the performance of MR dosage forms, mixing processes and underlying fluid
hydrodynamics. The development of a biorelevant engineering model which can reproduce
the complex environment of the human colon to a greater level compared to existing models
is the driving force for the current project. As further consequence, the model will be used to
assess the dissolution profile of high water soluble drug released from hydrophilic matrices.

Thus, the main objectives of the current project in order to achieve these goals are as follows:

e To develop a biorelevant in vitro model of human proximal colon which reproduces the
main features of the organ in terms of anatomy and maotility patterns.

e Understand motility, flow and mixing in the human proximal colon using the in vitro
model under predetermined conditions in terms of motility pattern, volume and
viscosity of fluids.

e To investigate how viscosity of the fluids and wall motion will affect the dissolution
profile and the distribution of high water soluble drug released from a hydrophilic
matric.

Comparison of the dissolution of a drug in the in vitro model with the compendial mini volume

USP 2 dissolution apparatus was also performed.

1.3 Thesis Breakdown
This thesis is structured in the following manner: Chapter Il presents a literature review which

discusses the viability of the human colon as a site for drug delivery describing its environment
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in terms of anatomy, physiology, motility and physicochemical properties of the contents.
Subsequently, available colonic-targeted drug delivery systems are presented alongside the
key parameters affecting their performance. Then, the chapter focuses on the current status
in the dissolution science, describing the existing compendial dissolution apparatus used to
assess the performance of the dosage forms and moving towards the advanced dynamic
apparatus. Finally, a brief description of the associated experimental techniques and analysis
methods used in the work presented in this thesis is included.

Based on the conclusions drawn from this review, characterisation of the mini vessel USP 2
dissolution apparatus used to assess the performance of the MR dosage forms is described.
Chapter Il discusses the impact of media viscosity on dissolution of a highly water soluble
drug within a USP 2 mini vessel dissolution apparatus using an optical Planar Induced
Fluorescence (PLIF) method and is published in part in Stamatopoulos et al. 2015. Chapter
IV builds on this work, focussing on the mixing performance of small volume USP 2 apparatus

in shear thinning media and is published in part in Stamatopoulos et al. 2016a.

The next three results chapters focus on the development of an artificial Dynamic Colon
Model (DCM) as an alternative to compendial dissolution apparatus, providing a more
representative colonic environment to assess the performance of the MR dosage form used
previously in the mini volume USP 2 dissolution experiments. The analysis of the data from
the DCM is divided into three parts: Chapter V discusses the development, design and
fabrication of DCM to simulate colon motility. The effect of wall motion, viscosity and volume
of the fluids on the performance of the manometry was investigated whereas Positron
Emission Tomography (PET) was used to visualize the fluid flow.

Langer et al., (2004) examined the anatomical significance of the presence of taenia, haustra
and semilunar folds on the effective propulsion of contents in human colon. Their project
describes the design of a 2D and 3D model of the haustrum and semilunar folds using isolated
specimens of human colon, along with anonymized MRI images of human Gl tract provided

by Heartlands Hospital in Birmingham. Sadahiro et al., (1992) reported the average values of
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length and diameter of the human proximal colon which were used to inform the design of the
in vitro model. A modified version of the apparatus used by Arkwright et al. (2013) was
developed to assess the effect of viscosity and volume of the fluid as well as the degree and
occlusion rate of the wall on the performance of the manometry. Dinning et al. (2014) provided
a detailed analysis on the pressure amplitudes and frequency of the motility events in the
human proximal colon using advanced high-resolution fiber-optic manometry. This work was
utilized along with Dinning et al. (2008) to reproduce the main motility pattern occurred in the
proximal colon and the pressure amplitudes obtained in vitro, compared with the available
data in literature. Flow episodes upon predetermined wall motion of the in vitro model,
monitored with using Positron Emission Tomography (PET), were compared mainly with Cook
et al. (2000) and Dinning (2008) as both studies deal with the relationships of pressure events
and movements of contents.

Finally, dissolution test was conducted with using the in vitro model and the results were
compared with the USP 2 mini volume dissolution apparatus. The current compedial
apparatus was chosen since the volume of 100 mL were within the range of the volume of the
colonic fluids in the caecum — ascending region.

Chapter VI discusses how the interpretation of the mixing and fluid flow were affected by the
interplay between predetermined conditions (i.e. wall motion, viscosity, volume of fluids) and
the properties of the radioactive particle used to track the movements of the contents in the
partially filled DCM using Positron Emission Particle Tracking (PEPT). Chapter VII discusses
the dissolution profile of theophylline modified release tablets, within the DCM and is published
in part in Stamatopoulos et al. (2016b). In this Chapter a comparison of dissolution within DCM

and mini volume UPS 2 apparatus is also presented.

Finally, Chapter VIl presents an overall conclusion of the research within this thesis,
highlighting the importance of the work conducted and the limitations of the results. This
chapter also suggests potential topics for future research to improve in vitro models of human

Gl tract.
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The results chapters’ structure reflects the required format of the journals where the chapters

submitted.

1.4 Publications arising from this thesis
- Stamatopoulos et al., (2015). Understanding the impact of media viscosity on
dissolution of a highly water soluble drug within a USP 2 mini vessel dissolution
apparatus using an optical planar induced fluorescence (PLIF) method.

International Journal of Pharmaceutics (495) 362-73.

- Stamatopoulos et al., (2016). Use of PLIF to assess the mixing performance of
small volume USP 2 apparatus in shear thinning media. Chemical Engineering

Science (145) 1-9.

- Stamatopoulos et al., (2016). Dissolution profile of theophylline modified release
tablets, using a biorelevant Dynamic Colon Model (DCM). European Journal of

Pharmaceutics and Biopharmaceutics (108) 9-17.

- Alexiadis et al., (2017). Using discrete multi-physics for detailed exploration of
hydrodynamics in an in vitro colon system. Computers in Biology and Medicine. (

81) 188-198.

- Stamatopoulos et al., (2016, for submission). Development of an artificial Dynamic

Colon Model (DCM): a tool for analysing motility and mixing in the human

proximal colon.

- Stamatopoulos et al.,, (2016, for submission). Understanding flow and mixing

process in proximal human colon, using a novel Dynamic Colon Model.
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1.5 Conference presentations arising from this thesis

Stamatopoulos et al., (2016) “Analysing mixing process in human proximal colon by
Positron Emission Particle Tracking System (PEPT) using an in vitro Dynamic Colon
Model (DCM)” in Mixing XXV. June 26 - July 1, Quebec City, Canada
Stamatopoulos et al., (2016) “Insight to human colon motility by Positron Emission
Particle Tracking System (PEPT) using an in vitro Dynamic Colon Model (DCM)” in
10th World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical
Technology 4-7 April, 2016 Glasgow, UK.

Stamatopoulos et al., (2016) “A novel biorelevant dynamic colon model (DCM) for
analyzing colon motility and fluid movements using Positron Emission Particle
Tracking System (PEPT) and Positron Emission Tomography (PET)” in Association
of Coloproctology of Great Britain & Ireland 2016 Annual Meeting.
Stamatopoulos et al., (2014) “A dynamic engineering model of human colon: a tool for
designing colon-specific drug delivery systems” in 3rd Galenus Workshop,
Predictive Dissolution Testing — News and Views July 02 — 04, Greifswald
Stamatopoulos et al., (2014) “A dynamic engineering model of human colon: a tool for
designing colon-specific drug delivery systems” in 9th September UK PharmSci, The

Science of Medicines, UK (Invited Oral presentation selected from abstract).
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2 Literature Review

2.1 Drug delivery to the colon

Millions of people suffer from bowel diseases such as ulcerative colitis, cirrhosis disease,
amoebiasis, and cancer with thousands of new cases diagnosed annually (Yang et al., 2002).
Hence, effective local delivery of drug substances for the treatment of these disorders is of
high value (Khan et al., 1999). The colon has been considered an attractive region for systemic
delivery of proteins and peptides due to less diversity, and intensity of digestive enzymes
(Prasanth et al., 2012), as well as low proteolytic enzyme activities compare to the upper Gl
tract (Yang et al., 2002). Furthermore, the higher responsiveness to absorption enhancers
(e.g. chitosan) (Sinha et al., 2007) and the much longer transit times compared to the upper
Gastrointestinal (Gl) tract (Sinha and Kumria, 2003), is advantageous on the improvement of
the bioavailability of certain drug substances. Localised delivery allows topical treatment for

inflammatory bowel disease.

The oral route, for drug administration, is the most convenient method to deliver drugs for
local and systemic treatment (Prasad, 2011). Due to the distal location of colon, a delivery
system should prevent the drug release during its passage through the upper Gl tract
(Johnson and Gee, 1981). Thus, different approaches have been used to develop delivery
systems triggered by the local environment of human colon. These systems could be
categorized as follow: pH dependent, time controlled release, microbial triggered, pressure

and osmotic controlled (Prasanth et al., 2012).

Because of the high variability in the conditions prevailing in the Gl tract, typically, a single-
unit system fails to effectively deliver drugs into the colon (Das et al., 2010). Thus,
multiparticulate delivery systems (i.e. the drug is hosted in independent subunits) have gained
increased importance since they depend less on gastric emptying and hence on inter- and

intra-subject Gl transit time variability (Dey et al., 2008).
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The transit time of a modified dosage form through the Gl tract differs significantly with the
highest variability being observed in the human colon; although the residence times in the
small intestine are fairly constant (between 3 - 4 h) (Asghar and Chandran, 2006), in the
human colon have been reported to be as high as 33 h in men and 47 h in women (Hinton et
al., 1969). However, there are large inconsistencies in the literature concerning transit times
since many factors such as bowel diseases (e.g. diarrhoea, constipation and ulcerative colitis),
diet, fasted or fed state, and age alter the transit times resulting in a wide range of 25 h - 160
h (Cummings et al., 1992). Rapid transit, as in case of diarrhoea (Manfred R. von der Ohe,
1993) reduces the residence time for the dosage form before its elimination via defecation,
whilst prolonged colonic residence, as in constipation, may result in overexposure of drug

(Washington et al., 2000).

As moving towards the distal colon, the dewatering and hence the solidification of faecal
matter results in an increase in the viscosity of the colonic fluids (Washington et al., 2002). As

a further consequence, the diffusivity of the drug is decreased in the colonic fluid.

Thus the ascending colon is considered a more favourable site for drug delivery (Erik, 2010).
In this region the colonic luminal material is sufficiently fluid for the dissolution of the drug, the
surface area is somewhat larger and the bacterial activity is higher (Cummings et al., 1992,
Yang, 2008). After the mid-transverse colon, the absorption of even the most water-soluble

drugs is reduced, due to the very low water content of luminal fluids (Washington et al., 2002).

Unlike the upper GI tract (i.e. stomach and small intestine), the colonic environment
possesses diverse and abundant microflora (Cox et al., 1982) with some bacterial species to
have found exclusively in colon (Cox et al., 1983; Schiller et al., 2005; Washington et al.,
2002). The energy supply for the vast microflora in the colon comes from the fermentation of
the undigested residues of small intestinal fluids (Cox et al., 1982). The indigestible portion of
food, which reaches the colon, includes di-, tri-polysaccharides, mucopolysaccharides, etc.
(Rubinstein, 1990). These substances interact with bacteria to produce a variety of reductive

and hydrolytic enzymes. The presence of this diverse class of digestive enzymes has led to
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the development of various systems for drug delivery to this part of the Gl tract. Prodrugs (V.
R. Sinha & Kumria, 2001a) and systems based upon biodegradable polymers are two typical
classes of colonic microbial triggered delivery systems (Kukura, Arratia, Szalai, & Muzzio,

2003; V. R. Sinha & Kumria, 2001b).

Another challenge in effectively delivering drugs to the colon is the impact of bowel disorders
on the physicochemical characteristics of the lumen (Vertzoni et al., 2010) as well as on the
delivery system (Kong & Singh, 2008). The physiological pH of the colon in healthy humans
varies between 5.5-7.8 (Washington et al., 2002). However, in patients with ulcerative colitis,
the colonic pH can be from 5.0-7.0, whereas, in other subjects may be very low: 2.3, 2.9 and
3.4 (Fallingborg, Christensen, Jacobsen, & Rasmussen, 1993). Furthermore, the lumen pH

changes according to the status of the subject (i.e. fasted or fed state) (Diakidou et al., 2009).

The colonic absorption of drugs may differ significantly from the upper Gl tract due to several
physiological, physicochemical, and biopharmaceutical factors (Thombre, 2005). However,
solubility and permeability are in general the most important parameters affecting drug
absorption regardless of the region of the Gl tract (Baxter et al., 2005). The solubility and rate
of dissolution of a drug can be evaluated in vitro with a dissolution test. As explained later in
more detail (see section 2.5), the concept behind the use of dissolution test for predicting the
in vivo performance is to assess the rate of solubilisation of a drug as it must first be dissolved
in the aqueous phase of the GI contents before it can be absorbed (Jantratid et al., 2009). In
modified release dosage forms the dissolution test may give a measure of the extent and the
rate of the drug released. However, the drug release profile is affected by several factors such
as properties of the active ingredient, formulation design and manufacturing process as well
as the chemical and mechanical environment of the test method. Great care must be taken in
the evaluation of these factors concerning their contribution and impact on the drug release to
develop meaningful dissolution test methods. Nevertheless, studies have shown that the in

vitro solubility (i.e. dissolution) profile of a drug is not always proportional to its in vivo
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performance (Ahmed & Ayres, 2011) but depends on the dissolution method and the

physicochemical properties of the drug.

As mentioned before, bowel disorders alter the colonic environment in terms of transit times,
pH, and water content. Higher absorption rates are anticipated for drugs during long transit
times because of an increased contact of lumen contents with the colonic wall. However,
Hebden et al., 1999, showed that accelerated transit and increased stool water content,
enhances drug absorption whilst slow transit and decreased stool water content, tends to
diminish drug absorption (Wang, 2009). Consequently, there is a need to clarify the impact
not only of these two variables (Klein & Shah, 2008) but also all those parameters (i.e. motility,

pH etc.) which determine the colonic environment.

2.1.1 Drug absorption by the human colon

Several barriers limit drug absorption from the colon. Figure 2.2 shows a schematic
representation of the factors that affect drug bioavailability. In the lumen itself, the drug can
interact with the dietary components resulting in specific and non-specific binding with dietary
components. For example, lectins may interact with sugar residues on the protein of a
glycoprotein drug molecule whereas non-selective interaction may occur between indigestive
foodstuffs like alginates and waxes and the drug compound (Prasad, 2011). Pro-drugs
released by the microflora in the colonic lumen could also lead to specific and non-specific
binding events. The present of reactive groups, such as free sulfhydryls, in the drug molecule
might promote drug-binding interactions with the colonic bacteria (Mrsny, 1992). Moreover,
the drug molecules remaining in the lumen, face the increase in bacterial content during their
passage from the proximal to the distal colon (Rangachari, 1990) which could further

compromise drug bioavailability.

The rate of the drug absorption for weak acid or basic drugs will be controlled by the pH of

absorptive site as well as the partition coefficient. That means that, the pH of the microclimate
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at the mucosal surface, and not the pH of the lumen, will determine the dissociation of the

drug and hence its absorption rate (Washington et al., 2002).

The dewatering of the faeces within the colon leads to inadequate mixing in the bulk phase
and hence less access to the mucosal surface. In addition, the reduction in the water content
has also impact on drug dissolution and hence on drug bioavailability. Furthermore, the

contact of the drug with the mucosa can be inhibited by the presence of gas in the colon.

L\
[ ] [ ] ¢ 0
D Colonic fluids volume fluctuations - - 00 ..
(impact on the degree of drug<€— .Microbial SEecllan nonebeatic 0o 0 0 R rLumen
P € J degradatio binding o (] o
solubility) o <+ 0 (Y
n o o
A A - 0 o
° N
Mucusblanket  |increasing | ® Pure diffusion (little ® @ Specificand o e o o
0-300 . . . fluid movement within €—— non-specific <€— Charge repulsion 0
( Hm) viscosity ° . ° ~Mucus
e the mucus layer) binding R .

;pithelial
layer

== == Trancellular transport
= == Paracellular transport

@® Drug molecules
Lipid monolayer

Loose mucus layer
Frim mucus layer
I junction zone
Exocytosis
Basement membrane

Figure 2.1. Drug absorption pathway with uptake barriers found within lumen, mucus and

epithelial layer.
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It has been suggested that some gel-forming polysaccharide gums increase the thickness of
the unstirred water layer (Johnson & Gee, 1981). Moreover, dietary fibres such as pectin and
chitosan have cation-exchange properties which may bind drug molecules. These physical
factors will all act to slow drug absorption in the colon, with increasing effect as water is

removed and the transport properties of the faecal mass are reduced.

2.2 Physiology of human colon
The gastrointestinal (Gl) tract is composed by the oesophagus, stomach, small intestine and
the colon as the final organ. The other physiological terms used for the colon such as large

intestine and bowel will be used interchangeably in the present text.

The human colon (Figure 2.2) is the last site of absorption for digestive residues. It is
comprised of the caecum as well as ascending, transverse, descending, sigmoid colon and
rectum. The ascending and transverse regions form the main parts of the proximal, or right
colon, whereas the distal, or left, is composed of the descending and sigmoid regions. At the
end of the ascending colon there is a sharp bend known as hepatic, or right, flexure before
the continuation of the colon towards the transverse region. Thereafter, there is another bend
known as splenic, or left, flexure located at the end of the transverse segment and the

beginning of the descending colon, as indicated in Figure 2.2.
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Figure 2.2.Human colon anatomy (Moshy's Medical Dictionary, 8th Edition)

The large intestine is a continuous non-perfectly cylindrical tube approximately 1.29 £0.16 m
in length, although, there are various gender and age differences (Sadahiro et al., 1992).
Regarding the diameter, it starts with a value of around 8.5 cm at the caecum and ends up to

2.5 cm at the sigmoid colon (Washington et al., 2000).

The undigested food from small intestine flows to the caecum which is regulated by the
ileocecal valve. The caecum and ascending colon seems to have as a main functions the
reception of the ileum contents as well as the storage, mixing and absorption of the colonic
contents (Cook et al., 2000, Hiroz et al., 2009). The ascending colon is on average 0.16 m in
length (Sadahiro et al., 1992), appearing between the ileocaecal valve and the hepatic flexure.
Thereafter is the transverse colon, which is approximately 0.42 m in length (Sadahiro et al.,
1992). This is the largest region of the colon with the most motility (Davidson et al., 2011).
After the transverse colon is the splenic flexure which ends up to descending colon. The
descending colon is longer (0.20 m) than the ascending because of the higher position of the
splenic flexure in the body, (Sadahiro et al., 1992; Washington et al., 2000). The current region

(i.e. descending) serves as a conduit between the storage (i.e. transverse colon) and excretory
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areas (i.e. sigmoid colon) (Hiroz et al., 2009). The sigmoid colon, so called "S-shaped' colon,
is approximately 0.40 m in length and 0.033 m in diameter (Sadahiro et al., 1992), and it begins

at the pelvic brim as a continuation of the descending colon.

The main digestive functions of the colon include: absorption of water, electrolytes and
nutrients from partially digested food (Szmulowicz and Hull, 2011); fermentation (proximal
colon) of non-digestible carbohydrates (e.g. dietary fibre) from small intestinal enzymes;
conversion of vitamin K1 to K2 by colonic microflora (Conly et al., 1994), and distal propulsion
of contents as well as storage of faecal matter until defecation. As will be discussed in more
detail later, there are differences between the colonic regions in terms of motility, absorption
etc. For example the blood supply of the proximal and distal colon is different (Picon et al.,
1992), whereas, the right colon (i.e. caecum, ascending, hepatic flexure and mid-transverse)

absorbs more water and electrolytes than the left (Sandle, 1998).

The colon wall consists of two layers of smooth muscle. The circular oriented muscle is in
the interior of the colon wall whereas the outer layer is oriented perpendicular to the circular
muscle and runs longitudinally along the colon tube. On the longitudinal muscular layer there

are three strips so called taeniae coli (Langer and Takacs, 2004).

Haustra (i.e. small pouches) are formed throughout the colon because taeniae are shorter
than the true length of the organ (Kelvin and Gardiner, 1987) causing sacculation of the colon,
resulting in its segmented appearance (see Figure 2.3). The folds between the haustra are
known as semilunar folds and contain all layers of the colonic wall. The semilunar folds are
formed due to “anchoring” of circular muscles on taeniae (Langer and Takacs, 2004). The
haustra within the proximal colon are fixed anatomical structures because of the fusion
between the taeniae and the underlying circular muscle, whereas, in the distal colon they are
formed by a combination of contraction, relaxation or passive extension of circular and

longitudinal muscles (Langer & Takacs, 2004).
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Moving towards the interior of the colon wall there is a connective tissue called submucosa
which is located between the circular muscle layer and mucosa (Figure 2.2). The mucus
membrane is a moist tissue which covers the most of the organs surfaces and cavities of the

human body such as the intestines, lungs and nose (Edsman and Hagerstrom, 2005).
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Figure 2.3.Anatomy of human colon wall (www.umm.edu)

The colonic mucosa contains enterocytes, as well as goblet and enteroendocrine cells
(Varum et al., 2008); enterocytes are responsible for absorption, goblet cells secrete mucus

and enteroendocrine cells produce hormones.

The function of mucus in the Gl tract is to lubricate the surface of the organs for minimizing
the frictional forces during the peristaltic transport of the contents (Lai et al., 2009) while
allowing rapid entry and exit of nutrients and waste (Florey, 1955). In the colon, mucus protects

the epithelial cells from the hosting bacteria.

2.3 Human colon motility

The human colon performs several different functions, including storing, mixing and
propulsion of the colonic fluids (Scott, 2003), essential for the optimal absorption of water,
electrolytes and bacterial metabolites (Cook et al., 2000). The diverse functions of the colon
require a complex motor activity to slowly propel the contents for maximal absorption whilst

avoiding over-solidification of the faeces (Sarna and Shi, 2006).

Animal studies using isolated sections of intestine (Crema et al., 1970, D'Antona et al., 2001,

Dinning et al., 2011, Dinning et al., 2012, Costa et al., 2013a, Costa et al., 2015) and advances
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in monitoring techniques, like high resolution video imaging (Costa et al., 2013c) as well as
high resolution manometry (Dinning et al., 2013, Corsetti et al., 2016), have provided improved
understanding of colonic motility. These studies are highly valuable since most of the motility

patterns that occur in animal intestine are found also in the human colon (Spencer et al., 2016).

2.3.1 Mechanisms controlling colon motility

Motility refers to the temporal and spatial coordinated contractions and relaxations of the
longitudinal and circular muscle cells (Spencer et al., 2016). The movements of the colonic
muscle are controlled by the interplay of two main fundamental mechanisms. The first one, so
called ‘myogenic’ activity is generated by networks of pacemaker interstitial cells of Cajal
(ICCs) (Sanders et al.,, 2014) which are responsible for spreading this activity to smooth
colonic muscle cells (Liu et al., 2012). This type of contractile activity causes slow rhythmic
contractile patterns (Mafié et al., 2015). However, the myogenic activity is not enough to
effectively propel the contents and therefore an additional activity is required (Spencer et al.,
2016). The second mechanism, so called neurogenic activity, involves polarized reflexes,
activated by distension of the colonic fluids (Spencer et al., 2012), and cyclical colonic
migrating motor complex. These two neural pathways are involved in the propulsion of the

contents (Dinning et al., 2012).

Distended contents trigger enteric ascending excitatory (i.e. contraction of circular muscle)
and descending inhibitory (i.e. relaxation of the circular muscle) neural pathways (Dinning et
al., 2014b); this is referred in literature as ‘law of the intestine’ (Sinnott et al., 2012). It has
been proposed that this simultaneous contraction/relaxation is controlled by a so called
‘neuromechanical loop’ (Costa et al., 2013b). This is a feedback mechanism which adapts the
colon motility accordingly to the redistribution of the contents after the contraction and
relaxation of the circular muscle (Figure 2.4; reproduced from Costa et al., 2015). The
redistribution of the contents depends on their consistency (e.g. viscosity), ranging from liquid

to solid pellets formed during the dewatering process. Moreover, there is a relationship
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between the surface area occupied by the semi-solid material and the speed of the propulsion,
reflecting the number of the mechano-sensitive neurons activated by the bolus (Costa et al.,

2015).
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Figure 2.4. Propulsion patterns with respect to the consistency of the luminal contents in
guinea-pig colon; DCMMC: distal colonic migrating motor complexes (Figure reproduced from

Costa et al., 2015 with permission).

2.3.2 Maoatility patterns in human colon

The best described motility patterns in human colon are the so called ‘mass movements’ of
the contents. These movements are associated with strong contractions of the circular muscle
which extensively propagate along the colon (Figure 2.5). This motility pattern is frequently
referred as high amplitude (>100 mmHg) propagating contractions (Dinning et al., 2010)
(HAPCs) or sequences (Dinning et al., 2014a), occurring 3 — 24 times per day. They often
predominate after morning waking (Bampton et al., 2001), however, can also appear shortly
after a high calorie meal (Bassotti et al., 1993, Bassotti et al., 1995). Previous in vivo studies
have shown that HAPCs are absent in an empty ‘prepared’ colon, suggesting that, as with the
neurogenic peristaltic contractions observed in animals, luminal distention is required to evoke
HAPCs (Spencer et al., 2016). For instance, undigested starch in the colon can increase the
incidence of HAPCs (Jouét et al., 2011). However, HAPCs can also be triggered by chemical
stimuli such as bisacodyl, chenodeoxycholic acid, and short-chain fatty acids (Kamm et al.,
1992, Cook et al., 2000, Bampton et al., 2001) which acts by triggering the mucosal afferent

neurons (Dinning et al., 2014a). In addition, the fact that HAPCs appear after a meal (Bassotti
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and Gaburri, 1988, Bampton et al., 2001, Dinning et al., 2010), suggests that enteric neurons

are modulated by extrinsic neural inputs.
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Figure 2.5. Manometric tracing of a high amplitude propagating contraction (HAPC) using low-
resolution manometry (recording points are 12 cm apart) placed from the distal transverse (T)
to the proximal sigmoid colon (S); distending colon (D). Figure reproduced from Bassotti et al.

2005.

For several decades, it was widely accepted that between HAPCs, the main maotility pattern
in healthy human colon was the so called, segmental, non-propagating, contractile activity
(Narducci et al., 1987, Bampton et al., 2001, Rao et al., 2001, Gabrio Bassotti, 2005). Thus,
based on the previous in vivo studies, using low-resolution manometry (i.e. sensors spaced
27 cm), the human colon motility was categorized between the propagating activity, including
low amplitude propagating contractions (LAPCs) and HAPCs, and non-propagating (i.e.
segmental) (Bassotti et al., 1995). The segmental activity could be appeared either as irregular
‘bursts’ with some to be ‘rhythmic’ or ‘arrhythmic’, or as isolated, sporadic event (Scott, 2003).
The rhythmic frequency of the segmental contractile activity is mostly comprised in the range
2 -8 min? (Rao et al., 2001), and it is mainly observed in the distal (descending and sigmoid
colon) (Bassotti et al., 1990). However, other studies showed that these motility patterns
sporadically appeared in other regions of the colon (Bampton et al., 2001) and they can travel

orally or aborally (Rao and Welcher, 1996).
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In recent years, high resolution manometry (sensor spacing 1 cm) revealed that half of all
propagating motor patterns are either missed or incorrectly classified as sporadic and/or burst’
events (Dinning et al., 2013, Dinning et al., 2014a). These small amplitude intermediate
rhythmic frequency cyclic contractions (2 — 8 min?), labelled in earlier studies as ‘burst’, non
— propagating events, were shown to be propagating motility patterns (Dinning et al., 2013).
This contractile activity predominates between HAPCs and occurs in all regions of the colon
but prevails in distal colon, sigmoid and rectum, suggesting that they occur to maintain
continence and control defecation (Dinning et al., 2014a). Figure 2.6 (reproduced from Dinning
et al. 2013) shows the difference between manometric tracing graph obtained with using low-
and high-resolution manometry, demonstrating how large (i.e. 10 cm) and small (i.e. 1 cm)
spacing of the sensors affect the interpretation of manometric measurements. For example,
the short extend retrograde propagating contractions appeared in hi