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Abstract
The colon has a unique immunological environment which makes it an interesting target for 

vaccine delivery. In addition, it has a near neutral pH and low proteolytic activity 

(favourable for antigen delivery). Before colonic immunisation was attempted in the 

laboratory using rodent models, these latter were characterised in terms of lymphoid tissue, 

gastrointestinal pH and gastrointestinal water content. There were more lymphoid follicles 

per centimetre in the colon of mice and rats than in the small intestine. The mean intestinal 
pH was lower in rodents than that in man, being less than pH 5.2 in the mouse and less than 

pH 6.6 in the rat. The mouse and rat had less than 1ml and 8ml of water respectively in the 

gastrointestinal tract.
Immunisation studies were carried out in mice using ovalbumin as a model antigen 

(encapsulated in sustained release PLGA nanoparticles). The hypothesis was that delivering 
a vaccine to the colon would give different responses to orally administered antigen (antigen 

expected to be taken up by the small intestine) due to different immunological environments. 

Intramuscular and rectal deliveries were investigated as controls. Generally colonic 
administration gave levels of mucosal antibody (measured by IgA in faecal material) which 
were higher than those produced by oral or intramuscular delivery, and produced high levels 
of antibody on the vaginal mucosa. Following booster doses, colonic delivery also produced 
high levels of IgG in the serum which were similar to intramuscular levels.

Subsequently, ways of delivering vaccines to the colon by oral administration were 
investigated. Amylose, which is degraded by colonic microbial enzymes, did not form 

microparticles except after exposure to high temperatures and was therefore unsuitable. 
Chitosan did form microparticles, and its digestion by human colonic bacteria was tested to 

determine its applicability for colon-specific targeting. Addition of the crosslinking agent 

tripolyphosphate to chitosan inhibited pancreatic (porcine) digestion but not human &ecal 

digestion, and also reduced swelling which suggests its potential for colon-specific dosage 

forms in man. However, microparticles prepared from chitosan and tripolyphosphate were 

unable to control the release of a model drug (prednisolone) in low pH (stomach) conditions. 

Consequently, the exploitation of the changes in pH along the gastrointestinal tract was 

investigated for colonic targeting. Polymers were chosen which could be tested in rodents 

but the principle extrapolated to man. Hydroxypropylmethylcellulose phthalate polymers 

(dissolution threshold of pH 5 or 5.5) were identified as having potential for testing colonic- 

specific targeting of vaccines in the mouse. Vaccine nanoparticles, as used for 

immunisation, were successfully entrapped within the pH-responsive microparticles, and 
these nanoparticles can be released when pH 5 or 5.5 is reached. Further work is required to 

establish the in vivo release site of these microparticles, before orally administered colon- 

specific vaccination can be successfully tested.
iv
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Figure 1.9 Process of the mucosal immune response [adapted from Chen (2000)]
Figure 2.1 Photograph of a Peyer’s Patch fi-om the small intestine of the BALB/c mouse
Figure 2.2 Small Intestine of a Female BALB/c Mouse (top to bottom is proximal, mid,

and distal small intestine: scale bar 10 nun).
Figure 2.3 Caecum of a female BALB/c mouse (scale bar is 10 mm)
Figure 2.4 Colon of a female BALB/c Mouse (left is proximal, right is distsal: scale is in

mm).
Figure 2.5 Small Intestine of Female Wistar Rat (top to bottom is proximal, mid, and

distal small intestine: scale bar 10 mm).
Figure 2.6 Caecum of the Female Wistar Rat (scale bar 10 mm).
Figure 2.7 Colon of the Female Wistar Rat (top is proximal, bottom is distal: scale 10

mm).
Figure 2.8 The number of lymphoid patches (top graph) and follicles (bottom graph) in

three mouse strains
Figure 2.9 The number of small intestinal and colonic follicles per cm in male and female

Wistar Rats
Figure 2.10 pH values along the BALB/c mouse (female) gastrointestinal tract. Mean and

(SD) are shown
Figure 2.11 pH values along the rat (female, Wistar) gastrointestinal tract. Mean and (SD)

are shown
Figure 2. 12 pH values along the rat (male, Wistar) gastrointestinal tract after 6sting 

overnight, and consumption of food 20 minutes before death. Mean and (SD) 
are shown

Figure 2.13 Water and solid composition of the female BALB/c mouse gastrointestinal
tract contents. Mean and (SD) are shown (n=15)

Figure 2.14 Water and solid compositions of the female Wistar Rat gastrointestinal tract
contents. Mean and (SD) are shown(n=10)

Figure 2.15 Water and solid compositions of the male Wistar Rat (fasted and then fed
immediately before killing) gastrointestinal tract contents. Mean and (SD) are 
shown

XI



Figure 3.1 Structure of Poly (Glycolic Acid) (From Baker, 1987)
Figure 3.2 Structure of Poly (Lactic Acid) (From Baker, 1987)
Figure 3.3 The process of double emulsion solvent evaporation micro- or nanoparticle

preparation
Figure 3.4 Overview of ELISA procedure (adapted from Kuby, 1997)
Figure 3.5 Theoretical curve produced by spectrophotometric assay of increasingly dilute

antibodies
Figure 3.6 Flexible gavage tubing on a syringe
Figure 3.7 Scanning electron micrographs of two batches of PLGA OVA-loaded

nanoparticles
Figure 3.8 Scanning electron micrographs of two batches of PLGA nanoparticles (no

protein loading [blank])
Figure 3.9 Ovalbumin release jfrom PLGA nanoparticles into pH 7.3 buffer over 700

hours incubated at 37°C with shaking
Figure 3.10 Ovalbumin release from PLGA nanoparticles into pH 7.3 buffer (first 5 hours-

expanded from Figure 3.9)
Figure 3.11 The optical density of increasing serum dilutions (ovalbumin specific IgG

negative [naive] or ovalbumin specific IgG positive serum) after ELISA using 
various anti-lgG dilution (1 in 1000, 1 in 2000 or 1 in 5000) and different 
antigen concentrations (50 or 100 [mcg/ml])

Figure 3.12 The optical density of increasing serum dilutions (ovalbumin specific IgG
negative [naive] or ovalbumin specific IgG positive serum ([im -  red, purple 
and green are repeats]) after ELISA using anti-lgG dilution of 1 in 1000 and an 
ovalbumin concentrations of lOOmcg/ml.

Figure 3.13 The optical density of increasing serum dilutions (ovalbumin specific IgA
negative [naive] or ovalbumin specific IgA positive faecal washings) after 
ELISA using various anti-lgA dilution (1 in 1000, 1 in 2000 or 1 in 5000) and 
different antigen concentrations (50 or 100 [mcg/ml])

Figure 3.14 The optical density of increasing serum dilutions (ovalbumin specific IgA
negative [naive] or ovalbumin specific IgA positive vaginal washings) after 
ELISA using various anti-lgA dilution (1 in 500, 1 in 1000) at an ovalbumin 
concentration of lOOmcg/ml

Figure 4.1 IgG antibody levels (expressed as the log of the serum dilution) after
administration of blank (no protein) nanoparticles by various routes

Figure 4.2 IgA antibody levels (expressed as the log of the serum dilution) after
administration of blank (no protein) nanoparticles by various routes

Figure 4.3 Serum IgG levels after each dose of soluble adjuvanted antigen or encapsulated 
antigen delivered by the oral, rectal, colonic or intramuscular routes

Figure 4.4 Faecal extract IgA levels after each dose of soluble adjuvanted antigen or
encapsulated antigen delivered by the oral, rectal, colonic or intramuscular 
routes

Figure 4.5 Day 60 (a) Colonic IgA (b) Faecal IgA (c) Small Intestinal IgA and (d)
Vaginal IgA levels after immunisation with soluble adjuvanted antigen or 
encapsulated antigen delivered by the oral, rectal, colonic or intramuscular 
routes

xii



Figure 5.1 Structure of Amylose (A) and Amylopectin (B)
Figure 5.2 Schematic representation of proposed amylose microparticle system for

delivery of PLGA nanoparticles
Figure 5.3 (a) Scanning electron micrograph and (b) light micrograph of amylose-butanol

complex
Figure 5.4 Scanning electron micrograph of amylose-butanol complex heated and cooled

Figure 5.5 Scanning electron micrograph of spray dried amylose-butanol complex
Figure 5.6 Scanning electron micrographs of amylose-butanol complex, spray dried with

polystyrene microbeads of two micron diameter
Figure 5.7 Scanning electron micrograph of polystyrene microbeads
Figure 5.8 Scanning electron micrographs of amylose-butanol complex spray dried from a

heated dispersion/ solution at 140°C outlet temperature
Figure 5.9 Scanning electron micrograph of Hylon VII
Figure 5.10 Scanning electron micrographs of spray dried Hylon VII maize starch
Figure 5.11 Scanning electron micrograph of rice starch
Figure 5.12 Scanning electron micrographs of spray dried rice starch
Figure 6.1 Structure of Chitosan
Figure 6.2 Structure of Chitin
Figure 6.3 Cast Chitosan Film on a Teflon Plate (9cm diameter)
Figure 6.4 Photograph of the Anaerobic Work Station
Figure 6.5 Scanning Electron Micrograph Images of Chitosan Acetate Films, and

Chitosan Films Crosslinked with tripolyphosphate or glutaraldehyde
Figure 6.6 Percentage Remaining of Non-Crosslinked Chitosan Films (High (HMW),

Medium (MMW) and Low Molecular Weight (LMW)) after Incubation in 
Human Faecal Slurry, Pancreatin® Solution and Control Media

Figure 6.7 The measured pH of the control incubation media, faecal incubation media,
and pancreatic incubation media at 0,4 and 18 hours

Figure 6.8 Hydrogen Bonding Sites of Cellulose

Figure 6.9 Chemical structure of cellulose

Figure 6.10 Chemical structure of ethylcellulose

Figure 6.11 Chemical structure of methylcellulose

Figure 6.12 Chemical structure of carboxymethylcellulose

Figure 6.13 Chemical structure of chitin

Figure 6.14 Effect of Glutaraldehyde Crosslinker Concentration on the Degradation of (a)
High (HMW), (b) Medium (MMW) and (c) Low (LMW) Molecular Weight 
Chitosan Films Incubated in Control Media, Pancreatin®, and Human Faecal 
Slurry

Figure 6.15 Effect of Tripolyphosphate Crosslinker Concentration on the Degradation of
(a) High (HMW), (b) Medium (MMW) and (c) Low (LMW) Molecular 
Weight Chitosan Films Incubated in Control Media, Pancreatin®, and Human

xiii



Faecal Slurry

Figure 6.16 The Crosslinking Mechanism of Chitosan and Glutaraldehyde

Figure 6.17 The Crosslinked Structure of Chitosan-TPP

Figure 6.18 FTIR Spectra of MMW Chitosan Acetate Films, and MMW Chitosan Films
Crossliiiked with 6% Glutaraldehyde, and MMW Chitosan Films Crosslinked 
with 6% TPP

Figure 6.19 FTIR Spectra of MMW Chitosan Acetate Film and MMW Chitosan Powder

F igure 6.20 FTIR Spectra of Sodium T ripolyphosphate

Figure 6.21 DSC Scan of Crosslinked and Non-Crosslinked Chitosan Films

Figure 6.22 DSC Scan of Chitosan Acetate Film

Figure 6.23 (a) Young’s Modulus and (b) Stress (Stress at break) of Chitosan and
Crosslinked Chitosan Films

Figure 6.24 Swelling Profiles of Chitosan and Crosslinked Chitosan Films (a) LMW, (b) 
MMW and (c) HMW in 0.1 N HCl

Figure 6.25 Swelling Profiles of Chitosan and Crosslinked Chitosan Films (a) LMW, (b) 
MMW and (c) HMW in PBS pH 6.8

Figure 6.26 Swelling Profiles of Chitosan and Crosslinked Chitosan Films (a) LMW, (b)
MMW and (c) HMW at pH 7.3

Figure 6.27 Scanning electron micrograph images of spray dried chitosan solution

Figure 6.28 Scanning electron micrograph of chitosan-tripolyphosphate microparticles 
produced by spray drying

Figure 6.29 Scanning electron micrograph of spray dried chitosan- tripolyphosphate 
microparticles containing PLGA nanoparticles

Figure 6.30 The protein release from a chitosan-TPP microparticle, containing PLGA
(protein loaded) nanoparticles (pH changed from pH 1.2 to 6.8 at 120 minutes). 
Release is shown as a % release from the total protein content of the 
microparticle/ nanoparticle, or a % of the theoretical burst release of 
protein)(Mean and standard deviation bars are shown).

Figure 6.31 Scanning electron micrograph of prednisolone spray dried with chitosan-
tripolyphosphate

Figure 6.32 Prednisolone release into dissolution media, from chitosan-TPP microparticles 
(pH change dissolution [from pH 4 to pH 5 at 120 minutes or from pH 1.2 to 
pH 6.8 at 120 minutes]) (Mean and standard deviation bars are shown).

Figure 7.1 Diagram showing the process of single emulsion solvent evaporation
microparticle preparation

Figure7.2 Gastrointestinal pH of the fasted BALB/c mouse

Figure 7.3 Scanning electron micrograph of prednisolone loaded Eudragit S microspheres

Figure 7.4 Prednisolone release into dissolution media, from Eudragit S microparticles
(pH change dissolution [from pH 1.2 to pH 5.5 or 7 at 120 minutes])(Mean and 
standard deviation are shown).

Figure 7.5 Scanning electron micrograph of prednisolone loaded Eudragit L microspheres

X IV



Figure 7.6 Prednisolone release into dissolution media, from Eudragit L microparticles
(pH change dissolution [from pH 1.2 to pH 5.5 at 120 minutes])(Mean and 
standard deviation are shown).

Figure 7.7 Scanning electron micrograph of prednisolone loaded Eudragit L55
microparticles

Figure 7.8 Prednisolone release into dissolution media, from Eudragit L55 microparticles
(pH change dissolution [from pH 1.2 to pH 5or pH 5.5 at 120 minutes])(Mean 
and standard deviation bars are shown)

Figure 7.9 Chemical structure of Eudragit L55

Figure 7.10 Chemical structure of Eudragit L

Figure 7.11 Scanning electron micrograph of prednisolone loaded PVAP (B60)
microparticles

Figure 7.12 Prednisolone release into dissolution media, from PVAP (B60) microparticles
(pH change dissolution [from pH 1.2 to pH 5 at 120 minutes])(Mean and 
standard deviation bars are shown).

Figure 7.13 Scanning electron micrograph of prednisolone loaded PVAP (B500)
microparticles

Figure 7.14 Prednisolone release into dissolution media, from PVAP (B500) microparticles
(pH change dissolution [from pH 1.2 to pH 5 at 120 minutes])(Mean and 
standard deviation bars are shown).

Figure 7.15 Chemical structure of polyvinyl acetate phthalate

Figure 7.16 Scanning electron micrograph of cellulose acetate trimellitate particle
produced by solvent evaporation

Figure 7.17 Prednisolone release into dissolution media, from cellulose acetate trimellitate
microparticles (pH change dissolution [from pH 1.2 to pH 5 at 120 minutes]) 
(Mean and standard deviation bars are shown).

Figure 7.18 The structure of cellulose acetate trimellitate

Figure 7.19 Scanning electron micrograph of prednisolone loaded HP50 microparticles

Figure 7.20 Prednisolone release into dissolution media, from HP50 microparticles (pH
change dissolution [from pH 1.2 to pH 5 or 5.5 at 120 minutes]) (Mean and 
standard deviation bars are shown).

Figure 7.21 Scanning electron micrograph of HP55 microparticles

Figure 7.22 Prednisolone release into dissolution media, from HP55 microparticles (pH
change dissolution [from pH 1.2 to pH 5 or 5.5 at 120 minutes])(Mean and 
standard deviation bars are shown).

Figure 7.23 The chemical structure of hydroxypropylmethylcellulose phthalate. The top
structure shows the backbone, and the bottom four structures are the R groups.

Figure 7.24 Prednisolone release into dissolution media, from HP55 and HP50
microparticles (pH change dissolution [from pH 4 to pH 5 at 120 
minutes] )(Mean and standard deviation bars are shown

Figure 7.25 Scanning electron micrograph of PLGA nanoparticle loaded HP50
microparticles

Figure 7.26 Scanning electron micrograph of PLGA nanoparticle loaded HP55

XV



microparticles
Figure 7.27 Light micrograph of prednisolone loaded HP55 microparticles

Figure 7.28 Light micrographs of PLGA nanoparticle loaded HP55 microparticles

Figure 7.29 Light micrograph of prednisolone loaded HP55 microparticles in pH 5.5 buffer

Figure 7.30 Light micrographs of PLGA nanoparticle loaded HP55 microparticles in pH
5.5 buffer

Figure 7.31 Light microscope image of dissolved prednisolone loaded HP55 microparticles

Figure 7.32 Light microscope image of dissolved PLGA nanoparticle loaded HP55
microparticles

Figure7.33 Light microscope image of dissolved prednisolone loaded HP55 microparticles 
(after exposure to buffer for 15 minutes)

Figure 7.34 Light microscope image of dissolved PLGA nanoparticle loaded HP55
microparticles (after exposure to buffer for 15 minutes)

Figure 7.35 Light microscope image of PLGA nanoparticles after exposure to buffer for 15
minutes

Figure 7.36 Light microscope images of (a) HP50 particles loaded with prednisolone and
(b) HP50 particles loaded with PLGA nanoparticles

Figure 7.37 Light microscope images of (a) HP50 particles loaded with prednisolone and
(b) HP50 particles loaded with PLGA nanoparticles after exposure to pH 5 
buffer

Figure 7.38 Confocal microscopy image of PLGA nanoparticles loaded with ovalbumin-
FITC

Figure 7.39 Confocal images of fluorescent ovalbumin loaded PLGA nanoparticles,
entrapped within an HP55 microparticle matrix (imaged through paraffin oil)

Figure 7.40 Confocal microscopy images of fluorescent ovalbumin loaded PLGA
nanoparticles, entrapped within an HP55 microparticle matrix (imaged through 
0. IN HCl)

Figure 7.41 Confocal images of fluorescent ovalbumin loaded PLGA nanoparticles,
entrapped within an HP50 microparticle matrix (imaged through paraffin oil)

Figure 7.42 Confocal microscopy images of fluorescent ovalbumin loaded PLGA
nanoparticles, entrapped within an HP5 microparticle matrix (imaged through
0. IN HCl)

XVI



List of Tables

Table 1.1 Composition of GI flora in man, rats and mice (Hovgaard and Bronsted
[1996])

Table 1.2 The Five Classes of Immunoglobulins and their Functions (Kuby, 1997; Ogra
et al., 2001)

Table 1.3 Summary of some unique features of the colonic immunological response as
reported in the literature

Table 1.4 Particle Size Exclusion Limits for uptake into mucosal associated lymphoid
tissue

Table 2.1 Literature Data on the Quantity of Lymphoid Tissue in the Small Intestine and
Colon of Man, Mice and Rats

Table 2.2 Literature values for the pH of the Gastro-lntestinal Tract in Humans, Rats and
Mice

Table 2.3 Literature reports of total water and free fluid in the human gastrointestinal
tract

Table 2.4 Water Content of the Rat Gastrointestinal Tract (Cizek, 1954)
Table 2.5 Lymphoid Tissue Patches in the Mouse and Rat Gastrointestinal Tract
Table 2.6 The in situ and ex vivo pH values of the lower gastrointestinal tract in man
Table 2.7 Total Water Contents, and Volume/ Kg Body Weight in the Gastrointestinal

Tracts of Man, Mice and Rats
Table 2.8 Fill Volumes of the Female Mouse and Rat Stomach.
Table 3.1 The Spreading of Rectally Administered Dosage Forms
Table 3.2 Distribution of Methylene Blue Dye in the Small Intestine, Caecum and Colon

After Rectal Administration of Various Volumes (mice)
Table 4.1 Dosage Summary for Administration of Vaccine to BALBc mice
Table 5.1 Fermentation Behaviour of Polysaccharides by Human Colonic Microflora
Table 5.2 Starch Granule Sizes and Amylose Proportions in Varieties of Starch
Table 5.3 Hot Stage Microscopy Images of Amylose-Butanol Complex (xlO

magnification)
Table 5.4 Hot Stage Microscopy Images of Hylon Vll Starch in Water (xlO

magnification).
Table 5.5 Hot Stage Microscopy Images of Rice Starch in Water (xlO magnification)

Table 6.1 Summary of Reported Investigations into Chitosan for Colon Specific Drug
Delivery

Table 6.2 Beta (1,4) linked polysaccharides showing poor or no fermentation in the
human colon

Table 6.3 Beta (1,4) linked polysaccharides showing moderate to high fermentation in
the human colon

X V II



Table 7.1 Measured gastrointestinal pH along the gastrointestinal tract of man (Evans et
al., 1988)

Table 7.2 The disintegration behaviour of Eudragit S coated tablets in vivo
Table 7.3 Summary of pH Sensitive Polymers and Their Dissolution pH
Table 7.4 Summary of pH Change Dissolution Protocols (USP)

X V III



List of Abbreviations

5-ASA 5-aminosalicylic acid

ANOVA Analysis of Variance

APC Antigen Presenting Cells

BCA Bicinchonic Acid Assay

BSA Bovine Serum Albumin

CAT Cellulose acetate trimellitate

CD4+ T helper Cell

CD8+ Cytotoxic T cell

CT Cholera toxin

CTB Cholera toxin subunit B

CTL Cytotoxic lymphocytes

DSC Differential Scanning Calorimetry

ELISA Enzyme-linked immunosorbent assay

EDTA Ethyldiamine tetra acetic acid

FITC Fluorescein isothiocyanate conjugate

FTIR FourierTransform Infin-red

GALT Gut associated lymphoid tissue

GI Gastrointestinal

GLUT Glutaraldehyde

HMW High molecular weight

HP55 Hydroxypropylmethylcellulose Phthlate

HP50 Hydroxypropylmethylcellulose Phthlate

Ig Immunoglobulin

IgA Immimoglobulin A

IgD Immunoglobulin D

X IX



IgE Immunoglobulin E

IgG Immunoglobulin G

IgM Immunoglobulin M

Is Swelling Index

LMW Low molecular weight

LT Heat labile enterotoxin from E. coli

MALT Mucosal associated lymphoid tissue

M-cells Microfold cells

MET Minimum Film Forming Temperature

MMW Medium molecular weight

OVA Ovalbumin

OVA-FITC Ovalbumin conjugated to fluorescein isothiocyanate

OPV Oral poho vaccine

PBS Phosphate Buffered Saline

PLGA Poly (lactic-co-glycolic) acid

PYA Polyvinyl alcohol

PVAP Polyvinyl acetate phthalate

SDS Sodium dodecyl sulphate

SCFA Short Chain Fatty Acids

SEM Scanning Electron Microscopy/ Scanning Electron Micrograph

TPP Tripolyphosphate (from sodium tripolyphosphate)

XX



Chapter 1

Introduction



Introduction I 1

1.1 Overview

For many years the large intestine (the caecum, colon, and rectum) was considered to 

have importance only as a site for water absorption from ingested material. 

Increasingly, though, its functionality has been explored, and it has been used as a 

site for local or systemic drug delivery. Further to this, and of high importance in 

these investigations, the colon is actually an area of extensive lymphoid tissue, and is 

the site of entry for a variety of pathogens, making it an ideal candidate for vaccine 

targeting. Some unique features of the colonic immune environment, to date poorly 

explored, mean that vaccines targeted here may have some distinct applications. 

Rectal vaccine delivery has been explored, but the limited acceptability of this route 

with patients restricts its usefulness. The logical extension of this is to deliver 

vaccines by the oral route, targeted to the colon; this not only provides the preferred 

dosage route, but may enable the entire length of the colon and its associated 

lymphoid tissue to be exploited, rather than just the rectum. Colon-specific targeting 

could also protect a vaccine against the harsher conditions in the stomach and small 

intestine, and release it in the colon, where is will be beneficiary of not only access 

to copious lymphoid tissue, but a long residence time, increasing the chances of 

vaccine uptake

There are two main aspects that need to be considered when investigating vaccines 

targeted to the colon;

1. The colonic immune response

2. Methods of colon specific targeting which could be applied to vaccines.

Furthermore, the validity of carrying out investigations in an animal model should be 

explored, bringing together a host of factors, including knowledge of the 

gastrointestinal environment in man and rodent models, understanding of the 

immune response to different delivery routes, and formulation aspects of appropriate 

dosage form materials, and these are investigated in this thesis, either by exploration 

of the literature, or in experimental work.
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1.2 The Gastrointestinal (GI) Tract

An oral dosage form is subject to the physiology and conditions o f the 

gastrointestinal tract and from mouth to anus there are many variables which can 

affect the dosage form behaviour and dictate whether efficacy is achieved. 

Immediate release dosage forms tend to be single unit e.g. a tablet or capsule. 

Modified release dosage forms can be single unit, or multi-unit (pellets or 

microparticles), and they can all be affected by the gastrointestinal environment in 

different ways.

The gastrointestinal tract is separated into three main regions, based on anatomy and 

function. These are the stomach, small intestine and large intestine, but the tract also 

includes the buccal cavity and the oesophagus. The structural anatomy o f the human 

gut is shown in Figure 1.1 and, since comparison with animal models, particularly 

rodents, will be made in this Introduction, the anatomies o f the mouse and rat 

gastrointestinal tracts are shown in Figure 1.2 and 1.3 respectively.
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1.2.1 The Stomach 

Man

The stomach has a resting volume of 50ml, but can expand to around 1500ml to 

accommodate ingested food (Martini, 1995) and its functions are to store this food, 

and begin mechanical and chemical digestion. In man, the stomach is known as 

“glandular” since the mucosa is the site for many secretory cells or glands. It is 

divided into the cardiac, pyloric and gastric regions, the gastric regions (or fundus) 

being the largest. The cardiac and pyloric regions contain mainly mucous secreting 

cells, while the gastric region contains parietal cells, which produce hydrochloric 

acid, and chief cells, which produce pepsinogen and mucous cells. The acid has a 

two-fold purpose in the stomach; it is bactericidal and cleaves pepsinogen to pepsin, 

thus allowing protein digestion to begin. The physical digestion and chemical 

digestion in the stomach results in size reduction of solid components, and a mixture 

called chyme is produced, which is moved into the duodenum in the process of 

gastric emptying.

Gastric motility and gastric emptying are defined by two different states, the fasted 

state and the fed state. In the fasted state, there are four phases;

Phase 1 Quiescent phase, rare contractions

Phase 2 Increasing intensity of contractions

Phase 3 Maximum amplitude and frequency of contraction, initiation

of interdigestive migrating motility complex, “housekeeper 

wave” which fiinctions to remove large undigested fragments 

of food or dosage forms into the duodenum 

Phase 4 Short transitional period between Phase 3 and Phase 1

The frequency of these Phases, making up the inter-digestive motility cycle, is every 

90-120 minutes. Feeding drastically alters this motility pattern, replacing the 

cyclical contractions with regular tonic contractions, which mix the food with gastric 

secretions.
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Mice and Rats

Whereas the stomach of man is all glandular, in mice or rats there is a non-glandular, 

and a glandular region. The former is used for the storage of food, and the glandular 

region contains the parietal and chief cells. Fasting rats have been demonstrated to 

have a migrating myoelectric complex in which the cycle period is 10.0±3.6 min 

(Diamant and Scott, 1987), but similar data were not found in mice. The much 

shorter cycle may be related to their behaviour as continuous feeders, in which 

periods of fasting may be much shorter than that seen in man. The volume of the 

mouse and rat stomach has not been described.

1.2.2 The Small Intestine

Man

The small intestine of man is around 6-7 metres in length, and this is divided into the 

duodenum (0.2-3m), the jejunum (2.5m), and the ileum (3.5m). It has an internal 

diameter of 3-4 cm and surface area of 120 m  ̂(Edwards, 1997).

The functions of the small intestine are the neutralisation of the acidic chyme, by 

bicarbonate secretion, the digestion of the nutrients in chyme by pancreatic enzymes 

and bile, and the absorption of the enzymatic breakdown products through the villus 

and microvillus epithelial cells. Over 90% of nutrients are absorbed in the small 

intestine, by virtue of its large surface area. Like the stomach, there are mucous 

cells, and mechanical digestion occurs by contractions of the muscularis mucosae, 

which also serves to move ingesta towards the large intestine.

Mice and Rats

Rats have a relatively lower small intestinal surface area than man (normalised for 

body size) (Weis and LaVelle, 1991), and so man has a greater rate and extension of 

absorption than the rat (DeSesso and Jacobson, 2001). The rat small intestine is 

0.13m long (Karali, 1995) with a diameter of 0.3-0.5cm, with tongue shaped villi 

(that in man, and in the mouse is said to be “finger shaped”). Very little information 

was available on the mouse small intestine.



Introduction I 1

1.2.3 The Large Intestine 

Man

The large intestine is about 1.5 metres long, and has a surface area of 0.3 

(Edwards, 1997). Anatomically it is split into the caecum (which is poorly defined 

in man), colon, rectum and anal canal. The colon is further subdivided into the 

proximal (ascending), transverse, descending (distal) and sigmoid colon (distal). Its 

diameter decreases from 8.5cm in the caecum, to 2.5cm in the distal colon. The 

colonic mucosa does not have villi, accounting for its lower surface area, although it 

does have deep furrows, and microvilli. The colon tends to be associated with water 

absorption, but it also absorbs electrolytes and short chain fatty acids.

Mice and Rats

In contrast to man, mice and rats have a well defined caecum, whose primary 

function is to act as a site for the digestion of cellulose by bacteria. In rats, colonic 

microvilli are present, but villi are absent, and as in man, the colon is a major site for 

the production and absorption of volatile fatty acids (Stevens, 1978). There is very 

little other information on the colon physiology in rats, or in mice.

1.2.4 Transit times in the Gastrointestinal Tract 

Man

The physiological process of gastrointestinal transit can be separated into gastric 

emptying time, small intestinal transit time and large intestinal transit time. The 

transit of chyme from the stomach to the small intestine relies on the gastric 

emptying time, and this varies in response to the fed or fasted state. Interestingly, 

there is also selective emptying of liquids over solids (Feldman et al., 1984; Coupe 

et al., 1991) in which large digestible solids are size reduced and emptied out of the 

stomach with chyme, and larger particulate indigestible material is retained until the 

fasted state motility pattern returns. The gastric emptying of liquids tends to occur 

before larger particles, and the same is true for liquid dosage forms, although it may 

depend on the viscosity of the stomach contents; a liquid administered with food 

emptied in 30 minutes (Feldman et al., 1984), but the emptying of water 

(radiolabelled) has been reported to be 10 minutes (Wilding et al., 1994). When
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solid dosage forms are considered, as they increase in size, emptying becomes much 

less predictable. The inter-digestive motility cycle functions to empty the larger 

particles which have been retained in the stomach. However, if the dosage form is 

administered in the fed state, there may be a 90-120 minute delay until this cycle 

starts again, but no size cut-off for emptying in the fed state has been established and 

factors such as location in the stomach, particle density and fortuitous emptying are 

important factors (Clarke et al, 1993; Podczeck et al, 1995; Podczeck et a i, 2007), 

and it is likely that a large single unit dosage form would have to wait for the return 

of the inter-digestive motility cycle before being emptied. For example, in the fasted 

state, an Eudragit S coated tablet emptied in 63 ± 46 minutes, but when the subjects 

were fed 30 minutes after the dose, the emptying time was significantly longer than 

this at almost at 173±94 minutes, emptying being delayed by the arrival of food 

which disrupted the MMC (Ibekwe, 2006). Size reduction of the dosage forms, to 

pellets or microparticles, is thought to have some positive influence on the 

reproducibility of gastric emptying, although even pellets have random and 

sometimes delayed emptying when administered with foods (Khoshla and Davis, 

1987; Yuen a/., 1993; Coupe e/a/., 1993; Clarke a/., 1993. 1995).

The transit time of dosage forms in the small intestine is much more variable than 

gastric emptying, and a meta-analysis of transit data in the small intestine showed no 

difference between tablets, pellets and liquids ( 3±1 hours) (Davis et al., 1986). 

More recently Clarke et al., (1993) showed the small intestinal transit of pellets to be 

3-4 hours, and Ibekwe (2006) showed that tablets spent 106±43 minutes (fed), or 

139±61 minutes (fasted) in the upper small intestine, and were retained at the 

ileocaecal junction (distal small intestine) for 95±81 minutes (fed), or 74±60 minutes 

(fasted).

The transit in the colon is influenced mainly by its motor activity, which can be 

stimulated by food ingestion. The motor activity patterns vary; segmental (mixing) 

and peristaltic contractions (propulsive) predominate. The colon has a much 

increased transit time over the small intestine; using radioactive markers, a mean 

colonic transit o f 35±2.1 hours was reported, with men having significantly shorter 

transit time than women (Metcalf et al., 1987). Buhmann et al. (2007) reported 

women to have an average colonic transit time of 41±9 hours, and men to have
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31±10 hours for an ingested capsule. The reduced motility means that a drug or 

vaccine has the opportunity much longer in the large intestine than in the small 

intestine (Rubinstein et a l, 1997) and there may be increased probability of 

absorption and drug or particulate uptake. One of the main issues with targeting a 

drug to the colon is that the transit is variable. This was exemplified in work in 

which the plasma concentration of 4-aminosalicylic acid after administration of a 

colon-specific dosage form was assessed in human volunteers (Tuleu et a l, 2002). 

In one example, the capsule arrived in the colon at around 7 hours, and drug was 

measured in the plasma over the next 5 hours. In another volunteer, the capsule 

arrived at the colon at 3 hours, and was voided at less than 6 hours. The very rapid 

colonic transit in this patient prevented the breakdown of the dosage form, and no 

drug was observed in the plasma. This highlights the potential for the use of multi

particulate dosage forms, to try to obviate this problem. Interesting observations 

have been made of the colonic transit of tablets (25 x 9mm) and pellets (0.5-1.8 mm) 

in which the tablets moved ahead of the pellets in the ascending colon (Hardy et a l, 

1985), in a process known as streaming (due to solid and liquid material moving at 

different rates [Friend, 1998]).

To summarise, for many modified release dosage forms, gastric emptying tends to be 

the rate limiting step to drug absorption. Liquids and very small particles may be 

expected to empty during the digestive phase, but larger particles and single unit 

dosage forms may be retained until the migrating myoelectric complex functions to 

remove this with other undigested material. Tablets, liquids and pellets seem to 

behave similarly in terms of their transit through the small intestine, although for 

colonic delivery, smaller dosage forms, e.g. pellets or microparticles may be 

desirable. The transit of microparticles has not been investigated, but it is expected 

that they should have more reproducible gastric emptying, closer to that of a liquid, 

due to their small particle size.

Mice and Rats

The transit of pellets (of two different densities) was examined in rats, and the 

gastric emptying time was 0.7-1.3 hours which increased to 2.1 hours when the 

pellet density was increased (Tuleu et a l  1999). Mori et a l  (1989) showed that the 

presence of food delayed gastric emptying. The type of meal has an effect on gastric
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emptying; a radiolabelled water showed gastric emptying of 10.0±3.7 minutes, but 

increasing the viscosity of the solution (using methylcellulose) gave a gastric 

emptying time of 17.4±6.6 minutes, and incorporation with a meal increased it to 

29.8±10.1 minutes (personal communication with GlaxoSmithKline, 2007).

The small intestinal time in rats was observed to be around 3 hours (Mori et al, 

1989), and an effect of pellet size was observed; 2.6 hours with smaller pellets and

3.3 hours when the pellet size was increased (Tuleu et al, 1999). Although the small 

intestinal transit time is similar to man, the speed of transit is much slower, due to 

the difference in length.

The colonic transit time was influenced by density and size and varied from 4.5 

hours, to 13.5 hours for pellets (Tuleu et a l, 1999). No data is available in mice, for 

gastric emptying or small intestinal and colonic transit.

1.2.5 The pH of the Gastrointestinal Tract

Man

The pH of the gastrointestinal tract was assessed by Evans et a l, 1988, and a sample 

pH profile from this work is seen below (Figure 1.4). Some of the other work by 

other researchers on the in vivo pH of the gastrointestinal tract is summarised in 

Chapter 2 but currently Evans et a l  (1988) is considered to be the definitive 

reference for this work. The pH of the stomach is around 1-2.5 (Evans et a l,  1988) 

and transient increases in pH are seen upon meal administration due to the buffering 

effects of food (Dressman et a l,  1990; Russell et a l,  1993). There is a steep, and 

sustained, rise in pH upon entry to the duodenum, a pH of 6.6 in the proximal small 

intestine rising to 7.5 distally (mean values) (Evans et a l,  1988). There is a fall in 

pH from the small intestine to the colon and after this the pH rises distally from 6.4 

in the right colon to 7.0 (distally) (Evans et a l, 1988). The fall in pH upon entering 

the colon was confirmed by Press et a l,  (1998) and Ewe et a l,  (1999), who report a 

pH drop of around one pH unit.

10
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Figure 1.4 Sample pH  profile o f the gastrointestinal tract in man (copied from

Evans et al, 1988 -  distal small bowel and mid small bowel labels are thought to be

mixed up)

Mice and Rats

The pH of the mouse stomach is reported to be pH 3.1 to 4.5 (Smith, 1965), and no 

other data were found on the pH along the intestinal tract. In rats, there are some 

data available (Smith, 1965; Ward and Coates, 1987); the stomach pH was observed 

to vary from 3.3 to 5.0 in the fed state and this increased along the small intestine 

from, with values anywhere between pH 6.5 to 8.0 being measured. Values in the 

colon varied from pH 6.6 to 7.6.

1.2.6 The W ater Content in the Gastrointestinal Tract 

Man

The total water content in the stomach was measured to be 118 (11-233) ml post 

mortem, and the small intestine had 206 (60-352) ml of water (Gotch et a l, 1957). 

The large intestine of man was reported to have a mean water content of 187g, also 

post mortem (Cummings, 1990).

Mice and rats

The total water content in the gut contents of rats was investigated (Cizek, 1954) and 

varied from 4.3 to 10.5 g. Similar data for mice was not found in the literature.

11
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1.2.7 The Microflora o f the Gastrointestinal Tract 

Man

The total live population of microorganisms populating the human gastrointestinal 

tract numbers around 10̂ "̂  organisms (Savage, 1977a). Low pH in the stomach, 

along with peristaltic waves, inhibit the growth of the majority of microorganisms 

which have entered via the mouth and hence the microflora of the stomach is sparse 

(numbers rise when food is ingested, but fall again once the food is mixed with 

gastric juice). Microflora surviving the stomach tends to be acid resistant and is able 

to associate with the epithelium in some way. The most commonly isolated species 

are gram-positive and aerobic bacteria and the most prevalent species are 

Streptœocci, Lactobacilli, Staphylococci, along with various fungi (Gorbach et al., 

1967).

The nticroflora of the duodenum is similar to that in the stomach. Bacterial growth 

is reduced due to the chemicals and enzymes present in the duodenum, such as bile 

and lysozyme. The populations progressively alter, and as the distal ileum is 

reached, the gram-negative bacteria begin to outnumber the gram-positive and the 

bacterial concentration has increased. The main species found include Coliforms, 

Bacteroides, Bifidobacterium, Fusobacterium, and Clostridium (Gorbach et al., 

1967; Gorbach and Levitan, 1970; Drasar et al., 1969; Drasar and Shiner, 1969; 

Gorbach 1971; Thadepalli et a l,  1979). Motility in the small intestine functions to 

keep the bacterial population to a minimum, by preventing adherence.

The reduced motility in the colon, along with a more favourable pH, results in an 

increased microbial population, relative to the rest of the GI tract (Figure 1.5). The 

colon has a microorganism population of lO^ -̂lO^  ̂ colony forming units per ml, of 

which the majority are anaerobic (Moore and Holdeman, 1975; Savage 1977b). The 

main species include Bacteroides, Bifidobacterium, Enterococci, 

Enterobacteriaceae, Diptherioides, Coliforms, Staphylcocci, Lactobacillus, 

Spirochetes, Pseudomonas, anaerobic gram-positive cocci and yeasts (Gorbach et 

a l, 1967; Gorbach and Levitan, 1970; Hill and Drasar, 1975). The distributions in 

different regions of the colon are different, being strongly influenced by substrate 

availability and competition (Macfarlane, Gibson and Cummings, 1992). The

12
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proximal colon is the primary site o f carbohydrate metabolism (Edwards, 1997), 

with the production o f short chain fatty acids and ammonia. The bacterial growth 

rate is high here. In the transverse colon the fermentation rate slows, as the available 

substrate decreases, and hence bacterial growth rates slow (Vandamme et al., 2002). 

The distribution throughout the gastrointestinal tract and the main species' 

proportions are shown in Table 1.1.

■ Bacteroides spp 
n  EubactGria 
O  PeplococcaceaG 
#  Bifidobacteria 
O  Streptococci

/ / / /
Sites

Figure 1.5 Bacterial numbers along the gastrointestinal tract in man (Abu

Shamat, 1993)

Mice and Rats

Mouse and rats tend to have higher bacterial levels in the stomach and small 

intestine, relative to that in man (Tables 1.1). This is due to coprophagic behaviour 

exhibited by these animals; they ingest faecal material. There are some similarities 

between human and rodent colonic microflora, the prominent bacterial species being 

Bifidobacterium, Bacteroides and Lactobacillus. This is illustrated in Table 1.1, 

which shows the number and composition o f species o f bacteria in man, rats and 

mice.

13
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Table 1.1: Composition of GI flora in man, rats and mice (Hovgaard and

Bronsted [1996])

Site

Stomach

Species

Man

Rat

Mouse

Logio Viable count

Entero-
bacteria

Entero
cocci

Lactobacilli Bacteriodes Bifido
bacteria

Negligible Negligible Negligible Negligible Negligible

4.1 3.9 6.6 7.0 7.6

3.1 2.9 8.3 8.1 8.3
Upper
small

intestine
Man

Rat

Mouse

Negligible

4.5

4.2

Negligible

4.7

4.5

1.0

6.7

7.7

2.5 

6.3

6.6

2.0

6.7

7.0
Lower
small

intestine

Large
Intestine

Rectum
and

Faeces

Man

Rat

Mouse

3.3

4.1

3.6

2.3

5.0

4.8

Negligible

6.8

7.5

3.5

6.9

7.7

Man

Rat

Mouse

7.0

5.5

5.7

7.0

6.0 

5.2

6.5

7.6 

7.4

8.0

8.0

8.3

Man

Rat

Mouse

6.0

5.9

6.0

3.5

6.6 

3.5

4.0 

7.8

4.0

10.5 

8.2

10.5

4.0

7.6

7.9

7.5

8.2

8.2

10.5 

8.6

10.5

From this (Table 1.1), similarities and differences can be seen in the microflora 

compositions between man and rodents. For example there are higher numbers of 

enterobacteria, and enterococci in the colon of man, but lower levels of lactobacilli 

and bifidobacteria. So although the species are similar, distributions are different.

From the above information on gastrointestinal physiology and environmental 

conditions, distinct differences can be made between the regions. These differences 

can often be exploited for the purposes of drug (or vaccine) targeting and these will

14



Introduction I 1

be discussed later in this Introduction. First, when vaccine delivery is investigated, 

the immune response should be considered.

15
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1.3 The Immune System

1.3.1 The Basic Functions and Principles o f the Innate and Acquired Systemic 

Immune Response

The function of the immune system is the prevention of infection of the body and it 

is a highly complex system involving multiple organs, cell types and chemicals, and 

having its own circulatory system separate from the blood. It is compartmentalised 

into functional components, the two most significant being the (1) peripheral 

lymphoid system, involving the spleen and lymph nodes, otherwise known as the 

lymphatic system and (2) the mucosal lymphoid system. There are specific homing 

mechanisms for each of these compartments, in order to maintain separate 

populations of lymphocytes in each (Stomi et al., 2005). There are two main types 

of immunity; innate or adaptive (acquired). Innate immunity refers to a series of 

non-specific immune responses which may occur against microorganisms, or other 

non-self threats. It precedes the adaptive features of the immune system. This latter 

involves the proliferation of pathogen-specific cell types involved in the 

identification and neutralisation of threats.

Non-specific, or innate, protection against pathogens begins with the physical 

barriers to infection; the skin and mucosa. The mucosa secretes chemicals such as 

lysozyme (which lyse foreign cells), mucins (the main component of mucus which 

aids expulsion by entrapment and peristalsis), and defensins, which are antimicrobial 

peptides. There are also tight junctions between the cells to prevent paracellular 

infiltration by pathogenic organisms. If  these barriers are breached, non-specific 

phagocytic cells (neutrophils, monocytes and macrophages) can recognize non-self 

and engulf the offending cell. The cells involved in the innate immune response are 

able to recognise pathogen associated molecular patterns (PAMPs), and induce a 

very rapid immune response. This is in contrast with the adaptive response, in which 

expansion of a cell line specific to that pathogen must occur, incurring a time lag.

The adaptive response thus relies on the recognition of antigens, which are surface 

proteins recognized as foreign and specific to a particular pathogen. Cells which 

recognize these antigens include macrophages and dendritic cells, and these are
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known as antigen presenting cells (APCs). Macrophages engulf cells, and upon 

doing so place some of the cell’s proteins (epitopes) onto its surface. These interact 

with a cell surface protein on the macrophage epithelium, known as the major 

histocompatability complex (MHC) class II; this interaction attracts other cells of the 

immune system, specifically T cells helper cells. Dendritic cells are essential for 

priming and initiation of a cytotoxic lymphocyte response (Waeckerie-Men and 

Groettrup, 2004),

T cells originate in the bone marrow, but migrate to the thymus for maturation into 

CD4+ or CD8+ T cells (i.e. T helper cells and cytotoxic T cells respectively). T 

helper cells (CD4+ subpopulation) are essential in the regulation of the cell mediated 

and humoral (antibody) responses, which will be discussed in more detail presently. 

Their basic function is to stimulate B cells to produce immunoglobulin secreting 

plasma cells and to stimulate cytotoxic lymphocytes to kill invading cells and to up- 

regulate macrophage directed killing (Griffin, 2002). CD8+ cells can become 

cytotoxic T cells (or CTLs [cytotoxic lymphocytes]) and these are capable of killing 

a diseased cell. The production and regulation of T cells is known as the cell 

mediated response, and is necessary for the eradication of intracellular pathogens and 

tumour cells. As aforementioned, antigens are internalized by APCs and are used to 

stimulate a T cell response. The T helper cells are subdivided into the Thl and Th2 

subsets.

Thl assists in cell mediated responses, and secretes cytokines including ENF-y which 

stimulates macrophages, and IL-2 which stimulates CTLs. CTLs can alter self-cells 

by perforin, granzymes (Stomi et al, 2004), and secrete other cytokines such as TNF- 

a  (tumour necrosis factor alpha). The Th2 subset assists in the humoral response and 

secretes different cytokines, for example IL-4 which stimulates the production of IL- 

5 by B cells, which was described previously. Thl and Th2 responses (INF-y and 

IL-4) are mutually inhibitory. This means that the production of INF-y will down- 

regulate the production of IL-4 and vice versa. The predominant type of response 

will depend on the type of infection
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B cells behave differently from T cells, although their functions are interlinked and 

form part of the humoral immune response. B cells are responsible for the 

production of surface bound immunoglobulins (Ig), and immunoglobulin secreting 

plasma cells. Immunoglobulins function as antibodies, which are antigen binding 

proteins. The membrane bound immunoglobulins confer antigen-specificity on the 

B cell, and secreted antibodies serve as the effectors of humoral immunity by finding 

and neutralizing antigens (Kuby, 1997). There are five classes of immunoglobulin 

which are summarised in Table 1.2. B cells are produced and mature in the bone 

marrow, where they can produce IgM. Once B cells emerge into the peripheral 

lymphatic circulation, they differentiate into naive B cells and become capable of 

expressing IgD. They go on to circulate in the spleen, lymph nodes and mucosal 

associated lymphoid tissue and here they may encounter foreign antigens, which can 

be recognised by antigen receptors (expressed IgM or IgD on the cell surface) on 

mature B cells. Upon binding an antigen, the immunoglobulin receptors signal the B 

cell’s interior and deliver the antigen to the interior of the cell where it is modified 

and returned to the exterior as part of a complex, bound to MHC Class II receptors. 

This can be recognized by specific T helper cells, and these are stimulated to make 

proteins (IL-5 and IL-6 [Stomi et al., 2005] which cause the B cells to proliferate 

and differentiate into antibody secreting cells. These B cells are stimulated by Th2 

(T helper cells) to produce IL-4 which in turn stimulates the production of IgA and 

IgE, and IL-5 which stimulates the production of IgG antibodies. Antibodies are 

able to neutralize pathogens with high efficacy but they cannot destroy infected cells, 

and the cell mediated response is needed for this.
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Table 1.2: The Five Classes of Immunoglobulins and their Functions (Kuby,

1997; Ogra et al., 2001)

IgA -Found in mucosal secretions e.g. gastrointestinal tract, airways, genito

urinary tract, tears, breast milk,

-Prevents viral and bacterial colonisation by blocking attachment to 

mucosal cells

-Can crosslink large antigens with multiple epitopes 

-Shows antiftmgal and anti-parasitic properties

-An important line of defence against Salmonella, Vibrio Cholera, 

Neisseria, gonorrhoea

IgD -Antigen receptor on B cells

-No biological effector function has been identified

IgE -Low levels in serum

-Mediate allergic reactions; binds to allergens and triggers histamine

release from mast cells

-Involved in protection against parasites

IgG -The most abundant serum immunoglobulin (accounts for 80% of total 

serum Ig).

-Can neutralize viral infectivity

-They can play a role in protecting a foetus

-They bind to phagocytic cells, and activate complement (act as opsonins)

IgM -Present on naive B cells

-First Ig produced in the primary immune response; helps eliminate

pathogens before IgG levels been built up

-Can activate complement and neutrahze virus

-Low levels in intercellular tissue fluids

-Accessory role as a secretory antibody

Extracellular infections occur in interstitial fluids, lymph or blood. The immune 

response to this kind of infection involves opsonisation (marking) and consequent 

phagocytosis (Griffin, 2002), and the enzyme plasma system complement is integral 

to this. Complement coats microbes making them more susceptible to phagocytosis. 

Other aspects of the innate immune system come into play here, for example 

lysozyme and defensins can counter the infection. Once the extracellular pathogenic 

antigens are recognised, there can be a further T cell mediated antibody response.
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If a pathogen is successful in entering cells, for example in viral infections, natural 

killer cells (large, granular lymphocytes which can move freely through blood and 

lymph) can lyse infected cells (as well as cancerous cells) (Griffin, 2002). 

Persistence of intracellular infection will result in acquired immunity, and the 

involvement of cytotoxic T cells (CD8+) and T helper cells (CD4+) (Griffin, 2002). 

The T helper cells up-regulate macrophage directed killing.

The initial immune response to infection dies down within 10-14 days of infection 

(Stomi et a l, 2005), but at this stage T helper cells signal naive B cells to 

differentiate into memory cells by ligating with a T helper protein. Memory B cells 

divide slowly, and do not secrete antibody, but upon re-encountering the same 

antigen, they can differentiate into antibody-secreting B cells. It is this property 

which is exploited by vaccines. Memory T cells also subsist; central memory cells 

home to the lymph nodes, and effector memory T cells home to the peripheral 

tissues.

The basic functions and behaviour of the immune system described so far have 

mainly been concerned with the systemic response, with the exception of the innate 

responses on the skin and mucosal barriers. A summary of the cell types and their 

function is shown in Figure 1.6. However, the mucosa has its own system of 

lymphoid tissue, and associated cells, and forms the mucosal immune response.
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1.3.2 The Basic Functions and Principles o f the Mucosal Immune Response

The mucosal surfaces of the body are protected by mucosal associated lymphoid 

tissue (MALT), which forms an intercoimected system, separate from the central 

lymphatic system, within which lymphocytes circulate. The MALT is made up of 

several sites and tissues, and these include the nasal associated lymphoid tissue and 

bronchial associated lymphoid tissue. The gut associated lymphoid tissue (GALT) is 

of particular interest here, and consists of the tonsils, adenoids, Peyer’s Patches 

(small intestine), lymphoid follicles (large intestine and rectum) and the appendix.

The gastrointestinal tract is the first point of contact of many pathogens, and 

consequently is of high importance for the immune system; there are more 

lymphocytes in the intestine than in the peripheral lymphoid organs. The mucosal 

tissue on the gastrointestinal tract is present as lymphoid follicles, which resemble 

lymph nodes in function, with the exception that they have no afferent lymphatics; 

the significance of this is that the lymphoid cells contained within the follicles will 

only come into contact with antigens from the gut lumen, and not from the 

circulating lymph.

1.3.2.1 The Immune Response in the Small Intestine

In the small intestine, GALT mainly exists as aggregates of lymphoid tissue known 

as Peyer’s Patches (Figure 1.7). The epithelial cells covering these patches is known 

as follicle-associated epithelium and it has certain qualities which allow antigen 

material better access to these patches; a reduced brush border and less glyocalyx, 

mucus and hydrolases relative to the microvilli epithelim (Acheson and Luccioli, 

2002). The follicle-associated epithelium covers the subepithelial dome, which has a 

large collection of lymphocytes making up the lymphoid follicle (Hussain et al., 

2001), and above which sit a mixture of lymphocytes, macrophages and dendritic 

cells. These cells push into invaginations in M (microfold) cells (Figure 1.8) which 

are present throughout the follicle-associated epithelium.
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Structurally, M cells have a poorly organized brush border, high endocytic activity 

(mediated by the microfolds in the apical membrane) and basolateral lymphocyte- 

containing pocket (Sansonetti and Phalipon, 1999). This pocket can push up against 

the apical membrane, closer to the luminal surface. When antigen material (e.g. 

pathogens) is endocytosed by the M-cells, they can be transported through the cell, 

towards the subepithelial dome (Clark et a l, 2001). Once they are transported out o f 

the M cell into the pocket, they can have interactions with lymphocytes. The antigen 

is processed by the APCs, stimulating B and T cells, which become activated and
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drain into the lymph. From here, they pass through mesenteric lymph nodes, and 

thoracic duct, and here to their effector tissue -  the lamina propria o f the GI tract 

which produces IgA. Their presence in the lymphatic systems allows for the 

production o f IgG also. This process o f the mucosal immune response is 

summarised in Figure 1.9.

A n tig en /p a th o g en / particle reaches m ucosal surface

' A n tig en /p a th o g en / particle taken up by M cells

' Antigen transported through M cell to  subepithelial dom e o f lym phoid cells

•Antigen processed by antigen presenting cells

•Sensitisation and activation o f B and T cells in MALT

»B cell migration to  lym phatic system  and other m ucosal sites

•Bcell proliferation

J  •  B cell differentiation and secretory antibody production (IgA) on m ucosal surface, 
and IgG antibody production in th e  system ic circulation

Figure 1.9 Process o f the mucosal immune response (adapted from Chen (2000))

As can be inferred from Figure 1.9, there is a dissemination o f the immune response 

to other mucosal sites in the body. When the B cells and T cells are activated and 

drain to the lymph, from here they have access to other mucosal and systemic sites, 

their sole function not being to simply return to the lamina propria and produce a 

local response, although it is thought that in general there is a preponderance o f 

homing to the original site. To summarise, activation o f an immune response from 

the mucosal system produces IgA antibodies on the mucosal surfaces, and IgG in the 

systemic lymphatic system. Ideally, targeting a vaccine to mucosal sites would be 

able to produce a similar immune response.
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1.3.2.2 The Immune Response in the Colon

Antigen presentation and the immune response in the colon are not well studied and 

qualified, although there is an abundance of lymphoid tissue (Martin and Walker, 

1991; O’Hagan, 1998). Much more is known about the immune response in the 

small intestine, and it is accepted that there are some differences between this and 

the colonic immunological environment, and this means that that vaccines delivered 

to the colon may have different applications to the more commonly studied oral 

vaccines in which uptake in the small intestine occurs. The unique properties of the 

colonic immunological environment, as reported in the literature, are summarised in 

Table 1.3. Very little work has been carried out in humans, and only a small amount 

in the mouse model.
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Table 1.3: Summary of some unique features of the colonic immunological

response as reported in the literature

Features of the Colonic Immunological Environment

Man

Colonic lymphoid follicles may have a reduced numbers of M cells relative to the small intestine  ̂

Areas of lymphoid tissue are smaller in the colon than in the small intestine^

There may be a more rapid cell turnover̂

Induction of immune response to bacterial antigens may occur preferentially in the colon, and provide 
the bulk of T cells against enteric pathogens e.g. Salmonella  ̂Shigella, E. CoW

In the large intestine, there is a predominance of lgA2 over IgAl, similar to the IgA composition on 
the female genial mucosa^

CD4+ is at a higher concentration in the colon whereas CD8+ is at a higher concentration in the small 
intestine"*

Mice

Lower numbers of intraepithélial lymphocytes (lymphoid cells not part of the lymphoid follicles) per 
unit length in the colon, compared with the large intestine in mice"*

There appear to be larger numbers of immunoglobulin secreting cells (particularly IgA) in the large 
intestine, relative to the small intestine in micê

oP-T cell receptors (TCR)̂  was found in the large intestine, while Sy-TCR  ̂found in the small intestine 
of mice’̂ ’̂

The cytokines 1L4 and 1L6 predominated in the large intestine of mice, while interferon gamma was 
the major cytokine in the small intestine"*

Regional differences in anti-amoebic cell distribution between large and small intestine

The type of antibody response achieved in the small intestine depended on the route (e.g. oral induces 
IgA response). In the large intestine, the antibody response seemed to be less dependent on route, and 
rectal, intraperitoneal and intramuscular vaccination ah produced IgG, IgA and IgM responses in the 
colon’

The smaU and large intestinal mucosal immune systems may be compartmentalised^

IgA, IgG and IgM antibodies can be found in the large intestine (at equivalent levels). In the smaU 
intestine IgA predmoninates’

* Martin and Walker (1991) 
^Elson(2001)
 ̂McGhee et a/.(2001)
 ̂Beagley et al. (1995)
 ̂Boll gf a/. (1995)

® Camerini et al. (1993)
’ Moreno-Fierros et al. (1999)
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1.3.3 Vaccination

Immunity to infectious organisms may be achieved by passive or active 

immunisation. Passive immunity requires that pre-formed antibodies are transferred 

to a recipient, for example maternal antibodies passing to a developing foetus. The 

aim of active immunity is to induce a protective immune response, and associated 

immunological memory, so that subsequent exposure to the particular pathogen 

elicits a rapid and heightened immune response which can eliminate the pathogen. 

Each year, vaccinations are responsible for the prevention of up to 3 million deaths, 

and for the prevention of over three quarters of a million cases of serious disability 

(O’Hagan and Rappouli, 2004). Since vaccination schedules have been introduced, 

the incidence of smallpox and polio have been reduced by 100% (from 1901 and 

1952 respectively), and the incidence of diphtheria, pertussis, tetanus, measles, 

rubella and mumps have all been reduced by 95-99.9% (O’Hagan and Rappouli,

2004). There are some problems associated with current vaccinations strategies: the 

necessity for multiple injections; the high dropout rate for boosters in developing 

countries; no horizontal (mother to baby) immunity; and short product life at room 

temperature. These represent major problems in compliance and economics. There 

is, in addition, a biased immune response to vaccination, in that a humoral response 

is produced preferentially to a cell mediated response. Cell mediated responses are 

very important, particularly for viral diseases, as well as some bacterial and parasitic 

diseases and tumour therapy. Further to this, a mucosal response cannot be readily 

induced. There is also the significant issue that vaccines are non-existent, or not 

readily available, for a number of disease states for example malaria, HIV, rotavirus. 

Shigella sp., and E. Coli.

Vaccines can be given as whole-organism vaccines, either attenuated, or killed. 

Attenuation is achieved by growing the cells in non-human cell cultures; to survive 

the cells undergo a series of mutations which means they are unlikely to survive in 

human cells (although there is a risk of reversion to virulence). Attenuated vaccines 

are available for measles, mumps, polio (Sabin), varicella zoster and tuberculosis 

(Kuby, 1997). Whole inactive microorganism vaccines exist for pertussis, plague, 

polio (Salk) and rubella. Whole-organism vaccine, although inactivated, carry some
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risks, for example encephalitis type reactions have occurred in a small percentage of 

infants.

The potential risks associated with whole organism vaccines can be somewhat 

negated by the use of subunit vaccines; these consist of pathogen derived purified 

macromolecules. These can be isolated and purified polysaccharides (e.g. N. 

meningitidis vaccine) or toxins (e.g. tetanus and diphtheria vaccines). Recombinant 

antigen vaccines can be produced, in which the gene encoding the antigen is isolated 

and cloned, and the hepatitis B vaccine is an example of this. However, non-living 

vaccines tend to have poor immunogenicity and often require adjuvantation. 

Adjuvants are substances which act in a non-specific manner to augment immunity 

(Gupta, 1998). They can enable dose and booster reduction (and hence improve 

compliance) or increase the speed and duration of the immune response. Alum is the 

most commonly used adjuvant, and is thought to work by precipitation of antigens 

which enhances their uptake by APCs. Oil based systems are thought to provide an 

adjuvant effect by providing a depot effect, and hence prolonged delivery. Alum and 

oils also cause damage to muscle fibres within hours of administration; the 

inflammatory response to this may have some influence on their action. Other 

examples of adjuvants include liposomes, empty virus particles, ISCOMS 

(immunostimulating complexes) and protein-polysaccharide conjugates. ISCOMS 

are non-covalently bound Quil-A (a saponin), cholesterol and amphiphilic antigen, 

but are not currently approved for human use. Mucosal immunity requires different 

adjuvants, such as cholera toxin (CT), or heat labile enterotoxin (from E. Coli) (LT).

1.3.4 Mucosal Vaccination

Mucosal vaccination relies on vaccine uptake by the M-cells. The vaccine antigen is 

then presented to the lymphoid cells, which can initiate an immune response. 

Successful mucosal vaccination has some advantages over systemic delivery. For 

example, the optimum route for vaccination delivery is generally considered to be 

the route by which infection occurs naturally, and a large proportion of infections 

occur or start at the mucosal surface, including H. pylori. Vibrio cholerae, E. coli, C. 

difficile, N  gonorrhoea, RSV, influenza virus, HIV, and rotaviruses (Holmgren et 

al., 2003). The production of a mucosal immunological memory may be able to
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prevent colonisation and attachment of pathogens. One of the main advantages of 

mucosal vaccination is that it can produce both a systemic (mainly IgG) and mucosal 

(mainly IgA) immune response, whereas a parenteral dose of vaccine will generally 

only produce a systemic (mainly IgG) response. Mucosal immunoglobulin can act in 

an antigen-specific way, but also has general anti- bacterial, fungal, viral, and anti- 

parasitic characteristics.

To date, a limited number of mucosal vaccines have been developed and are in use. 

These include the oral polio vaccine (OPV -  Sabin oral polio vaccine), vaccines for 

adenovirus, rotavirus, typhoid, cold-adapted influenza virus, S. enterica and cholera 

vaccines (Ogra et a l, 2001). Rotavirus and cholera vaccines have since been 

withdrawn due to safety issues, specifically a risk of intusseption in children, and 

most of these are not available for routine use.

A distinct feature of the M cells is their ability to take up, not only pathogens and 

antigen material, but general particulate material. This suggests the potential for 

using microparticles as mucosal vaccine delivery systems.

1.3.4.1 M icroparticles or Nanoparticles for Mucosal Vaccination

Mucosal vaccination, and more specifically, gastrointestinal targeted vaccination, 

risks the degradation of the antigen on the mucosal surfaces and in the GI lumen. To 

counter this, suitable delivery systems should be optimised, and these include 

microparticulate systems. Over the past 25-30 years, much research has been 

conducted on particulate delivery of antigens (Stomi et al., 2005), and there is an 

acceptance that pathogens themselves are particulate matter and therefore 

microparticles could be taken up in a similar manner, and present an antigen to 

APCs, in a process of biomimicry (Keegan et al., 2003). Particulate vaccination has 

been shown to induce both a humoral and cell-mediated response, a feature lacking 

in peptide and protein sub-unit vaccines (Stomi et al., 2005) and this type of 

vaccination may more accurately reflect a real infection.

The gastric emptying and intestinal transit of multi-unit dosage forms was discussed 

previously, in relation to pellets. Microparticles are able to suspend very easily in
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liquid, and may behave similarly to liquid in the gastrointestinal tract. However, 

apart from transit and expulsion, there are two other possible fates for micro- or 

nano-particles. These are bioadhesion or absorption (Ponchel and Irache, 1998). 

Absorption will include the uptake by M cells and it is thought that antigen- 

microparticles will be taken up preferentially by Peyer’s patches, compared to non

encapsulated antigen (Eldridge et a l, 1991; Zhou et a l,  1995; Challocombe et a l, 

1997), the latter being only poorly taken up by antigen presenting cells (Stomi et a l,

2005).

A further advantage of using micro- or nanoparticulate delivery is that there may be 

less need for an adjuvant. Currently, the most widely used mucosal adjuvants are 

cholera toxin and E. coli heat labile enterotoxin but are considered too toxic for 

human use (Holmgren et a l,  2003). A comparative study has shown that the results 

for microparticle immunization versus immunization with cholera toxin as adjuvant 

produced comparable serum and intestinal antibody responses to the particular 

antigen (O’Hagan, 1995).

The factors influencing the extent of particle uptake across the gut are: particle size; 

polymer composition; hydrophobicity; particle surface charge (positive potentials 

having an affinity for negatively charged cell membranes); dose of particles; 

administration vehicle; inter-species variability; age of test animal; presence of food 

(a decreased transit time led to increased uptake [Eldridge et a l, 1990]) and; the use 

of targeting agent (e.g. antibodies) (O’Hagan, 1998). The size effects reported by 

several authors are summarized in Table 1.4. To produce an immune response in the 

mucosal tissue, and systemically, particles less than one micron are preferential.
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Table 1.4: Particle Size Exclusion Limits for uptake into mucosal associated

lymphoid tissue

Size Resulting in 
Exclusion from 

MALT

Size Resulting in 
Uptake into MALT

Size Allowing 
Transport into 

Lymph

<10pm“

6-7pm"

15.8gm'" 5.7pm'"

2.65-9pm"

5-lOpm^^ <5 pm'"

>10nm‘'* <10pm'̂ <5pm'"

l-Sjjm*'*

lOgm*̂ Ipm^

<lpm"‘

<llpm ''’ <5 pm'"

1.3.4.2 Rectal and Colonic Vaccination

The discussion on the immunological environment demonstrated that there are 

differences between the small intestinal and colonic immune systems and immune 

responses. This leads us to surmise that it may therefore have different application 

to the more commonly studied oral (small intestinal targeted) vaccines. 

Furthermore, when the environmental conditions in the colon are examined, there 

may be some advantages for colonic targeted vaccination, not least the decrease 

proteolytic activity and increased residence time. The lower fluid volume also 

means that the antigen is not diluted to a high extent. Targeting the vaccine orally to 

the colon is the ultimate goal, as rectal delivery is not convenient or desirable for 

patients. To date, only delivery via the rectal route has been examined.

^ 0 ’Hagan(1998) 
"O’Hagan (1991)

Le Fevre et al. (1980)
11 Ebel (1990)

Eldridge et at. (1990)
Van der Lubben et al. (2001) 
Brayden and Baird (2001) 

’^Tabataera/. (1996)
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Even rectal immunisation has not been studied as intensively as other mucosal sites, 

but those studies which have been carried have shown that intra-rectal immunisation 

can induce antibody specific response in the intestine, and at other mucosal sites. 

Rectal delivery of live typhoid vaccine in humans gave rise to post-vaccination anti

typhoid antibodies in jejunul fluid, serum and saliva (Forrest et a l, 1990). 

Salmonella typh Ty21a, the vaccine used, is highly attenuated and thought to 

stimulate intestinal immunity though the colonisation of Peyer’s Patches, and in this 

example was thought to have colonised the lymphoid follicles in the rectum. 

Rotavirus vaccination has been investigated by the rectal route (Parez et al., 2006); 

although nasal vaccination would be the obvious route (since it is the site of natural 

rotavirus infection) it has a higher risk of neural side effects from the mucosal 

adjuvants. In mice, rotavirus virus-like particles delivered rectally were able to 

induce specific mucosal and systemic immune responses, and were able to protect 

against challenge. There was a correlation found between protection against 

rotavirus challenge, and faecal or serum IgA, or serum IgG antibody responses 

obtained after the second rectal immunisation. Salivai, faecal, and serum antibodies 

were significantly higher in protected mice, than in unprotected mice. They suggest 

that this route is efficient, safe and efficacious and that the rectal route is less 

reactogenic to toxins, than the oral or nasal routes. In addition to the presence of 

lymphoid tissue, and low risk of enzymatic degradation, the authors suggest that the 

rationale for successful rectal immunisation includes the minimal fluid dilution of 

delivered antigen. They did however find the use of adjuvants, such as heat labile 

enterotoxin, a necessity.

Rectal immunisation with group B streptococci in mice resulted in the induction of 

cervical antibodies (Hordnes et al., 1995), suggesting links between the rectal and 

vaginal immune system. The authors then identified women who were already 

colonised rectally with the streptococci, and showed that they also had elevated 

levels of IgA and IgG antibodies for the bacterium in the cervical secretions and 

sera. Interestingly, women who carried the bacteria in the cervix, but not the rectum, 

had only increases in mucosal antibodies, but not the serum. This demonstrates a 

potential advantage of rectal/ colonic vaccination; a protective antibody response on
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the vaginal mucosa, induced by colonic vaccination, may help prevent transmission 

of the streptococci to the newborn infant during childbirth.

1.4 Rationale for Colonic-Specific Targeting o f Vaccine or Drug

This investigation is concerned with targeting vaccines to the colon, the potential 

advantages of which have been discussed in terms of the immune response. 

Vaccines may benefit from site-specific delivery to the large intestine, by virtue of 

the less hostile environment. A more favourable pH (having bypassed the acidic 

stomach), and lower proteolytic activity (relative to the small intestine) may allow 

greater survival of labile antigens; it has been reported that the degradation rates of 

several proteins, including albumin and collagen were significantly faster in ileal 

effluent, than in faecal slurry (Rubinstein et a i, 1997) and estimates put the 

proteolytic degradation rates in the colon at 20-60 times lower than that in the ileal 

fluids (Gibson et a l, 1989). The delivery of drugs to the colon has been investigated 

extensively, and it is thought that existing approaches for drug-targeting could be 

adapted for vaccines.

Direct delivery of a drug to the colon is of benefit for local diseases of the colon, 

including inflammatory bowel disease (ulcerative colitis and Crohn’s disease) and 

colorectal cancer. These are common in the Western world; colorectal cancer is the 

third most common cancer (American Cancer Society, 2005), and inflammatory 

bowel diseases affect 408 people per 100,000 per year (Loftus, 2004). Systemic 

treatments for these diseases have unpleasant side-effects and so local treatment is 

preferable, but the application of enemas can be distressing and inconvenient. 

Development of colon-specific dosage forms can lead to improved treatments, with 

fewer side effects.

1.5 M ethods o f Targeting the Colon after Oral Administration

The pre-requisites of a colon-specific orally administered dosage form are that it 

avoids dissolution or disintegration in the stomach, and small intestine, but allows 

drug (or vaccine) release to occur upon arrival in the colon. This relies on the
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identification and exploitation of factors which are unique to the colonic 

environment, such as pH, microfloral population, pressure, and colonic arrival time.

1.5.1 pH Dependent Targeting to the Colon

The pH sensitive polymers utilised for lower bowel targeting are insoluble in the low 

pH of the proximal gut (1.25 in the stomach through 6.6 ±0.5 in the proximal small 

intestine [Evans et al., 1988]) and dissolve at the higher, near neutral pH of the distal 

gut (7.5 ±0.4 in the distal small intestine [Evans et a l, 1988]). Eudragit S, with a 

dissolution threshold of pH 7 was first used to target the colon (Dew et a l,  1982), 

and the principle is now used in several clinically used dosage forms (Asacol MR, 

Ipacol and Mesren MR). However, variable performance of these single unit dosage 

forms has been reported, and in some cases the tablet fails to disintegrate (Sinha et 

a l, 2003; Ibekwe 2006; Ibekwe et a l,  2006). This variability led to the development 

of pH responsive microparticles for colonic delivery (Kendall, 2006).

1.5.2 Microbially Triggered Colonic Delivery

The presence of a resident microflora is a highly specific environmental feature of 

the colon, contrasting markedly with the sparsely populated upper gastrointestinal 

tract (Figure 1.5) and this difference can be exploited in order to effect site specific 

drug release in the colon. The consistently high levels of bacteria in the colon mean 

that it may be a much more reliable factor than the more variable pH. Pro-drugs, for 

example sulfasalazine, which rely on the action of colonic bacteria to break down an 

inactive precursor and release the active drug moiety have been in use for many 

years.

The enzymes produced by the colonic bacteria are different from mammalian 

enzymes, and generally act on different substrates mainly because easily digestible 

molecules such as glucose are not likely to reach the large intestine. Those 

molecules which are not easily digestible, such as di-, tri- and polysaccharides, are 

the molecules more likely to reach the large intestine, and consequently, the bacteria 

inhabiting the colon have developed enzymatic systems to utilize these molecules. 

The main saccharolytic (polysaccharidase producing) species are Bacteroides and
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Bifidobacterium (Sinha and Kumria, 2003). Cummings and Englyst (1987) list the 

dominant amylolytic (digest amylose) bacterial species as Bacteroides and 

Bifidobacterium, but Fusobacterium and Butyrivibrio are also thought to play a 

significant role. Carbohydrate fermentation (the process whereby anaerobic bacteria 

[and yeasts] break down substrates to produce energy [Cummings and Englyst, 

1987]) by bacterial polysaccharidases produces acetic, propionic and butyric acids 

(short chain fatty acids [SCFAs]) which can be utilised by the colonic bacteria or 

absorbed via the mucosal membrane in the colon. The high levels of 

polysaccharidase producing bacteria mean that attention has turned to 

polysaccharides as colonic delivery systems; these compounds are cheap, non-toxic 

and biodegradable. A selection of polysaccharides can avoid degradation in the 

small intestine, but are used as a substrate by the colonic microflora. Examples of 

polysaccharides being investigated for colonic delivery systems are pectin (Wakerly 

et al. 1996; Semdé et al. 1998, 2000), guar gum (Wong et al. 1997) and amylose 

(Milojevic et al, 1996a,b; Cummings et al. 1996; Siew et al. 2000a,b,2004; Wilson 

and Basit, 2005; McConnell et al., 2007). A system based on amylose mixed with 

the water insoluble polymer ethylcellulose is now in Phase III clinical trials.

1.5.3 Time Dependent Colonic Delivery

Time dependent systems attempt to utilise the time delay between dosage form 

ingestion and colonic arrival to achieve colon-specific targeting. This is generally 

achieved by various coating mechanisms which erode over a pre-determined period 

of time (Wilding et al., 1994; Sangalli et al., 2001). However, high variation in 

gastric emptying and small intestinal transit time makes this approach difficult, as 

does the presence of pathologies, for example, patients with irritable bowel 

syndrome often have accelerated intestinal transit times (Vassallo et a l,  1992). An 

example of a time dependent system is the Pulsincap system, in which a hydrogel 

plug, in an otherwise impermeable capsule, swells, and then ejects, allowing drug 

release (Hebden et a l,  1999). Osmotic pump devices have also been developed; the 

oral osmotic system for colonic targeting (OROS-CT) has a 3-4 hour delay before 

drug release occurs. A chitosan based osmotic pump has also been developed, which 

incorporates a microbially triggered aspect to the drug release (Liu et a l, 2007).
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However, it should be noted that due to the unpredictability of the transit time, none 

of these systems have made it onto the market.

1.5.4 Pressure Controlled Colonic Delivery

Pressure controlled dosage systems rely on the increase in pressure due to peristalsis 

in the colon to disrupt a dosage form and release a drug. A pressure controlled 

device consists of wax (containing drug), which is coated in a polymeric 

(ethylcellulose) coating. In the stomach and intestine, there is sufficient fluid so that 

the device is not subjected to high pressures. As the device approaches the colon, 

more and more liquid is absorbed, which results in the luminal contents’ viscosity 

increasing and any changes in pressure will be relayed directly to the capsule. The 

increased pressure due to peristalsis and the closed compartment conditions in the 

colon will cause the device to rupture and release the drug. The pressure is reported 

to be as high as 1 lOmmHg for durations of 14 seconds (Bassottia and Gaburri, 1988; 

Rao et al., 2001). Hu et al. (2000) found that caffeine (model drug) was detected in 

the saliva 5-6 hours after ingestion of such a pressure sensitive capsule, which 

corresponded to its arrival in the colon. Again, these systems have not progressed 

far clinically, as the pressure system has not proved as reliable a method of targeting 

as anticipated.

1.6 Summary

The main features of the gastrointestinal tract and immune system have been 

discussed here, and provide some background for the work in this thesis. The 

rationale for targeting vaccines to the colon was discussed; primarily that there are 

differences between the colonic immune environment and other mucosal sites which 

mean it may have different applications. Ways of targeting the colon were also 

addressed, and some of these will be investigated.

In order to investigate their potential for use in studies into colonic vaccination, 

animal models should be identified and characterised, and this is carried out in the 

following Chapter. The immune response to colonic vaccination is considered in
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Chapter 3-4, and Chapters 5-7 concentrate on ways of targeting the proposed 

vaccines by the oral route.

1.7 Aims and Objectives

The aim of this thesis was to develop ways of targeting a vaccine to the colon, via 

the oral route, which could be tested in animal models, and easily adapted for use in 

man.

The objectives were therefore:

■ To characterise and select an appropriate animal model in which to test the 

concept of colonic vaccination

■ To immunise the animal via the rectal route to assess colonic vaccination in 

that animal, relative to oral and intramuscular routes

■ To investigate and develop methods of delivering vaccine to the colon via the 

oral route
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Chapter 2

In-Vivo Characterisation of Mouse and Rat 

Gastrointestinal Features to Establish their 

Suitability for Colonic Vaccination Studies
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2.1 Introduction

The success and feasibility of vaccine delivery to the colon, via the oral route, 

depends on several important in vivo factors. First, is the question as to whether the 

target tissue for a vaccine is present in the colon? In man, we know this to be the 

case, as colonic lymphoid tissue has been described on the colonic mucosa, and is 

discussed in Section 2.1.1. The tissue needs to be present in appropriate animal 

models for this investigation (the mouse or rat) and therefore its presence and 

quantity needs to be considered. The second factor concerns the environmental 

conditions present along the gastrointestinal (GI) tract, and how this will enable or 

inhibit orally administered vaccine delivery to the colon. The conditions in man, and 

in the mouse or rat, are pertinent to this investigation, and the development of 

colonic-specific dosage forms which could theoretically be tested in animals, but 

used in or extrapolated to man. The available information on gastrointestinal 

conditions in man, mouse and rats was discussed in Chapter 1, and have been 

reviewed by Karali (1985). However, several features were identified as being 

important for this investigation but inadequately characterised. These were the 

lymphoid tissue, the GI pH, and the GI water content.
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2.1.1 Lymphoid Tissue Presence in the Gastrointestinal Tract 

Man

Mucosal vaccines should be taken up by the mucosal associated lymphoid tissue 

(MALT). In the small intestine of man, MALT is present as gut associated lymphoid 

tissue (GALT) - Peyer’s Patches. These patches contain microfold (M) cells which 

are capable of taking up antigenic and particulate material and pathogens, enabling 

these to be presented to the immune system. Peyer’s Patches in man are well 

studied, and quantified (Table 2.1 summarises quantitative data in man and rodent 

models); for example there are around 339 Peyer’s Patches in the adult small 

intestine (Comes, 1965).

The colon has less well studied lymphoid tissue, although it is known that there are 

similar structures, with typical M cells, in the human large intestine, (Langman and 

Rowland, 1986; Owen et a/, 1991; Kelsall and Strober, 2001); these are known as 

colonic lymphoid follicles. The total number of follicles range from approximately

12,000 to 18,000, numbers fluctuating along the length with no obvious pattern 

(Langman and Rowland, 1986; Gebbers et a/., 1992), and no difference is apparent 

with age (Langman and Rowland, 1992). There is a marked similarity of colonic 

lymphoid patches to the immuno-morphology and functionality of small intestinal 

Peyer’s Patches.

Thus, the evidence suggests that there is feasibility for vaccine uptake and 

processing in the colon i.e. the latter is a strong candidate for vaccine targeting, and 

indeed rectal vaccination has been investigated. The existence of lymphoid tissue in 

the small and large intestine may also be exploited for the delivery of drugs via the 

lymphatic system. For example, Griffin and O’Driscoll (2006) used lipid based 

formulations to achieve lymphatic transport of saquinavir in rats.

Mice and Rats

Both rats and mice are used for immunisation studies, with the BALB/c mouse being 

most common. The plethora of information on the small intestinal lymphoid tissue 

in both mice and rats, contrasts with a lack of information on the presence and 

quantity of the colonic lymphoid tissue (Table 2.1).
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The mouse small intestine has been reported to contain six to twelve Peyer’s Patches 

(Abe and Ito, 1977). Large patches were defined as being 1.3-3.0 mm long, but it 

was not reported how many of the patches were “large”. In rats, an average of 15 

Peyer’s Patches in the small intestine was reported (Hillery et al., 1994; Florence et 

al. 1995). In each of these cases, colonic lymphoid tissue was not quantified as a 

comparator. Although lymphoid structures have been identified in rats, they have 

not been quantified (Bland and Briton, 1984). This latter study suggested that the 

colonic mucosa of rats was capable of sampling luminal antigens, as occurs with 

Peyer’s patches, for the initiation of an immune response. Similarly in mice, the M 

cells have been demonstrated to enfold lymphocytes and have transport vesicles and 

a thin glycocalyx, just like Peyer’s patches (Owen et al., 1991) and in the colon, they 

found at least 1.4 patches per cm, and at least one patch per cm of the anus in mice. 

Owen et al., (1991) did not, however, compare the quantity to that in the small 

intestine (this makes it difficult to compare relative numbers). Thus, the relative 

densities of the rat and mouse lymphoid follicles in the small intestine and colon 

were unknown and needed to be established for our studies. As discussed 

previously, there are high numbers of lymphoid follicles in the colon of man, and so, 

if similarly high proportions (relative to the small intestine) are not present in the 

colon of the animal model, then it may not be a good indicator of the feasibility of 

colonic vaccine targeting. For example, if colonic lymphoid tissue in mice is sparse, 

relative to small intestine, then the mouse may be an unsuitable model for 

experiments. Therefore, the first aspect of this chapter is on the quantification and 

comparison of the lymphoid tissue in the small intestine and colon of the mouse and 

rat.
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Table 2.1; Literature Data on the Quantity of Lymphoid Tissue in the Small 

Intestine and Colon of Man, Mice and Rats

Small Intestine 

Peyer’s Patches

Large Intestine 

Lymphoid Follicles

Humans During gestation:

59 small patches (<25)^

34 large patches (>100)’

At birth:

100 patches^

At puberty:

239 small patches (<25 follicles)’ 

100 large patches (>25 follicles)’

12.000-18,000 follicles^

11.000-14,000 follicles^

18.4 follicles/ cm^ in colon^

8-10 follicles/ cm^ in colon'’

15.0 follicles/ cm^ in caecum^

25.4 follicles/ cm^ in the rectum^

25.6 follicles/ cm^ in the rectum^

6TRats 15 patches No reports

Mice 6-12 patches

Patches contain 2-9 follicles^

1.4 /cm in Colon’” 

1.0/cm in Anus’^

 ̂Comes et ai, 1965 
 ̂Pickard et al., 2004 
 ̂Langman and Rowland, 1986 
Langman and Rowland, 1992 
 ̂Gebbers et al., 1992

 ̂Hillery ef aZ. 1994 
^Florence era/. 1995 
* Abe and Ito, 1977 

® Ping-Yang et al. 1998 
Owen era/. 1991
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2.1.2 Gastrointestinal Tract Conditions

The gastrointestinal tract conditions are extremely important in oral delivery of drugs 

and vaccines. Many in situ factors, for example pH, water content, buffer capacity, 

volume, motility and viscosity can influence the behaviour of a drug or dosage form. 

Since rodents are often used in pre-clinical testing of drugs or dosage forms, their 

physiology, with respect to their use as in vivo models, must be understood, and was 

reviewed by Karali (1995). However, certain features of the mouse or rat 

gastrointestinal tract are either unknown or inadequately characterised. Two of these 

features were highlighted as being important to this investigation (i) the pH of the 

gastrointestinal tract contents, (ii) the water or fluid content along the GI tract.

Gastrointestinal pH

The gastrointestinal pH is important for oral drug delivery; depending on the 

environmental pH, drugs can be ionised or unionised, precipitated or solubilised, 

their stability, as well as their absorption and bioavailability, can be affection. The 

environmental pH can also affect the stability and degradation of orally delivered 

vaccines. Further to this, when considering the use of pH responsive polymers to 

achieve colonic targeting, knowledge of the pH becomes paramount. Previous 

reports on the pH of the rat gastrointestinal tract are conflicting (Smith, 1965; Ward 

and Coats, 1987), while reports of pH in the mouse small and large intestinal tract 

were not found. The reported data on mouse and rat pH, and on the pH of the human 

gastrointestinal tract for comparison, are shown in Table 2.2.
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Table 2.2: Literature values for the pH of the Gastro-Intestinal Tract in Humans, Rats
and Mice

Humans Rat Mouse

Fed Fasted Fed Fasted

Stomach 4.9 ‘
1.7-6.7̂

1.1-3.1 (pH ciqMule given
before food)

1.3 ‘ 
1.7"

1.0-2.5̂  
G.8-1.8'"

4.3^.0"

3.3-5.0*

5.1-3.!^ 3.1-4.5*

Small Intestinal 
Portion 1 (approx 

duodenum)

5.4"
6.5I

5.9-6.6(pH capsule given 
before food)̂

6.5  ̂
6.1" 
6.4" 
6.6* 
6-73

7.C
6.5*

6.9"

Small Intestinal 
Portion 2 

(duodenum- 
jejunum)

6.2-7.0 pH capsule given 
before food)̂

6.0'
6.3-7.33

6.7*

Small Intestinal 
Portion 3 (jejunum- 

ileum)

80f
6.8*

7.4"

Small Intestinal 
Portion 4 (ileum)

6.9-7.7(ph c«;>sule given
before food)̂

7.4"
7.3"
7.5̂

6.7-7.73

7.1*

Caecum 5.7'
6.4̂

7.2"
6.8*

6.4"

Colon 7.0"

5.5-7.6 (proximal colon)3 

7.8 (distal colon)3

7.6"
6.6*

6.09-6.72®

6.8"

Rectum 6.6/
6.26-6.8®

6.9*

’ Russell et al. (1993)
 ̂Dressman et al. (1990)
 ̂Ibekwe et al. (2007)

" Evans et al. (1988)
 ̂Ward and Coates (1987) 

® Smith (1965)
 ̂FaUingborg et al. (1989)
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Gastrointestinal Water Content

When drug or polymer solubility is considered, contact with fluid in the 

gastrointestinal tract is essential; hence the fluid levels along the gastrointestinal 

tract, of mice and rats, were measured. The water content in the gut lumen of man is 

not homogenously distributed (Lomas and Graves, 1999), suggesting that a dosage 

form will be in contact with varying amounts of fluid or indeed, none at all during its 

passage through the gastrointestinal tract. The highly variable and sometimes very 

low content of water in the gastrointestinal tract of man was confirmed by Schiller et 

al. (2005) who found that fluid in the gastrointestinal tract of man occurs as pockets. 

The total water content in the gastrointestinal tract was investigated by Gotch et at., 

(1957) and Cummings (1990) and is summarised in the table below.

Table 2.3 Literature reports of total water and free fluid in the human 

gastrointestinal tract

Mean Total 
W ater Content 

[ml] (Range)

Median Free Fluid [ml] 
(Range)^

Fasted Fed

Stomach 118 (11-233)^ 47 (13-47) 701 (534-859)

Small Intestine 206 (60-352)' 83 (45-319) 39 (20-156)

Large Intestine 187% 8 (1-44) 18 (2-97)

^Cummings, (1990)

^Gotch et al, (1957)

The water content in the entire gut of rats was investigated (Cizek, 1954) and is 

shown in Table 2.4 below. To enable comparison, the water content, which was 

calculated by Cizek as a percentage of total body weight, was converted to a mass 

(g). Unfortunately it is not known whether water was present in rat gut 

continuously, or in pockets as occurs in man. Similar data for mice was not found in 

the literature.
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Table 2.4; Water Content of the Rat Gastrointestinal Tract (Adapted from Cizek, 

1954, *these were calculated from the data in the paper)

Conditions Sex (n) Weight of 

Rat(g)

Gut water (% of 

total body weight)

Mass of water 

in gut (g)*

Food and water ad libitum Female (12) 231.7 4.5 10.4

Male (12) 228 4.6 10.5

No food, 24 hours, water ad  

libitum

Female (6) 198 3.1 6.1

Male (6) 240.3 1.8 4.3

No food or water 24 hours Female (6) 225.2 2 4.5

Male (6) 231.8 2.5 5.8

Stomach Volume

In addition, since oral delivery is being considered, the stomach volume was 

identified as an important parameter to study, as it affects the dosage volume that can 

be administered. To our knowledge, there are no reports of mouse and rat stomach 

volumes, although maximum volumes to be administered by the oral route have been 

suggested (Wolfensohn and Lloyd, 1994). Gelatin capsule shells and mini-tablets 

have been administered to rats (Hu et al., 1999; Wong et a l,  2006) and knowledge 

of the animal stomach volume would enable calculation of dosage form: stomach 

volume ratio, which would give an indication of the likely fate of the dosage forms, 

with respect to disintegration and drug dissolution and absorption.

2.2 Aims

The aims of the work described in this chapter were therefore to:

■ Establish the suitability of the mouse and rat for studies into orally targeting 

vaccination

■ Establish values for colonic lymphoid tissue levels, gastrointestinal pH, 

gastrointestinal water content, and stomach volume in the mouse and rat
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2.3 Materials

Acetic acid (100%) was from VWR Limited (Leicestershire, UK).

2.4 Animals

Adult female BALB/c mice (18-22g) and adult female Wistar rats (160-190g) were 

purchased from Harlan Olac Limited (Bicester, UK). Male Wistar rats (25Og) were 

bred in-house. S0X2 and T /0 mice (both ~20g) were used as they were surplus to 

the requirements of the Biological Services Unit, but were originally purchased from 

Harlan Olac Limited and had not been used previously for any investigation.

2.5 Methods

2.5.1 Preparation and Dissection Procedure

All procedures had been approved by the School's Ethical Review Committee and 

were conducted in accordance with the Home Office standards under the Animals 

(Scientific Procedures) Act, 1986. Groups of female animals (mice or rats) (n=5-8) 

were fasted overnight but had free access to water while other groups were allowed 

access to food and water at all times. The mice or rats were killed, after which the 

intestinal tract was immediately removed and divided into sections - the stomach, the 

small intestine (into three sections approximating to the duodenum, jejunum and 

ileum), the caecum and the colon (into two sections approximating to the proximal 

and distal colon).

In a separate study, to investigate the effect of the controlled intake of food, male 

mice were fasted overnight, but allowed to eat for around 30 minutes before being 

killed. This was to ensure food was present in the stomach before testing.
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2.5.2 Quantification o f Lymphoid Tissue Patches along the Gastrointestinal 

Tract

The method of Langman and Rowland (1986) was used. The gastrointestinal 

sections were emptied and placed into glass vials containing 20ml of a 10% v/v

aqueous acetic acid and incubated overnight in the refrigerator. Acetic acid was used
. . . . .  '  . . . . . . . . . . .

as it enhanced the visualisation of the lymphoid tissue. The following day, the 

gastrointestinal tract sections were removed, opened lengthwise, blotted dry and 

photographed, and the numbers of individual lymphoid follicles and patches 

(collections of follicles) were counted. The mean numbers of patches or follicles per 

cm were calculated from the data for the individual animals.

2.5.3 Determination o f the pH o f Gastrointestinal Contents

The contents of each gastrointestinal section were removed, mixed and the pH was 

determined using a pre-calibrated pH 211 Microprocessor pH Meter (Hanna 

Instruments). pH measurements were taken a total of three times with the GI tract 

contents being re-mixed, the pH meter being washed with distilled water and the 

calibration checked between measurements. An HI 1333 probe was used, with a 

spherical tip (diameter 7.5mm); it was ensured that the sample covered the probe tip, 

and a stable reading acquired. The order in which the pH of the different GI tract 

sections was read was varied within each group in order to minimise any influence of 

post-mortem time on pH.

2.5.4 Determination o f pH o f Standard Rat/ M ouse Chow

To determine the influence of the animal feed on the pH of the GI contents, if any, 

the pH of standard rat/ mouse chow was also measured. Three pieces of standard 

mouse/ rat chow (9.17g) were mixed with 10ml of tap water until the food pellet had 

been disintegrated and the pH of the resulting mixture was measured using the pH 

meter described in Section 2.5.3.

48



In Vivo Characterisation of the Rat and Mouse I 2

2.5.5 Determination o f W ater and Solid Contents o f the Gastrointestinal Tract

To determine the gastrointestinal water and solid contents, the wet mass o f the 

section contents was recorded, followed by lyophilisation (Virtis-Advantage Freeze 

Drying Apparatus, Virtis, UK), measurement of the dry mass and calculation of 

water content.

2.5.6 Determination o f Stomach Capacity

Approximate values for the volume of the mouse and rat stomach were determined 

by filling the stomach with distilled water, and observing the results. The aim was to 

produce a rough estimate, as the method could only give a crude assessment of the 

volume, and was subject to investigator bias. The stomach, hand-held shut at the 

pyloric opening, was filled, using a syringe, via the oesophagus until it was 

considered to be (1) comfortably full, with no obvious stress on the tissue, (2) 

stretched and (3) to the point of bursting (or could no longer be filled).

2.5.7 Statistical Analysis

The data gathered from mice was analysed using parametric tests. The influence of 

fed (n=8) and fasted (n=7) states on mouse gastrointestinal pH, and water and solid 

contents were analysed using Student’s Independent t-test. Differences between 

gastrointestinal tract sections for pH and water content were analysed using one-way 

analysis of variance (AND VA), with post-hoc analysis using Tukey’s test.

The data obtained from rats were analysed using non-parametric tests, as the data did 

not fulfil the assumptions required for parametric tests. The influence of fed (n=5) 

and fasted (n=5) state on rat gastrointestinal pH, and water and solid contents were 

analysed using Mann-Whitney U Test. The differences between GI sections for pH 

and water content was analysed using Kruskall Wallis, with Nemenyi’s post hoc 

analysis.
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All tests, apart from Nemenyi’s test were carried out using SPSS Version 14.0 

statistical software package. Nemenyi’s was conducted as described in Jones (2002). 

Results were considered statistically significant when p<0.05.
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2.6 Results and Discussion

2.6.1 Quantification of Lymphoid Tissue along the Gastrointestinal Tract of 

the Mouse and Rat

The lymphoid tissue along the gastrointestinal tract can be categorised broadly into, 

firstly, individual lymphoid follicles, which are seen as raised white areas, and 

secondly into patches, which are collections o f individual follicles. The follicular 

nature o f a Peyer’s Patch can be seen in Figure 2.1.

1 m m

Figure 2.1 Photograph o f a Peyer 's Patch from the small intestine o f the BALB/c

mouse

Lymphoid tissue was observed in the small and large intestine o f the BALB/c 

Mouse, TO Mouse, S0X 2 Mouse and in Wistar rats, but not in the stomach o f  the 

animals. Figures 2.2 to 2.7 show pictures o f the intestinal tract o f BALB/c mice, and 

in Wistar rats. The quantities and densities o f lymphoid tissue in the mouse and rats 

are shown in Table 2.5.
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«

Figure 2.2 Small Intestine o f a Female BALB/c Mouse (top to bottom is 

proximal, mid, and distal small intestine: scale bar 10 mm). Lymphoid tissue is

circled.

y
j mPI

Figure 2.3 Caecum o f a female BALB/c mouse (scale bar is 10 mm) Lymphoid

tissue is circled

Figure 2.4 Colon o f a female BALB/c Mouse (left is proximal, right is distal:

scale is in mm). Lymphoid tissue is circled
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Figure 2.5 Small Intestine o f Female Wistar Rat (top to bottom is proximal, mid, 

and distal small intestine: scale bar 10 mm). Lymphoid tissue circled.

Figure 2.6 Caecum o f the Female Wistar Rat (scale bar 10 mm). Lymphoid

tissue is circled

m

Figure 2.7 Colon o f the Female Wistar Rat (top is proximal, bottom is distal: 

scale 10 mm). Lymphoid tissue is circled
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Table 2.5: Lymphoid Tissue Patches in the Mouse and Rat Gastrointestinal Tract

Mouse (Female, BALB/c, n=15) Mouse (Female, S0X2, n=8) Mouse (Female, T/0, n=2) Rat (Female, Wistar, n=10) Rat (Male, Wistar, n=4)
Small Caecum Colon Small Caecum Colon Small Caecum Colon Small Caecum Colon Small Caecum Colon

Intestine Intestine Intestine Intestine Intestine

Mean 34.5 11.5 28.7 7.1 27.2 9.2 82.8 13.9 85.4 14.0
Length cm

(range) (29-39) (9-14) (24.7-319) (6.8-87) (26-28.5) (8.7- (70-97) (12-18) (77.5-82) (13-16)
9.7)

Mean 10.1 1.4 11.6 8 1.1 5.25 9.5 2.5 13.5 18.9 . 1.2 3.8 20.3 1 3
Number of

Patches (3.0-15) (1-5) (7-15) (5-12) (1-2) (3-9) (8-11) (2-3) (12- (16-22 (1-2) (2-11) (18-26) (1) (2-4)
(range) 15)

Mean No.
Patches/ 0.3 - 0.8 0.3 - 0.7 0.35 - 1.5 0.22 - 0.3 0.2 - 0.2

cm
Mean

Number of 57.5 18.1 39.4 51.6 6.25 13.8 49 10 31 207.5 13.5 38.6 176.8 13 31
Follicles
(range) (22-80) (9-26) (18-54) (32-68) (5-9) (8-24) (45-53) (7-13) (27-35) (142-273) (8-26) (16-83) (149-191) (10-15) (16-47)

Mean No.
Follicles 5.7 12.9 3.4 6.4 5.7 2.9 5.2 3.9 2.3 30.6 12 28.5 8.9 13 15.5
per patch

Mean No.
Follicles 1.6 - 3.4 1.7 - 1.89 1.4 - 3.4 2.1 - 3.4 2.1 - 2.1
per cm
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The absence of visible lymphoid follicles or patches in the stomach in mouse or rats 

is in agreement with the situation in man. However, lymphoid tissue does exist on 

the gastric mucosa in man, but is present as individual cells.

The numbers of Peyer’s Patches in the mouse and rat small intestine (Table 2.4) are 

similar to that reported in the literature; 6-12 Peyer’s Patches in mouse small 

intestine (Abe and Ito, 1977) and 15 Peyer’s Patches in the rat small intestine 

(Hillery et al. 1994; Florence et al. 1995). The values in the rat colon were 

previously unreported. In BALB/c mice, we report 0.8 patches per cm in the colon; 

Owen et al., (1991) reported 1.4 patches/cm in this same strain. It is not clear 

whether the value reported here is significantly different from that of Owen et al.

Examination of lymphoid tissue density along the gastrointestinal tract revealed that 

in both rats and mice, Peyer’s Patches were distributed randomly along the sections 

of the small intestine, with no predilection for a particular area (p>0.05). 

Examination of the three small intestinal sections (roughly duodenum, jejunum and 

ileum) within each animal showed that there were similar numbers of patches and 

follicles per cm, in all three sections. Similarly, there was no difference between the 

number of patches per cm in the proximal and distal colon (p>0.05) which correlates 

with the random distribution reported in humans (Langman and Rowland, 1986).

There were, however, differences between the quantity of lymphoid tissue in the 

small and large intestines. In mice, the number of patches in the small and large 

intestine were similar, but the number of individual follicles was much greater in the 

small intestine. However, taking into account the lengths of the small and large 

intestines, there were actually more follicles and patches per cm in the colon. In rats, 

there were significantly more patches and follicles in the small intestine, relative to 

the colon. Taking into account the large differences in small and large intestinal 

tract length in the rat, similar numbers of patches per cm were seen between small 

and large intestines, and more follicles were found per cm in the colon. Mouse 

colonic lymphoid patches tended to be smaller, containing fewer follicles than small 

intestinal ones. In contrast, rat lymphoid patches were of similar size in both the 

small and large intestine. The rat lymphoid patches were, in general, larger than

55



In Vivo Characterisation of the Rat and Mouse

mouse patches and contained a greater number o f follicles. It is interesting that the 

rat colon is not much longer than the mouse colon, although the small intestinal 

length is more than doubled in the larger animal.

Three different mouse strains were investigated, although the numbers were small 

for SOXl and T /0  mice. Male and female rats were investigated. In order to 

visualise differences between strains (mice) and gender (rats), the results are shown 

graphically below.
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Figure 2.8 The number o f lymphoid patches (top graph) and follicles (bottom

graph) in three mouse strains.

There are similar numbers o f small intestinal patches and follicles, but the S0X2 

mice seem to have fewer follicles in the caecum and colon, than BALB/c mice or 

T/O mice. It is not clear whether this is significant.
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Figure 2.9 The number o f small intestinal and colonic follicles per cm in male

and female Wistar Rats

There is no significant difference (p>0.05) between the number o f small intestinal or 

colonic lymphoid follicles, between male and female rats, although the numbers 

appear to be higher in the female colon

The presence o f lymphoid tissue in the colon of mice and rats confirm their potential 

use for colonic vaccination studies

2.6.2 The pH along the Gastrointestinal Tract of Mice and Rats

The pH o f the contents o f the different gastrointestinal sections o f fed and fasted 

female mice and rats are shown in Figures 2.10 -2.11.
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Figure 2.10 pH values along the BALB/c mouse (female) gastrointestinal tract.

Mean and (SD) are shown.
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Figure 2.11 pH  values along the rat (female, Wistar) gastrointestinal tract. Mean

and (SD) are shown.
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The standard deviation in Figures 2.10 and 2.11 shows the expected variability in 

gastrointestinal pH between individuals. Variability in GI pH has also been 

observed in man (Evans et a l, 1988; Fallingborg et a l, 1989).

The Gastric pH

As expected, the lowest pH was seen in the stomach, in both rats and mice. In both 

animals, the stomach pH appeared higher in the fasted state, although this difference 

was only statistically significant in the mouse. This was surprising given that, in 

man, the fasted gastric pH is lower than the fed gastric pH (fasted pH 1.7 increasing 

to 5.0 after meal ingestion for healthy subjects [Dressman et a l, 1990; Russell et al 

1993]) due to the buffering effects of food in the fed state (Malagelada et a l, 1976). 

However, this is dependent on the meal type, and meals with high protein content 

have increased buffering effect over an isocalorific carbohydrate meal (Richardson, 

1976). The mice and rats used here were fed on a standard low protein (18%), low 

fat (5%) diet. The low protein may account for the absence of food buffering effect. 

The pH of rat chow, in water, was 5.86 ± 0.06, and was therefore not responsible for 

the lower pH observed in the fed state. In addition, while the reasons for the 

difference between man and rodents are not apparent, it is obvious that during 

experiments in man, fed and fasted states can be more closely controlled. In 

contrast, although the fed state mice have free access to food, it is not known at what 

time they last ingested food, and in what quantity, and the immediate buffering 

effects of food may not have been observed. To try and negate the effects of 

ingestion time, male rats were fasted overnight, and fed only around 20 minutes 

before culling, and the pH was measured. At each time point, that pH was not 

statistically different from the fed pH, as seen in Figure 2.12, suggesting that there is 

some other reason for the unexpected lower pH in the fed state. The stomach pH 

values for the rat and mice were similar to that reported previously (Smith, 1965), 

and they too show that the fed state has a lower pH than the fasted state, although no 

explanation for this is offered.
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Male Rots

y y
Figure 2.12 pH values along the rat (male, Wistar) gastrointestinal tract after 

fasting overnight, and consumption o f food 20 minutes before death. Mean and (SD)

are shown

Small Intestinal pH

The pH o f the small intestinal contents was higher in the fasted state than in the fed 

state, but this was not statistically significant in rats or mice. This suggests that the 

fed state o f the animal has no effect on intestinal pH, which is similar to the situation 

in man, where the small intestinal and colonic pH are variable, but differences are 

not largely associated with the fed or fasted states (Kalantzi, 2006, Ibekwe 2006). 

As expected, the small intestinal pH was higher than the gastric pH, due to the 

secretion o f pancreatic juice and buffering with bicarbonate ions. However, the 

mean intestinal pH values o f both animals, were lower than expected and do not 

reach the values o f pH 6-8 that have been reported in the literature for rats (Smith, 

1965; Ward and Coates, 1987), though some individual rat pH values were found to 

be above pH 7. Differences in methodologies may help explain the different values 

obtained. Smith (1965) mixed distilled water with rat gut contents and it is thought 

that this may artificially increase the pH obtained. Ward and Coates (1987) inserted 

a pH probe into sections o f  excised rat gastrointestinal tract. In our investigation.
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mixing of undiluted contents was carried out, which may be more representative of 

the pH that a drug or delivery system is exposed to, due to the continually moving 

intestinal environment. The pH of mouse intestinal tract contents has not been 

reported previously.

The Large Intestinal p H  (Caecum and Colon)

In mice, there is a small drop in pH in the caecum, and a very small drop was seen in 

fed, but not fasted, rats. In man, a pH drop has been demonstrated to occur in the 

caecum (Evans et al., 1988), associated with the increased presence of short chain 

fatty acids produced by bacterial polysaccharidases. Again, the pH values are lower 

in rats, than those reported previously.

It has been considered that the post-mortem effects on pH may be accounting for this 

drop in pH, and without suitable in vivo tests in mice and rats this cannot be 

confirmed. However, if the pH reported in the large intestine of man is compared 

between in situ investigations, and ex vivo investigation, some similarities are seen 

in the data, and Table 2.6 highlights this. The values show that the post-mortem pH 

is similar, in some cases to the in situ measurements, but is some cases not. 

However, differences in methodology, and a greatly increased time to post-mortem 

in humans, mean that these results cannot confirm or deny an existence of a post

mortem drop in pH, in the gastrointestinal tract.

Table 2.6: The in situ and ex vivo pH values of the lower gastrointestinal tract in

man

Area In situ pH Ex vivo p ir
Caecum 5.7' 5.9

6 .f 5.1
Colon 7.0̂ 58-6.2

5.5-7.6 (proximal colon)̂  

7.8 (distal colon)̂

4.9-57

Rectum 6.6' 6.7

6.26-6.8^ 6.0

1. Fallingborg et al, ( 1989) 
4. McNeil et al, (1987)

2. Evans et al, (1988) 3. Ibekwe (2007)
5. Macfarlane et al, (1992)
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Implications of the pH  values found mice and rats

The mean intestinal pH of both mice and rats does not reach the values reported in 

man; pH 7.5, 6.4 and 7 in the distal small intestine, caecum and colon respectively 

(Evans et al., 1988). The low intestinal pH values found have implications for the in 

vivo testing of oral pharmaceuticals in mice and rats. For example, drugs which 

require a basic pH to dissolve may precipitate at the lower pH values seen in the 

mouse or rat. This may prevent drug absorption and pharmacokinetic extrapolation 

to man would be inaccurate. The lower pH seen in mice and rat gastrointestinal tract 

also has implications when pH-responsive drug carriers are being investigated. For 

example, the pH responsive polymers such as Eudragit S, which dissolves at pH 7.0, 

but is water-insoluble at lower pH, is being investigated to target drug release to the 

distal intestinal tract e.g. for the treatment of ulcerative colitis. Rats or mice may be 

used as experimental animals when small dosage forms, such as pH responsive 

pellets or microparticles, are tested. However, the low pH values for the mouse and 

rat gastrointestinal tract shown in this paper suggest that rats and mice may not be 

the most appropriate model for the study of pH sensitive dosage forms. If a pH 

responsive technique is to be used to target vaccines to the colon in mice, it must be 

understood that the delivery system developed would not be directly applicable to 

man. The implications of this are discussed further in Chapter 7.

2.6.3 The W ater and Solid Content o f the M ouse and Rat Gastrointestinal 

Tract

The contents of the gastrointestinal tract are generally semi-solid with water, either 

ingested or secreted, existing in the gastrointestinal tract. In this study, we measured 

the water content by freeze drying; Figures 2.13 and 2.14 show the water and solid 

proportions of the gastrointestinal tract of the female BALB/c mouse and the female 

Wistar rat respectively. Figure 2.15 shows the water and solid components of the 

gastrointestinal tract of the male Wistar rat.
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Figure 2.13 Water and solid composition o f the female BALB c mouse 

gastrointestinal tract contents. Mean and (SD) are shown (n=15)
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tract contents. Mean and (SD) are shown (n^ 10)
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Figure 2.15 Water and solid compositions o f the male Wistar Rat (fasted and then 

fed  immediately before killing) gastrointestinal tract contents. Mean and (SD) are

shown

Total contents o f the GI tract are greater in rats than in the smaller mice. As 

expected, there were more solid contents in the fed rat gastrointestinal tract, than in 

the fasted rat. Differences were not seen between male (fasted, and fed immediately 

prior to killing) and fasted female rats (p>0.05), although the feeding state is slightly 

different, and this is similar to findings in which the gut water content in rabbits was 

studied, and no difference was seen between male and female (Gotch et al., 1957). 

Total body water, on the other hand, has been reported to be higher in males 

(humans and rabbits) (Edelman et al., 1952; Cizek 1954), and is probably due to size 

differences between adult males and females. Since the gut water is only around 1- 

2% of the total in man (Gotch et al, 1954), 1-5% in rats (Cizek, 1954) or 12% in 

rabbits, differences between male and female gut water levels may be more difficult 

to confirm. Gotch et al., (1954) did not examine differences between the total gut 

water in man between male and females, but our analysis o f their results with 

Student’s T-test showed that there was no difference between these two variables 

(p=0.129).

Water content was higher in the fed state, possibly due to increased secretions and 

water bound with the ingested food. The total amount of water present in the rat
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gastrointestinal content is similar to that reported previously by Cizek e t a l. (1954) 

who reported gut water to represent 1.8% (fasted) and 4.5% (fed) gut water as a 

percentage o f total body weight (198-232 g) o f female rats. In the mouse, 

differences between the solid and water contents were less obvious between the fed 

and fasted state, the small quantities making it more difficult to ascertain differences. 

As expected, the water concentration decreased along the length o f  the 

gastrointestinal tract from 82 % w/w o f the small intestinal contents to 71% w/w in 

the colon in rats and from 74 to 67 % w/w along the same segments in mice. The 

decreasing water content was observed visually as an increase in the viscosity o f the 

gastrointestinal contents.

The most striking observation, in Figures 2.13 and 2.14, is the very low levels o f 

fluid present along the gastrointestinal tract, the total mass o f water in the mouse gut 

being less than 1ml (0.98±0.4ml fed, 0.81±1.3ml fasted). In experiments where mice 

are orally dosed with solid or semi-solid drug delivery systems, these latter may not 

come into contact with enough fluid to disperse and/or dissolve. The rat seems a 

more appropriate model for the dissolution o f drug delivery systems, which require 

contact with sufficient water. The larger water content in the fed rat (7.8 ±1.5 ml), 

compared to the fasted rat (3.2 ± 1.8 ml) suggests that if a dosage form is being 

investigated in the rat model, it may be beneficial to deliver it in the fed state, 

although it is acknowledged that this may not always be possible, due to drug-food 

interactions.

To compare with human data, the mass o f rodent intestinal contents with respect to 

total body mass were calculated, assuming average body weights, and compared 

with those in man. These are summarised in Table 2.7. When the values are 

normalised to take into account total body mass, more water per kg body weight is 

found in the gastrointestinal tracts o f the mouse and the rat than in human.
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Table 2.7 Total Water Contents, and Volume/ Kg Body Weight in the Gastrointestinal 

Tracts of Man, Mice and Rats (*Caecum and proximal and transverse colon only, ^estimate 

based on a 200 g rat, ^estimate based on a 20 g mouse, estimate based on 70kg male).

Water Content

Stomach Small Intestine Caecum and Colon Total

ml ml/kg ml ml/kg Ml ml/kg Ml ml/kg
Man 118' 2.2' 206' 3.8' 83'' 1.4' 407' 7.4'

187' 2.6'’***

Stomach Small Intestine Caecum Colon Total

ml ml/kg ml ml/kg ml ml/kg ml ml/kg Ml ml/kg
Rat** Fed 0.85 4.8 2.9 16.5 2.2 12.6 1.8 10.2 7.7 44.0

Fasted 0.26 1.48 1.0 5.7 1.2 6.8 0.7 4 3.2 18.9
Mouse*** Fed 0.15 7.5 0.36 18 0.16 8 0.16 8 0.91 45.5

Fasted 0.19 9.5 0.30 16 0.18 9 0.15 7.5 0.81 40.5

‘Gotch et a i, 1957 

^Cummings, 1984

2.6.4 T h e V o lu m e o f  th e  M o u se  a n d  R a t S to m a c h

Drug or vaccine formulations are often given to experimental animals by oral 

gavage. Consequently, the volume o f the stomach is considered an important 

parameter for oral dosing, and the results are shown in Table 2.8.

Table 2.8: Fill Volumes of the Female Mouse and Rat Stomach.

Volume [ml (SD)]
BALB/c Mice (n=10) Wistar Rats (n=8)

1. Comfortably full 0.37 (0.09) 3.38 (0.52)
2. Stretched 0.55 (0.09) 4.63 (0.44)
3. On the point of 

bursting/ could not 
be expanded further

0.71 (0.11) 6.63 (0.92)
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The mouse stomach had approximately one tenth the volume o f the rat stomach. 

Wolfensohn and Lloyd (1994) suggest the upper limit for oral dosing o f  mice to be 

20ml/kg. Thus, for a mouse o f 20g, the maximum oral dosage volume is 0.4ml. For 

rats, the recommended maximum is lOml/kg, for a 200 g rat this gives a dosing 

volume of 2ml. These values correlate to some degree with the “comfortably full” 

volumes shown in Table 2.8, despite the fact that post-mortem results are likely to 

differ from an in -v ivo  situation, since elasticity and responsiveness o f gastric tissue 

to pressure may be lost.

2.7 Conclusions

The pH, water content and lymphoid tissue distribution along the gastrointestinal 

tract were investigated, as well as the stomach volume, as these were critical to 

investigations on colonic vaccination and on pH-responsive targeting to the colon. 

The rodent stomach pH values were around pH 3-4. The intestinal pH was lower 

than that in man (< pH 5.2 in the mouse; < pH 6.6 in the rat). The water content in 

the fed and fasted mouse gastrointestinal tract was 0.98 ± 0.4 ml and 0.81 ± 1.3 ml 

respectively, and in the fed and fasted rat was 7.8 ± 1.5 ml and 3.2 ±  1.8 ml. The 

stomach capacity was found to be around 0.4 and 3.4 ml for mice and rats 

respectively. The low fluid volume and stomach capacity have implications for the 

testing o f solid dosage forms in these animal models. Knowledge o f these factors 

should allow a better design o f oral colon specific drug or vaccine delivery system.

Substantial amounts o f lymphoid tissue were measured in the rat and mouse colon, 

showing the feasibility o f investigating colonic vaccination in these animals; a route 

which might prove to have different applications to the more commonly studied oral 

vaccines. Differences between strains, and gender were negligible. The positive 

findings with regards to lymphoid follicles led to the selection o f the BALB/c mouse 

for immunisation studies. In this, the colon as a site for vaccination was assessed, 

and is discussed in Chapters 3 and 4.
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Vaccine Preparation, Rectal Delivery, and ELISA Optimisation

3.1 Introduction

The BALB/c mouse, having high levels of colonic lymphoid tissue, was deemed 

suitable for further studies into colonic vaccination but before in vivo immunisation 

studies were carried out (Chapter 4) several aspects needed to be optimised. Firstly, 

a suitable particulate vaccine needed to be developed and secondly, suitable dosing 

parameters for delivery of these vaccine particles to the mouse needed to be 

established. Finally, to measure the immune (antibody) response to the vaccine in 

the mouse, the antibody assay (enzyme-linked immunosorbent assay [ELISA]) 

needed to be optimised. These are discussed in this chapter.

3.1.1 Micro- or Nano- Particle Vaccines

The use of micro- or nanoparticulate vaccines was discussed in Chapter 1. Briefly, 

mucosal associated lymphoid tissue, such as the Peyer’s Patches, or colonic 

lymphoid follicles, are able to take up vaccine particles via M-cells, and are thought 

to do so preferentially over soluble antigen. Particulate vaccines may also act as 

adjuvants, for example, those with a long degradation time may provide a depot 

effect (Stomi et al., 2005), which for mucosal delivery means that potentially toxic, 

but powerful, mucosal adjuvants could be avoided. The desirable characteristics of 

micro- or nanoparticles to be used as vaccines are summarised below.

Particle size of less than one micron 

Biodegradable

Degrade relatively slowly to provide a depot effect 

Non-toxic

Good uniformity and morphology 

Hydrophobic

A polymer which has been extensively researched for vaccine delivery, is poly[d,l 

lactic acid-co-glycolic acid] (PLGA), and particles produced from it tend to fulfil the 

attributes described. PLGA is biodegradable, biocompatible and approved for 

human use, having been used for many years in biodegradable sutures. It is a 

random co-polymer of glycolic and lactic acid (Figures 3.1 and 3.2), and it exhibits
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good processing, film forming properties and solvent solubility (Baker, 1987). 

Degradation of PLGA occurs via a process of hydrolysis resulting in the release of 

the two acids (glycolic and lactic) which are metabolised by the Kreb’s Cycle, and 

eventually eliminated as CO2 It is a hydrophobic polymer, and nanoparticles 

prepared from relatively more hydrophobic polymers like PLGA have been shown to 

be transported by M-cells to a larger extent than, for example, ethylcellulose, or 

cellulose (Shakweh e t  a l ,  2004). Hydrophobicity is thought to encourage 

transcytosis (Des Rieux e t  a l  2005; Le Fevre e t  a l  1985; Hillery e t  a l ,  1996). 

Microparticles or nanoparticles prepared from PLGA can have good morphology and 

uniformity and are capable of encapsulating drug or vaccine, and ovalbumin 

entrapped in PLGA microspheres has produced strong serum and salivary responses 

from oral vaccination (O’Hagan e t  a l ,  1998) and a tetanus vaccine was successfully 

encapsulated in PLGA (Alonso e t  a l ,  1994).

Y
0-C—CO 

H 
Poly (glycolic acid)

F ig u re  3 .1  S tru c tu re  o f  P o ly  (G ly c o lic  A c id )  (F rom  B aker, 1 9 8 7 )

-o-c-co-
H

Poly (D.L-lactic acid)

F ig u re  3 .2  S tru c tu re  o f  P o ly  (L a c tic  A c id )  (F rom  B aker, 1 9 8 7 )

When the glycolic acid and lactic acid are combined in a ratio of 50:50 they form the 

most rapidly degrading polymer (increasing the proportion of either increases the 

degradation time). When the 50:50 polymer is used, the degradation time is two to 

four weeks, and this was chosen for this investigation; specifically PLGA 50:50
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2.5A (the 2.5 refers to the inherent viscosity i.e. 2-3dL/g, and the A means that the 

end group is acidic (http://www.lakeshorebio.com, no date).

To prepare microparticles from polymers such as PLGA, two main methods are 

employed. These are: spray drying, which involves atomisation of the polymeric 

solution (PLGA dissolves in organic solvents e.g. dichloromethane, ethyl acetate), 

and rapid solvent removal through the application of heat; and emulsion solvent 

evaporation. The former process is discussed further in Chapter 5, and emulsion 

solvent evaporation methods are discussed here, as they were used for the 

preparation of the PLGA vaccine particle for this investigation. Emulsion solvent 

evaporation methods have an advantage of being carried out at ambient 

temperatures, which is preferable for heat sensitive materials such as proteins. A 

double emulsion solvent evaporation method was used, and this is summarised in 

Figure 3.3. A primary emulsion is prepared using the polymer in an organic solvent 

as the external phase, and a drug or protein in water forms the internal phase. 

Surfactants are present to stabilise the emulsion, which is prepared by 

homogenisation. This primary emulsion is added to the external water phase and 

homogenised, to prepare a secondary, or double, emulsion. Again, surfactants are 

present to stabilise the secondary emulsion. Stirring allows the organic solvent to 

evaporate; the polymeric droplets within the emulsion then shrink and harden into 

microparticles.
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Figure 3.3 Ihe process o f double emulsion solvent evaporation micro- or

nanoparticle preparation

Ovalbumin (OVA) was chosen as model adjuvant for this investigation; it is cost 

effective and has been shown to give an immune response orally (Eldridge et a l, 

1990) and subcutaneously (Newman et a l, 1998). Although it tends not to be as 

strong an antigen as real vaccines (Van der Lubben et a l, 2001), it was deemed 

suitable for these preliminary proof-of-concept experiments.

The methods described above were used to prepare ovalbumin loaded PLGA 

nanoparticles, and the methodology and particle characterisation are described later 

in this chapter. The immune response from these nanoparticles was compared with 

antigen solution, and a suitable adjuvant. An antigen solution generally will not be 

able to stimulate an immune response alone, and adjuvants are used to increase the
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immunogenicity. The routes of vaccine delivery examined in the immunisation 

experiment (Chapter 4) were oral, rectal/colonic and intramuscular. When 

intramuscular immunisation was carried out using soluble antigen, alum was used as 

an adjuvant. When the mucosal routes were used, cholera toxin subunit B (GTE) 

was chosen, as a strong mucosal adjuvant. In addition to preparing particulate and 

solution vaccines, the quantities for dosing needed to be established. The oral, and 

intramuscular routes are subject to recommendations for the animal model, and the 

doses were chosen accordingly (200pl was dosed orally, and 50pl was dosed IM). 

With rectal, and colonic immunisation, the actual spreading and location of directly 

administered vaccine solution/suspension needed to be assessed, in order to avoid 

delivery the vaccine to the wrong tissue, e.g. into the small intestine.

3.1.2 Distribution o f Rectally Delivered Fluid in the Large Intestine

In the immunisation studies to follow, the vaccine was administered directly to the 

colon in order to assess the extent of immune response, relative to other routes. This 

was done as proof-of-concept, before oral targeting could be considered. Rectal 

delivery methods have been used previously to deliver vaccines to mice, and various 

volumes and delivery vehicles have been used. For example, mice were rectally 

immunised using wax suppositories containing an HTV-DNA vaccine, and 

systematic and mucosal immune responses were produced (Hamajima et al., 2002). 

This seems the most accurate way of ensuring delivery to the rectum. Other authors 

have delivered various volumes, for example: lOpl (Kato e ta l,  2000); 20pl (Soler et 

al., 2007); 10-50pl (Abolhassani et al., 2006); 55pl (Haneberg et al., 1994); 40- 

lOOpl (Hordnes et al., 1995); and other authors do not report the volume used 

(Mitchell and Galun, 2003). However, the extent of spreading of these volumes 

from the rectum into the colon, and even into the small intestine, has not been 

established

It is known that, in man, the rectal administration of solutions can have variable 

spreading, and the reported spreading of various rectally administered doses is 

summarised in Table 3.1.
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Table 3.1; The Spreading of Rectally Administered Dosage Forms in Man

Dose Spreading

50ml liquid Only one out of four doses travelled to the transverse colon’ 

Generally confined to the rectosigmoid area^

100ml liquid Mainly in descending colon^
Occasional spreading to the proximal colon^

200ml liquid Three out of four doses travelled to the transverse colon, but not the ascending 
colon’

The whole of the colon is not reached^

Suppository Dosage form migrated 5-7 cm in the rectum, and generally confined to the end and 

middle regions of the rectum'’

The results suggest that, even with relatively large volumes (200ml), the proximal 

(ascending colon) cannot be reached by enema administration in man, and this 

augments the requirement for effective colon-specific oral dosage forms, which 

could release drug in the proximal colon, for treatment of local disorders. They also 

demonstrate that it is difficult to target a particular area of the colon by the rectal 

route, and the spreading needs to be appreciated. The process of dispersion is 

generally linked with the stimulation of colonic motility by the process of enema 

administration (Swarbick et a l, 1974).

To mimic the anticipated behaviour of a colon-specific antigen delivery system, 

which is expected to release in the proximal colon, and along the whole length, the 

immune response along the length of the colon needs to be assessed. This was then 

to be compared with delivery to the rectal area (distal regions) as a comparator. 

Vaccine delivery to both these areas was investigated in the mouse, and the volumes 

that were delivered for this purpose are established in this chapter. To do this, 

volumes of liquid (containing a blue dye) were used to administer the extent of 

spreading. Once the volumes were established, and the vaccine delivery systems 

prepared, immunisation of BALB/c mice was carried out, as described in Chapter 4. 

Blood (serum) and mucosal washings (from gut and vagina) were assessed for

' Haidy etal. (1986a)
 ̂Swarbick et al. (1974)
 ̂Hardy et al., (1986b)
Jay etal. (1985)
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antibody (IgG and IgA) levels using enzyme-linked immunosorbent assay. 

However, optimisation of this assay is essential to achieve accurate results.

3.1.3 ELISA and its Optimisation

The principle of the ELISA is that an enzyme conjugated to an antibody reacts with a 

colourless substance to generate a coloured reaction product which can be measured 

(Figure 3.4). Antigen (in this case, ovalbumin) is bound to a surface (a well in a 

microtitre plate), and antibody (from serum or mucosal washings) is allowed to react 

with the bound antigen. Any free unreacted antibodies are washed off and the 

presence of antigen-bound antibody is detected by an enzyme-conjugated secondary 

anti-isotype antibody (anti-IgG or anti-IgA in this case). Any free secondary 

antibody is then washed away, and a substrate for the enzyme is added, which 

generates a colour change, which is measured by a spectrophotometer.
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Figure 3.4 Overview o f EUSA procedure (adaptedfrom Kuby, 1997)
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The colour change of the reaction can be used to quantify the relative amounts of 

antibody present. If the antibody levels are diluted systematically and the dilutions 

are plotted against their optical density reading from the assay, a curve, such as that 

below, results (Figure 3.5). At very high antibody concentrations, differences in the 

optical densities will not be able to be resolved and a maximal reading will be 

obtained. At very low antibody levels, again differences in concentration cannot be 

resolved, and low, or “no antibody” readings will be obtained. However, there is a 

linear portion to the curve, and when the antibody concentrations fall within this 

section of the graph, they can be quantified. Thus, in order to quantify antibody 

levels from the immunisation studies, the ELISA procedure needs to be optimised to 

make sure that the maximum and minimum readings will fall on this line.

High optical 
density (i.e. big 
colour change)

Low optical 
density (i.e. small 
colour change)

LinearPortion 
of Curvecm

V

3
o
5
>•

(TJU
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Antibody Dilution Factor

Concentrated 
antibody i.e. high 
antibody levels

Dilute
antibody i.e. low 
antibody levels

Figure 3.5 Theoretical curve produced by spectrophotometric assay o f  

increasingly dilute antibodies

To carry out this optimisation, the variables within the system need to be considered 

and changed systematically; this was carried out and described later in this chapter. 

These variables include the antigen concentration, the serum dilutions used, and the 

secondary antibody. Once the optimal variables were established, the ELISA
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protocol was established, and used for the immunisation studies described in Chapter 

4.

3.2 Aims and Objectives

The aim of the work in this Chapter was the optimisation of several necessary 

aspects for the immunisation studies in Chapter 4.

The objectives were therefore:

■ To prepare a model particulate vaccine

■ To establish appropriate volumes for rectal/ colonic delivery of vaccine

■ To optimise the ELISA procedure for Chapter 4
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3.3 Materials

Ovalbumin (Grade V), methylene blue, cholera toxin subunit B (CTB), alum, sodium 

dodecyl sulphate (SDS), sodium hydroxide, (2,2’azino-bis) 3-ethylbenzthiazoline-6- 

sulphonic acid (ABTS), citric acid, di sodium hydrogen orthophosphate, 

ethylenediamine tetra-acetic acid (EDTA), sodium azide, trypsin inhibitor, 

iodoacetic acid phenylmethylsulphonyl fluoride (PMSF), methylene blue and 

hydrogen peroxide were from Sigma Aldrich (UK) Limited. Poly (lactic-co- 

glycolide) was from Lakeshore Biomaterials (USA). Polyvinyl alcohol (PVA) 

(degree of hydrolysis >85%) was from BDH Limited. Bicinchonic acid (BCA) assay 

kit was purchased from Pierce Limited, UK. The tubing for colonic delivery was 

supplied by VetTech Solutions, UK. Phosphate buffered saline (PBS) tablets were 

obtained from Dulbecco, UK. Immulon 2B 96-well plates were from Fisher 

Scientific Limited. Coating solution concentrate (phosphate buffer concentrate) and 

bovine serum albumin (BSA, 10% solution) were from KPL Inc., Maryland, USA. 

Anti IgG and anti IgA goat anti-mouse horse-radish peroxidase (HRP) conjugates 

were from AbD Serotec, Oxford, UK.

3.4 Animals

BALB/c mice (female, 6-8 weeks) were purchased from Harlan Olac Limited. A 

male adult Male adult S0X2 mouse was surplus to the requirements of the 

Biological Services Unit and was used for the rectal/colonic administration studies. 

The serum and mucosal washings for the ELISA optimisation were from naive and 

immunised BALB/c mice as described in Chapter 4.

3.5 Methods

3.5.1 Ovalbumin Loaded PLGA Particle Preparation

Five milligrams of 5% w/v PLGA in dichloromethane were emulsified with 1ml of 

5% w/v polyvinyl alcohol (PVA) in deionised water containing 20mg of OVA, by 

homogenisation (UltraTurrax T-25 Basic IKA) for three minutes at 24500 rpm. This 

primary water-in-oil emulsion was added dropwise to 40ml of a 5% w/v PVA
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solution, with homogenisation (Silverson 4LRT Homogeniser) for five minutes at 

10000 rpm. The resulting double water-in-oil-in-water emulsion was stirred 

overnight, to allow solvent evaporation, and hardening of the nanoparticles. The 

latter were then harvested by centrifugation at 15000 rpm for ten minutes, followed 

by re-suspension in distilled water, and re-centrifuging (total of three times). The 

nanoparticles were then lyophilised (Virtis-Advantage Freeze Drying Apparatus, Virtis, 

UK), and stored at 2-8°C.

Blank nanoparticles were prepared in the same manner except for the absence of 

ovalbumin.

3.5.2 Scanning Electron M icroscopy

Samples were adhered to SEM stubs using carbon discs, and were gold coated, using 

an EMITEC K550 sputter coater for three minutes at 40mA. After coating, the 

samples were transferred to a Philips XL20 Scanning Electron Microscopy for 

imaging

3.5.3 Particle Size Analysis

The particle size was determined using a Zetasizer (Zetamaster S). Plastic cuvettes 

were filled with deionised water, and a small amount of particles dispersed in this. 

The cuvette was placed in the Zetasizer, and the particle size (diameter) recorded as 

an average of ten readings.

3.5.4 Determination o f Protein Content o f Nanoparticles

The protein content of the ovalbumin-loaded particles was determined following 

particle degradation by adding 5mg of particles into a solution of 2.5% w/v SDS in 

O.IM NaOH, at 37°C, and mixing on a rocking platform, overnight. Subsequently, 

the mixtures were centrifuged at 10000 rpm for ten minutes, and the supernatant was 

analysed for ovalbumin, using bicinchonic acid assay (BCA).
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3.5.5 Protein Release from Nanoparticles

Thirty-milligram samples o f ovalbumin loaded PLGA nanoparticles (n=5) were 

dispersed in 10ml o f PBS pH 7.3, and the release into the fluid was measured by 

removing 0.5ml aliquots, and replacing with fresh buffer. The 0.5ml aliquots were 

centrifuged (10,000 rpm for ten minutes) and the supernatant assayed for protein 

using BCA. Readings for blank microparticles were taken into account when 

calculating the protein content.

3.5.6 Determination of Dosage Spreading After Rectal Delivery

Flexible plastic tubes, attached to a syringe, or a 200pl Gilson pipette, were used to 

administer various volumes o f a dye solution to the colon o f mice (Figure 3.6). 

Using data described in Chapter 2, concerning the length o f the mouse colon, a 

distance o f 35mm was used as the maximum distance o f insertion into the colon, to 

prevent the possibility o f any damage. In initial experiments, the mice were not 

fasted, but insertion was prevented by faecal material in the colon. Subsequently 

they were fasted overnight before the procedure.

Figure 3.6 Flexible gavage tubing on a syringe

The gavage needle was calibrated in order to ensure accurate dosing into the colon, 

by expelling doses, and checking the volume expelled. The various volumes were 

then administered to the mice, and after ten minutes, the mice were killed, and 

dissected. The distribution o f the blue dye through the intestinal tract was assessed 

and recorded.
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3.5.7 ELISA Optimisation

The naive and positive serum and mucosal washings used in the optimisation were 

taken from the mice used in the immunisation studies. Naive serum and washings 

were taken prior to the immunisation, before any doses were given. Antibody 

positive serum was taken from intramuscularly vaccinated mice at the end of the 

investigation (Day 60), and faecal supernatant, or vaginal washings were taken from 

the colonically vaccinated mice at the end of the investigation (Day 60) (as these 

were most likely to contain highest levels of antibody) (see Section 4.5.2 for details). 

The ELISA optimisation procedure was as follows.

Unless otherwise specified plates were incubated at 37°C for one hour with their 

contents and washed three times with a washing solution (0.05% v/v Tween 20 in 

phosphate buffered saline pH 7.3 [PBS]). Immulon 2B 96-well plates were coated 

with 50pl of ovalbumin solution (at either 50mcg/ml or lOOmcg/ml) in a 1 in 10 

dilution of coating solution per well and incubated at 4°C overnight, after which the 

plates were washed. The plates were then blocked using 50pl per well of 2% w/v 

bovine serum albumin (BSA) in PBS. Following plate washing, 

serum/faecal/mucosal samples were added to the wells, either top row, or left column 

and then serially diluted down or across the plate, and the plates were incubated, 

after which they were washed. Anti IgG or IgA goat anti-mouse horse-radish 

peroxidase conjugate was added at 1 in 500 ,1  in 1000, 1 in 2000 ,1  in 3000 or 1 in 

5000 dilutions (50pl per well), and the plates were incubated. Following washing, 

the substrate solution containing lOmg ABTS and 2.5pL of 30% H2O2 in 15mL of 

citrate buffer was added at 50pl per well, incubated, after which the reaction was 

stopped by the addition of 50pl of 1% w/v SDS solution to each well and the plates 

were read using an Opsys® microplate reader (Dynex Technology, USA) at a 

wavelength of 405nm. The optical density was plotted against the serum dilution. 

The procedure was used to optimise the serum, gastrointestinal and vaginal washings 

by systematic variation of the key factors, and assessment of optical density 

readings.
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3.6 Results and Discussion

3.6.1 Nanoparticle Preparation and Characterisation

The double emulsion solvent evaporation process was able to produce spherical, 

non-aggregated particles in the nanometre size range, with smooth surfaces. Their 

morphology can be seen in Figures 3.7 and 3.8. It should be noted that the SEMs in 

the separate figures are at different magnitudes, and the particles are actually o f 

similar size.

Figure 3.7 Scanning electron micrographs o f two batches o f PLGA OVA-loaded

nanoparticles

84



Vaccine Preparation, Rectal Delivery, and ELISA Optimisation

*

mm

Figure 3.8 Scanning electron micrographs o f two batches o f PLGA

nanoparticles (no protein loading [blank])

The particle size o f  ovalbumin loaded nanoparticles was 510.0±41.4nm. The protein 

loading was found to be 53.37±2.4pg o f ovalbumin per milligram o f nanoparticle. 

Blank nanoparticles had a particle size o f 528.0 ± 61.3 nm.

The protein release from the PLGA nanoparticles is shown in Figure 3.9 and 3.10. 

Figure 3.9 shows the release over four weeks, and Figure 3.10 shows an expanded 

portion o f the first part o f the graph. It can be seen from Figure 3.10 that around
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40% protein release occurs in the first 30 minutes and after that there is a gradual 

release over several weeks.

Figure 3.9
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Figure 3.10 Ovalbumin release from PLGA nanoparticles into pH 7.3 buffer (first

5 hours-expanded from Figure 3.9)

The particles produced are smaller than the one micron proposed as a maximal size 

for uptake. It is generally accepted that particles below 1pm (Jani et al., 1989; 

Gullberg et al., 2000) are taken up by the M-cells, and delivered across the basal 

membrane (Clarke et al., 2001) and that particles larger than 5pm, although they can 

be taken up by M-cells, remain entrapped in Peyer’s Patches (Eldridge et al., 1990). 

There is, however, some controversy as to the exact size a nanoparticle should be for 

transcytosis (des Rieux et al., 2006) and evidence has emerged which suggests that
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PLGA particles in the 500nm range may be taken up more than the previously 

regarded optimal size of 1-5 microns (Shakweh et a l, 2004). Studies on the uptake 

of other hydrophobic particles by M-cells have shown a size dependent behaviour; 

50nm>500nm > 3pm (Florence et a l, 1993) and so the interest in nanoparticulate 

vaccine delivery is increasing (des Rieux et a l, 2006; Vyas and Gupta 2007); and 

some authors have found that decreasing the particle size improved the immune 

response (Jung et a l, 2001), but others have found that the larger particle size (1pm) 

gave a better immune response (Gutiero et a l, 2003). We suggest that the 

nanoparticles vaccines (SOOnm) produced here should be capable of producing a 

good mucosal and serum antibody response, in light of the previous evidence of 

transcytosis. Nanoparticles to date have been mainly investigated in relation to oral 

vaccine, i.e. targeted to the small intestinal Peyer’s Patches, and only 

microparticulate vaccines have been delivered rectally.

It was discussed previously that one function of the vaccine nanoparticle is to 

provide a depot effect, and show a slow release of antigen. The PLGA nanoparticles 

produced here show a burst release, followed by a retarded release of protein over 

several weeks. The release profile of PLGA is explained by its behaviour as a bulk 

eroding polymer (Varde and Pack, 2004). This type of system allows permeation of 

water into the matrix and in this way the structure of the nanoparticles slowly 

degrades and drug is able to diflhise out. Bulk eroding polymers have a characteristic 

biphasic or triphasic release profile. Phase one consists of a burst, where up to half 

the drug is released in a few hours and this is due to drug near the surface, or near the 

pores created by water. Gradually the network of pores increases, with drug release 

occurring during this. Eventually the sphere will collapse. If  any drug is left in the 

sphere, it will all be released here, the third phase of the release profile. Ideally, if  

the particles are taken up by the M-cells, then this degradation process would be 

occurring within the lymphoid follicles and within the lymphatic system.

It was concluded that these nanoparticles would act suitably as model vaccines for 

the immunisation studies, and so attention was turned to the delivery routes.
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3.6.2 Distribution of Rectally Delivered Fluid in the Large Intestine

Blue dye was administered to the mouse, via the rectal route, and the extent o f 

spreading was noted. The results are tabulated below (Table 3.1). The table shows 

the areas where blue dyes were found at various regions o f the intestinal tract.

Table 3 .2: Distribution o f Methylene Blue Dye in the Small Intestine, Caecum and 

Colon after Rectal Administration o f Various Volumes (mice)

Mouse Volume Methods Location
Rectum Colon Caecum Small

Intestine
S0X2 200 pi Tubing Yes Yes Yes No
BALB/c 200 pi Tubing Yes Yes Yes Yes
BALB/c 100 pi Tubing Yes Yes Yes No
BALB/c 100 pi Tubing Yes Yes Yes Yes
BALB/c 75 pi Tubing Yes Yes Yes No
BALB/c 50 pi Tubing Yes Yes (14) No No
BALB/c 20 pi Pipette Yes Yes( 14) No No
BALB/c 10 pi Pipette Yes Yes (14)' No No

* Spread half way, one tliird or one quarter of the way along the colon

The results suggested that delivering volume o f more than lOOpl into the colon by 

the tubing would result in some small intestinal delivery. On the other hand, 

delivery o f  only 50pl does not reach the proximal colon, and 75 pi was settled on to 

achieve colonic delivery. However, the drag on the fluid when the tubing is removed 

causes some fluid presence in the rectal area, and so it was decided to examine the 

delivery to the rectal area (and distal intestine), and 20pl was chosen as the delivery 

volume for this, to be delivered by a pipette tip, placed just inside the anus.

3.6.3 ELISA Optimisation

ELISA was carried out, using serum dilutions, at varying concentrations o f coating 

antigen and secondary antibody (anti-IgA or anti-IgG). The optical density recorded 

at each dilution was plotted, and the trends can be seen in Figures 3 .11 to 3.14

88



Vaccine Preparation. Rectal Delivery, and ELISA Optimisation

0.7

0.6

I 0.5

010.4

0.3

0.2

0.1

15000 20000 300000 5000 10000 25000

■ NAIVE
■ NAÏVE
■ NAIVE 
• NAIVE
NAÏVE

■ NAIVE
■UN 1000, 50 
•UN 1000, 100 
UN 2000, 50 

U N  2000, 100 
■UN 5000, 50 
■UN 5000, 100

DILUTION FACTOR

Figure 3.11 The optical density o f increasing serum dihdions (ovalbumin specific

IgCj negative f  naive J or ovalbumin specific IgG positive serum) after ELISA using 

various anti-IgG dilution (I in 1000, 1 in 2000 or I in 5000) and different antigen 

concentrations (50 or 100 [mcg/ml]) (n^3 for each line)

From Figure 3.11, it can be seen that the naive (ovalbumin specific IgG negative) 

serum gave reading o f around 0.15-0.25 (optical density). Higher readings are seen 

with the ovalbumin specific IgG positive serum. As discussed previously, in order to 

be able to quantify the antibody response more accurately, the linear portion o f the 

ideal curve is necessary (Figure 3.5). The line [1 in 1000, 100] which uses an 

antigen concentration o f lOOmcg/ml, and an anti-IgG dilution o f 1 in 1000, shows 

signs o f  approaching this linear portion. However, the dilution has not been carried 

out far enough to establish this. Therefore, the dilution o f the serum was continued 

in a separate plate, using this same antigen and anti-IgG concentration, and the 

results are shown below (Figure 3.12).
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Figure 3.12 IJie optical density o f increasing serum dilutions (ovalbumin specific 

IgG negative [naive] or ovalbumin specific IgG positive serum (fim -  red, purple 

and green are repeats]) after ELISA using anti-IgCI dilution o f I in 1000 and an 

ovalbumin concentration o f lOOmcg/ml. (n=3 for each line)

The naive serum gives an optical density o f around 0.15-0.2. The three repeats o f 

the ovalbumin specific IgG positive serum show the drop in optical density as the 

antibody concentration (serum) becomes more dilute, and this is the curve shape that 

is required. This means, that at its most concentrated, the serum should give a high 

optical density, which decreases as the serum antibody is diluted. However, this 

cannot be used as calibration curve per se, and rather it is used to establish the lowest 

optical density that can be said to produce a positive immune response, relative to 

the naive serum. Thus, a “cut-off’ point is established, and for IgG 0.2 is 

appropriate. This means that when the serum for the immunisation studies is 

examined, it will be diluted sequentially, and the highest dilution that produces an 

optical density greater than 0.2 can be said to be the last dilution that contains 

significant levels o f antibody. The starting dilution for the serum was 1 in 200 

(diluted in PBS).

The same procedures were carried out for optimisation o f an IgA ELISA. Faecal 

washings were used (as described in the next Chapter).
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Figure 3.13 The optical density o f increasing serum dilutions (ovalbumin specific 

IgA negative [naive] or ovalbumin specific IgA positive faecal washings) after 

ELISA using various anti-IgA dilution (1 in 1000, 1 in 2000 or 1 in 5000) and 

different antigen concentrations (50 or 100 [mcg/ml]) (n=3 for each line)

The desired curve shape for IgA antibodies is achieved using a 1 in 2000 dilution o f 

anti-IgA antibody, and a lOOmcg/ml dilution o f antigen (red line). The cut-off was 

chosen to be 0.3 (optical density). This was suitable for colonic and small intestinal 

IgA, as well as faecal IgA, and starts with a 1 in 4 dilution o f the mucosal washings. 

However, vaginal IgA was not detectable by this method, and another optimisation 

was carried out using higher concentrations o f anti-IgA antibody, at 1 in 1000 and 1 

in 500 dilutions. This is seen in Figure 3.14.
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Figure 3.14 The optical density o f increasing serum dilutions (ovalbumin specific 

IgA negative [naive] or ovalbumin specific IgA positive vaginal washings) after 

ELISA using various anti-IgA dilution (1 in 500, I in 1000) at an ovalbumin 

concentration o f lOOmcg/ml (n=3 for each line)

A cut-off o f 0.4 (optical density) was chosen and anti-IgA dilution o f 1 in 1000, with 

100mcg/ml blocking agent was used. Vaginal washings were used at a 1 in 2 

dilution.

3.7 Summary and Conclusions

Ovalbumin loaded PLGA nanoparticles were prepared (~500nm), which showed 

retarded protein release, and were used in the immunisation studies described in 

Chapter 4. The volumes to be administered for rectal and colonic delivery were set 

at 20pl (by pipette) and 75pi (by tubing). An ELISA protocol was established for 

determination o f ovalbumin specific antibodies in serum (IgG) and intestinal (IgA) 

and vaginal (IgA) washings.
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4.1 Introduction

The mucosal immune system and vaccination are discussed in the Introduction 

(Chapter 1). Briefly, to obtain antibodies on the mucosal surfaces, vaccines have to 

be delivered to the common mucosal immune system. This compartmentalised 

system, including the gastrointestinal, pulmonary and genitourinary tracts, is 

anatomically and fimctionally divided into inductive and effector sites, with a high 

degree of intertissue communication among the compartments (McGhee et a i, 

2001). Thus, immunisation at one mucosal site has been shown to induce specific 

responses at distant sites. This is a significant advantage of mucosal immunisation, 

which enables dosing by a practical route, e.g. oral, to achieve immunity in a less 

practical site, e.g. the genital tract. The oral route is especially desirable for vaccine 

administration, due to its convenience and following oral administration (generally 

by gavage in research); the vaccine is expected to be taken up largely by the first 

lymphoid tissue encountered, i.e. that present in the small intestine.

The colon contains an abundance of lymphoid tissue, which is thought to be 

analogous to Peyer’s Patches in the small intestine (Langman et a l,  1986; O’Leary 

and Sweeney 1986; Owen et al., 1991). However, it has so far largely been 

neglected as a potential target, due to the difficulty of targeting the colon. There has 

been one publication where vaccine (inactivated polio) was administered to the distal 

colon in patients with a surgical colostomy via the colostomy opening (Ogra and 

Karzon, 1969). In this study, thirteen patients (ages four months to two years) with a 

functioning double-barrel colostomy were given (i) 2ml of live monovalent type 1 

poliovaccine administered through the distal stoma into the distal colonic segment 

(n=10) with a booster at three months or (ii) 6ml of trivalent inactivated vaccine 

administered on four consecutive days (n=2) or (iii) oral polio vaccine (n=l, 

control). Washings were collected from the colon, by irrigation with sodium 

chloride (0. IM). It was found that the IgA antibody response was limited to the 

colon, particularly distal, and no IgA was seen in the nasopharynx. There was a 

serum antibody response. For a polio vaccine, it is desirable for the secretory 

immune response to occur at the nasopharynx, and the authors suggest that direct 

stimulation of the appropriate site is necessary to produce the antibody response at
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this site. Therefore, this shows that there is a lack of communication between the 

nose and the colon, but if there is communication between the colon and some other 

site, e.g. the genital tract, then the colon could be exploited for a non-local response, 

as well as diseases in which an antibody response at the colonic surface is required. 

The similar predominance of IgA2 cells in the rectum and in the female genital tract 

has led to the suggestion that the rectal lymphoid tissues may serve as a source of 

IgA precursor cells destined for the genital tract (Kutteh et a l, 1988, Kutteh, 1999). 

The colon could also serve the same purpose. In addition, the induction of immune 

responses to bacterial antigens is thought to preferentially occur in the colon (Elson 

et al., 2001). Thus, the colon might prove to be a more appropriate site of 

vaccination against enteric bacteria, sexually- and vertically- transmitted diseases 

and colorectal tumours.

The gastrointestinal environment was also discussed in Chapter 1, and it can be seen 

that the colon has a more hospitable environment for antigen delivery than the small 

intestine due to lower levels of proteolytic enzymes, a longer residence time (often in 

excess of 24h versus 3-4h in the small intestine (Metcalf et a l, 1987; Davis et a l, 

1986) which could increase the likelihood of antigen uptake by the immune cells.

The hypothesis of the study was therefore that significantly different immune 

responses would be generated following oral or colonic administration of an antigen, 

due to the different immunological environments encountered by the antigen. Mice 

were used as experimental animals as the presence of abundant lymphoid tissue in 

mouse colon has been established. Ovalbumin was used as the model antigen, 

administered in solution, in the presence of commonly used adjuvants (alum for 

intramuscular administration and cholera toxin B subunit for mucosal 

administration) or encapsulated in the polylactide-co-glycolide (PLGA) particles 

prepared in the previous Chapter. Following antigen administration, the antibody 

levels in the serum, faeces, small and large intestines, and vaginal wash were 

quantified by enzyme-linked immunosorbent assay (ELISA), which was optimised 

in Chapter 3.
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4.2 Aims and Objectives

The aim of this chapter was to assess the ability of the colon to produce an immune 

response in mice, and compare this to other vaccination sites.

The objectives were therefore:

■ To deliver a vaccine to the whole colon, and compare this to delivery to the 

rectum and the small intestine (and with intramuscular delivery)

■ To assess the antibody response in the serum, and on mucosal sites (small 

intestine, colon and vagina)

■ To compare the response of the model particulate vaccine, and soluble 

antigen with adjuvant.
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4.3 Materials

The materials used were described in Chapter 3 Section 3.3.

4.4 Animals

Female BALB/c mouse (six to eight weeks) were used for the immunisation studies 

and were from Harlan Olac Limited (UK).

4.5 M ethods

4.5.1 Immunisation Procedure (Animal Preparation)

The mice were allowed one week to acclimatise, after arrival in the unit. On the day 

preceding the first immunisation, mice were bled from the tail vein (as described in 

Section 4.5.2.2), and faecal material collected (as described in Section 4.5.2.2) as 

antibody negative controls. The mice were then fasted overnight, but allowed access 

to water, ad libitum. The following day, mice in groups of six, received 250pg of 

free (+ CTB or Alum) or encapsulated ovalbumin or blank nanoparticles by one of 

the following routes: oral, rectal, colonic and intramuscular. Oral administration 

(200pl) was performed by gavage, rectal administration (20pi) by placing the tip of a 

lOOpl pipette into the anus, and colonic administration (75 pi) was performed by 

insertion of a flexible tube rectally to a maximum length of 35mm from the anus. 

Intramuscular injection (50pl) was given in the hind leg. Booster doses were given 

on Days 15, 29 and 43. This is summarised in Table 4.1.
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Table 4.1 ; Dosage Summary for Administration of Vaccine to BALB/c mice

Antigen Formulation Route of 
Immunisation

OVA Dose 
(Pg)

Adjuvant Volume
(pl)

Soluble OVA Oral 250 5pg CTB 200
Rectal 250 5pg CTB 20

Colonic 250 5pg CTB 75
IM 250 5pg Aum 50

OVA-Loaded PLGA Oral 250 200
Nanoparticles Rectal 250 - 20

Colonic 250 - 75
IM 250 - 50

Blank PLGA Nanoparticles Oral - - 200
Rectal - - 20

Colonic - - 75
IM - - 50

4.5.2 Collection o f Biological Fluids for ELISA

The semm, and mucosal, antibodies against ovalbumin, produced by the immunised 

BALB/c mice were determined in serum, and from faecal material at fortnightly 

intervals during the study (see Table 4.1). At the end of the experiment, animals 

were killed and the gastrointestinal contents and vaginal mucosal were assessed for 

antibody levels. The collection of the serum and mucosal material is described 

below.

4.5.2.1 Serum

The mice were bled from the tail vein on Days 0, 13, 27, 41 and 59 into capillary 

tubes, and expelled into microcentrifuge tubes. The blood was allowed to clot by 

standing overnight at 2-8°C, and serum was collected after centrifugation (SOOOrpm 

for five minutes) and stored at -20°C.

4.5.2.2 Faecal Material

Fresh faeces (two to four pieces) were collected on Days 0, 13, 27, 41 and 59, 

weighed and added to enzyme inhibitor solution (ImM PMSF
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[phenylmethylsulphonyl fluoride], lOmMEDTA, 0.001% w/v sodium azide, 0.001% 

w/v trypsin inhibitor, and ImM iodoacetic acid w/v in PBS) at a concentration of 4% 

w/v (weight of faecal material/ volume of enzyme inhibitor). This was vortexed, 

centrifuged (lOOOrpm, five minutes), and the supernatant collected for assay, and 

stored at -20®C.

4.5.2.S Vaginal Secretions and Small Intestinal and Colonic Contents

At the end of the experiment, i.e. on Day 60, the animals were killed by a Schedule 1 

method (CO2 asphyxiation). Vaginal secretions were collected by pipetting 50pl of 

the enzyme inhibitor solution into the vagina then withdrawing it a total of three 

times. Subsequently, the whole process was repeated with a further two aliquots of 

fî esh enzyme inhibitor solution. These were pooled, centrifuged (SOOOrpm, five 

minutes) and the supernatant collected and stored at -20®C.

The small and large intestines were removed and placed into clean Petri dishes 

containing 5ml of the enzyme inhibitor solution. The tissue was teased apart using 

clean implements; this tissue, the intestinal contents and the enzyme inhibitor 

solution were placed into centrifuge tubes, vortexed, and centrifiiged (lOOOOrpm for 

ten minutes). The supernatants were collected and stored at -20°C.

4.5.3 ELISA Procedure

Unless otherwise specified, plates were incubated at 37°C for one hour with their 

contents and washed three times with a washing solution (0.05% v/v Tween 20 in 

PBS). Immulon 2B 96-well plates were coated with 50pl of ovalbumin solution (at 

lOOmcg/ml in a 1 in 10 dilution o f coating solution) per well and incubated at 4°C 

overnight, after which the plates were washed. The plates were then blocked using 

SOpl per well of 2% w/v BSA in PBS. Following plate washing, 

serum/faecal/mucosal samples were added to the wells, either top row, or left column 

and then serially diluted down or across the plate, and the plates were incubated, 

after which they were washed. Anti IgG or IgA goat anti-mouse horse-radish 

peroxidase conjugate was added at 1 in 1000 or 1 in 2000 respectively (or 1 in 1000
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IgA for vaginal antibodies) and the plates were incubated. Following washing, the 

substrate solution containing lOmg ABTS and 2.5pL of 30% H2O2 in 15mL of 

citrate buffer was added at 50pl per well, incubated, after which the reaction was 

stopped by the addition of 50pl of 1% w/v SDS solution to each well and the plates 

were read using an Opsys® microplate reader (Dynex Technology, USA) at a 

wavelength of405nm. The end point was taken as the lowest dilution which gave an 

optical density higher than the cut-off determined by optimisation (and higher than 

the readings obtained using naive controls on each plate). For IgG the cut-off optical 

density was 0.2, for faecal, small intestinal and colonic IgA it was 0.3, and for 

vaginal IgA it was 0.4. The mean log of the reciprocal dilution was then plotted for 

each group.

4.5.4 Statistical Analysis

Non-parametric tests were used as the requirements for parametric tests were not 

met. Kruskall-Wallis, followed by post-hoc Nemenyi’s Tests were used to compare 

the immune responses between different groups of animals. SPSS Version 14.0 

(SPSS Inc.) software was used for the Kruskall Wallis test, and Nemenyi’s Tests 

were conducted as described in Jones (2002). Results were considered statistically 

significant where p<0.05.
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4.6 Results

Ovalbumin-specific serum IgG and faecal IgA levels were measured two weeks after 

every antigen administration, while IgA levels in intestinal extracts and vaginal wash 

were measured at the end o f the experiment, i.e. after a total o f four antigen doses 

given at fortnightly intervals. As expected, blank nanoparticles gave rise to 

negligible (i.e. statistically the same as naive serum or naive faecal supernatant 

[p>0.05]) amounts o f antibodies that cross-reacted with ovalbumin coated onto 

microtitre plates (Figures 4.1 and 4.2). The levels here can be compared with later 

results (Figures 4.3-4.5).
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Figures 4.1 IgG antibody levels (expressed as the log o f the serum dilution) after 

administration o f blank (no protein) nanoparticles by various routes
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Day 28  

Day 4 2  

Day 59

Figures 4.2 IgA antibody levels (expressed as the log o f the serum dilution) after 

administration o f blank (no protein) nanoparticles by various routes
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In contrast, ovalbumin adjuvanted with alum (for intramuscular administration) or 

with cholera toxin B subunit (for mucosal administration) or encapsulated in PLGA 

particles generated significant amounts of antibodies as shown in Figures 4.3 and 

4.4. These are discussed in the following sections.

4.6.1 Serum IgG Response

When the serum IgG antibody response is considered (Figure 4.3), it can be seen that 

for both unencapsulated and encapsulated antigen, intramuscular administration 

resulted in high serum IgG levels at an earlier time compared to the other routes.

Colonic administration of both unencapsulated and encapsulated antigen resulted in 

higher antibody levels compared to oral dosing after the first boost (p<0.05). When 

compared to rectal administration, colonic administration of encapsulated antigen 

resulted in higher antibody levels after the first boost (p<0.05). When the soluble 

antigen was administered, the benefits of colonic versus rectal route were less clear- 

cut, rectal giving higher levels than colonic after the first and third boosts.

Encapsulating antigen for colonic administration generated higher antibody levels 

compared to the soluble antigen (p<0.05). However, when other routes of 

administration were considered, encapsulation did not always give rise to higher 

antibody levels. Sometimes, there was no statistical difference, for example, rectal 

Day 28; at other times, the soluble antigen gave higher IgG levels, e.g. rectal Day 59.
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4.6.2 Mucosal IgA Response

Intramuscular administration of both free and encapsulated antigen resulted in 

negligible levels of faecal IgA, and IgA levels in the colonic and vaginal mucosa, but 

significant levels were seen in the small intestine (Figure 4.4-4.5).

Faecal samples were used to give an indication of IgA levels in the gastrointestinal 

tract with time, due to the ease of sample collection, the ability to collect samples 

from the same animal at multiple times and the high level of correlation reported 

between antigen specific IgA in faecal extracts and in intestinal lavage samples 

(Grewal et al., 2000). The faecal IgA levels to soluble (adjuvanted) and 

encapsulated ovalbumin after administration by oral, rectal, colonic and 

intramuscular routes over time are shown in Figure 4.4

The highest faecal IgA levels were seen following colonic delivery of antigen-loaded 

nanoparticles. The levels were significantly higher than intramuscular, oral and 

rectal administration of free and encapsulated antigen (p<0.05). Colonic 

administration of soluble adjuvanted antigen gave rise to higher IgA levels than oral 

and intramuscular administration following booster doses (p<0.05). Higher IgA 

levels were also obtained compared to rectal administration; however this only 

happened after the second and third antigen boosts (p<0.05).

Oral administration resulted in negligible faecal IgA levels, which was comparable 

with pre-immunisation levels at all times (p>0.05), except for Day 28 and Day 42 

levels generated by soluble and encapsulated antigen respectively (p<0.05) when it 

was higher.

Encapsulating antigen into nanoparticles had no clear benefits over the use of 

adjuvanted soluble antigen with respect to faecal IgA levels. Encapsulation 

sometimes gave statistically higher, sometimes lower and sometimes equivalent IgA 

levels.
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The Day 60 mucosal IgA levels in the small and large intestines and in the vagina are 

shown in Figures 4.5. Rectal and colonic administration of antigen (free and 

encapsulated) resulted in significantly higher IgA levels on the colonic and vaginal 

mucosa compared to intramuscular and oral antigen administration (p<0.05). When 

the rectal and colonic routes of administration are compared, statistically similar IgA 

levels in the small intestinal, colonic and vaginal mucosa were seen following 

particulate antigen administration (p>0.05). However, when soluble antigen was 

administered, colonic administration gave statistically higher IgA levels in the 

vagina and the colonic mucosa (p<0.05), but similar responses in the small intestinal 

mucosa (p>0.05).

Oral administration of antigen (free and encapsulated) resulted in negligible levels of 

IgA on the colonic and vaginal mucosa, but significant levels were seen in the small 

intestine. Oral administration of the soluble (but not the particulate) antigen gave 

higher IgA levels in the small intestine compared to the rectal and colonic routes of 

administration (p<0.05).

Encapsulated antigen generally gave rise to higher IgA levels than soluble antigen 

when administered mucosally. The opposite was true for intramuscular 

administration.

The Day 60 IgA levels in the faecal extracts are shown in Figure 4.5b. It can be seen 

that faecal IgA levels roughly mirror the colonic IgA levels (Figure 4.5a), but not the 

small intestinal IgA levels (Figure 4.5c). This implies that faecal IgA levels can be 

used to estimate colonic IgA levels, but it should not be used as an indication of total 

intestinal IgA.

106



Colonie IgA Faecal IgA

ORAL RECTAL COLONIC 

D elivery Route

â é
IM

I Soluble 
Antigen

I Encapsulated 
Antigen

NAIVE

I Soluble 
Antigen

I Encapsulated 
Antigen

mm
ORAL RECTAL COLONIC IM

D elivery Route

NAIVE

Figure 4.5

Small Intestinal IgA

ORAL RECTAL COLONIC 

Delivery Route

IM

I Soluble 
Antigen

I Encapsulated 
Antigen

NAIVE

à 2

iü
ORAL

Vaginal IgA

RECTAL COLONIC 

Delivery Route

IM

I Soluble Antigen

I Encapsulated 
Antigen

NAIVE

Day 60 (a) Colonic IgA (h) Faecal IgA (c) Small Intestinal IgA and (d) Vaginal IgA levels after immunisation with soluble 

adjuvanted antigen or encapsulated antigen delivered by the oral, rectal, colonic or intramuscular routes



Immunisation Studies I 4

4.7 Discussion

4.7.1 Blank Nanoparticles

Blank nanoparticles did not initiate a significant immune response; this was expected 

since PLGA has not been reported to be immunogenic. This meant that any positive 

immune response achieved with ovalbumin loaded nanoparticles was not due to the 

PLGA producing an immune response alone.

4.7.2 Intramuscular Immunisation

As expected, intramuscular antigen administration resulted in high and rapidly rising 

levels of serum IgG and relatively poor mucosal IgA responses (Figures 4.3 and 4.4). 

With particulate antigen, the primary IgG response was higher than that seen with 

soluble antigen (plus adjuvant) and the immune response following the first antigen 

booster dose was almost maximal. In this study, intramuscular vaccination 

represents a positive control, because high antibody responses are expected in the 

serum from this route of administration. The nanoparticles may be sustained in the 

circulation for longer, without degradation, enhancing their ability to act as a 

vaccine. No external adjuvant is therefore needed for these nanoparticles, when 

administered intramuscularly, and indeed the depot effect created by these may be 

adjuvanting the immune response. The positive antibody response in the small 

intestine, after intramuscular vaccination, was surprising, as IM vaccination is not 

expected to give a mucosal response, and no response was seen in other mucosal 

sites. Although uncommon (it is usually reported that systemic routes do not give 

mucosal responses), Moreno-Fierros et al., (1999) also found that the intramuscular 

route induced higher intestinal immune response than the oral route. It was 

considered that some contamination of the sample could be occurring, for example 

the small intestine has a lot of blood vessels associated with it, and mixing of blood 

and intestinal contents could be occurring to a higher degree than seen with the 

colon.
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4.7.3 M ucosal Immunisation -  General

Mucosal antigen administration resulted in low initial serum IgG response and at 

least three antigen doses were required before serum IgG levels similar to those 

elicited by parenteral administration are seen. This correlates with literature reports 

of immune responses to parenteral and mucosal antigen administration (Igartua et 

al., 1998; Lauterslager et al., 2003).

4.7.4 Colonic Immunisation

Colonic administration of soluble or encapsulated antigen resulted in significantly 

higher serum IgG and IgA levels in the colonic and faecal extracts and in the vaginal 

wash compared to oral administration. The latter route did however induce 

significant levels of IgA in the small intestine. This reflects the 

compartmentalisation within the common mucosal immune system and confirms that 

the small intestinal lymphoid tissue is in a separate compartment of the gut- 

associated lymphoid tissue to the colon and vagina. The higher vaginal IgA levels 

obtained with colonic (compared to oral) administration correlates with reports of the 

predominance of IgA2 cells in the colon and in the female genital tract (Kutteh, 

1999) and implies that, like the rectum, the colon serves as a source of IgA plasma 

effector cells for the genital tract. Antigen delivery to the colon is therefore shown 

to be a more appropriate site than oral vaccine administration if  high antibody 

presence in the colon and in the vagina is desired, for example, for diseases of the 

colon, and for sexually- and vertically- transmitted diseases, such as hepatitis B and 

AIDS. The higher serum IgG levels following colonic, compared to oral, antigen 

administration could be due to greater antigen uptake by immune cells as a result of 

less antigen degradation (due to the lower levels o f proteolytic enzymes) and a 

longer residence time. Previous studies have also shown that the response to oral 

vaccination may be poorer than other routes (intraperitoneal, intramuscular and intra- 

rectal) (Moreno-Fierros et a l, 1999). These authors found that the oral antigen 

delivery induced poor or short-lived mucosal antibody response, and do not elicit 

systemic responses.
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4.7.5 Rectal Immunisation

The generation of high levels o f serum and mucosal antibodies following rectal 

antigen administration correlates with previous reports of immunisation by the rectal 

route (Forrest et al., 1990; Kantele et al., 1998; Kato et al., 2000; Nakase et al., 

2002). In general, rectal administration of the antigen gave slightly lower immune 

responses to colonic administration. Following rectal administration of the antigen 

formulation, some of the administered fluid will have migrated into the distal colon. 

Thus, following rectal administration, some of the antigen is taken up by the 

lymphoid tissue in the distal colon, and some by the rectal lymphoid tissue. Rectal 

administration therefore led to rectal-distal colonic immunisation. This would 

explain the similar immune responses obtained after rectal and after colonic 

administrations. The slightly lower response sometimes seen with rectal (compared 

to colonic) administration could be due to greater antigen uptake following colonic 

administration (in the proximal and distal colon) compared to rectal administration 

(in the distal colon and rectum) due to the greater amount of lymphoid tissue in the 

(longer) colon compared to the rectum. Owen et a l{ \9 9 \)  reported on average one 

rectal patch in mice, compared to four in the rest of the colon.

Thus in this study, it was not possible to compare the immune responses generated 

following colonic or solely rectal antigen immunisation, due to the difficulty of 

targeting antigen uptake purely by the rectal lymphoid tissue. Migration of rectally 

administered antigen to the distal colon in mice, thereby leading to colonic-rectal 

immunisation has also been indicated in another report (Hordnes et al., 1995). In 

man, the fate of rectally administered active agents has been found to depend on the 

dosage form and the volume. Suppositories (semi-solids given rectally) remained 

within the rectum (Jay et al., 1985) while enemas (liquids given rectally) spread to 

the colon, the extent of spreading increasing with the volume administered 

(Swarbrick et al., 1974; Hardy et a l, 1986). This implies that the use o f  a small 

suppository in mice or rats may enable better comparisons between rectal and 

colonic antigen administrations.
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4.7.6 Particulate versus Soluble Antigen

Encapsulation of the antigen in PLGA nanoparticles often gave rise to higher 

antibody responses compared to the addition of cholera toxin B subunit to the free 

antigen, though in many instances the opposite was true, and sometimes the levels 

were equivalent (Figures 4.3 to 4.5). This correlates with other reports where 

encapsulation into PLGA particles, and adjuvantation with cholera toxin B subunit, 

have shown similar levels of immune responses (Eyles et al., 1998). Cholera toxin 

subunit B is a strong mucosal adjuvant which, due to safety concerns, is not 

approved for use in humans. Antigen encapsulation and the addition of cholera toxin 

B subunit to free antigens have been shown to enhance the immune responses; 

encapsulation due to the protection conferred to the antigens against degradation and 

due to the predilection of M-cells for particulate uptake (Stomi et a l,  2005) while 

CTB’s binding to the GMl-receptor (abundant on most cell types) is thought to 

enhance mucosal adherence and uptake (Dertzbaugh and Elson, 1991). In this study, 

the benefits of antigen encapsulation in PLGA particles over adjuvantation with 

CTB, in terms o f immune responses, were not obvious. PLGA is, however, more 

acceptable in terms of toxicity, and would allow the transfer to the system into 

humans, or animals for veterinary purposes, to be carried out more safely.

4.8 Summary and Conclusions

As anticipated, antigen administration to the mouse colon was found to generate 

different levels of immune responses compared to oral administration, confirming 

the compartmentalism of the small and large intestinal immune response (Moreno- 

Fierros et a l, 1999). Colonic administration of soluble or encapsulated antigen 

resulted in significantly higher serum IgG and IgA levels in the faecal and colonic 

extracts and in the vaginal wash. Higher IgA levels in the colon and the vagina 

suggests that the colon may be an appropriate vaccination target for diseases of the 

colon, and for sexually- and vertically- transmitted diseases, such as Hepatitis B and 

AIDS. This is especially true when it is considered that many sexually transmitted 

pathogens enter via the mucosa. For example HTV has been shown to be actively 

taken up by M-cells in rectal tissue (Owen, 1998). These data seem to support the
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accepted view that highest mucosal responses are seen in the area of delivery of that 

vaccine, but there is some dissemination of the immune response.

In this study, the model antigen was delivered to the colon via the rectum. Such a 

delivery method would be acceptable in veterinary practice, for example, to treat pig 

dysentery (severe inflammation in the large intestine). In man, however, the rectal 

route is less acceptable than the oral route. It would be necessary therefore to target 

the vaccine to the colon following its oral administration. As mentioned earlier, this 

can be achieved using existing technology in the drug delivery field. For example, 

encapsulating antigen in a polymeric matrix which only degrades in the colon, due to 

the higher pH distally or via the action of bacterial enzymes in the colon would 

enable presentation of the antigen to the colonic lymphoid tissue. Development of 

such a system is discussed in the following chapters.
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5.1 Introduction

Previous chapters have demonstrated that targeting a vaccine to the colon may have 

some benefits, and could potentially produce different immune responses to the 

widely investigated oral (small intestinal) vaccines. However, rectal delivery is not 

ideal, and ways of targeting the vaccine orally were investigated. The methods 

investigated should ideally be:

(i) Suitable for use in man,

(ii) Capable of being tested in rodent models.

Targeting of an oral dosage form to specific areas of the gastrointestinal tract relies 

on finding some features unique to that area. For example, targeting the small 

intestine exploits the rise in pH after the gastric emptying; enteric coating of dosage 

forms prevents dissolution in low (stomach pH) as the pH increases, the coating 

dissolves, and drug release can occur. In the colon there are several features which 

have been investigated to enable colon-specific delivery (these were summarised in 

Chapter 1). The most promising and successful strategies are a pH approach, which 

is considered in Chapter 7, and a microbial approach. The bacterial population in the 

colon rises dramatically from the distal small intestine to the large intestine (Figure 

1.5), and this rise in bacterial numbers and associated metabolic activity can be 

exploited to allow dosage form break down release drug or, in theory, a vaccine. 

There are around 400 bacterial species in the colon (Eckberg et al., 2005) and these 

produce enzymes, including proteases and polysaccharidases. Undigested material 

that reaches the colon, including starch and high amounts of non-starch 

polysaccharides, can be subjected to fermentation by the bacteria, with the 

production of short chain fatty acids (including acetic, propionic and butyric acids); 

synergistically an adult can gain up to 10% of their energy from the products of these 

microbial processes (Roberfi-oid et al., 1995). The proximal colon tends to be the 

primary site of carbohydrate metabolism (Edwards, 1997) and the fermentation rate 

slows distally after this, as the available substrate becomes diminished.
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The presence of polysaccharidases in the large intestine then highlights the potential 

of using polysaccharide based dosage systems to deliver drug or vaccine. A dosage 

form made from or coated with these materials, should undergo enzymatic 

degradation upon being exposed to these high levels of bacterial polysaccharidases 

on reaching the colon. The digestive behaviour of the human colonic microflora has 

been investigated with a high number of polysaccharides, and a number of these are 

shown in Table 5.1. This also introduces us to the first requisite of a bacterially 

triggered colon-specific dosage form; it must undergo degradation by the bacteria o f  

the large intestine. Table 5.1 shows that a large number of polysaccharides are 

fermentable by the human colonic bacteria, although there are conflicting results for 

some. The selection of polysaccharides for colonic delivery is reliant on this type of 

evidence for dosage form digestion and drug release.
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Table 5.1: Fermentation Behaviour of Polysaccharides by Human Colonic Microflora

Polysaccharide Fermentation by Human Colonic Bacteria

Fermented N ot Ferm ented

Alginate Low rate o f  fermentation' Not fermented by the species investigated^

Amylose Fermented by colonic bacterial species^ including B. adolescentis, B breve, B. 

Inf antis, E. aerofaceins, P. productus,diX\à R. Bromii^

Amylopectin Fermented by colonic bacterial species^ including by B. adolescentis, B breve, 

B. Inf antis, E. Aerofaceins, E. Rectale, P. Productus and R. Bromii ^

Arabinogalactan Rapidly^ fermented by B. longum  ̂and Bacteroides''

Arabinoxylan Fermented, but more slowly than starch^

Arabinoxylan (crosslinked) Less fermentation than non-crosslinked arabinoxylans^

Carageenan Rapidly fermented in the colon' Did not support the growth o f  species tested^

Carboxymethy Icellulose * No signs o f  fermentation "

Cellulose* Only marginally fermented in the gut  ̂'" Not fermented in colon (metabolic inert polysaccharide) ' '

Chitin Low rate o f  fermentation -  largely resistant to degradation'

Chitosan Chitosan and chitosan oligosaccharides may be able to support the growth o f  

human colonic bacteria'^however (see #)

#Antimicrobial activities against colonic species incl. 

Bacteroides, Bifidobacteria, Clostridia and Lactobacilli*^

Chondroitin Fermented by several Bacteroides species^ and Bifidobacterium* 

Rapidly fermented in the colon'

Not fermented by any o f  the species tested^

Dextran Completely degraded in the human colonic fermentation model" Not fermented by any o f  the colonic bacterial species 

used^

D-galacturonate Not fermented by any o f  the species^



Polysaccharide Fermented Not Fermented

Gum Arabic Incompletely fermented**

Gum Arabic was degraded by the bacteria in the colon of man'̂

Fermented by B. longum Bifidobacterium ,̂ colonic bacteriâ

Gum Arabic ingestion resulted in increased hydrogen excretion in the breath 

of humans*'*

Gum ghatti Fermented by B. Longum  ̂and Bifidobacterium '* 

Fermented by human colonic bacteriâ

Gum guar Fermented by B. adolescentis, R. Albus ,̂ Bacteroides and Bifidobacterium^ 

Fermented by human colonic bacteria

Gum Karaya Gum karaya did not show increased hydrogen excretion in 

the breath, suggesting it is not broken down*'*

Not fermented by any of the colonic bacteria species 

tested̂

Gum locust bean Fermented by colonic bacteria ’̂** including B. Adolescentis, R. albus ^

Gum Tragacanth Fermented by B. longum 3, Bacteroides and Bifidobacterium'* 

Fermented by colonic bacteriâ ’*

Gum tragacanth did not show increased hydrogen 

excretion in the breath, suggesting it is not broken down*'*

Gum Xanthan Fermented by human colonic bacteria*'* No signs of fermentation*

Hyaluronate Fermented by several Bacteroides species  ̂and Bifidobacterium '* Was not fermented by the species investigated^

Inulin Slowly  ̂but completely fermented* ’̂*̂

Laminaran (Algal) Supported growth of bacterial species tested (hydrolytic colonic bacteria)*̂  

Fermented in the colon^

Laminarin Fermented by P. Productus^



Polysaccharide Fermented Not Fermented

Methylcellulose* No signs of fermentation*

Pectin Most of the pectin was fermented in the gut̂  by human colonic bacteriâ ’̂ ’̂ ’* 

including E. Eligens3, Bacteroides'*

Polygalacturonate Fermented by E. eligens  ̂and Bacteroides and Bifidobacterium '* Not fermented by the species investigated^

Psyllium Hydrocolloid Fermented by Bacteroides'*

Starch Fermented

Ulvan (algal) Fermented"

Xylan Most of the xylan (60-90%) was fermented in the gut̂  by human colonic 

bacteria ’̂̂  ( incl. B. adolescentis, B. Infantis, P. Productus  ̂and Bacteroides 

and Bifidobacterium'*)

Xylan (algal) Did not support the growth of the bacterial species tested’̂

Xyloglucan Human intestinal bacterial are capable of digesting xyloglucan**

Xylo-oligosaccharides Bifidobacterium grew successfully on this*̂

* Gibson et al. (1990)
 ̂Crociani et al. (1994)* 

^Salyers et al. (1977) 
^Salyers (1978) 
^Hopkins et al. (2003)

^Macfarlane et al. (1998)
^Rochet and Bemalier (1997) 
*Tomlin et al. (1989)
^Fleming et al. (1983)
*°Cummings & Macfarlane (1997)

‘̂Simonsen et al. (1995) 
'^Vemazza et al. (2005) 
"Ross era/. (1983) 
*'*Eastwood et al. (1986) 
"Nyman (2002)

‘̂ Cherbut (2002)
"Rochet and Bemalier (1997) 
"Hartemink et al. (1996) 
"Palfiraman et al. (2003)

*See Table 6.2 and 6.3 
** Investigated 290 strains of 29 
species of bifidobacteria
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The second requisite of a polysaccharide based colon-specific drug or vaccine 

delivery system is that the material resists degradation or dissolution in the upper 

gastrointestinal tract. This includes dissolution in the aqueous conditions, or in the 

acid of the stomach, and eschewing digestion by the pancreatic enzymes. The 

dissolution or swelling of polysaccharides is often a problem, and can be countered 

by the addition of another polymer, or by chemical modification of the material. The 

polysaccharides being investigated for colonic delivery must show resistance to 

pancreatic enzymes, and arabinoxylan (Hopkins, 2003), dextran (Simonsen et a l, 

1995), guar gum, pectin, xylan (Salyers, 1977) and inulin (Cherbut, 2002) all 

demonstrate this characteristic. A proportion of amylose, known as resistant 

amylose has also been shown to resist pancreatic degradation.

Examples of the polysaccharides which have been investigated for colonic drug 

delivery include pectin (Wakerly et al., 1996; Semdé et al., 1998, 2000), guar gum 

(Wong et a l, 1997), starch (as amylose) (Milojevic et a l, 1996; Cummings et a l, 

1996; Siew et a l,  2000a,b, 2004; Wilson and Basit, 2005; McConnell et a l,  2007), 

chitosan (Tozaki et a l, 1997,1999a,b; Chourasia and Jain, 2004) and inulin 

(Vervoort et a l, 1997; Akhgari et a l,  2006). There are two polysaccharides which 

are of particular interest: amylose and chitosan. Of all the polysaccharides, amylose 

has made the most progression as a colon-specific dosage form, and has been used to 

coat tablets and pellets; in combination with a water-insoluble polymer it shows 

highly specific colon delivery and is in Phase III Clinical Trials. As will be 

described later in this section, the amylose-polymer system is a pore-forming 

system; upon reaching the colon the bacteria degrade the amylose in the coat 

allowing drug to diffuse out through these pores. However, since the vaccine 

payload (the nanoparticle system described in Chapter 4) cannot diffuse as easily as 

a drug, the entire dosage form must be disintegrated. The extent of disintegration 

should be mainly affected by the contact of the polysaccharide with the bacteria, and 

increasing the surface area of a dosage form should facilitate this, and therefore 

preparing polysaccharide based microparticles is highly desirable. The increased 

surface can maximise the potential contact with fluid in the gastrointestinal tract, and 

this is especially beneficial when the very low fluid levels in the mouse or rat are
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considered. The microparticles should, however, be large enough to encapsulate the 

nanoparticle vaccine. Amylose has not been used to prepare microparticles 

previously, and so this approach will be investigated here.

5.1.1 Properties of Starch and Amylose

Amylose is the main polysaccharide of starch, which is a plant storage 

polysaccharide widely used in the pharmaceutical industry (as glident, diluents, 

disintegrant or binder). Starch is comprised of two polysaccharides, amylose and 

amylopectin (Figure 5.1), both based on a-glucose, the proportions of which vary 

with species, and small amounts of lipids and protein. Amylose is a generally 

unbranched chain of D-glucose, where the glucose monomers are joined by mainly 

a-l,4-glycosidic links (less than 0.1% of the links are of the a-l,6-glycosidic 

linkages [Ball et a l, 1996]). In contrast, amylopectin is a highly branched polymer, 

with both a -1,4 and a-l,6-glycodisidic links.

,OH,OH

A OHOH B

CHjOH

Figure 5.1 Structures o f Amylose (A) and Amylopectin (B)

The proportion of amylose present in a starch granule varies from species to species, 

and some can be bred to contain high or low amounts of amylose, and the size and 

shape of the starch granule can also vary (Table 5.2)

120



Microbially-Triggered Colonie Delivery; Starch

Table 5.2: Starch Granule Sizes and Amylose Proportions in Varieties of Starch

Type of Starch Size (pm) Proportion of Amylose

Maize Starch 2.0-32' 27%'

70% (Hylon VII)

Potato Starch 10.0-100' 22%'

Rice starch 2.0- 20'

Tapioca starch 5.0-35' 17%'

Wheat starch 2.0- 45'

Amaranthus paniculatus (amaranth) 0.75-1.25^ 2.5%^

Colocasia esculenta (colascia) 1.0-2.2^ 17.5%^

Chenopodium quinoa (qninoa) 0.6-1.5^ 22.5%^

Oryza sativa (rice) 3.0- 10̂
2.0- 20'

39%^

Barley starch B type 2.0- 5.0"

*Rowe et al. (2005)
^Tari et al. (2003)

^Tester and Karkalas (2003)

Starch can exist in a crystalline (A and B chain polymorphs) or an amorphous form. 

In the former, the polysaccharide chains are structurally based on left handed double 

helices (Imberty and Perez, 1988; Imberty et al., 1998), with the A type occurring in 

cereal starches and the B type occurring in tubers (Krogars et a l, 2003a). The A 

type melts at a higher temperature than the B type (Whittam et a l, 1990) although 

the melting point of both depends on the water content of the hydroscopic starch, and 

the degree of polymerisation. A reduction in water content and an increase in 

polymerisation increase the melting point (which varies from 60 to 120°C [Moates et 

al., 1997]). In addition to the A and B polymorphs, a Type V can exist as a single 

helix, in which a co-crystallised compound occupies the centre channel (Krogars et 

al., 2003a). The co-crystallised compound can be, for example, alcohols, such as 

butanol or propanol, or iodine (Le Bail et al, 1995).

Native starch exists as starch granules, and starch crystals are clustered within the 

granule, deposited in tightly packed layers. The chains of amylose and amylopectin
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are linked by hydrogen bonds which prevent the granule disrupting in water. 

However, when the starch granule is heated in water, some of the hydrogen bonds 

can be broken, allowing water ingress, causing changes to occur within the starch 

structure. Under some conditions, for example, an increased pressure, a starch 

“solution” can be formed. The ingress of water causes the starch granules to swell, 

reversible up to a particular temperature, above which the swelling and loss of 

granular order become irreversible and gelatinization occurs. Gélatinisation has 

been defined by Hermansson and Svegmark (1996) as the “phase transition of the 

starch granules from an ordered state to a disordered state, which takes place during 

heating in excess of water”. The process involves the melting of crystals, an increase 

in viscosity and solubilisation (Krogars 2003b). After the process of gélatinisation, 

at temperatures of 100-160°C, there is total disruption of the starch granules (Atwell 

et a l,  1988). The process is known as pasting, and a viscous colloidal mass (paste) 

is the result. Although starch prepared in this way is often referred to as a starch 

solution, it is not a true solution, as it contains not only dissolved amylose, but also 

swollen granule remnants, and other intermediate species, such as amylopectin and 

lipids. Upon cooling, if the starch solution is concentrated, or has a long chain 

length, a gel will form whereas a dilute solution, or shorter chain length, is much 

more likely to form a precipitate (Ellis and Ring, 1985; Gidley and Bulpin, 1989).

The process of gélatinisation is an important stage in the extraction of amylose from 

starch, which occurs by an aqueous leaching process (Leong et a l, 2002). A slurry 

of starch is heated above its gélatinisation temperature and as the starch granules 

swell, amylose is preferentially solubilised. The starch system formed consists of 

two distinct phases, the dispersed phase of swollen granules and a continuous phase 

of leached amylose (Hermansson and Svegmark, 1996). By centrifugation and 

filtration, the amylose (leached and solubilised) can be separated from the insoluble 

granular fractions.

The leached and solubilised amylose can stay in solution at temperatures over 60- 

70°C. A hot amylose solution can be stabilised by the addition of butan-l-ol on 

cooling. The amylose complexes with the alcohol, forming a dispersion. This
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complex is relatively stable, and the amylose assumes a helical conformation 

(Milojevic et a l, 1996a,b). On heating, the complex melts and the butanol is lost, 

the amylose becomes re-solubilised and capable of film formation. After the loss of 

butanol, the amylose is left as a random flexible coil, the structure of which, on rapid 

and complete drying, is frozen in, resulting in a glassy amylose. However, if the 

amylose butanol complex is heated so that the butanol is lost, and allowed to cool 

slowly again, the amylose molecules re-associate to form a gel or precipitate, 

depending on concentration, and once formed, temperatures greater than 120°C are 

needed to re-dissolve the amylose.

5.1.2 Using Amylose for Colonic Delivery

The basis for the use of amylose, or any suitable polysaccharide, for colonic specific 

delivery, is that is it able to resist digestion in the small intestine, and be degraded by 

the enzymes of the colonic bacteria. Clearly amylose, a major food source, 

undergoes digestion by amylase in the saliva and pancreatic juice. However, a 

proportion of amylose (or starch), termed resistant amylose (or starch) can avoid this 

digestion, and this is amylose is the amorphous form. Therefore, when amylose is 

present at temperatures below the glass transition temperature (Tg), it should be 

resistant to pancreatic enzymatic attack. The effect is also seen up to 20°C above the 

Tg (Ring et a l, 1991).

Leong et a l (2002) describe the formation of a glassy material as being visualised as 

a solution forming a super-cooled liquid, with a simultaneous increase in viscosity. 

As the temperature of the solution passes through the Tg, the liquid-like structure is 

‘frozen in’. During a film formation or coating process for dosage form production, 

rapid evaporation of water occurs, and consequently, only glassy amylose is likely to 

be formed, thus conferring the desired resistive properties onto the coating.

There are two theories, proposed by Leong et a l, (2002), to explain the ability of 

glassy amylose to resist pancreatic digestion. As amylose goes into solution, the 

polymeric chains are allowed to intermingle and mix. This association of the
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amylose chains, when cooled, results in entanglement, and the ability of the enzymes 

to diffuse into the substrate core is reduced. Alternatively, when the water is 

evaporated the irregular structure is frozen in due to intra- and inter-molecular 

hydrogen bonding and the ability of the enzyme to fit into an active site is restricted. 

Enzymes in the colon are able to overcome this sufficiently, simply because they are 

much more efficient (Macfarlane and Englyst, 1986).

A water insoluble polymer, such as ethylcellulose, proved a necessary addition to 

control the stability of amylose coating systems in the GI tract, since one of the 

major formulation difficulties of starch is its tendency to swell in aqueous media. 

The addition of a water insoluble polymer can retard this swelling. Ethylcellulose is 

not biodegradable, but it is widely used in pharmaceutics, has a good safety and 

stability profile, and is an approved pharmaceutical excipient. Permeability of 

amylose films to hydrogen ions is high, due to its tendency to swell in aqueous 

media. But incorporation of ethylcellulose resulted in most films being impermeable 

to hydrogen ions for up to 12 hours (Siew et a l, 2000a).

Ethylcellulose is an ethyl-substituted cellulose ether in which glucose units are 

joined by p-l,4-glycosidic links. It is water insoluble, but soluble in organic solvents 

including ethanol, dichloromethane, acetone and ethyl acetate. It is also available as 

aqueous coating dispersions (Surelease*™), composed of discrete ethylcellulose 

spheres (-1pm diameter), which are made up of hundreds of ethylcellulose chains 

(Leong et a l, 2002). Film formation from this dispersion begins with the removal of 

water and the application of energy by heat, causing a strong capillary force resulting 

in points of contact forming between the spheres. As the capillary force develops, 

the particles compress, and begin to fuse; pressure caused by the air-polymer surface 

tension can cause the polymers to fuse further after all the water is removed.

When amylose is mixed with ethylcellulose, as the Surelease™ dispersion, and spray 

coated onto pellets or tablets, in vitro investigations have shown excellent control of 

drug release in simulated gastric and small intestinal conditions. In vitro simulations 

of upper gastrointestinal conditions are generally done using pH change dissolution
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tests. A dosage form is placed into a volume of fluid (usually 900-1000 ml) at 37°C 

and subjected to some sort of agitation e.g. paddle stirring. To simulate the pH of 

the stomach 0.1 N HCl is generally used (pH 1.2), and for the intestine pH 6.8-7.4 

phosphate buffers are used. The cumulative release of the drug into the dissolution 

media is measured. The ratio of polysaccharide to water insoluble polymer, and the 

coating thickness, can be optimised for a particular drug, and the system has been 

investigated in simulated upper intestinal conditions for a variety of drugs; glucose 

(Milojevic et al., 1996b), 5-aminosalicylic acid (5-AS A) (Milojevic et al., 1996a), 

propranolol (McConnell et al., 2007), 4-aminosalicylic acid (Tuleu et al., 2004) and 

prednisolone sodium metasulphobenzoate (Thompson etal., 2001).

Having established one requirement of a successful colon-specific dosage form, that 

is, retardation o f release in the upper small intestine (simulated), the drug release in 

colonic conditions was established. The human colon is generally simulated using 

human faecal material, diluted in a buffer of appropriate pH, maintained under 

anaerobic conditions. Inoculums of human faecal material (10% w/v in pH 7.2 

buffer media under an atmosphere of nitrogen) were used as dissolution media (Siew 

et al., 2004) and drug release from amylose-ethyIcellulose coated systems was 

assessed using HPLC methods; rapid release of drug into simulated colonic 

conditions was shown using 5-ASA, glucose, and propranolol (Milojevic et al., 

1996a, 1996b; Wilson and Basit, 2005; McConnell et al., 2007). The drug release 

occurs by the amylose in the film being available for digestion by the colonic 

bacteria, and degradation of these amylose rich areas in the film leaves pores in the 

ethylcellulose film, through which drug can diffuse.

Non-invasive in vivo studies in humans, using [^^C] glucose pellets utilised the fact 

that upon release in the colon [^^C] glucose is fermented by the gut microflora to 

carbon dioxide and short chain fatty acids, which are absorbed and metabolised, and 

can be detected as ^^COi in the breath. Ingestion of [^^C] glucose pellets coated with 

amylose; ethylcellulose, followed by breath measurements and gamma scintigraphy, 

showed that ^^CO: excretion in the breath did not occur until the pellets reached the 

caecum (Cummings et al., 1996). This demonstration of successful in vivo release
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was further confirmed by studies in which dosage forms coated with amylose: 

ethylcellulose (containing 4-ASA, ranitidine or prednisolone sodium 

metasulphobenzoate) were found, by blood testing and gamma scintigraphy, to 

release drug into the blood corresponding with the entry of the dosage form in the 

colon (Tuleu et al., 2004; Bloor et al., 1999; Basit et al., 2004). This technology is 

now subject to a number of patents, and is known as COLAL™. Prednisolone 

metasulphobenzoate has been incorporated into the COLAL™ system (COLAL- 

PRED™) and this has been assessed in Phase II Clinical trials for the treatment of 

ulcerative colitis. In a randomised, double blind, parallel study, a dose dependent 

improvement in disease activity and disease severity of mild to moderate ulcerative 

colitis was shown with COLAL-PRED™. Clinical remission was achieved with a 

60mg dose and beneficially, systemic exposure to prednisolone was found to be low, 

with an associated low incidence of side effects, and no depression of adrenal 

function (Thompson et al. 2001). The COLAL-PRED™ system is now in Phase III 

Clinical Trials.

The amylose/ethylcellulose drug delivery systems described are prepared by spray 

coating using a fluidised bed coater at a relatively high temperature -  the amylose 

solution has to be regenerated from the butanol complex at 70°C, and as an aqueous 

based system, high temperatures are required for the evaporation of water. For labile 

drugs/vaccines, lower temperatures are more desirable and Leong et a l, (2002) 

aimed to find out the minimum film forming temperature (MFT) for films of 

amylose and ethylcellulose. Using standard MFT equipment, the average MFT of 

amylose: ethylcellulose (as Surelease) films was found to be <12.1°C (with 4% 

dibutyl sebacate as plasticizer). The ability of the film to be digested under colonic 

conditions was evaluated using faecal fermenters and there was significant weight 

loss with faecal material, relative to control, which corresponded to loss of amylose. 

The films were not incubated with pancreatic enzymes, so corresponding digestion 

due to non-faecal enzymatic degradation could not be compared.

Although the MFT of amylose and ethylcellulose may be quite low, the temperatures 

required for spray drying, need to be high enough to evaporate the solvent otherwise,
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the resulting particles will be sticky, and poorly formed. One way to decrease the 

processing temperatures required may be the use or organic solvents, instead of 

aqueous based systems. For example, when spray drying, using certain organic 

solvents can allow a lower temperature to be employed.

Siew et al., (2000a) investigated the formation of free films, prepared from the water 

miscible solvent ethyl lactate. A 3% solution of ethylcellulose was prepared, and 

dibutyl sebacate (at 35% w/w of ethylcellulose) was added. Various quantities of the 

amylose dispersion were added with mixing. Placing in Teflon moulds for three 

hours at 40°C resulted in the successfiil formation of free film which showed a 

correlation between the digestion in faecal batch fermenters and the amylose 

proportion. The conclusion drawn is that amylose-ethylcellulose films can 

successfully be cast from an organic-based solvent system at the relatively low 

temperature of 40*̂ 0. However, when these methodologies were applied to dosage 

forms, their performance as colonic delivery systems were less successful, with only 

very high proportions of amylose and very thick coatings showing any in vitro colon 

specific release (Siew et al., 2000b).

As aforementioned, amylose has not been investigated for microsphere preparation, 

and its potential was assessed in this investigation. Amylose microparticles would 

then be used to further encapsulate a PLGA nanoparticle vaccine and this concept is 

represented schematically below (Figure 5.2)
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PLGA Nanoparticlcs Enzym esdigest Microparticle b e co m e
encapsu lated  in am ylose degraded and PLGA
am ylose  particle microparticle nanopartic lesare  released

PLGA Vaccine Nancpartic lc  

Amylose Microparticle Matrix 

Polysaccharidase Activity

Figure 5.2 Schematic representation o f proposed amylose microparticle system

for delivery o f PLGA nanoparticles

As mentioned previously, the formation of an amylose coating on tablets or pellets 

required the application of heat. Therefore, solvent evaporation methods which are 

carried out at room temperature are deemed unsuitable, and spray drying was 

investigated as an alternative and is discussed presently.

5.1.3 Spray Drying

Spray drying is a process by which a solution, emulsion or suspension is passed 

through an atomising nozzle under pressure, and broken into tiny droplets, or 

“atomised”. As the fluid is forced through the atomising nozzle, it comes into 

contact with an air or nitrogen stream, usually at a higher temperature, (depending on 

the solvent). The application of heat causes the solvent/ diluent to evaporate, and 

allows the substance to dry, and be collected. The air containing the solvent 

(aqueous or organic) is removed. In this way, the solution, emulsion or suspension
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can be dried to a powder, or particle which is collected in a cyclone (collecting 

chamber). Generally, the heat energy provided to the system is used for the process 

of evaporation, rather than raising the temperature of the product, and the likelihood 

of heat damage to the produce is minimised. This means that it may be suitable 

when heat labile proteins or drugs are used.

The product characteristics can often be changed by manipulating the parameters of 

the process; increasing the atomisation pressure or rate can produce smaller particles, 

changing the drying temperature or gas flow can change the rate of evaporation and 

hence the particle morphology.

From an economic point of view, with regards to manufacturing, most facilities will 

already utilise spray drying technology, and therefore only adaptation of the process 

is necessary, and not the implementation of whole new systems. In general, most 

solutions, emulsions and suspensions can be spray dried and the endpoint of the 

process is a powder, the properties of which will depend on the original formulation, 

and the spray drying parameters, such as temperature, feed rate, and air flow.

5.2 Aims and Objectives

The aim of this chapter was to investigate the potential of amylose, or other starch 

products, to form microparticles.

The objectives were therefore:

■ To spray dry starches of different amylose content (amylose-butanol complex 

[100% amylose], Hylon VII (70% amylose), and rice starch (40% amylose).

■ To establish their gélatinisation behaviour upon heating, and assess how this 

affects the microparticle morphology
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5.3 Materials

Rice starch and Polybead® polystyrene microspheres (2 pm) were obtained from 

Sigma Aldrich (UK) Limited. Amylose-Butanol Complex (6.7%) was supplied by 

British Sugar Limited. This was diluted to 5% before use. Hylon VII (high amylose 

com starch) was a gift from National Starch (UK). A Niro SDMicro™ spray dryer 

was used (GEA Processing Engineering Limited), which uses a closed cycle system 

with nitrogen as the drying gas.

5.4 Methods

5.4.1 Spray Drying of Starches

Amylose-butanol complex was used diluted to a concentration of 5% w/v using 

deionised water, and was subjected to continuous stirring while spray drying was 

being carried out. A suspension of amylose was spray dried from ambient at the 

following parameters;

-Inlet temperature 95°C

-Outlet temperature 55°C

-Gas flow rate 30. Ikg/hr

-Atomisation rate l.Okg/hr

The amylose-butanol complex was then mixed with polystyrene microbeads (2.5 ml 

of 2.56% solids mixed with 40 ml of the amylose dispersion) and spray dried from 

ambient, at the above parameters. This was then repeated with the amylose butanol 

complex being heated, and then the polystyrene beads added, and spray dried at the 

following parameters:

-Inlet temperature 140°C

-Outlet temperature 60°C

-Gas flow rate 30.1 kg/hr
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-Atomisation rate l.Okg/hr

Suspensions of rice starch (5% w/v) and Hylon VII (5% w/v) were prepared using 

deionised water, and spray dried under continuous mixing at;

-Inlet temperature 95°C

-Outlet temperature 55°C

-Gas flow rate 30.1 kg/hr

-Atomisation rate l.Okg/hr

5.4.2 Hot-Stage Light Microscopy

In order to see the effect of heating on dispersions of amylose, rice starch and Hylon 

VII, samples were placed onto microscope slides with cover slips. These were 

placed onto a hot-stage (temperature controlled microscope stage) and examined 

using a Nikon Microphot FXA microscope.

5.4.3 Scanning Electron Microscopy

This was carried out as described in Section 3.5.2.
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5.5 Results and Discussion

The spray drying of three different types of starch was examined. First, was the 

amylose (as amylose-butanol complex), which is pure a pure amylose dispersion. 

Secondly, was Hylon VII, which is high amylose com starch containing 70% 

amylose, and finally was rice starch which contains about 40% amylose (see Table 

5.2). Their behavior at different temperatures was investigated, using light 

microscopy, to try to understand the structures produced by spray drying.

5.5.1 Amylose (as Butanol Complex)

Before the spray dried product was examined, the heating and cooling behavior of 

the amylose dispersion was examined. The amylose butanol complex is a dispersion 

of amylose, stabilized by butanol that when heated changes from an opaque 

dispersion to a clear solution; the transition occurs at approximately 60-70®C. Upon 

cooling, the transparent solution turns opaque again, and reheating will not return it 

to the clear solution. Figures 5.3a and 5.4 show scanning electron micrographs of 

the amylose-butanol complex before and after heating and in this latter, the amylose 

has reformed into granular structures, around 2-20 microns in diameter (visual 

estimate). Since the amylose-butanol complex had to be dried (under vacuum) for 

the SEM, a light micrograph image gives a better appreciation of the form of the 

complex before fiirther treatment (Figure 5.3b), and the amylose is associated into 

fibers or granules.
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Figure 5.3 (a) Scanning electron micrograph and (b) light micrograph (xlO) o f

amylose-butanol complex

Figure 5.4 Scanning electron micrograph o f amylose-butanol complex heated

and cooled

After spray drying, the amylose-butanol complex produces a white, fluffy powder. 

The average yield was 51.3%. Figure 5.5 shows some examples o f this spray dried 

product.
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¥  _

Figure 5.5 Scanning electron micrograph o f spray dried amylose-butanol

complex

The SEMs of the heated and cooled amylose (Figure 5.4) and the spray dried 

amylose (Figure 5.5), show obvious morphological differences. Figure 5.4 shows 

the apparent re-association of the amylose granules after heating and cooling to room 

temperature over the course of one hour; visually this occurred as a change in the 

amylose from a clear solution to a white viscous mass. The re-association of the 

amylose granule under these conditions can be explained with the structure and 

behavior of the amylose-butanol complex is considered. Amylose chains tend to 

form a helix, which forms in such a way that the hydrophobic parts are inside the 

coil and alcohols can take up residence in this part of the helix, essentially becoming 

part of the structure. The helices associate with one another to produce filaments, 

and then a granular structure. When the amylose is heated, the alcohol (in this case 

butanol) is lost gradually, the amylose melts and the helical structure is lost. Upon 

cooling the amylose molecules will re-associate into their helical form, without
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butanol, and reform into a granule. The granule structure is what gives the viscosity 

and opacity to the cooled solution. Upon reheating, the granule structure cannot to 

be easily disrupted, and the dissociation does not occur to the same degree, thus the 

transparent amylose solution is not produced. Spray drying, however, produces a 

different end result (Figure 5.5), with a collapsed, “crenated” morphology, caused by 

the more rapid removal of water. Again, butanol and water are lost, but the key 

difference is thought to be the speed of their removal. It is thought that one of two 

things has happened to the amylose in the spray dryer.

1. Although we assume the amylose is present in the dispersion as a filament, or 

polymeric chain dispersion, it may be the amylose filaments associate to form 

granules, which is a stable structure for starch. Rapid water and butanol loss may 

have occurred too quickly when spray drying was carried out, not allowing the 

granule to dissociate, and the dispersion cannot “melt” or solubilise. The observed 

structures may be a result of the granule structure collapsing, due to water removal. 

This explanation relies on the idea that the amylose is passing through the spray 

drying nozzle in dispersion form, rather than in solution.

2. The amylose is, in fact, solubilised by the application of heat in the spray 

dryer. The droplets formed are then amylose solution, and upon drying, water loss 

occurs, and a collapsed microparticle structure results.

It is this latter option which is preferable for the formation of microparticles. When 

the amylose is dissociated and reforms, another material could be encapsulated 

within this, not so with the former explanation. To attempt to establish whether the 

microparticles/ granules here were capable of encapsulating another particulate 

material (ideally the nanoparticle vaccine), they were spray dried with polystyrene 

microparticles. The rationale behind this investigation was that, if the amylose 

filaments/ granules dissociate and reform into amylose microparticles, the 

polystyrene microparticles could be encapsulated into them. If, however, the 

granule structure was remaining intact, the polystyrene microbeads (microparticles) 

would be entirely separate from the amylose. Figure 5.6 shows the results of this
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spray drying exercise. Visually, the resulting powder looked similar to that 

produced previously and an average yield of 46.8% was achieved. Spherical 

particles of 2 micron diameter are seen among the amylose particles, and these are 

highlighted. These do not show the collapsed structure, and were each checked for 

their diameter, and it is therefore thought that these are the polystyrene 

microparticles, which have not been encapsulated, thus suggesting that a true 

amylose solution is not formed. A scanning electron micrograph of the polystyrene 

beads along is shown in Figure 5.7, for comparison purposes.
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Figure 5.6 Scanning electron micrographs o f amylose-butanol complex, spray

dried with polystyrene microbeads o f two micron diameter
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Figure 5.7 Scanning electron micrograph o f polystyrene microbeads

Although these results further suggest that amylose does not go into solution when 

passing through the spray dryer, they are not conclusive. To try to establish this 

further, amylose-butanol complex was heated (95*̂ 0) before spray drying, so it was 

passing through the nozzle at an elevated temperature, and was spray dried at a 

higher temperature, to try to ensure that the amylose was in solution. The 

polystyrene microbeads were included again.

A much lower yield was produced this way (average of 9.61%), although 

macroscopically it was similar in appearance to that produced from spray drying 

from room temperature. The microscopic images are shown Figure 5.8 (a-c)
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Figure 5.8a-c Scanning electron micrographs o f amylose-butanol complex spray 

dried from a heated dispersion/ solution at 140^C outlet temperature
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Different structures are observed here than previously seen; although there are still 

some collapsed structures, there are also smooth particles. This suggests that spray 

drying from a cold dispersion does not allow the amylose solution to form, and only 

the individual granules are spray dried. Here, it seems more likely that an amylose 

solution is forming microparticles. The fact that some particles are larger (around 

100 microns) than the amylose granules (around 10 microns), seems to confirm this. 

However, the fact that such high temperature are required, negate the usefiilness of 

the amylose-butanol complex for investigating vaccines. To try to understand better 

the behaviour of amylose at different temperatures, the dispersion was examined 

using hot stage microscopy (Table 5.3)
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Table 5.3: Hot Stage Microscopy Images of Amylose-Butanol Complex

Dispersion (xlO magnification) Pink areas indicate the temperature is being 

increased, and blue areas indicate cooling.

Light Microscopy Image of Amylose Butanol Complex
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Table 5.3 Continued

1
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Table 5.3 Continued

The hot stage light microscopy gives some idea as to the behaviour of amylose on 

heating and cooling. Macroscopically, at room temperature, the dispersion is 

opaque, and microscopically at 25°C lots of amylose filaments and/ or granules can 

be seen. Above 65-70°C the dispersion starts to go clear, but at this temperature the 

amylose filaments/ granules are still very much visible microscopically. It is only at 

around 80-90°C that these particles start to “dissolve” or “melt”. Even at 95°C, some 

structures can still be seen. This suggests that, unlike what has been assumed in the 

literature, that amylose goes into solution above 60-70°C, it is not a true solution. 

Very high temperatures (around 95°C, and spray dried at MÔ 'C) were necessary to 

prepare microparticles, and it seems unlikely that this pseudo-solution will be able to 

form amylose microparticles at an appropriate temperature, and is not useful for this 

investigation.

The behaviour of spray dried amylose was compared with other starch material, with 

lower amylose content, to try and further understand the behaviour of starch when 

spray dried. Hylon VII and rice starch were examined, with 70% and 40% amylose 

respectively
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5.5.2 Hylon VH

When Hylon VII was spray dried a fluffy white powder was produced (yield 62%). 

Figure 5.9 shows a scanning electron micrograph of Hylon VII before spray drying. 

After spray drying, different structures to those produced by amylose were produced; 

these were not the same collapsed structures, and they showed a degree of 

aggregation (Figure 5.10).

Figure 5.9 Scanning electron micrograph o f Hylon VII
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Figure 5.10 Scanning electron micrographs o f spray dried Hylon VII maize starch

The variation in starch granule size means that the agglomerates are quite uneven; 

this was seen previously when starch and microcrystalline cellulose were spray dried 

together and the differences in particle size led to variation in agglomerate size 

(Limwong et a l, 2002).

The behaviour of Hylon VII with heating was investigated using light microscopy 

(Table 5.4). The individual starch granules can be seen clearly here.
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Table 5.4; Hot Stage Microscopy Images of Hylon VII Starch in Water (xlO 

magnification) Pink areas indicate the temperature is being increased, and blue areas 

indicate cooling.

Light Microscopy Image of Hylon VII xlO
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Temp

CC)

Table 5.4 Continued

70
■Ê

mm- «
40

In the case of Hylon VII, there is some obvious swelling of some individual 

granules, but it does not occur with the majority. This fits with the observation of 

some aggregated structures after spray drying. Generally it is considered that 

temperatures over 120°C and a high pressure can cause gélatinisation. As the water 

is lost from the system, those granules having undergone swelling revert to their 

original appearance. The small amount of gélatinisation/ swelling demonstrated here 

could be responsible for the aggregation behaviour of the spray dried material. The 

swelling allowed intermingling of some polymeric chains around the surface of the 

granules. Upon rapid removal of water, the intermingled chains remain mixed, and 

solid bridges between the particles remained
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5.5.3 Rice Starch

Figure 5.11 shows an SEM of rice starch, without processing. Spray drying rice 

starch produced a fluffy white powder (yield = 51.9%), which visually did not look 

dissimilar to the original material. Under SEM examination, roughly spherical 

agglomerations of rice starch granules were apparent (Figure 5.12).

Figure 5.11 Scanning electron micrograph o f rice starch

r

*

Figure 5.12 Scanning electron micrographs o f spray dried rice starch
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Again, the mechanism of formation of these agglomerates is thought to be based on 

the swelling of the granules, allowing intermingling of some polymeric chains 

around the surface of the granules. Upon rapid removal of water, the intermingled 

chains remain mixed, and solid bridges between the particles will remain. Since 

these rice starch granules are of a smaller and more regular size and shape than the 

Hylon VII, more spherical aggregates were achieved. The smaller sizes also allow 

more points of contact within the agglomerate. These are similar structures to those 

produced by Tari et al., (2005) who showed that using even smaller starches 

produced more spherical, better formed aggregates. The light microscopy images 

shown in Table 5.5 show the behavior of rice starch as the temperature is increased. 

They also show that rice starch undergoes a higher degree of swelling and 

gelatinization than Hylon VII, which goes some way to explaining their increased 

aggregation behaviour, over the latter.
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Table 5.5: Hot Stage Microscopy Images of Rice Starch (xlO magnification) Pink 

areas indicate the temperature is being increased, and blue areas indicate cooling.

Temp
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Light Microscopy Image of Rice Starch in Water
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Table 5.5 Cont.

5.6 Conclusions

Starch with varying proportions o f  amylose (40, 70 and 100%) behaved differently 

under heating, and during spray drying. The behaviour of the starch based materials 

upon spray drying was related to their gelation behaviour, and this was examined 

using hot-stage light microscopy. This may be due in part to their amylose content, 

but also other factors such as the influence o f amylopectin, the degree o f hydrogen 

bonding within the granule and its consequent ease, or lack o f ease, o f disruption on 

heating. Only amylose-butanol complex showed the potential to encapsulate drug or 

vaccine particles, but very high temperatures were required for this, and so this line 

o f investigation was not followed. A polysaccharide which has been reported to 

form particles at more appropriate temperatures, and this was chitosan.
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Investigations into Chitosan for 

Microbially-Triggered Colonic Delivery
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6.1 Introduction

Chitosan has been investigated for a wide variety of pharmaceutical applications; 

one of these has been colonic drug delivery. It has been shown to be capable of film 

formation, as well as microparticle formation, and so may prove to be ideal for the 

encapsulation of the vaccine nanoparticles, with the same principles as illustrated in 

Figure 5.2. Chitosan dosage forms have not however actually been studied for their 

behaviour in the human colonic microflora. All testing on chitosan based colonic 

systems have been in vitro in rat caecal material, and so its digestion, or lack of, in 

the human colon is not established, and it is essential to have a delivery system that 

can not only be tested in the rodent, but be used in man. This raised a Amdamental 

question for the use of chitosan in such drug delivery systems. Can chitosan be 

digested by the colonic microflora o f  man? And further to this, can it be digested 

within an appropriate timescale to facilitate colon-specific delivery and be used 

within such a dosage form? There are many reasons why chitosan should not be 

digested in the human colon, and why the animal model of digestion may not be 

fully reliable, this will be discussed. This chapter aims to answer these fundamental 

questions, and to assess the polysaccharide’s potential for colon-specific drug or 

vaccine delivery.

6.1.1 Chitosan

Chitosan [(1,4) 2 amino-2-deoxy-beta-d-glucan] (Figure 6.1) is a polysaccharide (a 

co-polymer of glucosamine and N-acetylglucosamine) obtained by the alkaline 

deacetylation of chitin (Figure 6.2), the main component of crustacean and insect 

exoskeleton and the second most abundant polysaccharide in nature (Hejazi and 

Amiji, 2003). Chitosan has a rigid, crystalline structure, linked by intra- and inter- 

molecular hydrogen bonding. The intermolecular hydrogen bonding is responsible 

for the film, and fibre forming properties of the polysaccharide.
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CHjOH NHj

HO O—

HO

NHj CHjOH

Figure 6.1 Structure o f  Chitosan Figure 6.2 Structure o f  Chitin

Chitosan is a weak base, with a pKa value of 6.2-7.0, and is therefore insoluble at 

neutral and alkaline pH values (Hejazi and Amiji, 2003). It can, however, make salts 

with inorganic and organic acids; at low pH values the amine groups become 

protonated, resulting in a soluble, positively charged moiety, which can interact with 

di- and polyvalent anions. The salts of chitosan are soluble in water, solubility 

depending on the degree of deacetylation. Chitosans with a low degree of 

deacetylation (<40%) are soluble up to a pH of 9, whereas those with a high degree 

of deacetylation (-85%) are soluble up to a pH of 6.5. Increasing the degree of 

deacetylation also results in an increase in viscosity.

Chitosan has been investigated for a variety of drug delivery applications, and these 

include a plethora of gastrointestinal approaches (as reviewed by Hejazi and Amiji, 

2003) such as buccal delivery, stomach specific delivery, intestinal and colonic 

specific delivery. Chitosan has the advantage of being available in a series of 

molecular weights, viscosities, and degrees of deacetylation, each of which affect the 

properties of the polysaccharide, and mean that the polymer can be tailored to 

specific needs. It is a by-product of the seafood industry, and is therefore relatively 

inexpensive, biodegradable and biocompatible. It has low oral toxicity (LD50 in rats 

of 16g/kg [Rowe et a l, 2005]). These attributes make it a favourable candidate for 

pharmaceutical investigations. Chitosan may have an advantage when it comes to 

delivering vaccines; it can affect tight junctions allowing antigen ingress via this 

route, and may also decrease mucociliary clearance allowing greater chance of 

vaccine uptake (Aspden et a l,  1997). It may also induce immune stimulating effects
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such as activation of macrophages and induction of cytokines (Nagamoto et ah, 

2004; Seferian and Martinez 2000).

6.1.2 Chitosan for Colonic Drug Delivery

Chitosan has been investigated for colonic delivery (Tozaki et al., 1995; Lorenzo- 

Lamosa et al., 1998; Aiedeh et al., 1999; Orienti et al., 2002; Shimono et al., 2002; 

Sinha et al, 2002; Chourasia and Jain, 2004; Zambito et al., 2005; Okamota et al, 

2001) and some of this work is summarised in Table 6.1. One general problem 

acknowledged by most work on chitosan for oral delivery is its inability to control 

drug release in gastric conditions. Chitosan is able to produce films by the formation 

of entangled hydrogels in acidic media, which can coalesce into films, or form 

microparticles, due to the intermolecular hydrogen bonding that occurs, but these 

will re-dissolve upon further exposure to acidic conditions, thus making them 

susceptible to swelling in aqueous, especially acidic, conditions. One option to 

counter this is the combination of the polysaccharide with a water insoluble polymer, 

as seen in Table 6.1. The alternative is the physical or chemical modification of 

chitosan in order to control the drug release. Chitosan has been crosslinked with a 

variety of agents to control drug release, and these include glutaraldehyde (Raj et al., 

2005) and sodium tripolyphosphate (Shu and Zhu, 2002; Ko et al., 2002), and these 

are described (Table 6.1). Where relevant, the investigations were carried out in 

vitro in rat caecal material, or in vivo in dogs or rats. Although this is favourable for 

testing the concept in rodent (mouse and rat models), the question inevitably 

becomes, will these approaches work in man?
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Table 6.1 : Summary of Reported Investigations into Chitosan for Colon Specific Drug Delivery

Description of 
Technology

Results Comments

HPMC coated 
chitosan 
capsules\

Used to deliver insulin, calcitonin, 5-ASA. Good control o f  
drug release in in vitro gastric and small intestinal conditions 
(pH 1.2 and pH 6.8). Improved release in 33% rat caecal 
contents over control conditions. In vivo (rats) showed 
improved delivery o f  5-ASA to the large intestine, over a 
simple carboxymethylcellulose suspension

A combination o f  enteric coated (pH) and bacterially triggered release. In vivo 
capsules (diameter 3 .5x 1.6 mm and weight 4.0 mg) may not actually transit to the 
colon in the rat. Bacterial levels in upper 01 tract o f  rat may cause early drug release.

Chitosan 
(dispersed in a 
water insoluble 
polymer) coated 
capsules, with 
enteric coating^

The capsules were administered to dogs and reached the large 
intestine within 2-4 hours, and degraded at this point within 3- 
4 hours, showing good colonic release properties, attributed to 
degradation by the microflora.

The polysaccharide behaves as a pore-forming agent in the water-insoluble coating. 
However, unlike the amylose system (Chapter 5), an additional enteric coating is 
needed to prevent dissolution in the stomach.

Chitosan 
microcores (drug 
loaded) were 
coated with a pH 
responsive 
polymer^

Drug release (diclofenac), at pH 7.4, occurred from the 
uncoated microcores, due to swelling, but this was minimised 
by using medium and high molecular weight chitosan 
glutamate. Coating with Eudragit S or L was able to control 
release at pH <6.8, and allow release o f  the drug when the pH 
was raised to pH 7.4.

This attempts to exploit both the pH changes in the colon and the microbial 
degradation to enable colon-specific release. Upon reaching the small intestine, the 
Eudragit should slowly dissolve, leaving the chitosan microcores exposed and prone 
to swelling. The drug will start to diffuse through the hydrated gel, in the small 
intestine (releasing about 20% o f  drug here, depending on the parameters used in 
manufacture), but after 3-4 hours it w ill reach the colon, and the chitosan w ill be 
degraded, triggering the release o f  the drug. This seems an entirely feasible system, 
however, the authors did not investigate it with respect to enzymatic degradation, to 
confirm the hypothesis, and its potential for colonic delivery

 ̂Tozaki et al. (1997; 1999a; 1999b; 2002) 
 ̂ Shimono et a\. (2002)
 ̂Lorenzo- Lamosa et al (1998)
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Eudragit S 100 
coated tablet was 
further coated 
with chitosan 
(hydrochloride)^

Some controlled release in small intestinal conditions, 
although only 1 or 2 hours were examined (4 hours is the 
standard in vitro small intestinal time), and suggest that it 
controls release better than with Eudragit alone. However, 
they were unable to show a substantial effect o f  rat caecal 
material o f  drug release, in simulated descending colonic 
conditions.

In the upper small intestine, they expect the chitosan to stay intact, and later become 
liable to degradation by the microflora in the colon, thus exposing the Eudragit film  
to pH greater than 7, and allowing drug release to occur. There may be several 
problems with this approach: microbial degradation may take some time to occur and 
as the tablet continues along the colon the pH may not be high enough to initiate the 
polymer dissolution; the gel w ill be subject to mechanical disturbances, which may 
affect its integrity; and they do not examine its behaviour in acid, although they 
suppose that it should be filled into enteric coated capsules. They propose that 
chitosan hydrochloride reacts with the buffer salts, and is converted into the insoluble 
chitosan free base, preventing dissolution. With the presence o f  the Eudragit coating, 
this release system becomes more reliant bn pH, than on bacterial presence.

Chitosan was 
used as a 
crosslinker, to 
coat alginate- 
starch
microcapsules^

These were able to release Lactobacillus casei in ex vivo 
porcine ileal and colonic contents. The alginate in the system  
is anionic, and can interact with calcium ions (also used in 
this system) and the chitosan layer applied to the 
microcapsules.

The role o f  the chitosan here is to form another crosslinked barrier to dissolution, and 
these ionic links are susceptible to changes in pH. The coating thickness is not 
stated, and it may be that it is susceptible to dissolution under gastric conditions, 
which may affect the delivery system, but this is not discussed, nor is the enzymatic 
effect on the chitosan.

Hydroxypropylm 
ethylcellulose 
(HPMC): pectin: 
chitsaon film  
coated tablets^.

Gamma scintigraphic methods were used to evaluate this 
system. Only small amounts o f  radioactive tracer were 
released from the tablets in the stomach and small intestine; 
increased release was seen upon arrival in the colon.

They attribute the release to pectinolytic enzymes present in the colon, but it there 
could also be some release due to chitinolytic enzymes, although this is not discussed 
(previous in vitro work was carried out with pectinlytic enzymes, rather than human 
faecal inocula).

Zambito et al. (2005)
 ̂ lyer et al. (2005)
 ̂Ofori-Kwakye and Fell (2003); Ofori-Kwakye et al. (2004)



Technology Results Com m ents

Glutarladehdye 
cross linked 
chitosan 
microspheres ^

Dissolution studies were carried out as follows: pH 1.2 (0.1 N  
HCl) for two hours; pH 4.5 for two hours; pH 7 for 20 hours. 
No release was shown in the first four hours, with 50% 
release occurring over the last 20 hours. In caecal contents 
drug is shown to release slightly faster, and slightly more, 
than the control; at nine hours, a graph shows us that there is 
around 70-80% release (caecal) and 50% (control), although 
these results are slightly ambiguous.

No explanation is offered for the in vitro release it may be at four hours the 
microspheres are sufficiently hydrated to allow drug release though the crosslinked 
network, or there may be some pH effect. There is some evidence for bacterial 
degradation o f  these microspheres, and there may be some pH effects at work here. 
They attribute the drug release to a combined effect o f  diffusion and erosion, but the 
results are not entirely clear.

Tripolyphosphate
-crosslinked
chitosan
microspheres*

They showed controlled release o f  felodipine in upper GI 
conditions (NOTE: this does include colonic release).

The rates o f  release could be modified by changing the pH o f  the preparation 
solution, the molecular weight o f  the chitosan or the TPP concentration.

Tripolyphosphate 
-crosslinked 
chitosan pellets^

Improved release in rat caecal material, over control.

Tripolyphosphate 
and dextran 
sulphate 
crosslinked 
chitosan

These microparticles can control release (ibuprofen) in 
simulated gastric acid conditions (only 7% release in three 
hours) and show full release in simulated small intestinal fluid 
within six hours o f  changing the media

The authors suggest that this makes it a good candidate for colonic drug deliveiy, 
which is not the case, rather sustained release to the small intestine is occurring. 
Again this system is pH sensitive, and although investigated with lysozyme, release 
under pancreatic or colonic enzymatic conditions were not investigated. Lysozyme 
degradation was slower with the crosslinked microparticles, than with chitosan alone, 
although the time scale used for this (72 hours) is unrealistic for small intestinal 
transit

 ̂Raj et al. (2005)
* Ko et al. (2002)
’ Zhang et al. (2005) 
‘° Lin et al. (2005)
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6,13  Is Chitosan Digested by Human Colonic Microflora?

Despite the obvious popularity of chitosan in the formulation of colon-targeted drug 

delivery vehicles, its digestibility by human colonic bacteria is unclear. It has been 

suggested that chitosan and chitosan oligosaccharides may be able to support the 

growth of human colonic bacteria, but this work additionally showed that chitosan 

has antimicrobial activities against the same micro-organisms including Bacteroides, 

Bifidobacteria, Clostridia and Lactobacilli (Vemazza et al., 2005). Chitosan inhibits 

the growth of a wide variety of fungi, yeasts and bacteria (Begin and Van Calsteren, 

1999), due to the positively charged chitosan interacting with anionic residues of cell 

surface macromolecules at cell surfaces, competing with Ca^  ̂ for electronegative 

sites on the membrane, rendering it leaky. This inhibitory activity against microbes 

whose products are necessary to digest the chitosan dosage form may prove to be 

problematic. For use as a colonic delivery system, the material needs to be degraded 

within a suitable time frame, and since chitosan is not a part of the human diet, it 

cannot be assumed that it will be easily digested by the microflora. Chitin, the 

acetylated precursor of chitosan is said to be largely resistant to degradation showing 

only low levels o f fermentation (Gibson et al., 1990). Furthermore, a range of other 

p (1,4) linked polysaccharides have shown huge differences in digestive behaviour 

(Tables 6.2 and 6.3), when exposed to colonic bacteria enzymes and thus there is 

evidence to suggest that the breakdown of P (1,4) polysaccharides in the colon, is not 

straightforward and cannot be assumed.
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Table 6.2: Beta (1,4) linked polysaccharides showing poor or no fermentation in 

the human colon

Polysaccharide Fermentation

Cellulose Only low amounts of SCFA are produced by the fermentation 
of cellulose in the colon*
Only marginally fermented in the large intestine ^
87% recovered in faeces, doubts about extent of any 
degradation^
A metabolically inert polysaccharide and shows no 
fermentation in the colon ^

Cellulose (Purified) Virtually indigestible ^
0-10% igestion ^

Carboxymethylcellulose No sign of colonic fermentation '
Methylcellulose No sign of colonic fermentation ^
Ethylcellulose Not digested in the colon **

Not digested in the colon ^
Hydroxypropylmethylcellulose Not digested in the colon *"
Chitin Largely resistant to degradation with very low rates of 

fermentation **
Alginate Low rate of fermentation*

A type of poorly fermentable dietary fibre *"*

Table 6.3: Beta (1,4) linked polysaccharides showing moderate to high 

fermentation in the human colon

Polysaccharide Fermentation

Cellulose 47-80% of cellulose was recovered in the faeces *̂
Cellulose from cabbage was 75% digested *'*
60-70% digestion of cellulose from carrot/ cabbage
3-25% digestion of cotton seed hulls**
15-44% digested in the colon *̂
Cabbage cellulose was extensively degraded^

Cellulose (Purified) 25% digested *"*
0-10% digestion"*

Hemicelluloses 72-85% digested"*

‘Macfarlane and Cummings, (1987) ’ Leong et al. (2002)

^Fleming er a/, 1983 "topping  et al. (1994

 ̂Canyer et al., (1983) "Gibson et a/. (1990)

* Simonsen et a i, (1995) "Shimotoyodome et al., 2005

 ̂Cummings (1984) "KeUeher era/. (1984)

* Williams and Olmsted (1936) "Van Soest (1982; 1984)

 ̂Tomlin et a i, (1989) "Hsu etal. (1989)

® Cummings et al., (1996)
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Thus, we argue, that it cannot be assumed that chitosan will be broken down, and 

rapidly enough for use as a colonic delivery system, by the human colonic bacteria. 

Furthermore, in some cases it is suggested that the ability of the bacteria to degrade a 

material has to be induced (Edwards and Eastwood, 1995); low or no exposure to 

chitosan in humans suggest that this is unlikely to occur. Colonic exposure to chitin 

is more likely to occur (through ingestion of fungi), but, as seen in Table 6.1, the 

digestion of chitin is very poor in the colon. It is not clear what factors influence the 

ability of the colonic enzymes to ferment, or not, these types of polysaccharides. It 

seems as though the modified celluloses are more difficult to digest than the pure 

polymer. There may be steric influences affecting digestion, and enzymatic access, 

which have not yet been addressed in the literature, and the possible effects of these 

and other influences will be discussed later in light of the results obtained in this 

investigation. However, before the investigation could be started, in order to be able 

to fully assess the ability of the colonic microflora to degrade chitosan (non

crosslinked and crosslinked), the human colonic microflora needs to be simulated in 

vitro.

6.1.4 In Vitro Simulation o f  the Human Colon

The use of the dissolution test for simulated upper gastrointestinal conditions was 

mentioned in the previous chapter, and is used in this investigation. The test is not 

however, biorelevant and the implications and significance of this are discussed 

fiirther in Chapter 7. Briefly, it can be used only to give an indication of how a 

dosage form might behave and is more important for enabling comparison between 

different delivery systems. Modelling the human colon generally works on similar 

concepts, with the addition of human faecal material to contribute a bacterial load 

and an increase in viscosity.

The ideal model for investigation of chitosan digestibility in man is human colonic 

contents. However this is difficult due to the relative inaccessibility of the proximal 

colon, the main site of polysaccharide fermentation, making in vitro models 

necessary. So far, chitosan has been investigated for colonic drug delivery with
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animal models only, but due to the different microflora in animals, extrapolation into 

humans is uncertain (Edwards and Parrett, 1999). Dogs (Okamoto et al., 2001), 

rabbits, hens and sheep (Hirano et al., 1990) have shown varied digestive 

capabilities. Rat caecal matter is commonly used to assess chitosan-based colonic 

delivery systems (Tozaki et al., 1997;, 1999a,b 2002; Orienti et al., 2002; Zhang et 

al., 2002; Chourasia and Jain, 2004) and although the rat colonic microflora is 

similar to that in man, it is not identical (Donaldson, 1968) and there are differences 

between the digestion of polysaccharides in vivo in rats, and in vitro or in vivo 

studies in man (Edwards and Eastwood, 1995; Daniels et al., 1997). For example, 

gum karaya produces very little evidence of fermentation in vivo in man (Adiotomre 

et al., 1990; Edwards and Eastwood, 1995; Monsma and Mariette, 1996), but 

significant fermentation of this polysaccharide was shown in vivo in rats (Edwards 

and Eastwood, 1995), suggesting that the rat model cannot always be relied on. 

Bach Knudsen et al., 1994 showed that rats {in vivo) have a lower capacity to digest 

fibre polysaccharides and a higher ability to digest protein. In vitro human faecal 

fermentation systems may be a more suitable model than studies in rats. It is, 

however, acknowledged that human faecal and human caecal microflora will differ. 

Counts of Bifidobacteria, and Bacteroides were lower the caecal samples than in the 

faecal sample, but facultative anaerobes did not differ (Marteau et al, 2001). 

Marteau et a l (2001) suggests that fermentation is a good model of the right side of 

the colon.

Daniel et al., (1997) aimed to measure whether an established in vitro system using 

human faecal bacteria, could predict the extent of fermentation of non-starch 

polysaccharides in humans. They showed that fermentation was generally slightly 

higher in vitro, than in vivo. However, the fermentation in vivo could be predicted 

with sufficient accuracy in vitro, suggesting that expensive and laborious human 

fermentation studies or animal experiments could be replaced. One exception was 

the fermentation of barley and they suggest that further knowledge of the effect of 

physical properties of resistant polysaccharide types on their in vitro fermentabilty 

may contribute to better models. The good correlation between in vitro and in vivo 

work was later confirmed, with different materials, by the same group (Wisker et al.
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1998). Daniel et al., (1997) also state that human faecal inocula show a higher 

fermentability than what may be the case when rat faecal inocula are used (Monsma 

and Marlett, 1996). The results obtained in vitro agreed better with those in human 

subjects than did the results in rats, in which fermentation was 8-22% lower than in 

humans (Bach Knudsen et a l,  1994; Wisker et a l,  1997).

As aforementioned, colonic or caecal material is the ideal for these studies, but the in 

vitro faecal fermenter has been used for many years as a model for human colonic 

bacterial activity (Gibson et a l,  1990; Daniels et a l, 1997; Morrison et a l,  2006) 

and good in vitro-in vivo correlations have been found with amylose based colonic 

drug delivery systems (Milojevic et a l, 1996a, 1996b; Cummings et a l, 1996; Basit 

et a l, 2004). Such an in vitro model was therefore used in our studies.

6.2 Aims and Objectives

The aim of this chapter was to answer the fundamental question -  how extensively is 

chitosan digestion by colonic bacteria? Subsequently, its potential for use in colonic 

targeted dosage forms was assessed.

The objectives were therefore to:

■ Assess the digestion of chitosan films at appropriate time intervals, using 

human faecal material as a model for the colon

■ Assess the effect of crosslinking agents on this digestion

■ Assess the effect of pancreatic enzymes on the materials

■ Investigate reasons for differences in digestion between each material

■ Prepare vaccine loaded and drug loaded microparticles, and investigate their

ability to retard release
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6.3 Materials

Chitosan (low molecular weight [50-190 kDa], and medium molecular weight [190- 

310 kDa], both 75-85% deacetylated), sodium tripolyphosphate (reagent grade), 

glutaraldehyde (25% v/v in H2O) and Pancreatin® were acquired from Sigma Aldrich 

UK Limited. High molecular weight chitosan (310-600 kDa, >75% deacetylated) 

was from Fluka (UK) Limited. Acetic acid (100%) and hydrochloric acid and 

reagents for the preparation of buffers were from BDH Limited and were reagent 

grade. Polyamide mesh (Nitex®), (mesh size of 2000pm) was purchased from Sefar 

Limited (Lancashire, England). DSC pans were from Perkin Elmer. The reagents 

for MicroBCA were purchased from Pierce Limited. Prednisolone was from Aventis 

Pharma, Antony, France

6.4 M ethods

The methods, and indeed results and discussion, are subdivided into two sections. 

The main, and first, section is a study on the digestive properties of chitosan films, 

and related properties. The second section is concerned with some formulation 

aspects.

6.4.1 Chitosan Films

6.4.1.1 Preparation o f Chitosan Films

Chitosan (3% w/v) (low molecular weight [LMW], medium molecular weight 

[MMW] and high molecular weight [HMW]) was dissolved in 5% v/v aqueous 

acetic acid, with stirring overnight at room temperature. Forty ml aliquots were then 

poured into Teflon plates (9cm diameter) (Figure 6.3), and the solutions were 

allowed to dry under ambient conditions for three days, or until they could be 

removed from the mould. The cast films were dried in an oven at 50°C overnight. 

The films thickness was measured using a micrometer, and 120-130pm thickness
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films were used. The thickness was determined by measuring with a micrometer at 

six random points on the film.

To prepare crosslinked films, the method described above was followed, except for 

the addition o f the crosslinking agent to the acetic acid. Sodium tripolyphosphate 

(TPP) and glutaraldehyde (GLUT) were added at 0.6, 1.2 or 6% w/w (weight of 

crosslinker/weight o f chitosan).

Figure 6.3 Cast chitosan film on a Teflon plate (9cm diameter)

6.4.1.2 Scanning Electron Microscopy 

This was as described in Section 3.5.2.

6.4.1.3 Preparation of Incubation Media

Phosphate buffered saline (PBS) pH 6.8 (United States Pharmacopoeia) was used as 

the control medium, the diluent for the faecal slurry, and medium for pancreatic 

enzymes. The buffer was sterilised by autoclaving at 120°C for two hours, at 1.2 

bar, in order to kill any bacterial contaminants prior to use.

Faecal samples were collected from three healthy volunteers, into clean, autoclaved 

containers. These were immediately placed into an anaerobic environment 

(Anaerobic Workstation AW500TG, at 3 T C  and 70% RH) (Figure 6.4), weighed,
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and diluted to 10% w/v with phosphate buffered saline pH 6.8 BP. The mixtures 

were homogenised (Ika T-198 Basic UltraTurrax) at 6500-13000rpm for several 

minutes, after which the resulting slurries were sealed within the anaerobic 

environment, and stored in a refrigerator and used within three days. The faecal 

slurries were pooled before use.

Porcine pancreatic enzyme (Pancreatin®) powder was dispersed in PBS at lOmg/ml, 

as per United States Pharmacopoeia 2006. The USP specifies that amylase, protease 

and lipase should be present, but pancreatin will usually contain other enzymes, 

including trypsin and ribonuclease. Pancreatin that meets USP testing specifications 

will convert not less than 25 times its weight o f potato starch into soluble 

carbohydrates in five minutes in water at 40*^0, will digest not less than 25 times its 

weight o f casein in 60 minutes at pH 7.5 at 40°C and will release not less than 2 

microequivalents o f acid per min per mg pancreatin from olive oil at pH 9.0 at 37°C 

(http://www.sigmaaldrich.com/catalog/search/ProductDetail/SIAL/P8096, no date).

Figure 6.4 Photograph o f the anaerobic work station
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6.4.1.4 Determination o f Enzymatic Digestion o f Chitosan Films

Sections of film (approximately 2cm x 2cm) were cut, weighed accurately (± 0.1 mg) 

and placed individually into baskets prepared from polyamide mesh. Within the 

anaerobic workstation, these baskets were placed into the incubation media of PBS, 

faecal slurry or pancreatic solution (40ml medium per basket) in lidded containers, 

and these were positioned onto a rocking platform operated at ISOrpm. After either 

4 or 18 hours the films were removed, washed thoroughly with deionised water and 

dried in an oven at 50°C overnight. The percentage film weight loss was calculated 

according to the following formula:

W - W  
fPr(%)= " ' XlOO

 ̂ w

Where Wl is percentage weight loss. Wo is the original weight of the film, and Wt is 

the weight after time t (4 or 18 hours).

The pH of the incubation fluid was determined using a Hanna Instruments portable 

pH meter. The pH meter was calibrated before each use, and the average of four pH 

readings was taken at each point.

6.4.1.5 Determination o f Chitosan Film Swelling

The method was adapted from that of Akhgari et al., (2006). Sections of crosslinked 

and non-crosslinked chitosan films were cut to approximately 2cm^, dried in an oven 

at 50°C for 24 hours, after which they were accurately weighed (± 0.1 mg). The 

films were individually placed in lidded vials containing 10ml of PBS pH 6.8. At 

specified time intervals (5, 10, 30, 60 minutes: 2, 4, and 24h) the films were taken 

out of the incubation media and excess water was removed by blotting onto filter 

paper (Type 1). The swollen films were then reweighed and the percentage swelling 

(swelling index), (Is) was calculated as follows:
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W,

Where Wd is the weight of the dry polymer film, and Ws is the weight of the swollen 

film.

6.4.1.6 M echanical Testing o f Chitosan Films

Chitosan films were tested using an Instron 5567, with Bluehill software analysis 

package. The method was adapted from the International Standard ISO 527-3 

Plastics -  Determination of tensile properties -  Part 3: Test conditions for films and 

sheets. Strips of chitosan-based film were cut (10mm wide) with two parallel gauge 

marks 50mm apart on the central portion of the specimen. The test specimen was 

clamped in the Instron’s grips, aligning the longitudinal axis with the axis of the 

testing machine. The specimen was tensioned slightly before the grips were 

tightened firmly and evenly. The testing speed was set at lOmm/minute, and the 

tensile stress, strain, maximum load and Young’s modulus were calculated (n=3-5 

for each film).

6.4.1.7 Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (Pyris 1 DSC, Perkin-Elmer, UK) was used to try 

to measure the glass transition temperature of the prepared films. Samples of film 

were cut and weighed (5-lOmg) and placed in aluminium DSC pans, which were 

then sealed. The films were heated at a rate of 100°C per minute, for 30°C to a 

maximum of 300°C. Indium was used to calibrate the DSC (indium has a melting 

point of 156.6°C).
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6.4.1.8 Fourier Transform Infra-Red Spectroscopy

Chitosan films were placed onto a Fourier Transform Infi'a-Red (FTIR) 

spectrophotometer, afl;er a background scan was carried out. The spectra were taken 

as an average of 32 scans.
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6.4.2 Formulation Development

6.4.2.1 Spray Drying

Low molecular weight chitosan was used for formulation development. Solutions o f 

chitosan (1% w/v in 1% acetic acid), or chitosan (1% w/v in 1% v/v acetic acid with 

6% w/w of sodium tripolyphosphate) were spray dried using Niro SDMicro™ spray 

drying equipment at the following parameters.

-Inlet Temperature 90°C 

-Outlet Temperature 60°C 

-Gas Flow Rate 30.1 kg/hr 

-Atomisation Rate 1.0 kg/hr

PLGA nanoparticles (either blank or loaded with ovalbumin) were prepared as 

described in Chapter 3. Solutions of chitosan (1% w/v in 1% v/v acetic acid with 6% 

w/w of sodium tripolyphosphate) (100ml) were mixed with 500mg of PLGA 

nanoparticles and spray dried using Niro SDMicro™ spray drying equipment at the 

following parameters.

-Inlet Temperature 90°C 

-Outlet Temperature 60°C 

-Gas Flow Rate 30.1 kg/hr 

-Atomisation Rate 1.0 kg/hr

Solutions of chitosan (1% w/v in 1% v/v acetic acid with 6% w/w of sodium 

tripolyphosphate) (100ml) were prepared, in which prednisolone (lOOmg) had been 

dissolved. These were spray dried using Niro SDMicro™ spray drying equipment at 

the following parameters.

-Inlet Temperature 90°C 

-Outlet Temperature 60°C
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-Gas Flow Rate 30.1 kg/hr 

-Atomisation Rate 1.0 kg/hr

6.4.2.2 Determination o f Protein Loading

Five milligrams of chitosan-tripolyphosphate microparticles containing protein 

loaded or blank PLGA nanoparticles prepared by spray drying were accurately 

weighed into microcentrifuge tubes, to which was added 500pl of dichloromethane 

and 300pl of acetic acid 1% v/v. These were vortexed for 15 seconds and then 

placed into a shaking incubator (ISOrpm, 37°C) for 30 minutes. They were removed 

at ten-minute intervals, and re-suspended by vortexing. They were then centrifuged 

at 10,000rpm for five minutes, and the aqueous supernatant removed. The acetic 

acid was replaced with another 300pl, and the procedure repeated twice. The 

removed supernatant was pooled for each sample, and was neutralised with sodium 

hydroxide, and re-centrifuged. The supernatant was then assayed using MicroBCA, 

with the readings from the blank microparticles being taken into account. The 

experiment was carried out in triplicate at each stage.

6.4.2 3 Determination of Protein Release

Fifty milligrams of chitosan-TPP microparticles containing protein-loaded or blank 

PLGA nanoparticles were placed into 5ml of 0. IN HCl, for two hours and placed in 

a shaking incubator (37°C, ISOrpm). Half ml aliquots were removed at allocated 

time intervals, and replaced with fresh HCl. The aliquots were centrifuged 

(10,000rpm for five minutes) and the supernatant removed, and pH adjusted with 

sodium phosphate buffer. At two hours, the pH was changed to pH 7.2, using 

dibasic sodium phosphate. Half ml samples were taken again, at time intervals, 

centrifuged, and the supernatant removed for assay. These were assayed using 

MicroBCA, with the readings fi*om the blank system being taken into account. 

Every step was carried out in triplicate.
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6.4.2.4 Determination o f Drug Loading

The amount of prednisolone encapsulated in the microparticles was calculated by 

dissolving lOOmg samples in pH 1.2 hydrochloric acid (overnight with stirring) and 

filtering (0.2pm filter) and reading the UV absorbance at 248nm (in triplicate). The 

amount of prednisolone was then calculated with reference to a standard curve.

6.4.2.5 Determination o f Drug Release

The pH was changed from either pH 1.2 or pH 4, to pH 5. Sink conditions were 

maintained.

From pH 1.2 to pH 5

USP II Paddle dissolution apparatus were used at 37°C, at lOOrpm. The standard 

USP method was adapted, initially using pH 1.2 (hydrochloric acid [0. IN]), 750ml 

of which was added to each dissolution vessel. Microparticles (300mg) were loaded 

into capsules, and added to the dissolution vessels. At 120 minutes, the pH was 

changed to pH 5 or 5.5 by the addition of sodium phosphate tribasic (6.5g in 250ml), 

and adjusted using sodium hydroxide (12g in 200ml). The pH was determined using 

a pH 211 Microprocessor (Hanna Instruments, Woonsocket, USA).

From pH 4 to pH 5

750ml O.IN HCl was prepared, and 250ml of sodium phosphate tribasic (6g in 

250ml) was added and adjusted to pH 4 using sodium hydroxide. At 120 minutes 

into the dissolution test the pH was changed to pH 5, using sodium hydroxide.

After filtering through a 0.2pm filter, the UV absorbance of the dissolution media 

was read at five-minute intervals, at a wavelength of 237nm. A calibration curve for 

prednisolone was prepared, and an equation derived for the calculation of 

prednisolone concentration from UV absorbance. The dissolution profiles were 

carried out in triplicate.
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6.4.3 Statistical Analysis

All experiments were carried out in triplicate. The digestion and swelling results 

were analysed using Kruskall-Wallis followed by post-hoc Nemenyi’s Test. 

Significance was stated where p<0.05. SPSS Version 14.0 (SPSS Inc.) software was 

used for the Kruskall Wallis test. Nemenyi’s Test was conducted as described in 

Jones (2002).
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6.5 Results and Discussion

6.5.1 Chitosan Films

Scanning electron micrographs were taken of the chitosan films (Figure 6.5). The 

uncrosslinked films have a smooth structure. The rough structures o f crosslinked 

films indicate that there might be areas o f uncrosslinked film, mixed with 

crosslinked areas. These suggest that the crosslinked films may have different 

properties from the non-crosslinked films, but how the crosslinking affects the film 

cannot be ascertained from these images alone.

LMW

LMW TPP

MMW HMW

MMW TPP HMW TPP

LMW GLUT MMW GLUT HMW GLUT

Figure 6.5 Scanning Electron Micrograph Images o f Chitosan Films, and 

Chitosan Films Crosslinked with Tripolyphosphate or Glutaraldehyde
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6.5.2 Digestion of Non-Crosslinked Chitosan

Ail non-crosslinked films were significantly digested within four hours o f incubation 

by enzymes present in human faecal slurry, irrespective o f molecular weight, such 

that the amount o f film remaining at the end o f the incubation time was minimal 

(Figure 6.6) and was statistically significantly different from the films remaining 

under control conditions (i.e. absence o f enzymes). Statistical analysis revealed no 

differences between the faecal and pancreatic digestion o f these chitosan films. 

Under control conditions there was a small amount o f film loss but this was not 

significant.
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Figure 6.6 Percentage Remaining o f Non-Crosslinked Chitosan Films (High 

(HMW), Medium (MMW) and Low Molecular Weight (LMW)) after Incubation in 

Human Faecal Slurry, Pancreatin® Solution and Control Media

The small film loss seen in control conditions (Figure 6.6) was thought to be due 

primarily to difficulty in re-weighing the non-crosslinked films, as they tend to swell 

under the employed conditions, and consequently some film may be lost upon 

removal from the mesh. Alternatively, there may have been some dissolution in the
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buffer media, since when the chitosan is 80-90% deacetylated (as in this 

investigation) dissolution o f the chitosan salt should occur under pH 6.5 (Hejazi et 

al., 2003). Shimono et al., (2002) state that is has been suggested that enzymes 

responsible for the degradation for chitosan decrease the pH o f the caecal contents 

and can thus dissolve the chitosan. The pH o f the media dropped slightly during the 

incubation period (Figure 6.7), this was thought to be due to residual acid remaining 

on the film, rather than the production o f short chain fatty acids due to fermentation, 

since the pH of the control buffer also dropped. However, film loss due to these 

reasons was not statistically significant and any significant film loss was therefore 

attributed to the action o f enzymes.

□  t=18

Control Faccal Pancreatic  

Incubation M edia

Figure 6.7 The measured pH o f the control incubation media, faecal incubation

media, and pancreatic incubation media at 0, 4 and 18 hours

It is proposed that the pancreatic and faecal enzymatic digestion o f the chitosan films 

occurred via the enzymatic hydrolysis o f the (3 (1,4) linkages between the 

glucosamine monomers o f  chitosan. Since other P (1,4) linked polysaccharides have 

shown variable fermentation in colonic environments, cellulose has shown from zero 

to 80% digestibility depending on the source (Cummings, 1984) and modified 

celluloses, for example ethylcellulose, carboxymethylcellulose, methylcellulose and 

hydroxymethylcellulose are not digested by colonic bacteria (Milojevic et a i, 1996, 

Tomlin et a i, 1989; Topping et al., 1994). Chitin, the precursor o f chitosan, is only
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marginally fermented (Macfarlane, Cummings and Gibson, 1990). The reasons as to 

why some P (1,4) linked polysaccharides may be more easily digested than others 

are unclear, but structural differences between the polysaccharides, especially those 

with similar backbones, may have implications in their digestive properties. The 

structures o f some o f these polysaccharides are shown below (Figures 6.8 to 6.13), 

and some potential reasons for the different digestion o f P (1,4) linked 

polysaccharides are discussed in relation to these.

Cellulose has a very stable structure, with the beta-linked residues minimizing 

flexibility (amylose, with its alpha links is slightly more flexible), and forms ribbon 

like structures, which can stack due to hydrogen bonding (intra-molecular, and intra

strand) (Figure 6.8).

l / i i n i / i i i O  C H
. Q i i i i i i i i  II

m i l l

iUiU\ I I ' l^ H  0

CH

H

Figure 6.8 Hydrogen Bonding Sites o f Cellulose

In between these insoluble crystal regions, there are amorphous areas, essentially

pores capable o f  holding large amounts o f water by capillary action, and this

accounts for the swelling o f cellulose. The native cellulose crystal is made up from

metastable Cellulose I with all the cellulose strands parallel and no inter-sheet

hydrogen bonding (Gardner and Blackwell, 1994). When it is recrystallised the

thermodynamically more stable Cellulose II structure is produced (anti-parallel with

inter-sheet hydrogen bonding). There is hydrogen bonding between the centre and

comer chains o f  this structure, and this bonding is the major difference between the

native and regenerated structures and is thought to account for the stability o f the
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latter (Kolpak and Blackwell, 1976). This increased hydrogen bonding may make 

the latter purified cellulose more resistant to digestion. The purified cellulose can 

then be used for derivatisation which interferes with the hydrogen bonding again. 

Methylcellulose is produced by méthylation o f about 30% of the hydroxyl groups 

(Sarkar, 1995); thus reducing hydrogen bonding. This polysaccharide is resistant to 

fermentation as is purified cellulose, suggesting that incidence o f hydrogen bonding 

is not the only mechanism hindering enzymatic digestion. There may be steric 

influences, the presence o f side groups produces more bulky molecules, and may 

hinder access at the molecular stage. They also will affect the supramolecular shape 

of the polymer, and this may be influential. For example, carboxymethylcellulose 

molecules tend to overlap and coil up, and at high concentrations, entangle to 

become a gel; the entangled nature o f this gel may make enzymatic access difficult. 

The structures o f cellulose, and the cellulosic derivatives ethyl-, methyl- and 

carboxymethyl- cellulose are shown in Figures 6.8 to 6.12.

OH H /H

OH H OH

Figure 6.9 Chemical Structure o f  Cellulose

Figure 6.10 Chemical Structure o f Ethylcellulose
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Figure 6.11 Chemical Structure o f Methylcellulose

O OH

Figure 6.12 Chemical Structure o f Carboxymethylcellulose

Chitin (Figure 6.13) is linked together in sheets by hydrogen bonding o f the amide

groups and the C=0. The OH on carbon 3, and the O in the central bond undergo

hydrogen bonding (this occurs also in celluloses), and the CH2OH can hydrogen

bond with the carbonyl oxygen in the next chain (Gardner and Blackwell, 1975). In

chitosan, however, the C = 0 bond will not be present in 80% o f the monomers

(depending o f percentage deacetylation, but 80% is commonly used, and used in this
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investigation). The hydrogen bonding on carbon 3 to 0 5  is still present and N2 0 6  

hydrogen bonds help to stabilise the 3D conformation o f chitosan (helix) (Yui e t a l., 

1994, Mazeau e t a l., 1976). This C = 0  hydrogen bonding may contribute to the 

difficulty in digesting chitin, but the relative ease of digesting chitosan.

HO

HN

M X

CH^OH

F igu re 6 .1 3  C h em ica l S tru ctu re  o f  C h itin

Even though the exact mechanism for ease or difficulty is unclear, and has not been 

fully investigated in the literature, a second consideration is; which enzyme or 

enzymes are responsible for the digestion? It has been suggested that chitosan is 

susceptible to hydrolysis by alpha amylases (Muzzarelli, 1993) and to proteases 

(papain and pronase) (Vishu and Tharanathan, 2004), which may be present in the 

colon.

The pancreatic digestion o f chitosan is much more surprising since P (1,4) links are 

generally regarded as being indigestible by endogenous pancreatic enzymes in 

humans. This suggests either that porcine pancreatic enzymes behave differently to 

human pancreatic enzymes, or that for some reason chitosan is more susceptible to 

these enzymes than other similarly linked polysaccharidases. The digestion may be 

due to the amylase activity described by Muzzarelli (1993), but a further suggestion 

may be its susceptibility to lysozyme (Lin e t a l., 2005), which can break down the 

more resistant chitin. Other authors have attributed porcine pancreatic enzyme 

chitosan digestion to enzyme contaminants or to lipase (Zhang e t a l., 2002).
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Alternatively, since chitosan has shown susceptibility to proteases, the pancreatic 

proteases may play a role. The risk o f in situ degradation o f non-crosslinked 

chitosan in the upper gastrointestinal tract is augmented by the susceptibility o f 

chitosan to pepsin (Vishu and Tharanathan, 2004), and, in theory, modification o f the 

chitosan salts for colonic drug delivery seems essential Further work would be 

required to establish the true in vivo digestion o f  chitosan, in humans, rather than 

with porcine pancreatic enzymes, used here.

No difference was seen between faecal and pancreatic enzymatic digestion o f non- 

crosslinked films, which suggests that both are efficient with respect to digestion of 

chitosan. However, since the relative enzymatic activities o f the faecal and 

pancreatic media were unknown, in terms o f the concentrations present, it is difficult 

to compare the efficiencies o f two enzyme systems. These results do not correlate 

entirely with those o f Okamoto el al. (2001) who conducted in vivo studies in dogs 

and found that non-crosslinked chitosan was degraded to some extent when exposed 

to the large intestinal contents, but not when exposed to the small intestinal contents. 

This suggests that perhaps the concentrations, and exposure to enzymes in the small 

intestine in vivo in the dog, differs to that in our in vitro studies. It is expected, that 

in man, as in dog, the volumes and concentrations a dosage form would be exposed 

to would be lower than those used here; the interspecies variation only serves to 

confirm that animal models are not ideal for determination o f the behaviour o f a 

material in another species.

It is difficult to mimic the small intestinal in vivo situation, as the enzyme activities 

are variable. The concentration o f pancreatin used in these investigations was that 

recommended for simulated small intestinal fluid by the United States 

Pharmacopoeia 2006 and it is acknowledged that this may not be reflective o f the in 

vivo situation. The composition o f pancreatin (USP) is described in Section 6.4.1.3, 

but briefly the main components are amylase, lipase and protease. Attempts were 

made to try and assess the relative activities in vivo and in our USP based 

investigations, by examining the available literature. Akerberg et al. (1993) found a 

good correlation between in vivo and in vitro assessment o f the proportion of
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resistant starch from food when using pancreatin at a concentration four times the 

USP recommendation, although they acknowledge that this level of pancreatin is 

artificially high, to allow room for error. In our investigation, each basket was 

allocated 40ml of fluid, containing pancreatic enzymes or faecal material (or 

control). For the pancreatic enzymes, the amylase activity in 40mls (USP) is 10,000 

units over a four-hour period. In vivo, the amylase output to food is a maximum of 

55U/kg per 15 minutes (Holtmann, Kelly, and DiMagno, 1996) and Lam et al. 

(1999) put peak amylase output at 39,000 units per hour. However, we do not know 

the base levels of amylase, or over what time they are secreted, whether they are 

continuous, or only in response to food. The chitosan films are exposed to 800 units 

of lipase from pancreatin, and in vivo lipase output is said to be 4000 units per 

minute in an adult (Ekmekcioglu, 2002), and the usual dosage of pancreatin, for 

those with pancreatic insufficiency, is approximately 8000-24000 units of lipase 

activity, which may be increased up to 36,000. However, it may only be secreted in 

response to the presence of fat, and basal levels are not known. There are many 

other factors which will influence the in vivo exposure to pancreatic enzymes, 

including fed state, viscosities, mixing, other secretions, bile salts, all o f which make 

it difficult to model the small intestinal state accurately. The USP recommendations 

at least make it possible, in theory, to compare between in vitro investigations, for 

example in dissolution testing.

6.5.3 Digestion o f Crosslinked Chitosan Films

The presence of glutaraldehyde in the chitosan films greatly reduced the extent of 

film digestion caused by both pancreatic and faecal enzymes, and much more film 

remained at the end of the experiments, as shown in Figures 6.14 (a-c), compared to 

non-crosslinked films (p<0.05). In general there was very little difference between 

the digestion by faecal and pancreatic enzymes, and between low, medium and high 

molecular weight chitosan films, though the pancreatic enzymes seem to digest low 

molecular weight films to a greater extent, while faecal enzymes cause greater 

digestion of the high and medium molecular weight films. As expected, the films
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containing the lowest crosslinker concentration were more prone to enzymatic 

digestion and a longer incubation time (18h) led to greater digestion.
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In contrast to glutaraldehyde crosslinked films, significant differences were seen 

between the faecal and pancreatic digestion of tripolyphosphate crosslinked chitosan 

films as shown in Figure 6.15 (a-c). Faecal digestion of tripolyphosphate - 

crosslinked films was almost completed within four hours, and neither the 

concentration of tripolyphosphate in the films, nor the chitosan molecular weight had 

any influence on faecal film digestion. In contrast, a four hour incubation was not 

sufficient to cause total film digestion by pancreatic enzymes; total film digestion 

required an incubation time of up to 18 hours. The incomplete film digestion at four 

hours by pancreatic enzymes revealed the effects of crosslinker concentration on 

film digestion. As expected, films containing the highest tripolyphosphate 

concentrations were more resistant to enzymatic digestion. On the other hand, 

chitosan molecular weight had a negligible effect on film digestion.
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The presence o f glutaraldehyde and tripolyphosphate significantly changed the 

digestion of chitosan, the glutaraldehyde crosslinked films being resistant to 

digestion by both pancreatic and faecal enzymes while tripolyphosphate crosslinked 

films were easily digested by faecal enzymes, but were more resistant to pancreatic 

ones. This shows that glutaraldehyde crosslinked chitosan is not suitable for colonic 

drug targeting as it would not be digested sufficiently by faecal enzymes to release 

the drug load. In contrast, tripolyphosphate crosslinked chitosan, which showed the 

two properties needed for colonic targeting i.e. resistance to pancreatic enzymes, but 

digestion by faecal enzymes, is more promising for colonic drug delivery. 

Tripolyphosphate has the additional advantage of being considered safe, unlike 

glutaraldehyde which is toxic (Beauchamp et al., 1992).

The differences seen in faecal and pancreatic digestion of tripolyphosphate 

crosslinked contrasts with work which showed similar (-40%) release of 

encapsulated active when chitosan-tripolyphosphate beads were incubated in the 

presence of pancreatin or rat caecal and colonic contents during six hours of 

incubation (Zhang et al. 2002). However, it is difficult to compare our work with 

that of Zhang et al., (2002) directly due to differences in methodology, notably 

differences in faecal and caecal preparations and concentrations. Our results suggest 

some potential of tripolyphosphate crosslinked chitosan for colon specific delivery; 

in contrast glutaraldehyde crosslinked chitosan is not suitable for colonic drug 

targeting as it would not be digested sufficiently by faecal enzymes to release the 

drug load. With the other films, the differences between faecal and pancreatic 

enzyme digestion were not obvious in many cases, due to almost total inhibition of 

digestion, or complete digestion.

The difference between the crosslinkers is attributed to the mechanism of 

crosslinking. Glutaraldehyde causes the formation of rigid, irreversible chemical 

bonds between adjacent chitosan chains when the aldehyde groups form covalent 

imine bonds with the amino groups (Figure 6.16) (Yao et a l,  1974; Monteiro and 

Airoldi, 1999). In contrast, sodium tripolyphosphate dissolves to give phosphoric 

anions which interact ionically with the poly cationic chitosan (Figure 6.17).
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Although this interaction occurs at the same site as glutaraldehyde, the reaction is 

reversible and produces a more flexible network, which is more susceptible to 

environmental influences (Berger et al., 2004). In both cases the crosslinker does 

not affect the proposed hydrolysis site (the P [1,4] link).
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Figure 6.17 The Crosslinked Structure o f Chitosan-tripolyphosphate

The type of reversible crosslinking may be such that it is able to hinder one enzyme

type more than another, thus allowing faecal enzymes better access to the site of
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action, although the mechanism for this is unclear. A similar phenomenon has been 

seen with amylose in its amorphous form which in contrast to ordered starch 

granules, has a disordered network of polysaccharide chains, which prevent 

pancreatic digestion, but allow faecal digestion to occur. MacFarlane and Englyst 

(1986) suggest that colonic enzymes are much more efficient than pancreatic 

enzymes, with respect to starches; this may be applicable to chitosan too. Lin et al., 

(2005) showed that ionically-crosslinked (tripolyphosphate) chitosan units were less 

easily digested by lysozyme in vitro, than chitosan alone, although this was 

examined over 72 hours which is an unrealistic timescale for small intestinal 

digestion. The lysozyme levels in the pancreatin are unknown but may be present as 

contaminants. In this way, they could contribute to the rapid digestion of chitosan in 

simulated small intestinal conditions, but perhaps not to the digestion of chitosan- 

tripolyphosphate.

Molecular weight of chitosan was found to be an insignificant factor in the digestion 

of crosslinked and non-crosslinked chitosan in the majority of the experiments. 

Exceptions were the four-hour pancreatic digestion of tripolyphosphate crosslinked 

(1.2% and 0.6%) chitosan and the 18-hour digestion of glutaraldehyde crosslinked 

chitosan, where the low molecular weight was digested to a greater extent (p<0.05). 

Lower molecular weight chitosan, having shorter chain lengths, were expected to be 

more easily broken down into their monomeric components by enzymes, as 

previously described by Zhang and Neau (2002). Increasing the duration of the 

investigation could have allowed the effect of molecular weight to be elucidated 

more clearly. The behaviour of chitosan is also affected by the degree of 

deacetylation, and although the chitosan powders used were reported to have similar 

degree of deacetylation, differences between them may have overshadowed any 

effect of molecular weight. Deacetylation affects the degree of secondary 

interactions, such as hydrogen bonding and hydrophobic interactions, and lowering 

the degree of the deactylation increases these interactions (Berger et at., 2004). 

Thus, the relationships of the polymeric chains with each other, and the 

supramolecular structure will be affected. Chitosan has an extended conformation 

with a more flexible chain when it is highly deacetylated, due to the fact that there is
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more charge repulsion in the molecule (Errington e t  a l., 1993). A low charge density 

at low degrees o f  acétylation, mean the chitosan adopts a rod or coiled shape, and 

there are fewer free amino groups and less hydrogen bonding. These factors are 

highly likely to influence the degree o f digestion o f the chitosan in question. To try 

and assess physical and chemical differences between the films differential scanning 

calorimetry, infra-red spectroscopy and mechanical testing were carried out.

6.5.4 Infra-Red Spectroscopy, Differential Scanning Calorimetry and 

Mechanical Testing of Films

The infra-red spectra o f medium molecular weight chitosan films (chitosan acetate), 

crosslinked films, loose chitosan powder and tripolyphosphate are shown in Figures 

6.18-6.20.

MMW  Chitosan Film
MMW  Chitosan Film with 6% TPP
MMW  Chitosan Film with 6% Glutaraldehyde

0

4000 3500

W avenunciers (1/cm]

Figure 6.18 FTIR Spectra o f MMW Chitosan Acetate Films, and MMW Chitosan 
Films Crosslinked with 6% Glutaraldehyde, and MMW Chitosan Films Crosslinked

with 6% tripolyphosphate
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Figure 6.19 FTIR Spectra o fMMW Chitosan Acetate Film and MMW Chitosan
Powder
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Figure 6.20 FTIR Spectra o f Sodium Tripolyphosphate

The wide band seen at 3500-3000 is attributed to the OH stretching region (Figure 

6.18 to 6.19). Tripolyphosphate introduces more OH groups and this may be why 

the band is stronger here. The OH scissoring o f water has a peak at 1650 and this 

could explain the peak seen at around 1650-1600 in chitosan films; the films are 

hydroscopic. This peak is much less pronounced in loose chitosan powder, 

suggesting it may be able to retain less water than the chitosan film. Although the 

digestion o f chitosan powder was not investigated here, it may be the case that the

192



Chitosan for Colonie Delivery

lower water ingress into the system may prevent some enzymatic ingress, and 

digestion may be lower, although this is purely speculative. The FTIR spectra of 

sodium tripolyphosphate are shown in Figure 6.20. There are distinctive peaks at 

around 11 GO at 900. It is though that these are contributing to the stronger peak(s) at 

1000-1100 seen with tripolyphosphate crosslinked chitosan, compared to non- 

crosslinked chitosan acetate. The FTIR spectra of glutaraldehyde were not 

established since it was too toxic to use with the spectrophotometer. However when 

comparing the spectra of the non-crosslinked and crosslinked chitosan no major 

differences in the peaks were found. It is suggested that the method is not sensitive 

enough to be used with chitosan films and the effect of crosslinker is not generally 

measurable by this method.

The FTIR spectra for chitosan acetate and chitosan powder are shown in Figure 6.19. 

There are two peaks for chitosan acetate around 1565, and 1410, which are due to 

the asymmetric and symmetric carboxylate anion stretching respectively, and 

indicate that the chitosan molecule is in the form of the acetate salt (Nunthanid et al., 

2001). These same peaks are present in the TPP crosslinked, and the glutaraldehyde 

crosslinked films, suggested that the chitosan is still present as the salt, and the 

crosslinkers do not replace it at every possible bond. To try and understand the 

relationship further, differential scanning calorimetry was carried out.

Differential scanning calorimetry measures the amount of energy required to raise 

the temperature of a sample (relative to a reference). Exothermic reactions (e.g. 

crystallisation) or endothermie reactions (e.g. melting) which occur in the sample 

can be detected a change in the heat capacity between the reference and the sample. 

The scans below are for medium molecular weight chitosan film (non-crosslinked 

and crosslinked with 0.6% TPP or 0.6% glutaraldehyde) (Figure 6.21).
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Figure 6.21 DSC Scan o f Crosslinked and Non-Crosslinked Chitosan Films

These peaks represent the water loss o f the films i.e. the endothermal dehydration 

(Martinac et a i, 2005). It is thought that tripolyphosphate may be acting as a 

plasticizer, and is allowing rapid water loss though an amorphous film, thus the 

energy need to remove the water is low, as is the case for non-crosslinked chitosan. 

Those films crosslinked with glutaraldehyde have a high crosslinked density, and 

require more energy to remove water from them.

It was attempted to try and find the glass transition temperature o f the films, by 

heating to remove water, and by reheating the dry film. However, it proved 

impossible to find any peaks in these curves. Other authors have reported difficulties 

in finding glass transition temperatures with chitosan. In one case, a distinct peak 

was seen at 145.98°C, but this could not be validated or repeated (Figure 6.22). It 

has been reported that chitosan has a glass transition temperature o f 200°C (Rowe et 

ai, 2005), although this is chitosan acetate being examined in the Figure below. 

Decomposition o f the film after heating to the maximum temperature o f 300°C and 

this was seen by a physical change in the chitosan (Filipovic Grcicefal et al. [2003] 

reported exothermic decomposition o f chitosan at >I75°C [~ 220°C]).
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Figure 6.22 DSC Scan o f Chitosan Film

A further factor that may have an influence on the digestion rate of these films is 

related to their mechanical properties. The stress at break, and the Young’s Modulus 

of medium molecular weight chitosan, non-crosslinked or crosslinked with 0.6% 

tripolyphosphate or 0.6% glutaraldehyde were examined (Figure 6.23). The 

investigations into the mechanical properties of the films could not be continued for 

higher crosslinker concentration, as the maximum load of the equipment was being 

exceeded (>100N). The Young’s modulus and maximum stress were significantly 

higher (p>0.05) for 0.6% glutaraldehyde crosslinked films, than for non-crosslinked 

or 0.6% TPP crosslinked films.
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Figure 6.23 (a) Young’s Modulus and (b) Stress (Stress at break) o f Chitosan and

Crosslinked Chitosan Films

The tensile or mechanical strength o f a film is represented by the stress required to 

pull it to the point at which it breaks, and is measured in MPa (Nm^). The Young’s 

Modulus determines how firm a material is within its elastic limit (Nm'^) and ideally 

a polymeric film will have a high tensile strength, and a high Young’s modulus, 

tough without being brittle. Glutaraldehyde crosslinked films fulfil these properties 

best, and its mechanical strength, reliant on the underlying molecular structure and 

bonding, may help explain the high resistance to degradation; highly bound 

molecular structures should be more resistant to physical and chemical disturbances. 

Mechanically, non-crosslinked and tripolyphosphate-crosslinked films behave 

similarly. Although, like glutaraldehyde, tripolyphosphate is a crosslinker, i.e. a 

molecule with at least two reactive functional groups, that allows the formation of 

bridges between polymeric chains, it in fact acts similarly to the acetate salt. Ionic 

bonds are formed, which are not as strong as covalent bonds. The film is more 

brittle and not as mechanically strong, and provides little resistances to enzymatic 

degradation.

196



Chitosan for Colonie Delivery

If the digestion takes place at the |3 (1,4) link as thought, it is speculated that 

prevention of digestion by crosslinking does not occur by blocking, or altering 

enzymatic fit, but rather by hindering access o f the enzyme to the active site, by 

virtue of the dense network that is produced. It follows therefore, that since the 

active site is not altered, that given time and a continuous supply of viable enzymes, 

enzymatic digestion would continue to occur. This explains the greater digestion 

observed after 18 hours (compared to four hours) of incubation. This also explains 

the greater digestion of films containing the lower concentration of crosslinker. 

Increasing the crosslinker concentration in the film results in a denser chitosan 

network, greater hindering of enzymatic access to its active site and a subsequent 

reduction in digestion. To investigate this effect further, the swelling of the chitosan 

films was assessed.

6.5.5 Swelling Investigations

The swelling of the non-crosslinked and crosslinked chitosan films are shown in 

Figures 6.24 to 6.26 at pH 1.2, at pH 6.8 and at pH 7.3.
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Non-Crosslinked Chitosan

Without crosslinking, chitosan of all molecular weight tends to have high swelling, 

at both pH 1.2, 6.8 and 7.3 (Figures 6.24a-c, 6.25a-c and 6.26a-c). In acidic 

conditions, the non-crosslinked films swell and dissolve rapidly in the first hour, and 

cannot be measured further. This suggests that these films are likely to dissolve in 

the stomach of man, where the pH is 1.0-2.5 (Evans et a l, 1988), although the transit 

time o f the stomach is highly variable. Furthermore, the high swelling exhibited at 

pH 6.8 and 7.3 by these films is disadvantageous as it may allow rapid drug or 

vaccine release. As with digestion, there were no major differences seen between 

molecular weights.

Glutaraldehyde Crosslinked Chitosan

There was no statistical difference between the swelling at pH 1.2 and pH 6.8 and 

7.3 suggesting that the glutaraldehyde crosslinked structures are not influenced by 

pH. Covalently crosslinked hydrogels, such as with glutaraldehyde, are not 

susceptible to further influences by environmental conditions such as pH, since the 

bonds formed within the hydrogel are irreversible (Berger, 2004). The 

glutaraldehyde forms a crosslinking bridge between the NHs^ groups of the chitosan, 

and therefore this site is not available for soluble chitosan salt formation in acid 

conditions. Thus there is no influence of pH, because the salt cannot be formed.

The concentration of the glutaraldehyde crosslinking agent has an effect on swelling, 

and this is related to the degree of crosslinking that occurs. High amounts of this 

chemical crosslinker result in a dense polymeric network, however the structure 

produced is still porous and there are spaces within the molecular structure that allow 

movement of water and free molecules. This is seen in work by Jameela and 

Jayakrishnan (1995) in which drug release is greatly inhibited by glutaraldehyde 

crosslinked chitosan, but eventually occurs, due to diffusion though the polymeric 

network. As the concentration of the crosslinker is decreased, the porosity of the 

system increases, allowing faster and greater ingress of water. No differences were 

discerned between the high, medium and low molecular weights. Crosslinking 

density has an effect on the drug release from microspheres. Jameela et al., 1998
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found that highly crosslinked microspheres released only 35% of progesterone in 40 

days, compared to 70% release in lightly crosslinked.

Tripolyphosphate Crosslinked Films

The use of tripolyphosphate as a crosslinking agent caused a reduction in the 

swelling of chitosan films. No trend was seen between the high, medium and low 

molecular weights. There is a difference between the swelling in pH 1.2, and that at 

pH 6.8 and pH 7.3. There is significantly more swelling of tripolyphosphate 

crosslinked films at pH 1.2, compared to pH 6.8 and pH 7.3. The dissolution, due to 

salt formation, of some of the TPP crosslinked chitosan at pH 1.2, may result in a 

loosening of the polysaccharide/ polymeric network, allowing more ingress of water, 

and hence more swelling. At pH 1.2 only 6% tripolyphosphate was effective at 

reducing the swelling to a significant degree. At pH 6.8 and pH 7.3 swelling 

occurred, but to a less extent than at pH 1.2 and both 1.2% and 6% tripolyphosphate 

were most effective at causing a reduction in the swelling.

In general, increasing the tripolyphosphate concentration resulted in a decrease in 

swelling and this was apparent at both pH 1.2 and pH 6.8. Once the chitosan films 

experience ingress of water, they effectively become hydrogels, crosslinked or 

otherwise. Ionically crosslinked films and hydrogels can be further influenced by 

pH which influences the charge densities of the crosslinker and chitosan, which in 

turn influences the swelling properties. The introduction of hydrogen ions into the 

hydrogel may interact with the negatively charged tripolyphosphate preferentially, 

leaving the polycationic chitosan free to form soluble salts with the chloride ions 

(from the hydrochloric acid). These start to dissolve, loosening the network and 

allowing progressively more water to enter the system, and more swelling to occur. 

In lightly crosslinked systems the remaining tripolyphosphate bonds are not strong 

enough to hold the structure together, and as more and more chitosan dissolves, the 

film falls apart, and goes into solution. This was seen by an inability to measure 

swelling at 60 minutes for some of the low crosslinking concentration films. The pH 

responsiveness of a tripolyphosphate crosslinked chitosan was reported previously 

(Shirashi et al., 1993; Remunan-Lopez and Bodmeier, 1997) but these, and our work
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contrast with work by Shu and Zhu (2002) in which they showed poor pH 

responsiveness with tripolyphosphate crosslinked chitosan pellets, with similar 

riboflavin release profiles in simulated gastric fluid, and simulated intestinal fluid. 

They suggest that only beads with a short crosslinking time (less than 30 minutes), 

and a low tripolyphosphate concentration (less than 1% w/v) possessed pH 

dependent swelling, and drug release. This indicated that only those beads which 

were not completely crosslinked had pH responsive behaviour. The FTIR data 

indicated that some of the acetate salt form was still present in these 

tripolyphosphate crosslinked films, suggesting that they were not completely 

crosslinked, and hence this explains the pH responsive behaviour seen.

Generally, in terms of concentration, the more crosslinker available, the less swelling 

that occurs. In addition to this, glutaraldehyde was seen to be more effective than 

tripolyphosphate, and in most cases these were significantly different although in 

some cases tripolyphosphate can often be as effective as the more toxic 

glutaraldehyde for crosslinking a film, in order to reduce the swelling. The swelling 

of the chitosan and chitosan crosslinked films can thus be linked back to enzymatic 

digestion. The degree of crosslinking affects the ingress of water, and consequently 

the ingress of water-bound enzymes. The denser networks, for example at higher 

concentrations, prevent the enzymatic access to the active sites and so digestion is 

reduced.

The swelling of films is a significant factor in drug delivery, as well as digestion, 

since it will have an influence of the release rate of the drug (Mahkam and Doostie, 

2005). Crosslinked films reduce the swelling, but in lightly crosslinked films, when 

water does enter the system, in can form a free water continuum, though which drug 

can diffuse very quickly. Thus, the concentration of the crosslinking agent is an 

important factor when designing a dosage form. Other factors influencing dosage 

form formulation are water vapour permeability, and Cavalcanti et al. (2002) showed 

that polymer films containing polysaccharides showed the same trends when 

comparing swelling index and water vapour permeability. This suggests that the 

trends found here may also hold true for water vapour permeability.
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Although exact mechanisms for the digestion or otherwise, of these materials could 

not fully be elucidated, chitosan crosslinked with tripolyphosphate emerged as a 

promising candidate for colonic drug delivery. It was able to resist degradation by 

pancreatic enzymes, dissolution in acid, and was susceptible to digestion by the 

enzymes in the human colon. Therefore microparticles were prepared from this, in 

order to ascertain their potential as carriers for the PLGA nanoparticle vaccine to the 

large intestine.
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6.5.6 Formulation Development

The microparticles produced by spray drying chitosan solutions are shown below 

(Figure 6.27). Fairly spherical particles are achieved, some with a wrinkled, 

crenated structure. Microparticles prepared by spray drying by Shi and Tan (2002) 

seemed to be o f similar size, but had a smoother morphology. Distorted morphology 

o f spray dried chitosan particles was also described by Desai et al. (2006) and He et 

al. (1999); the latter attributed the morphology to the use o f low viscosity chitosan, 

and better morphology was produced by using higher viscosities. The higher 

viscosity may have a stronger interaction with water, and so the rate at which it is 

lost is more controlled, and so rapid solvent loss, and structure collapse is not seen.

‘-.pot M.Htjr, Del %'l) I 1 HO |im h-
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Figure 6.27 Scanning Electron Micrographs o f Spray Dried Chitosan Particles

The microparticles produced by spray drying chitosan-tripolyphosphate solutions are 

shown in Figure 6.28. Again, fairly spherical particles are achieved, with the same 

wrinkled structure. These seem to be less uniform in size, with more wrinkled 

morphology apparent. This may be due to the chitosan- tripolyphosphate reaction 

occurring before the spray drying is carried out, which may influence solvent 

evaporation rates. It also means that the liquid being spray dried is part solution, part 

suspension, which differs from the chitosan solution spray dried above.
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Figure 6.28 Scanning Electron Micrograph o f Chitosan-Tripolyphosphate 

Microparticles Produced by Spray Drying

These microparticles were then loaded with PLGA nanoparticles. The structures 

produced are shown below in Figure 6.29. The surface o f the PLGA loaded 

chitosan- tripolyphosphate microparticles has some raised areas on their surface, 

which were not seen previously. This may or may not represent the presence o f the 

PLGA nanoparticles, but it cannot be confirmed from this alone.

Figure 6.29 Scanning Electron Micrograph o f Spray Dried Chitosan- 

Tripolyphosphate Microparticles Containing PLGA Nanoparticles

The ovalbumin loading of these particles was found to be 7.99 ± 0.1 pg protein/mg 

chitosan microparticles which represented an 86% loading efficiency into the 

chitosan. Of course, it cannot be said whether the surface antigen still remains on 

the surface o f the PLGA microparticle, or it is was spray dried into the chitosan 

matrix.
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It proved difficult to accurately assess the ability o f chitosan-tripolyphosphate 

microparticles to control the release o f the vaccine particles. Since the vaccine 

contains protein, the protein release as a percentage o f the total amount in the 

nanoparticles, and as a percentage o f the expected “burst release” were assessed. If 

protein release was compromised enough to allow this protein to escape, it may not 

be suitable for controlling particle release. The microparticles containing 

ovalbumin-loaded nanoparticles were assessed for their ability to control the surface 

protein (the “burst release” antigen) which represents about 40% o f the total antigen 

(Figure 6.30).
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Figure 6. SO The Protein Release from a Chitosan- TPP Microparticle, Containing 

PLGA (Protein Loaded) Nanoparticles (pH Changedfrom pH 1.2 to 6.8 at 120 

Minutes). Release is Shown as a % Release from the Total Protein Content o f the 

Microparticle/Nanoparticle, or a % o f the Theoretical Burst Release o f Protein 

(Mean and Standard Deviation Bars are Shown).

It seems that the overall trend is for the protein release to increase during the acid 

phase. This suggests that some protein is being released, by diffusion through the 

swollen chitosan. When the pH is changed, the chitosan re-solidifies, and protein 

release inhibited. Although the swollen microparticles allow protein release, we 

cannot say that they will allow nanoparticle release. The microparticles were seen
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visually not to dissolve at pH 1.2, although they did appear swollen (as expected 

from the swelling experiments).

Although the “resolidification” o f the microparticles is one theory to explain the drop 

in in vitro drug levels seen in Figure 6.30, there may have been problems with the 

assay. After all, very small amounts o f protein are being measured here. To try and 

establish further what was going on, a model drug (prednisolone) was encapsulated 

into the chitosan microparticles by spray drying (Figure 6.31) (drug loading was 

66pg/mg, which represented a loading o f 66%, there was a yield o f 32.7%), and the 

drug release profile obtained is shown below (Figure 6.32). The drug release was 

examined using a pH change dissolution method (which is discussed in more detail 

in Chapter 7). Briefly, to simulate exposure to the pH o f the stomach, and o f the 

small intestine, a dosage form is exposed to pH 1.2 HCl for two hours and then the 

pH is increased pH 6.8. The drug release from the dosage form into a dissolution 

media is assessed. The test is not biorelevant, due in part the large volumes used but 

is a commonly used tool for screening controlled release dosage forms. The drug 

release is also examined at pH 4, and pH 5 (which represent conditions in the mouse 

stomach and small intestine respectively [Chapter 2]).

Figure 6.31 Scanning Electron Micrograph o f Prednisolone Spray Dried with

Chitosan- Tripolyphosphate
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Figure 6.32 Prednisolone Release into Dissolution Media, from Chitosan- TPP 

Microparticles (pH Change Dissolution [from pH 4 to pH 5 at 120 Minutes or from  

pH 1.2 to pH 6.8 at 120 Minutes]) (Mean and Standard Deviation Bars are Shown).

At pH 1.2, there is rapid release over the first 120 minutes. At this pH, there is high 

swelling o f the microparticle, and so rapid drug release is seen. At pH 4, there is 

also rapid drug release, but at a slightly slower rate than at pH 1.2. This is as 

expected, as the polysaccharide and tripolyphosphate complex shows pH dependent 

swelling and pH 1.2 is expected to show more swelling, and hence more drug 

release, although the overlapping error bars in this Figure suggest that there is no 

difference between the two. The drug release occurs since the system is effectively a 

hydrogel; even microparticles prepared by spray drying chitosan with formaldehyde 

showed some (30-40%) drug release in acidic conditions (formaldehyde is an ionic 

crosslinker like glutaraldehyde) and did not tend to show the pH dependent 

differences that we see here (Ganza-Gonzalez et al., 1999). Fast release was also 

shown using glutaraldehyde crosslinked chitosan particles, and this was attributed to 

the affinity for the drug (cimetidine and raniditine) for the dissolution media (He et 

al., 1999). This contrasts with work in which mitoxantrone (a neoplastic agent) was
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incorporated into glutaraldehyde crosslinked chitosan microspheres, prepared by an 

emulsion crosslinking method, and drug release was seen over a four week period 

(Jameela and Jayakrishnan, 1995), although this drug was only poorly water soluble. 

This suggests that although drug release is influenced by crosslinker concentration, 

other factors may be at play here. When the pH is changed from 4 to 5, or 1.2 to 6.8 

the rate of drug continues at a similar rate. This is similar to work seen in which 

chitosan and tripolyphosphate microparticles were used to encapsulate vitamin C, 

and these showed release of vitamin C over six hours at pH 7.4. The fast release of 

the prednisolone may also be influenced by the fact that is it a low molecular weight 

drug, and therefore will find it easier to diffuse out of a hydrogen network than, for 

example, a protein, or our particulate vaccine vehicle. There was no drop seen in the 

amount of prednisolone after the pH change, which was seen with the protein. This 

may negate the theory of "re-solidification", but it must also be considered that much 

larger volumes are used in the dissolution test, and the prednisolone is very dilute 

and the amount of chitosan relative to the volume is very small.

Regardless, the inability of the system to control drug release at pH 1.2 or pH 4 

means that it unsuitable for gastric pH in man, or in the mouse. Ideally, these 

microparticles would be encapsulated further by an enteric coating polymer to 

prevent this initial swelling. This was considered, but at this stage, a further coating 

method was considered too cumbersome, and analysis and yield become issues at the 

laboratory scale. A further adaptation that could be carried out is to increase the 

proportion of tripolyphosphate, or to incorporate other crosslinkers, or even 

crosslinker combinations. The digestive properties of these would have to be 

assessed. It was considered that these microparticles could be filled into capsules 

and dosed to animals. However, the capsules available for pre-clinical studies in 

rodents are not suitable for mice. Furthermore, although the company claim the 

capsules can be enteric coated for controlled release application, there are no data to 

establish how easily these capsules will empty into the small intestine and colon 

although in the rat it is physically possible for the capsule to empty, given its 2.7mm 

diameter, and the rat pylorus being greater than 4mm (Omura et al., 1993), but this is 

not confirmed. No data could be found on the emptying of capsules from rodent
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stomachs. The current limitations to this system suggest that these microparticles are 

not yet ideal for investigation in vivo in animal models, specifically the mouse. 

Furthermore, the less clearly demarcated rise in the numbers of colonic bacteria in 

the mouse large intestine mean that using this approach, and this animal model, for 

proof of concept studies may be less easy to extrapolate. As it stands, combining 

this approach with a pH specific (or enteric coated) approach, may be more 

appropriate. The potential for the use of pH responsive polymers for the purposes of 

colonic vaccine delivery were investigated alone, and are described in the next 

Chapter.
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6.6 Summary and Conclusions

Chitosan is known for its ability to successfully form microparticles, but its actual 

digestion by human colonic bacteria, and therefore its potential for colonic delivery, 

was unknown. It was established that chitosan films could be digested by human 

colonic bacteria (as modelled by human faecal material), and by pancreatic enzymes 

(porcine). The addition of crosslinking agents to these films affected the digestion. 

Glutaraldehyde crosslinking of the films prevented faecal and pancreatic digestion at 

four hours, but allowed some digestion at 18 hours. Tripolyphosphate was able to 

prevent pancreatic digestion at four hours, but allow faecal digestion, and at 18 hours 

both enzyme systems had fully digested the films. This latter was suggested as a 

promising material for colon-specific delivery. The ability of the films to resist 

digestion was linked to the swelling, and consequently to the crosslinker type and 

crosslinker concentration. Microparticles were prepared from chitosan crosslinked 

with tripolyphosphate, but these were unable to control the release of a model drug. 

Enteric coating may be required, and so pH responsive polymers were investigated 

next.
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pH Responsive Polymers

7.1 Introduction

The previous two chapters examined the potential of the polysaccharides amylose 

and chitosan for colon-specific drug and vaccine delivery. For amylose, difficulties 

in preparing microparticles due to poor solubility, and the necessity of high 

temperatures, precluded its use for the colon targeting of vaccine nanoparticles. 

Chitosan, crosslinked with tripolyphosphate initially seemed to be a more promising 

system, but these had problems controlling drug (and potentially vaccine) release in 

a low pH environment. In order for this approach to be taken further, an enteric 

coating would need to be investigated, either as an enteric-coated capsule, or as a 

microencapsulating coat. This would then combine a pH and microbially triggered 

approaches. This lead to the consideration that the pH approach could be used on its 

own, as a simple way to deliver the vaccine to the colon. Therefore, this Chapter 

will investigate the use of pH responsive microparticles for colon-specific delivery, 

which could be used as a stand-alone system, or alternatively, at a later stage, be 

combined with the chitosan-tripolyphosphate system. The pH-responsive systems 

investigated here should be designed for testing in the mouse model, but the 

principle should be capable of extrapolation to man.

7.1.1 Site Specific Targeting Using Gastrointestinal pH

The pH-triggered release of drugs in the gastrointestinal tract is a concept which has 

been in use for many years. The simplest and most common approach is the 

utilisation of the steep increase in pH between the stomach and the small intestine, to 

initiate drug release from a dosage form. Using an enteric coating on a tablet, 

capsule or pellet can allow the dosage form to avoid dissolution in the low pH of the 

stomach. The coating will normally dissolve around pH 5, and does so on reaching 

the higher pH of the small intestine, allowing drug release. This is a commonly used 

approach for protecting acid sensitive molecules. Targeting the lower bowel is more 

difficult as the pH changes are not so pronounced, although there is an aboral 

increase along the small intestine. The pH generally reaches its highest value at the 

distal small bowel/ileocaecal junction (Table 7.1). Using polymers which are
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insoluble in the pH of the proximal gut, but dissolve at the pH values of the distal 

small intestine, should allow drug release to start occurring at this point and as the 

dosage form moves into the caecum and colon. This approach is utilised for the 

treatment of conditions such inflammatory bowel disease, where a local action is 

required.

Table 7 .1: Measured Gastrointestinal pH Along the Gastrointestinal Tract of Man 

(Evans et al., 1988)

Site pH

Stomach 1-2.5

Proximal Small Bowel

Jejunum 6.63 ±0.53

Mid Small Intestine 7.41 ±0.36

Ileum/ Distal Small 

Bowel

7.49 ± 0.46

Right Colon 6.37 ±0.58

Mid Colon 6.61 ±0.83

Left Colon 7.04 ± 0.67

The first colon targeted pH-responsive dosage forms were developed in 1982 (Dew 

et a/.) and this comprised a capsule coated with the polymethacrylic acid methyl 

methacrylate ester copolymer Eudragit S, which has a dissolution threshold of pH 7. 

These formed the basis of the marketed products Asacol® MR, Mesren MR® and 

Ipacol®, for the treatment of ulcerative colitis.

However, despite their clinical history, Asacol®, and other Eudragit S coated tablets, 

have demonstrated considerable variation in their disintegration behaviour in vivo 

(Schroeder et a/., 1987, Ashford et al., 1993; Sinha et al., 2003). The site of 

disintegration and hence drug absorption has been variable, and often tablets have 

been reported as being passed in the stools of patients intact (Table 7.2).
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Table 7.2: The Disintegration Behaviour of Eudragit S Coated Tablets In Vivo

Study In vivo behaviour of Eudragit S coated tablets

Number of intact 
Tablets

Number of 
disintegrated tablets

Asacol tablets given to six ulcerative colitis 
patients'

1 5

Eudragit S coated mesalazine tablets given to 
healthy volunteers .̂

Fragments of tablets were retrieved from 
volunteers’ faeces (equivalent to 24% of 

administered dose)
Eudragit S coated tablets given to eight 

healthy volunteers (fasted)^
3 5

Eudragit S coated tablets given to eight 
healthy fasted volunteers'*

1 7

Eudragit S coated tablets given to eight 
healthy fed volunteers'*

3 5

Eudragit S coated tablets given to eight 
healthy volunteers 30 minutes before food'*

3 5

1. Sinha e/fl/., 2003
2. Safdi era/. (2005)
3. Ibekwe et al., (2006)
4. Ibekwe (2007)

One theory as to why some tablets pass through the body intact is that the tablets 

need to spend sufficient time at the region of highest pH, the ileocaecal junction 

(Ibekwe 2006), and this seems to be supported by work that showed that a higher 

proportion of tablets seem to disintegrate in ulcerative colitis patients in whom small 

intestinal transit time is longer (Sinha et al., 2003). However, transit time and pH 

are not the only factors determining the success or failure of such a dosage form, and 

other factors, for example gastric emptying time, feed state, water content, buffer 

capacity and osmolality may play a part. Work by Fadda and Basit (2005) showed 

that increasing buffer capacity (as can occur after a meal), or increasing ionic 

content, can increase the dissolution rate of enteric polymers. The scope of the 

factors influencing the behaviour of pH responsive dosage forms is not hilly 

understood, and it is likely that many factors are interlinked. To improve therapeutic 

efficacy, the influences of these factors need to be understood, and dosage forms 

need to be designed which can overcome some of the inherent problems presented so 

far.
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Since the gastrointestinal pH also shows considerable inter- and intra-individual 

variability (Fallingborg et a l, 1989), one approach that has been investigated to 

obviate these potential problems was the use of pH responsive polymer combinations 

which would be capable of dissolution at both the high and low pH “extremes” seen 

in patients, and Khan et a l  (1999) suggest a combination of Eudragit L55 with 

Eudragit S for colon targeted systems. However, even with this potentially 

improved coating system, there is one major issue that needs to be addressed, and 

this is the use of single unit dosage forms. They present an increased risk, in terms 

of drug delivery over multiple unit systems because if, for whatever reason, they do 

not break down in the gastrointestinal tract, one hundred percent of the drug is lost. 

Conversely if the dosage form breaks down to quickly, for example due to an 

unexpectedly high pH, there is a risk of dose dumping in which all the drug is 

released at once. If a modified (extended) release system is required, this can mean 

that a high dose is experienced very quickly which may be dangerous. Multi-unit 

systems such as pellets or microparticles limit this risk. Smaller, multi-unit systems 

also have more reliable gastric emptying, and tend to travel more slowly through the 

colon, which is advantageous when colonic delivery is required. Pellets and 

microparticles have a larger surface area to volume ratio, which is advantageous 

when it is suspected that the exposure time to the necessary pH may be limited, or 

the exposure to fluid may be limited, for example, in the mouse or rat model, or in 

the colon of man. Microparticles have the largest surface area to volume ratio and 

are the logical choice to take into animal models, and since they can easily be 

suspended in liquid are easy to dose. For all these factors, it appears that 

development of pH responsive microparticles was a promising way to delivery drug 

or vaccine to the colon, and could potentially be tested in the mouse model.

7.1.2 pH Responsive Microparticles for Colonic Delivery

The pre-requisites of a colon-specific microparticle system for drug or vaccine 

particle release have been discussed elsewhere, but are summarised below:

■ They should retard release in the upper gastrointestinal tract.
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■ They should allow drug or vaccine release upon reaching the colon.

■ Size should be less than 500 microns, since particles larger than this are 

thought to be retained in the stomach (Clarke et al., 1993). They also need 

to be large enough to accommodate the nanoparticle vaccines, and a 

suggested size is 50-100 microns.

■ They should be non-aggregated and have a smooth morphology, in order to 

maximise the surface area benefits (to increase contact with fluid in the 

gastrointestinal tract).

Fulfilling all these pre-requisites with pH responsive polymers, such as Eudragit, has 

proved problematic in the past. For example, control of drug in acidic conditions has 

not always been achieved (Morishita et at., 1991; Obeidat and Price 2006). Spray 

drying methods have resulted in particle aggregation (Palmieri et a l, 2000; 2002), 

and emulsion stability under mild conditions has been difficult with solvent 

evaporation methods (Goto e ta l ,  1986; Alavi e ta l ,  2002; Obeidat and Price, 2006). 

However, Lamprecht et al. (2005) were able to prepare microspheres from Eudragit 

P4135F which showed good retardation of drug release in acidic conditions. Drug 

release occurred shown at pH 7.4 (although this may exceed the maximum pH in 

many people; in one quarter of healthy individuals pH 7 is not reached [Fallingborg 

et a l,  1989], and in a similar proportion of ulcerative colitis patients, a luminal pH 

>7 was maintained for less than 30 minutes [Raimundo et a l, 1992]). Attempts to 

replace the dichloromethane solvent used in this formulation with ethanol resulted in 

particles with poor morphology, high porosity and poor size uniformity. In another 

study, alginate cores were entrapped inside Eudragit S microspheres; these showed 

control of release in acid, although O.OIN HCl (pH 2) was used instead of the 

standard O.IN HCl (pH 1.2). In a separate study they showed no release at pH 6.8, 

with release occurring over 12-16 hours once pH 7.4 was exceeded (Rahman et a l, 

2006). Although these showed some promise, the pH values that drug release was 

seen at was too high to be of use in vivo.

The need for a robust methodology to prepare pH responsive microparticles which 

fulfilled all the criteria described above was identified by Kendall (2006).
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Optimisation studies resulted in the development o f a single emulsion solvent 

evaporation process which was capable o f producing smooth, spherical and uniform 

particles o f Eudragit L, S and L55. This used mild conditions (room temperature, 

with stirring rather than homogenisation), non-toxic solvents (ethanol), and produced 

high yields. The methodology is now under patent (Basit et al., 2005). The success 

of the system was due to the early formation o f a stable emulsion, which has not 

been achieved in previous work. The Eudragit L and S microparticles were able to 

control drug release in acidic (pH 1.2) conditions (with prednisolone [neutral drug]), 

but allowed drug release at the appropriate dissolution thresholds. In this 

investigation into colonic vaccine delivery we adopted this process for use with other 

polymers. The process o f single emulsion oil-in-oil solvent evaporation 

microparticle preparation is depicted in Figure 7.1. A single emulsion is prepared 

using ethanolic solutions o f  polymer and drug as the internal phase, and liquid 

paraffin as the external phase. A surfactant is used to stabilise the emulsion, which 

is stirred overnight, and as the solvent evaporates, the polymeric droplets shrink and 

harden.

Drug a n d  Polym er Solution  

Liquid Paraffin

S olven t E vapora tion

Figure 7.1 Diagram showing the process o f single emulsion solvent evaporation 

microparticle preparation
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Kendall (2006) used ethanolic solutions of Eudragit S, L and L55, which were co

dissolved with prednisolone as a model drug. These were emulsified in liquid 

paraffin, using sorbitan sesquioleate (Arlacel 83) as the emulsifying agent. The 

ethanol was allowed to evaporate overnight, and the hardened Eudragit 

microparticles were harvested. The in vivo prednisolone release of the Eudragit L 

and Eudragit S microparticles were investigated in the rat. Interestingly, Eudragit L 

microparticles (dissolution threshold pH 6) showed high drug release in the GI tract, 

but Eudragit S microparticles (dissolution threshold pH 7) did not. One reason to 

explain this may be drawn from the pH values in the rat observed in Chapter 2. The 

mean pH value does not exceed 7 in the rat; this suggests that these Eudragit S 

microparticles may not be exposed to the appropriate pH values for dissolution and 

as such may not be suitable for study in mouse and rat. It is proposed that for 

vaccination studies (although unfortunately beyond the scope of this thesis) the 

mouse model be used as we showed a good immune response with direct colonic 

delivery. This means that suitable polymers would need to be chosen to effect 

colon-specific release in this animal since the mouse gastrointestinal tract was 

observed to experience a lower pH than that seen in man or rat (Figure 7.2 shows the 

pH in the fasted mouse from Chapter 2).
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Figure 7.2 Gastrointestinal pH o f the fasted BALB/c mouse (from Chapter 2)

It is proposed that by choosing a polymer which would start dissolution in the distal 

small intestine, vaccine release into the caecum and proximal colon could be 

achieved. Ibekwe (2006) uses the term ileo-colonic delivery in order to describe 

tendency for pH responsive dosage forms to begin disintegration in the ileocaecal 

region o f the intestinal tract, rather than in the colon itself. In the mouse, polymers 

which disintegrate around pH 4.5-5.5 may be suitable for colonic delivery. A 

selection o f polymers with potentially suitable dissolution thresholds are shown in 

Table 7.3 and these are investigated in this Chapter. These can be subdivided into 

acrylic polymers (Eudragit L and Eudragit L55), cellulose polymers 

(hydroxypropylmethylcellulose phthalate) and acetate polymers (polyvinylacetate 

phthalate). Eudragit L was included, although its dissolution threshold is pH 6, as it 

may show some leakiness at lower pH values.
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Table 7.3: Summary o f pH Sensitive Polymers and Their Dissolution pH

Polymer Trade Name Dissolution pH

Poly (mcthaciylic acid, methyl methacrylate) Eudragit L
Poly (methacrylic acid, ethyl aciylate) Eudragit L55 5.5

Polyvinyl acetate phthalate Erkopol B-60
Erkopol B-500

Cellulose acetate trimellitate 4.5
Hydroxypropylmethylcellulose phthalate HP55

HP50
5.5

The polymers were assessed for the behaviour in different pH media; this was 

carried out by screening their ability to retard the release o f a model drug 

(prednisolone) into dissolution media. The drug would then be substituted with 

vaccine particles at a later stage. The commonly used approach for investigating and 

comparing the behaviour o f modified release formulations is the dissolution test. 

Originally used as a quality control device for the behaviour o f immediate release 

and modified release dosage forms, it allows for the screening o f a large number o f 

potential dosage forms, before pre-clinical work is carried out in animals 

Dissolution tests were carried out in the previous chapter, where chitosan 

microparticles were investigated. There are four sets o f apparatus listed in the 

United States Pharmacopoeia for the testing o f  oral dosage forms, and these are 

summarised below

USP I -  Rotating Basket -  Apparatus

In this apparatus, the dosage form is placed into a mesh basket, which is attached to a 

motorized drive shaft which rotates the basket in the dissolution media, at 37 ± 0.5°C 

(this temperature is used for all USP dissolution methods).

USP II -  Paddle -  Apparatus

The dosage form is placed into the dissolution vessel and a rotating paddle is used to 

agitate the system. The dosage form can be placed into a wire mesh “sinker” to 

prevent contact with the rotating paddles.

USP III -  Reciprocating Cylinder -  Apparatus

The dosage form is placed into a mesh cylinder, which is reciprocated vertically

inside a dissolution vessel; these are stronger mechanical disturbances than types I
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and II, and may be closer to those experienced in vivo. The cylinders and dosage 

form can be mechanically moved to another dissolution vessel, enabling rapid and 

automated media changes to be carried out. This is not suitable for microparticles 

however, as they will be lost through the mesh.

USP IV -  Flow Through Cell -  Apparatus

The dosage form is placed into a transparent cell, through which dissolution media is 

pumped, and may be “open loop”, in which unlimited supply of media is passed 

through, or “closed loop” in which the media is re-circulated allowing small volumes 

to be used.

The method for investigating drug release from pH-responsive dosage forms is 

sequential testing in acid and buffer (of appropriate pH) and the process is 

summarised in the Table below (Table 7.4).

Table 7.4; Summary of pH Change Dissolution Protocols (USP)

Method A Method B

USP II (paddle) apparatus USP I (basket) apparatus

2 hours in 750 ml 0. IN HCl 2 hours in 1000 ml O.IN HCl

pH increased to 6.8 using 250 ml of 0.2 M 

tribasic sodium phosphate

Baskets raised

Final pH adjusted to 6.8 by adding 2M 

NaOH( within 5 minutes)

Dissolution vessel replaced with one containing 

1000 ml pH 6.8 phosphate buffer (37°C)

Baskets lowered

Although it has now largely been accepted for use in dosage form development and 

screening, it must be understood that in no way can the dissolution test be considered 

biorelevant. It is mostly usefiil for comparing dosage forms against each other, 

although it can give some idea of how one variable (pH) might affect the dosage 

form in vivo. However, gastrointestinal fluid is so much more complex than the 

phosphate buffered saline used in these tests. It has different ionic strengths, 

different buffers and buffer capacity, all of which have been shown to affect drug 

release from dosage forms (Ashford et al., 1993; Fadda and Basit, 2005). Work has

223



pH Responsive Polymers

been undertaken to understand the in vivo fed and fasted states more closely 

(Dressman et al., 1998; Rudolph et a l, 2001), and this has led to the development of 

more biorelevant media (Kostwicz et a l,  2002) for small intestinal simulations; 

Fasted State Simulated Intestinal Fluid (FaSSIF) [sodium taurocholate 3mM, lecithin 

0.75mM, NaOH (pellets) 0.174g, NaH2P04.H20 1.977g, NaCl 3.093g, purified 

water qs. 500ml. media has a pH of 6.50 and an osmolality of about 270 

mOsmol/kg] and Fed State Simulated Intestinal Fluid (FeSSIF) [sodium taurocholate 

15 mM, lecithin 3.75mM, NaOH (pellets) 4.04g, glacial acetic acid 8.65g, NaCl 

11.874g, purified water qs. 1000ml, media has a pH of 5 and an osmolality of about 

670 mOsmol/kg]. Biorelevant media was compared with phosphate buffer in 

relation to drug release from an Eudragit coated system, and no differences were 

seen between the release rates (Rudolph et a l, 2001). Although they may be closer 

to the in vivo situation, there are still many differences between these latter and the in 

vivo environment, for example these lack bicarbonate buffer which is present in vivo 

and pancreatic enzymes are not included. In addition to attempts to improve the 

dissolution media, the entire dissolution process has been examined, and models 

have been designed which aim to mimic more closely the gastrointestinal tract. 

Currently, 900-1000ml is the common dissolution volume which, if we consider the 

results of Gotch (1957) and Schiller et a l  (2005), is very unrealistic. The TNO 

intestinal model is a computer controlled model that simulates in vivo fluids at more 

realistic volumes, with more realistic fluid dynamics relative to the human stomach 

and small intestine. They also incorporate enzymatic activity, bile salts, pancreatic 

juices, and simulate drug absorption by dialysis methods (Minekus and Havenaar, 

1996). A follow up to this also incorporates a simulated colonic environment. 

However, these systems are still at an early stage, and are far from becoming a 

routine method of testing; they have a very low throughput, and are costly. So as it 

stands, the standard methods continue to be used to screen dosage forms and will be 

used in this investigation.

Specifically the Method A pH change dissolution will be used for the screening of 

the polymers shown in Table 7.3. The usual pH change methods involve a pH 

change from 1.2 to 6.8 but in this investigation pH was changed from 1.2 to 5 or 5.5,
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to assess the ability of the polymers to control the release in acidic conditions, but 

allow release when the pH rises to 5 or 5.5. Since the mouse stomach had a pH of 

around 4, the most promising polymers were also investigated for their ability to 

control release at this pH. Prednisolone was chosen as a model drug, due to its 

neutral pH, so that its release can be attributed to the polymer, rather than changes in 

prednisolone solubility.

7.2 Aims and Objectives

The aim of this chapter was to develop a pH responsive microparticles that can 

release entrapped vaccine nanoparticles at pH 5-5.5

To achieve this end, the objectives were:

■ To investigate a series of polymers with dissolution thresholds from pH 4.5-6 

for microparticle production

■ To compare the drug release from these microparticles using pH change 

dissolution

■ To identify the optimal polymeric microparticles and entrap the nanoparticle 

vaccine within these
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7.3 Materials

Eudragit S, Eudragit L and Eudragit L55 were gifts from Evonik Rohm GmbH 

(Darmstadt, Germany). Prednisolone was from Aventis Pharma, Antony, France. 

Hydroxypropylmethylcellulose phthalate (HP50) and hydroxypropylmethylcellulose 

phthalate (HP55) were from Shin-Etsu Chemical Company Limited. Sodium 

phosphate dibasic, cellulose acetate trimellitate and sorbitan sesquioleate (Arlacel 

83) and ovalbumin fluorescein isothiocyanate conjugate (ovalbumin-FITC) were 

from Sigma Aldrich UK. Liquid paraffin BP is supplied by JM Loveridge Pic. 

Polyvinyl acetate phthalate (Grades B60, and B500) were from Cellanese Emulsions 

GmbH. Cellulose acetate trimellitate was from the Eastman Chemical Company. 

Hydrochloric acid, ethanol, dichloromethane, methanol and hexane were from VWR, 

and were reagent grade.

7.4 Methods

Microparticles were prepared using the pH responsive polymers entrapping either 

prednisolone as a model drug or the PLGA vaccine nanoparticles (prepared as in 

Chapter 3).

7.4.1 Drug Loaded M icroparticle Preparation

Microparticles were prepared according to the method of Kendall (2006). 

Prednisolone (lOOmg) was dissolved in 30ml of solvent (ethanol for the Eudragit 

polymers and a methanol: dichloromethane 90:10 mixture for the others due to 

solubility issues) to which 3g of polymer was added and dissolved by stirring. The 

polymers used were those listed in Table 7.3, and also included Eudragit S. The 

drug/polymer solution was emulsified with 167g of liquid paraffin, using 1.7g of 

sorbitan sesquioleate (Arlacel 83) as an emulsifying agent, with Heidolf mixers at 

lOOOrpm for 18 hours. At this time, the microparticles were filtered using a Buchner 

filter, under vacuum and washed and dried with hexane (three times).
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7.4.2 Calculation o f Encapsulation Efficiency

The amount of prednisolone encapsulated in the microparticles was calculated by 

dissolving samples in pH 6.8 buffer and filtering (0.2pm filter) and reading the UV 

absorbance at 248nm (in triplicate). The amount of prednisolone was then calculated 

with reference to a standard curve, and reported as encapsulation efficiency (% of 

theoretical drug loading).

7.4.3 Nanoparticle Loaded Microparticle Preparation

The same method was followed as in Section 6.2.1, with the exception that 300mg of 

PLGA nanoparticles (prepared according to the method described in Chapter 3 

Section 3.5.1) were used, rather than lOOmg of drug. Fluorescent nanoparticles were 

prepared using the same method described in Chapter 3, except that the ovalbumin 

was replaced with ovalbumin fluorescein isothiocyanate (ovalbumin-FITC). The 

nanoparticles were dispersed in the polymeric solution by stirring for around one 

hour.

7.4.4 Calculation o f Protein Content o f Nanoparticle-Loaded Microparticles

Around 20mg of microparticles were weighed accurately. The outer coating (HP55 

or HP50) was dissolved by mixing with 1ml of methanol: dichloromethane (90:10), 

for 30 minutes, followed by centrifugation at 10,000rpm for ten minutes. The 

supernatant was discarded, and the remaining pellet (PLGA nanoparticles) was 

suspended in 1ml of 2.5 % w/v SDS in O.IM NaOH and incubated overnight at 37°C 

with shaking. The dissolved nanoparticles were then centrifuged, and 150pl aliquots 

were used for the MicroBCA assay. The same procedure was carried out for 

microparticles containing protein-free microparticles, as a blank for the MicroBCA 

procedure.
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7.4.5 Scanning Electron M icroscopy

See Section 3.5.2.

7.4.6 Particle Size Analysis

See Section 3.5.3.

7.4.7 Dissolution Testing o f Drug Loaded Microparticles

The pH was changed from either pH 1.2 or pH 4 to 5 or 5.5. The saturation 

solubility of prednisolone is 223 g per litre (Yalkowsky, 2003), and the maximum 

concentration used in the dissolution experiments was 13.3mg/L, so sink conditions 

were maintained (sink conditions are normally considered to be occurring when the 

volume of the dissolution media is at five to ten times the saturation volume.

From pH 1.2 to pH 5/5.5

USP II Paddle dissolution apparatus were used at 37°C at lOOrpm. The standard 

USP method was adapted, initially using pH 1.2 (hydrochloric acid [0. IN]), 750ml 

of which was added to each dissolution vessel. Microparticles (300mg) were loaded 

into capsules, and added to the dissolution vessels. At 120 minutes, the pH was 

changed to pH 5 or 5.5 by the addition of sodium phosphate tribasic (6.5g in 250ml), 

and adjusted using sodium hydroxide (12g in 200ml). The pH was determined using 

a pH 211 Microprocessor (Hanna Instruments, Woonsocket, USA).

From pH 4 to pH 5/5.5

The dissolution test was as above, expect that the dissolution media was 750ml O.IN 

HCl with 250ml of sodium phosphate tribasic (6g in 250ml) added and adjusted to 

pH 4 using sodium hydroxide. At 120 minutes into the dissolution test, the pH was 

changed to pH 5, using sodium hydroxide.
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After filtering through a 0.2pm filter, the UV absorbance of the dissolution media 

was read at five minute intervals, at a wavelength of 237nm. A calibration curve for 

prednisolone was prepared, and an equation derived for the calculation of 

prednisolone concentration fi’om UV absorbance. The dissolution profiles were 

carried out in triplicate.

7.4.8 Light Microscopy

A Nikon Microphot FXA Light microscope was used. Microparticles (HP50 and 

HP55 drug or particle loaded) were examined dry, or after the addition of buffer 

solution (pH 5.5), to the slide. Examination of the behaviour in acid could not be 

examined by this method, due to risk of damage to the microscope lens by acidic 

vapours.

Alternatively, microparticles were allowed to dissolve in buffer (pH 5) for 30 

minutes in a vial, and the solution examined under the light microscope.

A sample of PLGA nanoparticles (uncoated) was also placed into the buffer solution, 

and examined under the light microscope.

7.4.9 Confocal Microscopy

A Zeiss LSM 510 Meta laser scanning confocal microscope [equipped with a 30mW 

Argon laser (lines at 458, 477, 488 (blue) and 514nm), a ImW 543nm (green) HeNe 

laser and a 5mW 633nm (red) HeNe laser] equipped with a Plan-Neofiuer 5 x/0.15 

air lens was used to examine the fluorescent nanoparticle loaded HP50 and HP55 

microparticles, and the fluorescent nanoparticles. Samples of the microparticles, or 

nanoparticles, were placed on a glass microscope slide, with liquid paraffin or 0.1 N 

HCl, and a cover slip placed on top and images taken. Fluorescein isothiocyanate has 

an excitation o f488 nm, and so the Argon laser (blue) is used.
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7.5 Results and Discussion

7.5.1 In Vitro Characterisation of Drug Loaded Microparticles

7.5.1.1 Methacrylate Polymers: Eudragit S, Eudragit L and Eudragit L55 

Eudragit S

Particles were prepared from Eudragit S (Figure 7.3) since this is the polymer that 

would ideally be used in man. Its characteristics are as follows:

-Drug Loading 29.9 mg/g

-Encapsulation Efficiency 90.0%

-Yield 97.2%

-Mean Particle Size 50.1 pm

Figure 7.3 Scanning electron micrograph o f prednisolone loaded 

EAidragit S microspheres

Eudragit S has a dissolution threshold o f pH 7, and so shows rapid release at this pH. 

Figure 7.4 shows the release o f prednisolone from the Eudragit S particles at pH 7 

suggesting their suitability for use in man. They do not allow drug release at pH 5.5, 

confirming that other polymers need to be chosen to test the concept in the rodent.
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Figure 7.4 Prednisolone release into dissolution media, from Eudragit S

microparticles (pH change dissolution [from pH 1.2 to pH 5.5 or 7 at 120 minutes]) 

(Mean and standard deviation are shown).

Eudragit L and Eudragit L55 have reported dissolution thresholds o f pH 6 and 5.5, 

and microparticles were successfully prepared by the method described previously. 

The microparticles were then assessed for their ability to control drug release at pH

1.2 HCl for 2 hours, and to release drug when the pH was raised to 5.5 using 

phosphate buffer.

Eudragit L

Eudragit L was able to produce smooth, spherical microparticle, using ethanol as the 

internal solvent, and these can be seen in Figure 7.5. The encapsulation, yield and 

size are as follows:

-Drug Loading 30.36 mg/g

-Encapsulation Efficiency 92.1%

-Tfield ()5.2(%)

-Mean Particle Size 47.3 pm
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Figure 7.5 Scanning electron micrograph o f prednisolone loaded Eudragit L

microspheres

These were investigated for their in vitro drug release characteristics, when exposed 

to pH 1.2 for two hours, after which the pH was adjusted to pH 5.5 for the remaining 

4 hours, and the results can be seen in Figure 7.6.
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Figure 7.6 Prednisolone release into dissolution media, from Eudragit L 

microparticles (pH change dissolution [from pH 1.2 to pH 5.5 at 120 minutes]) 

(Mean and standard deviation are shown).

Although the Eudragit L microparticles disperse readily in the acid or buffer media,

they show no drug release at pH 1.2 or pH 5.5. For this polymer it seems likely that

the dissolution threshold needs to be met for drug release to occur, and so drug
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release at pH 5 was not investigated. The insolubility o f  the polymer at these pH 

values prevents ingress o f water, and drug dissolution. This means that it is an 

inappropriate choice for use in the mouse model, as we are unlikely to see drug 

release in the gastrointestinal tract. Kendall (2006) showed that 100% release o f 

prednisolone occurred in one hour at pH 6 with these microparticles and increasing 

the pH increased the rate o f dissolution.

Eudragit L 55

The microparticles prepared using Eudragit L55 are shown in Figure 7.7 and 

characterised below.

-Drug Loading 26.2 mg/g

-Encapsulation Efficiency 79.5%

-Yield 90.1%

-Mean Particle Size 35.2 pm
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Figure 7.7 Scanning electron micrograph o f prednisolone loaded Eudragit L 5 5

microparticles

Eudragit L55 has a dissolution threshold o f pH 5.5, and was investigated for its

dissolution at this pH, after exposure to acid (pH 1.2) for 2 hours. With a similar

rationale to that used with Eudragit L, it was thought that the polymer might show
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some leakiness at pH 5, and so the microparticles were additionally examined at this 

pH (Figure 7.8). The smaller particle size produce with Eudragit L55 and associated 

increase in surface area mean that it may be expected to have a faster dissolution rate 

than the previous Eudragit L particles.
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Figure 7.8 Prednisolone release into dissolution media, from Fjidragit L55 

microparticles (pH change dissolution [from pH 1.2 to pH 5or pH 5.5 at 120 

minutes!) (Fi^cin and standard deviation bars are shown).

Figure 7.8 demonstrates that the Eudragit L55 microparticles are able to control drug

release at pH 1.2, for 2 hours, but do not allow substantial drug release when the pH

is increased to pH 5, or 5.5. There is a small amount o f drug release at these pH

values, slightly more at the pH 5.5 (which is also the reported dissolution threshold

of this polymer). Previous work by Kendall (2006) showed that when the pH was

changed from 1.2 to 6.8 drug release occured but was much slower than that seen

with Eudragit L microparticles (which have a higher dissolution threshold). It

should be noted that when the Eudragit L55 microparticles were placed into the

dissolution bath particle aggregation was seen and this did not occur with the

Eudragit L particles. Poor wettability and aggregation o f this polymer has been

reported previously (De Jaeghere et al., 2001). The aggregation effectively reduces

the surface area for dissolution, and the particles may have more similarités with a

single unit dosage form, and the surface area benefits o f  the microparticle system are
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lost. The diferent behaviours of the polymers can be attributed to their 

physicochemical properites, the structures of these are shown in Figure 7.9 and 7.10. 

The absence of a methyl group on the carbon backbone leads to a higher flexibiltiy 

of the L55 polmer, resulting in a lower glass transition temperature (107®C relative to 

~200®C for Eudragit L [Pharma Polymers, 2001]). Water in the dissoltion media 

may act as a plasticiser to lower this glass transition temperature further, and 

microparticle aggregation results. The poor performance of Eudragit L55 in vitro 

then precludes them from further investigations in vivo, as we expect similar 

aggregation would occur when the microparticles came into contact with the 

gastrointestinal fluid.
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Figure 7.9 Chemical structure o f Eudragit L55
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Figure 7.10 Chemical structure o f Eudragit L
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7.5.1.2 Acetate Polymers -  Polyvinyl acetate phthalate B60 and B500

Polyvinyl acetate phthalate (PVAP) has a reported dissolution threshold o f pH 5, and 

microparticles were prepared from two grades o f Erkopol; B60 and B500. Due to 

poor solubility in ethanol, they were prepared using methanol and dichloromethane 

(90; 10) as the solvent internal phase. The microparticles were then assessed for their 

ability to control drug release at pH 1.2 HCl for 2 hours, and to release drug when 

the pH was raised to 5.5 using phosphate buffer.

P V A P B 6 0

The microparticles produced from the B60 grade are shown in Figure 7.11. They 

have a spherical, smooth morphology and are characterised below.

-Drug Loading 16.5 mg/g

-Encapsulation Efficiency 51.0%

-Yield 83.5%

-Mean Particle Size 73.0 pm

Figure 7.11 Scanning electron micrograph o f prednisolone loaded PVAP (B60)

microparticles

The drug release profile from the B60 microparticles is shown in Figure 7.12 and 

shows rapid prednisolone release in pH 1.2 HCl (60% release in 2 hours). These do
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not, therefore, meet the USP specifications for an enteric dosage form which are that 

drug release be limited to less than 10% after 2 hours at pH 1.2 (HCl).
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Figure 7.12 Prednisolone release into dissolution media, from PVAP (B60) 

microparticles (pH change dissolution [from pH 1.2 to pH 5 at 120 minutes]) (Mean 

and standard deviation bars are shown).

PVAPB500

The B500 grade was then used to prepare microparticles; these were less uniform, 

with agglomeration occurring, and incomplete separation o f individual 

microparticles, although this was only apparent under microscopy (Figure 7.13).

-Drug Loading 16.5 mg/g

-Encapsulation Efficiency 50.0%

-Yield 95.3%

-Mean Particle Size 115.9 pm

The larger particle size here, compared to the B60 grade is probably due, in part, to 

the agglomeration that has occurred. The drug release profile is shown in Figure 

7.14.
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Figure 7.13 Scanning electron micrograph o f prednisolone loaded PVAP (B500)

microparticles
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Figure 7.14 Prednisolone release into dissolution media, from PVAP (B500) 

microparticles (pH change dissolution [from pH 1.2 to pH 5 at 120 mirmtes]) (Mean 

and standard deviation bars are shown).

There was less than 10% released from the PVAP microparticles over the 6 hour 

period, and so would be unsuitable for this study. The two grades o f PVAP behave 

very differently, neither being suitable for this investigation. They differ in their 

viscosity; B500 grade is 8-10 cP, B60 is 4-5 cP under the same conditions. The 

more viscous B500 grade needs more energy to break into droplets to form the 

emulsion, and will be more difficult to stabilise and this may be why there was
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difficulty in forming uniform microparticles, which rely heavily on emulsion 

stability. The resulting agglomeration and the larger microparticle size of the B500 

grade leads to a reduction in the surface area for dissolution. The polymer grades 

have now been discontinued by the manufacturer, and very little information is 

available on the differences between the two grades. The chemical structure is 

shown in Figure 7.15.

c-c——c-c c-c
OH

Figure 7.15 Chemical structure o f  polyvinyl acetate phthalate

It is known that the grades vary by the ratio of the a to b monomers on the chain. It 

seems likely that B500 may have a higher proportion of phthalate groups, as it has 

been noted previously that an increase in the degree of phthalyl substitution for 

PVAP can increase the time for PVAP coated tablets to disintegrate (Delporte, 

1970). The polyvinyl alcohol backbone is soluble in water, and the phthalyl groups 

are thought to contribute to a reduction in solubility by virtue of their 

hydrophobicity. Also, as the phthalyl groups are increased, the relative proportions 

of the OH groups are decreased. The OH groups will be unionised at low pH values, 

but as the pH is increased they have an increased likelihood of becoming ionised and 

contributing to the solubility of the polymer. The B60 polymer where the proportion 

of OH groups is increased has a greater solubility as the pH increases.

Interesting, PVAP is generally assumed to have a pH threshold of 5.5, and no 

distinction was made between grades by the manufacturers in terms of this value. 

However, there are clearly variations between the grades, and the pH threshold 

values cannot always be taken at face value.
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7.5.1.3 Cellulose polymers: cellulose acetate trimellitate (CAT) and

hydroxypropylmethylcellulose phthalate (HPMCP)

CAT

Cellulose acetate trimellitate is a pH responsive polymer based on a cellulose 

backbone and is has a reported dissolution threshold o f pH 4.5, so rapid drug release 

was expected from microparticles at pH 5. However, the single emulsion solvent 

evaporation method proved unsuitable for microparticle preparation with this 

polymer. Again, due to solubility issues ethanol was not used a solvent, and 

methanol; dichloromethane (90:10) was used for the internal polymeric phase. The 

structures produced were macroscopically fibrous, and their structure under scanning 

electron microscopy is shown in Figure 7.16. The encapsulation and yield are 

below.

-Drug Loading 

-Encapsulation Efficiency 

-Yield

-Mean Particle Size

13.5 mg/g 

70%

41.0%

* Laser diffraction methods are not accurate since the 

method assumes the particle to be spherical.

Figure 7.16 Scanning electron micrograph o f cellulose acetate trimellitate structure

produced by solvent evaporation
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Although microparticles were not formed, the structures were examined for their 

ability to control drug release (Figure 7.17). The structures were able to show some 

retardation of release at pH 1.2, although it does not comply with the USP 

specifications for enteric release dosage forms (<10% in 2 hours 0.1 N HCl) since 

around 20% of drug is release quite rapidly from the system, in around 30 minutes. 

This initial release does not increase much over the next 30 minutes, suggesting that 

a lot o f this was surface bound drug, and since the fibrous structures may have a 

large surface area, this is lost very quickly. After the pH is changed to pH 5, there is 

rapid release o f around 100% o f the remaining drug in 30 minutes.
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Figure 7.17 Prednisolone release into dissolution media, from cellulose acetate 

trimellitate microparticles (pH change dissolution [from pH 1.2 to pH 5 at 120 

minutes]) (Mean and standard deviation bars are shown).
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Figure 7.18 The structure o f cellulose acetate trimellitate

Cellulose acetate trimellitate has a water insoluble cellulose acetate backbone (Davis 

et a l, 1986b) and it is the addition of the side groups which allow its solubility at 

higher pH values. Its structure is shown in Figure 7.18. The OH groups tend to 

remain unionised at the acidic pH, but can become ionised as the pH increases, 

accounting for the rapid increase in drug release as the pH change. Since it was 

unable to form microparticles, this polymer was not taken further in these 

investigations. Cellulose acetate polymers, although they can be used to film coat, 

are often used for their fibre forming properties.

HPMCP-HP50 andHPSS

The second cellulosic polymer investigated was hydroxypropylmethylcellulose 

phthalate, and two grades were investigated HP50 and HP55, which have dissolution 

thresholds of 5 and 5.5 respectively. Again, methanol: dichloromethane (90:10) 

were used as the solvent for the internal polymeric phase. Figure 7.19 shows a 

scanning electron micrograph of the HP50 microparticles, and Figure 7.21 shows the 

HP55 microparticles, and the particle characteristics are shown below. The drug 

release of the HP55 and HP50 microparticles in pH 1.2 and pH 5 or 5.5 buffer are 

shown in Figures 7.20 and 7.22.
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HP50

-Drug Loading 21.5 mg/g

-Encapsulation Efficiency 65.6% 

-Yield 83.2%

-Mean Particle Size 63.3 pm
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Figure 7.19 Scanning electron micrograph o f prednisolone loaded HP50

microparticles
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Figure 7.20 Prednisolone release into dissolution media, from HP50 

microparticles (pH change dissolution [from pH 1.2 to pH 5 or 5.5 at 120 minutes]) 

(Mean and standard deviation bars are shown).
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HP5S

-Drug Loading 20.5 mg/g

-Encapsulation Efficiency 62.1 % 

-Yield 80.1%

-Mean Particle Size 92.1 pm
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Figure 7.21 Scanning electron micrograph o f HP55 microparticles
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Figure 7.22 Prednisolone release into dissolution media, from HP55 

microparticles (pH change dissolution [from pH 1.2 to pH 5 or 5.5 at 120 minutes]) 

(Mean and standard deviation bars are shown).
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Both polymeric microparticle systems showed good control of drug release in acidic 

conditions. The drug release from the HP55 microparticles is seen at pH 5 and pH 

5.5, although faster from the latter (Figure 7.22). This highlights the fact that 

although dissolution thresholds are reported for these polymers, they are not 

infallible, and dissolution may in fact occur below this. The dissolution and drug 

release from a dosage system into media is reliant on many factors other than pH. 

For example, increased buffer capacity increases the dissolution rate (Hayashi et al., 

1970; Shek, 1978, Spitael et a l, 1980, Fadda and Basit, 2005) and increasing ionic 

content of the media increase the drug release rate (Fadda and Basit, 2005). The salt 

form of the buffer can influence the dissolution rate, for example a relationship was 

found between the pKa of the acidic components (oxalate, citrate, phosphate) and the 

dissolution rates (Spitael and Kinget. 1977; Spitael et at., 1980). The reported 

dissolution thresholds for HP50 and HP55 are in Mcllvaine’s buffer, which is a 

mixture of citric acid and disodium hydrogen phosphate. Investigations here are in 

phosphate buffered saline. The behaviour and dissolution behaviour in vivo is likely 

to be different still.

HP50 microparticles show rapid release of drug at pH 5 and pH 5.5, with faster 

release at the higher pH, and is expected with the dissolution threshold being pH 5. 

HP50 microparticles release prednisolone at a faster rate than HP55. The difference 

in the release rates can be attributed to the structures of the polymers which are 

shown in Figure 7.23
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Figure 7.23 The chemical structure o f  hydroxypropylmethylcellulose phthalate.

The top structure shows the backbone, and the bottom four structures are the R

groups.

An increased proportion of phthalyl groups in HP55 mean that it has a higher 

dissolution threshold. The phthalyl groups influence the pKa of the polymers, and 

HP50 and HP55 have pKa values of 4.2 and 4.9 respectively (Davis et al., 1986b). 

The pKa then in turn affects the dissolution rate, and Davis et al. (1986b) found that 

in 0.04 M phosphate buffer the dissolution rate profile o f HP50 was 0.3-0.4 pH units 

lower than that of HP55, The phthalyl groups increase the hydrophobicity, and tend 

to be unionised at lower pH values (Davis et al., 1986).
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The particles produced from HP55 were seen to have a larger particle size than 

HP50, which can influence the rate o f drug release, drug release occurring more 

rapidly with the smaller size and thus larger surface area. It was expected that the 

more viscous HP50 (cP o f 55 and 40 respectively for HP50 and HP55 in methanol: 

dichloromethane [1:1] http://www.rwunwin.co.uk/excipients/hpmcp.htm, no date,) 

would produce larger particles, but this was not the case, and thus there are other 

factors influencing particle size, and these could include the polymer-solvent 

interaction and rates o f evaporation.

HP50 and HP55 seem promising candidates for drug or vaccine delivery at the 

appropriate pH values. They show good control o f drug release in simulated gastric 

conditions (pH 1.2), and allow drug release at pH 5-5.5. However, since the mouse 

stomach experiences a pH o f around pH 4, dissolution tests using the two 

hydroxypropylmethylcellulose phthalate polymers were carried using pH 4 (for 2 

hours) and then increasing to a pH of 5. The dissolution profile for this is shown in 

Figure 7.23.
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Figure 7.24 Prednisolone release into dissolution media, from HP55 and HP50 

microparticles (pH change dissolution [from pH 4 to pH 5 at 120 minutes]) (Mean 

and standard deviation bars are shown).
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The HP55 and HP50 microparticles are both able to control drug release at pH 4, and 

therefore theoretically in the mouse stomach. Thus, we have two polymers which 

show different rates o f release at pH 5. It would be expected, that if these 

microparticles were delivered to the mouse gastrointestinal tract, that the fast 

releasing microparticles (HP50) would release in the proximal small intestine, and 

the slower releasing microparticles (HP55) would dissolve further down the small 

intestine, towards the caecum or colon. The next step was then to see if PLGA 

nanoparticles could be encapsulated into the polymer.

7.5.2 Nanoparticle Loaded Microparticles

Figure 7.25 and 7.26 show scanning electron micrographs o f nanoparticle loaded 

HP50 and HP55 microparticles These are slightly larger than those prepared with 

prednisolone (a mean of 154 nm, and 132 nm respectively), and are not always fully 

separated. The incorporation o f the PLGA nanoparticles (500nm) may change the 

viscosity o f the polymer solution, and the fact that it is a nanoparticle suspension, 

rather than a drug solution, may influence the particle formation. The protein 

loading these HP55 microparticles was calculated to be 2.3 ±0.4 pg per mg o f 

particle, which represents a loading efficiency o f  57.5%, and o f the HP55 

microparticles it was 2.7±0.7 pg, which represents a loading efficiency o f 67.4%.

Figure 7.25 Scanning electron micrograph o f PLGA nanoparticle loaded HP50

microparticles
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Figure 7.26 Scanning electron micrograph o f PLGA nanoparticle loaded HP55

microparticles

A similar concept was employed by Krishnamachari et al. (2007) in which they 

encapsulated PLGA microparticles within an Eudragit S particle. The PLGA 

microparticles were loaded with budesonide, and without coating showed drug 

biphasic drug release at pH 1.2. Coating with Eudragit S was able to retard the 

release until the pH was raised to pH 6.8 or pH 7.4, at which point budesonide 

release was observed. They did note that these formulations exhibited accelerated 

release over Eudragit only formulations, suggesting that there was some extraction of 

the budesonide from the PLGA microspheres into the Eudragit phase. This could be 

due to an affinity o f budesonide to the solvents. We do not expect this to happen in 

our microparticle system, as the protein in the PLGA nanoparticles is insoluble in the 

organic polymer phase. The authors do not show the morphology o f these 

microparticles, and they do not examine the behaviour by pH change dissolution 

tests, rather looking at the behaviour under individual and separate pH conditions.

7.5.2.1 Light Microscopy

In this investigation, attempts were made to establish whether the nanoparticles had 

actually been entrapped inside the microparticulate matrix, and the first approach 

was light microscopy. The microparticles were first examined on the slide with no 

liquid, and then pH 5.5 buffer was added, to see the dissolution process. Suspension 

in pH 1.2 HCl was not carried out, since the acid vapour risk damaging the

249



pH Responsive Polymers

microscopy lenses. Figures 7.27 and 7.28 show light micrographs of the HP55 

microparticles.
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Figure 7.27 Light micrograph (x40) o f prednisolone loaded HP55 microparticles

w

Figure 7.28 Light micrograph (x40) o f PLGA nanoparticle loaded HP5 5

microparticles

There is not much to distinguish between these two microparticles. The latter 

(Figure 7.26) looks as though denser nanoparticles may be present within the matrix, 

but this may be just an artefact o f the microscopy process. The darker shapes may 

be due only to pores in the structure. Then the particles were placed in buffer (pH
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5.5) and images were taken immediately, and these are shown below (Figures 7.29 

and 7.30)

Figure 7.29 Light micrograph o f prednisolone loaded HP55(x40) microparticles

in pH 5.5 buffer

Figure 7.30 Light micrograph (x40) o f PLGA nanoparticle loaded HP55 

microparticles in pH 5.5 buffer
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Again it is difficult to ascertain differences between the two; the addition o f fluid 

does not improve the clarity o f the image. After a few minutes in this buffer, the 

outer microparticle dissolves, and the following light micrographs were taken 

(Figures 7.31 and 7.32).

=-.\

/  • *

f  igure 7.31 Light micrograph (x40) o f dissolved prednisolone loaded HP55

microparticles

.Am

Figure 7.32 Light micrograph (x40) o f dissolved PLGA nanoparticle loaded

HP55 microparticles
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From these latter images, it can be seen that the prednisolone microparticles dissolve 

and release drug crystals into the buffer media while the PLGA nanoparticle loaded 

HP55 microparticles dissolve and release the PLGA nanoparticles which are clearly 

pictured in Figure 7.32. Similarly, if the two microparticle systems are exposed to 

buffer for 15 minutes, and the remaining solutions/ suspensions examined, the light 

microscope images obtained are shown in Figure 7.33 and 7.34. The drug loaded 

microparticles become fully dissolved, and the prednisolone crystals are no longer 

evident (Figure 7.33). The nanoparticle loaded microparticles dissolve, leaving 

behind the PLGA nanoparticles (Figure 7.34). A light microscope image o f  PLGA 

nanoparticles in buffer (without prior microencapsulation are shown in Figure 7.35 

as a comparator).

Figure 7.33 Light microscope image (x40) o f prednisolone loaded HP55 

microparticles after exposure to buffer for 15 minutes

'A"

Figure 7.34 Light microscope image(x40) o f PLGA nanoparticle loaded HP55 

microparticles after exposure to buffer for 15 minutes
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Figure 7.35 Light microscope image (x40) o f PLGA nanoparticles after exposure

to buffer for 15 minutes

These images suggest that the PLGA nanoparticles are encapsulated in the HP55 

polymeric microparticles, and demonstrate that the particles dissolve, releasing the 

vaccine nanoparticles after exposure to pH 5 buffer. The images for the HP50 

particles are shown below, but particle presence in these was even less obvious.
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a b

Figure 7.36 Light microscope images (xIO) o f (a) HP50 particles loaded with 

prednisolone and (b) HP50 particles loaded with PLGA nanoparticles

Figure 7.37 Light microscope images (xlO) o f (a) HP 50 particles loaded with 

prednisolone and (b) HP50 particles loaded with PLGA nanoparticles after

exposure to pH 5 buffer

7.S.2.2 Confocal Microscopy

With these latter particles, it proved even more difficult to see whether the particles 

were entrapped within the matrix, and so to prove the concept confocal microscopy 

studies were carried out. The PLGA nanoparticles were loaded with ovalbumin 

conjugated with fluorescein (OVA-FTIC); their image using confocal microscopy is 

shown below. The particle size o f the PLGA nanoparticles is right on the limit o f 

detection for the confocal microscopy so it is difficult to discern the discrete particles
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(Figure 7.38). In the following images, the top left images shows the fluorescent 

areas only, the top right shows the non-fluorescent images, and the bottom left 

combines the two images.

A

Figure 7.38 Confocal microscopy image o f PLGA nanoparticles loaded with

ovalbumin-FI TC

These fluorescent nanoparticles were then loaded into the HP55 and HP50 

microparticle, and the confocal images are shown in Figures 7.39-7.42.
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Figure 7.39 Confocal images o f fluorescent ovalbumin loaded PLGA

nanoparticles, entrapped within an HP55 microparticle matrix (imaged through

paraffin oil)
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Figure 7.40 Confocal microscopy images o f fluorescent ovalbumin loaded PLGA 

nanoparticles, entrapped within an HP55 microparticle matrix (imaged through

O.lNHCl)
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Figure 7.41 Confocal images o f fluorescent ovalbumin loaded PLGA

nanoparticles, entrapped within an HP50 microparticle matrix (imaged through

paraffin oil)
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Figure 7.42 Confocal microscopy images o f fluorescent ovalbumin loaded PLGA 

nanoparticles, entrapped within an HP5 microparticle matrix (imaged through 0. IN

MCI)

These images show fairly conclusively that the methods for microencapsulation are 

able to successfully entrap nanoparticles within a polymeric matrix. The 

microparticle morphology is not as spherical, or uniform as might be preferred, but 

further optimisation could be carried out on this. The concentration o f the polymer
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solution could be reduced, so as to decrease the viscosity, and this may help the 

production of better and more uniform particles.

Theoretically, this principle could be adapted for the other polymers used in humans, 

such as Eudragit S, for distal bowel targeting of vaccines. Since the microparticle 

preparations are the same for the Eudragit polymers, and these 

hydroxypropylmethylcellulose polymers, the nanoparticles could be encapsulated 

within this, and used in man.

The next stage for this investigation, before in vivo immunisation studies are carried 

out, is to establish where in the intestinal tract the HP55 or HP50 microparticles 

release their vaccine nanoparticulate load. It is suggested that one way to establish 

this is use the fluorescent PLGA nanoparticles encapsulated within the HP50 or 

HP55 pH responsive polymeric microparticle. Then, when dosed orally in mice, the 

site of particulate uptake could be assessed, by dissection of the Peyer’s Patches, and 

visualisation using confocal light microscopy. Determination of the exact site of 

release is essential before Anther immunisation studies could be carried out with 

confidence.

7.6 Summary and Conclusions

Polymeric microparticles were prepared from a selection of pH responsive polymers, 

and used to encapsulate a model drug. The ability of the microparticles to control 

prednisolone release at pH 1.2 (or pH 4) was assessed, as was the propensity to 

release the drug when the pH was changed to pH 5 or pH 5.5. Several polymers 

were rejected as being unsuitable for use in the mouse model; these were Eudragit L 

and L55, PVAP B60 and B500, and CAT. These either showed no release at these 

pH values, did not retard release in low pH conditions, or did not form 

microparticles. Hydroxypropylmethylcellulose phthalate was identified as having 

potential for colon-specific targeting in the mouse, for the colonic vaccination proof- 

of-concept studies. Microparticles prepared from two grades of HPMPC (HP50 and 

HP55) controlled drug release at pH 1.2 or pH 4, and allowed release at pH 5 or 5.5
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(at different rates). These polymers were also capable of encapsulating the PLGA 

nanoparticles. Further studies are needed to establish the site of release of these 

particles in the mouse, to see if accurate distal intestinal targeting can be achieved.
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8.1 General Discussion

The colon was identified as an interesting target for the delivery of vaccines; it 

provides a mucosal route for vaccination and has different immunological features to 

the small intestine, suggesting it may have potentially different applications to the 

commonly studied oral vaccine, and to traditional parenteral immunisation. The 

colon benefits from a more favourable milieu for antigenic material i.e. a lower 

proteolytic activity and a near neutral pH. This investigation was a consideration of 

some of the important factors that emerged when the topic of colonic vaccination 

was evaluated. These included the identification and characterisation of potential 

animal models in which to study the immune response to colonic vaccination, 

development of a model particulate vaccine, immunisation studies to validate the 

delivery route, and investigations into strategic oral targeting of the lower bowel.

In man, there are known to be large amounts of lymphoid tissue in the colon, 

suggesting its potential for the production of a protective immune response, both 

locally and systemically. In order to model this in vivo in animal studies, the animal 

model should have high amounts of lymphoid tissue in the colon. Mice are 

commonly used for vaccination studies, although rats are also studied, and although 

it was known that the colon contained lymphoid follicles (analogous to Peyer’s 

Patches in the small intestine), it was not clear to what extent they were present, 

especially relative to the upper intestinal tract. The lymphoid tissue in the intestinal 

tract of the mouse and rat was consequently quantified in this study. In the mouse, 

there were similar numbers of lymphoid follicles in the small intestine and the colon. 

In the rat there were more small intestinal lymphoid follicles, than colonic follicles. 

However, when the length of the tract was accounted for, there were actually more 

follicles per unit length in the colon. The higher density of lymphoid tissue, as 

occurs in man, confirmed the potential for the use of the mouse or rat model for 

preliminary in vivo investigations into colonic vaccination. The BALB/c mouse was 

chosen for this purpose.
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Mucosal routes of vaccination are thought to lend themselves to particulate vaccine 

delivery, as M-cells tend to preferentially take up particulate material over soluble 

material. With this in mind, a nanoparticle model vaccine was developed; 

ovalbumin was entrapped in PLGA polymeric nanospheres. These were around 

500nm in size, and had good sphericity and uniformity. They had a burst release 

over the first 30 minutes of surface protein, followed by a sustained and retarded 

release over the next few weeks. This nanoparticulate vaccine was compared with 

antigen solution in immunisation studies, the solution was administered with 

adjuvants; alum for parenteral vaccination, and cholera toxin subunit B for mucosal 

immunisations.

The vaccine particles or solutions were administered directly to the sites of interest; 

the entire colon (including proximal) reached with tubing via the rectal route, the 

distal colon and rectum (administered via the rectal route), and the small intestine 

(the expected uptake site for oral vaccines). These mucosal routes were compared 

with intramuscular immunisation. The antibody responses to the different routes and 

the different vehicles, were assessed in the serum, in the faecal material (which 

should represent colonic antibodies), and on several mucosal surfaces (small and 

large intestines, and vagina) using an optimised ELISA technique. The hypothesis 

was that colonic administration would give different responses to the other routes of 

vaccine delivery.

It should first be noted that comparable results were produced between the 

nanoparticle vaccine, and the soluble antigen with adjuvant. The adjuvant used for 

mucosal vaccination (cholera toxin subunit B) although potent, is not approved for 

use in man, and this nanoparticulate system which provided equivalent immune 

responses would be preferable.

Generally, direct colonic administration gave levels of mucosal antibody (measured 

by IgA in the faeces) which were higher than those produced by oral, rectal or 

intramuscular delivery. The faecal IgA correlated with colonic mucosal IgA, after 

the final booster dose. Colonic delivery also produced high levels of IgG in the
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serum, with similar success to intramuscular delivery after booster doses. This 

suggests that the vaccine particles are successfully traversing the M-cells, and 

gaining access to cells of the lymphatic system, initiating a local and systemic 

response. The production of high levels of IgA after colonic delivery was attributed 

to the lower proteolytic activity in the colon, and to ready access to the high levels of 

lymphoid tissue in the mouse colon. Colonic delivery was also able to produce high 

levels of antibody on the vaginal mucosa, compared to the other routes. This affirms 

suggestions that vaccines targeted to the colon could be used where responses on the 

genito-urinary tract are desirable, for example for sexually transmitted diseases. The 

successful production of serum and mucosal antibodies after colonic delivery 

warrant further investigation into colonic vaccination.

Delivery to the rectum produced antibody levels which tended to be slightly lower 

than colonic delivery, although it was generally statistically similar. This suggested 

that the delivery to the rectal area provides access to fewer lymphoid follicles and 

there is the risk of leakage. These potential disadvantages of rectal delivery can be 

extrapolated to man; in addition to the risk of leakage rectal delivery is not a widely 

acceptable form of drug or vaccine delivery and studies have shown that delivery of 

even large volumes cannot reach the proximal colon. The method of colonic 

administration carried out here is obviously not practical in man, and the only way to 

target a vaccine to the whole colon, including the proximal colon, is via the oral 

route.

Targeting the colon via the oral route involves consideration of the gastrointestinal 

(GI) environment, and its influence on dosage form design. To target the colon, 

some factor which is unique to that area must be exploited to trigger release of the 

vaccine. Two approaches that have shown the most promise in man were 

investigated in this study. The first is the utilisation of the steep rise in microflora 

from the small to the large intestine, and the exploitation of the enzymatic action of 

these bacteria on polysaccharides to trigger vaccine release. Two polysaccharides 

were investigated; amylose and chitosan. Two main criteria of these polysaccharides
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that must be fulfilled are resistance of pancreatic digestion, and susceptibility to 

colonic bacteria

Amylose, used in combination with a water insoluble polymer, has shown the most 

promise for colon-specific targeting, and amylose-ethylcellulose coated dosage 

forms have reached Phase III Clinical Trials. This has been investigated for tablets 

and pellets, but increasingly microparticle formulations are becoming more 

appealing to the pharmaceutical industry. Their small size, and larger surface area 

can mean more rapid drug release, and they should have more reliable transit 

throughout the GI tract. It was therefore decided to investigate the potential of 

amylose, and other starch materials (high amylose com starch, and rice starch) to 

form microparticles. Only after spray drying at very high temperatures was amylose 

(complexed with butanol) able to form microspheres. At lower temperatures, the 

amylose will not solubilise properly, and the amylose granules simply reform; this 

problem was also encountered with the other starch materials. The temperatures 

required preclude amylose from our investigations into encapsulating temperature 

sensitive proteins, but they may warrant further investigation for heat stable drug 

delivery studies.

The second polysaccharide investigated was chitosan which is known to form 

microparticles and films, arid was identified as an alternative candidate for this 

investigation, which could theoretically be tested in mice or rats. However, it was 

noted that its ability to be digested by human colonic bacteria, and in a reasonable 

time frame to allow colonic delivery, had not been assessed. Chitosan has also been 

combined with crosslinking agents (e.g. glutaraldehyde and tripolyphosphate) to 

control dmg release, and so their effect on digestion was also assessed, human faecal 

material to model the colonic bacteria and porcine pancreatic enzymes to model the 

small intestine (with appropriate reservations about their biorelevance explored).

Chitosan (non-crosslinked) was almost completely digested in four hours in the 

human faecal slurry and in pancreatic enzymes. Digestion was thought to occur via 

the hydrolysis of p (1,4) links, and was analogous to the bacterial digestion of some
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celluloses, although the reasons why some similarly linked polysaccharides (e.g. 

chitin and modified celluloses) are not digested, is unclear. The pancreatic digestion 

confirmed results found by previous investigators, but is interesting since pancreatic 

enzymes are generally not considered to be capable of digestion of p (1,4) links. 

There may be differences between human and porcine enzymes which account for 

this, but chitosan is thought to be susceptible to proteases, amylases and lipases, but 

again the reasons for a potentially increased susceptibility are unclear.

Crosslinking with the ionic crosslinker (tripolyphosphate) was able to inhibit 

pancreatic digestion at four hours, but allowed faecal digestion. This suggested its 

potential for colonic delivery; the two main criteria for colonic delivery (resistance 

of pancreatic digestion, and susceptibility to colonic bacteria) being fulfilled. The 

covalent crosslinker (glutaraldehyde) prevented both faecal and pancreatic digestion 

at four hours. The ability of the enzyme systems to digest the films was attributed to 

the density of the network. Loose networks, or ionically linked networks, allowed 

more enzymatic ingress than denser or covalently linked networks. This was 

confirmed by swelling studies. The swelling studies also give an appreciation of the 

ability of the chitosan film to control drug release in aqueous conditions. Non- 

crosslinked chitosan dissolved in acidic conditions, as did chitosan with low amounts 

of tripolyphosphate crosslinker. High proportions of tripolyphosphate, or 

alternatively glutaraldehyde, are needed to minimise swelling, suggesting these 

would be preferable to help prevent drug release in the stomach.

Microparticles were prepared from the tripolyphosphate crosslinked chitosan, but 

were unable to control the drug release in low pH conditions. Enteric coating would 

be required, either by the addition of a cumbersome extra coating step, or by filling 

into capsules. The chitosan microparticles could be optimised further, by increasing 

the proportion of tripolyphosphate, or perhaps using a mixture of crosslinking 

agents, but it is likely that the digestion of these would have to be assessed. 

Incorporation of a water insoluble polymer could also be used to control the 

problematic swelling. However, it is recognised that a multi-step system using other 

polymers, will not be economically viable, and development of simple, one-stage
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systems is much preferable. The suggested capsule approach was not a viable 

concept in the mouse, and so, rather than combine a microbial and pH triggered 

approach, the pH approach was investigated separately with a view to developing a 

simple system with which to test the concept of orally delivered, colon-targeted 

vaccines.

The pH approach to colonic delivery involves exploitation of the aboral increase in 

gastrointestinal pH along the small intestine. In man, the pH increases to a 

maximum around the ileocaecal junction, and using polymers which dissolve at this 

pH (around pH 7) can elicit colon specific release. Although this approach has been 

used clinically for many years, there are some problems with pH responsive single 

unit dosage forms, for example a proportion of tablets have been found to pass intact, 

and so microparticle systems have been designed to obviate these problems.

Microparticles prepared from Eudragit L and Eudragit S show some promise for use 

in man, and these dissolve at pH 6 and pH 7, respectively (reported dissolution 

thresholds). However, it was not known if the pH in the mouse reached these values. 

The gastrointestinal pH of the rat was studied too, as it is commonly used in drug 

studies. The mouse stomach pH was 3.0 [fed] and 4.0 [fasted], and the 

corresponding values in the rat were 3.2 [fed] and 3.9 [fasted]. The intestinal pH 

was lower than that in man (< pH 5.2 in the mouse; < pH 6.6 in the rat). This brings 

the use of rodents in investigations on enteric coated drug carriers for ileo-colonic 

delivery into question. It also suggests that drug bioavailability may not be so 

readily extrapolated, as its solubility and/or ionisation in the GI tract may be 

different to that in man. This means that for these investigations, theoretically, in 

order to carry out oral targeted colonic vaccination in the mouse, different polymers 

would have to be investigated. Polymers with a reported dissolution threshold of pH 

4.5-5.5 were examined for their ability to retard release in gastric pH conditions, but 

allow release when the pH was increased to pH 5 or pH 5.5. Several polymers were 

rejected as being unsuitable for use in the mouse model; these were Eudragit L and 

L55, polyvinyl acetate phthalate B60 and B500, and cellulose acetate trimellitate. 

These either did not retard release at low pH, or did not allow release when the pH
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was increased, or did not form microparticles. Hydroxypropylmethylcellulose 

phthalate polymers HP50 and HP55, with dissolution thresholds of pH 5 and pH 5.5 

were identified as having potential for colon-specific targeting in the mouse, for 

colonic vaccination proof-of-concept studies. These retarded drug release at pH 1.2 

or pH 4, and allowed release at pH 5 or 5.5 (at different rates), which should release 

at different stages of the GI tract, with HP55 theoretically releasing distally in the 

small intestine, approaching the large intestine. Vaccine nanoparticles were 

entrapped within these polymeric microparticles, and can be released when the pH is 

changed to pH 5.5. The concept could be extended to other pH responsive polymers, 

for use in man.

The investigations into the dissolution profiles of the polymers did, however, bring 

into question the accuracy of the so-called “dissolution thresholds” since these were 

not always accurate and clearly are influenced by the use of different buffer systems. 

This calls into question their exact release mechanisms in vivo, where the 

environment is very different from in vitro tests. These particles would need to be 

investigated in vivo, to establish their exact site of release. A further factor when the 

in vivo release is considered is the fluid volume present, either in the man or the 

rodent model, and this was considered in this investigation.

A significant advantage of the microparticle systems is the increased surface area to 

volume ratio, which can maximise the dissolution, especially when the low levels of 

fluid in the GI tract of man are considered. The fluid levels have been measured in 

man, and the rat (as total GI fluid) but are unknown in the mouse model, and the 

fluid distribution in the rat gut was unknown. It was thought that measuring the total 

fluid along the GI tract of the mouse and rat would give an appreciation of the 

difficulties faced when pre-clinical tests are carried out in these animals. Very low 

fluid values were observed; the water content in the gastrointestinal tract in the fed 

and fasted mouse was 0.98 ± 0.4 ml and 0.81 ±1.3 ml, respectively, and in the fed 

and fasted rat was 7.8 ± 1.5 ml and 3.2 ± 1.8 ml. When normalised for body weight, 

there was more water per kg body weight in the gastrointestinal tracts of the mouse 

and rat, than in man. These very low levels have implications for in vivo testing, and
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make extrapolation into larger animals difficult. However, using a microparticulate 

system may be able to maximise the contact with that little fluid that was present.

8.2 Future W ork

The ultimate aim of this investigation was to develop an orally administered colon- 

specific vaccine and assess the immune response in vivo in mice. Some steps have 

been made towards this end, but there are some problems which need to be solved 

before the concept can be proved conclusively. For example, although there are 

reasons why the mouse model was used in this study, several aspects have arisen 

which suggest that a better animal model should be found. These arise specifically 

when oral administration is considered; if a pH approach is used the low pH and the 

less defined changes in the pH across the GI tract in the mouse make the approach 

seem potentially less successful than could be possible in man. The low fluid 

volume also poses a problem when dosage form dissolution is desired. It is 

suggested that the site specificity of the proposed dosage forms be tested by the 

delivery of fluorescently tagged microparticles/nanoparticles. The vaccine 

nanoparticles loaded with fluorescent protein could be encapsulated in an HP50 or 

HP55 microparticle and dosed orally. The uptake of the fluorescent particles could 

then be assessed by confocal microscopy, and the site of uptake established .i.e. 

small intestinal Peyer’s Patches, or colonic lymphoid follicles. Site specificity needs 

to be established before immunisation studies are carried out, otherwise colonic 

immunisation cannot be assured. The alternative to this is the use of larger animal 

models, and the applicability of this approach for veterinary immunisation is 

proposed. Both oral and rectal routes of administration are acceptable in this field, 

and if oral targeting was used it is possible that in a larger animal, such as the pig or 

the dog, colon-specific release could more accurately be achieved.
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