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a b s t r a c t

We need to look beyond our gut instincts to use information on “simple” intestinal physiological param-
eters as they have been presented to us in the past. Here we present a discussion on such parameters,
old and new, and ask how much we really understand them. Behaviour of drugs and delivery systems in
the intestine depends on many physiological factors including fluid volume, fluid composition, transit,
motility, bacteria and pH, which are further influenced by food, gender and age. These are often consid-
ered well understood, but their true variability and idiosyncrasies are not fully appreciated or utilised
in intestinal dosage form design or in vitro testing. There are still many unknowns in these areas. The
distal gut especially has been neglected, and the influence of disease is often ignored. As pharmaceutics
moves forward into the molecular era an understanding of the role of cellular mechanisms of transporters
and metabolic enzymes is important, but the basics must not be forgotten. This discussion on intestinal
physiology is utilised to address those areas which require further research and understanding, and new
Biopharmaceutics
Large intestine
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I
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technologies are highlighted. Better understanding of the fundamental information available can open
new avenues for research and pave the way for the future of gastrointestinal drug delivery.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Medication has been given by the oral route for many thousands
f years; Paleolithic and Neolithic man are thought to have valued
he medicinal qualities of herbs, and the first known medical text,
rom Mesopotamia 2100 b.c., describes aqueous and oil extracts,
nd infusions of wine and beer (Cowen and Helfand, 1990). The oral
oute is still preferred today, and over eighty percent of the best-
elling pharmaceutical products are given by mouth (Lennernas
nd Abrahamsson, 2005). Oral drug delivery has come a long way
ince its origins in history, and attention has now turned towards
odifying and manipulating oral dosage forms to exploit the condi-

ions of the gastrointestinal tract to deliver drugs in different ways.
he increasing use of modified release dosage forms, pro-drugs,
nd low solubility or low permeability drug candidates mean that
rug or dosage forms are becoming more likely to reach the lower
egions of the gut, and are subject to the fluctuating conditions of
lmost the entire gastrointestinal tract.

The extensive use of oral medication implies simplicity. It is a
ommon misconception that gut physiology is well understood.
ften the complexity and variability of gut physiology is under-
stimated, with only one or two variables being considered in
osage form design and drug targeting. Although strides have been
ade towards understanding the conditions and mechanisms in

he healthy gut, there are gaps in our knowledge, and the lower
ut is largely ignored. Even more significant is the lack of under-
tanding or appreciation of the gastrointestinal environment in the
isease state. We cannot design functional dosage forms which
ehave in a reproducible manner without a clear understanding
f the conditions to which they will be subjected. Understanding of
he intestinal environment will not only allow better dosage form
esign, but improved in vitro and pre-clinical in vivo testing, better

n vitro in vivo correlations, as well as opening new avenues for oral
rug delivery. Here we aim to highlight some of the important and
ometimes overlooked features; we address some misconceptions,
nd suggest areas for further research. The stomach is much more
xtensively studied than the lower gut and although we include it
or comparison purposes in some instances this article will mainly
ocus on some important aspects of small intestinal and colonic
hysiology and technologies for delivering drugs to the lower gut.

. Water, water, everywhere? The ramifications of
astrointestinal fluid in the gut

.1. Fluid volumes

A value for post-mortem fluid volume in the gastrointestinal
ract was measured in the 1950s (Gotch et al., 1957) (Table 1) and
he total colonic water was measured by Cummings et al. (1990)
Table 1). These authors report mean values of 118 ml in the stom-
ch and 212 ml in the small intestine (Gotch et al., 1957) and 187 ml
n the large intestine (Cummings et al., 1990). Although gastroin-

estinal fluid is essential for disintegration, dispersion, dissolution
r absorption in the oral drug delivery process, these values remain
argely ignored in the literature and are often not accounted for in
ither design or testing of dosage forms. In recent years, Schiller
nd co-workers quantified the free fluid in the gut, i.e. water not

m
m
t
s
t

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

ound to digesta, using magnetic resonance imaging and found that
he free water content of the gut lumen is not homogeneously dis-
ributed and, in fact, exists as fluid pockets (Schiller et al., 2005).
osage form disintegration may rely heavily on whether a formu-

ation is in one of these fluid pockets or not. A high variability was
emonstrated, for example a modified release dosage form could
e exposed to anything from 1 to around 100 ml of free fluid in the
olon.

.2. Fluid composition

The total fluid volume is not the only influential factor on disso-
ution; we need to consider the composition of the fluid in question.
astrointestinal fluid is complex, dynamic and fluctuating (Table 1)
hich contrasts with the simple acid and phosphate buffer solu-

ions used for in vitro testing. It has been well documented that
issolution rates of ionisable drugs (Mooney et al., 1981; Ozturk
t al., 1988; Aunins et al., 1985; Ramtoola and Corrigan, 1989)
nd enteric-coated dosage forms (Ozturk et al., 1988) are influ-
nced by buffer capacity and species. In vitro in vivo correlations
f drug release from solid dosage forms may be greatly improved
y defining the dissolution environment simply in terms of ionic
omposition. For example, using physiological Hank’s and Kreb’s
icarbonate buffers (which simulate the ionic composition of the

ejunal and ileal fluids, respectively) gave better reflections of in vivo
isintegration times of enteric-coated systems, and were more dis-
riminative than compendial phosphate buffers (Fadda and Basit,
005; Ibekwe et al., 2006a). Hank’s and Kreb’s media have a buffer
apacity comparable to that of intestinal luminal fluids and have
een found to provide a good surrogate for solubility measurement
f ionic drugs (Fadda and Basit, 2007). McNamara et al. (2003)
howed that different buffers including bicarbonate media with
arious partial pressures of CO2 significantly influenced the intrin-
ic dissolution of ionisable drugs. Boni et al. (2007) also showed
ifferent dissolution profiles of modified release formulations of a
asic drug in bicarbonate and phosphate buffers.

Surface tension also affects drug dissolution through its influ-
nce on wetting. The surface tension of gastric fluid has been
haracterised to be in the range of 28–45mN/m (Efentakis and
ressman, 1998; Pedersen et al., 2000) and can be mimicked

hrough the addition of pepsin and/or surfactants to HCl (Aburub
t al., 2008; Vertzoni et al., 2005). The effects of bile salts and
hospholipid surfactants on the solubility and dissolution of poorly
ater-soluble drugs have been extensively explored (Dressman et

l., 1998). Inclusion of these into in vitro dissolution fluids has been
dvocated (Nicolaides et al., 1999) with mixed results (Kalantzi et
l., 2006b; Persson et al., 2005; Fadda and Basit, 2007). Fasted state
imulated intestinal fluid (FaSSIF) and fed state simulated intesti-
al fluid (FeSSIF) incorporate bile salts and phospholipids. Updated
ersions of these have recently been developed with particular
ttention to simulating different phases of postprandial digestion
Jantratid et al., 2008). Two of the lipid digestion products, glyceryl
onooleate and sodium oleate, were further incorporated in these
edia. More attention still needs to be paid, however, to mimicking

he other bile salts in the gut lumen. For example, FaSSIF contains
odium taurocholate (a trihydroxy acid) as its only bile salt and
his is only twenty percent of the in vivo bile salts (di- and trihy-
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Table 1
Characterisation of gastrointestinal fluid in man

Stomach Small intestine Large intestine

Duodenum Jejunum Ileum Proximal colon Distal colon

Total fluid volume (ml) PM 118 ± 821 212 ± 1101*+ 1872∼

Free fluid volume (ml)3 Fed – 54 ± 41* 11 ± 26∼

Fasted 45 ± 18 105 ± 72* 13 ± 12∼

Surface tension (mNM-1) 35–454 32.36 28 ± 17 – – –
33.6 ± 5.95 33.7 ± 2.85*

Bile salt concentration (mM) Fed 0.068 11.26 8 ± 0.17 2–109 – –
Fasted 0.2 ± 0.210 0.57–5.111 2 ± 0.27 – – –

2.9 ± 2.910

0.8–5.511

Bile flow rate (�lmin−1 kg−1)12 – 1.5–15 – – – –
Acid output (mEq/hour)13 Basal Maximum 1–5 – – – – –

6–40

Phospholipids (mM)5 Fed – – 3 ± 0.3 – – –
Fasted – – 0.2 ± 0.07 – – –

pH14 1.0–2.5 – 6.6 ± 0.5 7.5 ± 0.5 6.4 ± 0.6 7.0 ± 0.7
Bacterial Levels (CFU/g contents)14,15 1 × 103 1 × 104# 1 × 106–107 1 × 1011–1012∼

Redox potential (mV)16 – -65.6 ± 89.7 – -196.5 ± 96.8 -415 ± 72 -380 ± 110
Bicarbonate (mM) – 6.717 619,20 4019,20 – 3022

8.221 3021

Phosphate (mM) – – – – – –
Potassium (mM) 13.4 ± 3.010 – 5.4 ± 2.110 4.9 ± 1.521 – 4.7 ± 1.023

Sodium (mM) 68 ± 2910 – 142 ± 1310 140 ± 621 – 0.6 ± 0.323

Chloride (mM) 102 ± 2810 – 126 ± 1910 125 ± 1221 – 0.3 ± 0.123

Calcium (mM) 0.6 ± 0.210 – 0.5 ± 0.310 4.223 – 21 ± 5.223

Magnesium (mM) – – – 2.823 – 7 ± 1.123

Ionic strength (mM) 0.1 ± 0.02510 – 0.139 ± 0.01410 – – –
Buffer capacity (mmol/L/pH unit) Fed 14–286 18–306 2.4–2.86 – – –

Fasted 7–186 5.67; 4–1310 2.9724 – – –

Short chain fatty acids (mmol)25 PM – – – 13 ± 6 131 ± 9 80 ± 11
Amylase (U/ml) Inter-digestive 100–15026,27* 2–565 U/g faecal material

(bacterial amylase)31Early postprandial 150–30027–29*
Late postprandial 150–30027–30*

Lipase (U/ml) Inter-digestive 100–40027,28,30* – –
Early postprandial 500–150027,28,30*
Late postprandial 400–100027,28,30*

Trypsin (U/ml) Inter-digestive 20–5027-29* – –
Early postprandial 60–10026-29,32*
Late postprandial 500–150027-29,32*

Gas volume (ml)33 36 ± 12 43* 182 ± 26∼
Notes: PM = post-mortem, –indicates that data was not found; *indicates the value represents that the whole small intestine, or no differentiation was made in the study; ∼indicates the
value is for the whole colon; #represents a value for the duodenum and jejunum; +this value is reported at 206 ml in the original reference but our recalculation of the results shows a mean
of 212 ml.
1Gotch et al. (1957).
2Cummings et al. (1990).
3Schiller et al. (2005).
4Efentakis and Dressman (1998).
5Pedersen et al. (2000).
6Kalantzi et al. (2006a).
7Persson et al. (2005).
8Rhodes et al. (1969).
9Northfield and McColl (1973).
10Lindahl et al. (1997).
11Perez de la Cruz Moreno et al. (2006).
12Martinez et al. (2002).
13Selen (1991).
14Evans et al. (1988).
15Simon and Gorbach (1984).
16Bernhardt and Knoke (1997).
17Stirrup et al. (1990).
18Repishti et al. (2001).
19Phillips and Summerskill (1966).
20Phillips and Summerskill (1967).
21Banwell et al. (1971).
22Wrong et al. (1965).
23Phillips and Giller (1973).
24Fadda and Basit (2007).
25Cummings et al. (1987).
26Holtmann et al. (1996).
27Keller and Layer (2005).
28Bozkurt et al. (1988).
29Braganza et al. (1978).
30Keller et al. (1997).
31MacFarlane and Englyst (1986).
32DiMagno et al. (1977).
33Mearin et al. (2006).
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roxyacids) (Vertzoni et al., 2005). Lecithin, also present in FaSSIF
nd FeSSIF, is not the only phospholipid in small intestinal flu-
ds, with lysolecithin (a hydrolysis product of lecithin) additionally
eing found (Ammon et al., 1983). This has a different solubilis-

ng capacity. The pancreatic enzyme levels in the gut are also a
ignificant factor to be considered. Pancreatic enzyme levels are
ariable and USP recommendations for dissolution testing do not
eflect the in vivo scenario. Levels of digestive enzymes increase
arkedly following meal consumption (Table 1).

.3. Fluid in disease

The in vivo fluid volumes and composition are influenced by
athology. For example, constipation results from increased water
esorption in the gut leading to more viscous or solid colonic
ontents. Its aetiology is usually related to delayed transit or
bstruction to defecation (Camilleri et al., 1994) and its presence
ay make drug dispersal or dissolution problematic. Chronic diar-

hoea is common in the active phase of inflammatory bowel disease
often abating on remission), and is implicated in 30–60% of North
merican and European AIDS patients and in nearly 90% of AIDS
atients in developing countries (Dancygier, 1998). The patho-
hysiology of diarrhoea is linked with colonic sensitivity (Rao et
l., 1987; Camilleri and Ford, 1998), sodium and water absorption
Allan et al., 1975; Greig and Sandle, 2000) and leaky tight junctions
Seidler et al., 2006). Crohn’s patients suffering from inflammation
r resection of the terminal ileum, or patients with impaired gall
ladder or liver function can experience fat or bile salt malabsorp-
ion (McNeil et al., 1982; Akerlund et al., 1994) which potentially has
erious implications for drug bioavailability of lipophilic molecules.

. How variable are gastrointestinal transit times?

.1. Transit in the intestine

The various idiosyncrasies of gastric retention and emptying
ave been studied extensively and it has been stated categorically
hat “almost everything seems to affect gastric emptying” (Olsson
nd Holmgren, 2001). In contrast, the small intestinal transit time
s assumed to be independent of external influences, and more con-
istent. The small intestine transit time of dosage forms is almost
nvariably quoted at 3–4 h (Davis et al., 1986), and a meta-analysis
f transit data in the small intestine showed no difference between
ablets, pellets and liquids (Davis et al., 1986). This is however, a

ean value from pooled data with different methodologies, and
s often taken out of context. In this study the actual values range
rom 0.5 to ∼9.5 h. Coupe et al. (1991) measured the variability in
mall intestinal transit times of multiple- and single-unit systems;
he range for pellets was 2.2–5.9 h and that for an 11.5 mm tablet
as 0.9–6.2 h. Intra-subject variability was also observed. The intra-

ubject variability is further exemplified by data generated by our
roup, in which non-disintegrating ethylcellulose-coated pellets
1–1.4 mm) were given to one subject on eight separate occasions
Fig. 1) (unpublished data). The average transit time is indeed 3.2 h,
s expected from Davis et al. (1986), but the individual data varies
rom 1.5 to 5.4 h. Only on two occasions out of eight did the transit
all within the oft-stated 3–4 h.

Food has not generally been associated with changes in small
ntestinal transit time, and its effects are assumed to be negli-

ible (Davis et al., 1986), but studies have generally followed a
egimented fed/fasted design, in which a dosage form is admin-
stered with food, or on an empty stomach. The timing of food
ngestion may make a difference to the small intestinal transit
ime of a dosage form. A study by Digenis et al. (1990) showed a

p
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c
o

ig. 1. The small intestine transit times in one healthy subject of non-disintegrating
ellets (1–1.4 mm diameter) on eight different occasions (unpublished data). The
haded area shows the generally quoted 3–4 h transit time.

ower bioavailability from enteric-coated erythromycin beads given
0 min before food. This was related to a faster small intestinal
ransit time of the dosage form.

Dosage form transit is influenced by intestinal motility. In the
asted state, motility is controlled by the migrating myoelectric
omplex (MMC), which cycles over 90–120 min. Interestingly the
MC does not only start at the stomach, but at various points

long the GI tract including the oesophagus and small intestine
Kellow et al., 1986) which may help account for the observation
hat single unit dosage forms often empty in times far in excess
f the expected emptying time of less than two hours. The inci-
ence of MMCs is also different in various regions of the gut; the
umbers of MMCs in the jejunum was arbitrarily assigned to be
00% and in relation to that the mean incidence of MMCs in the
ower oesophagus, gastric antrum, duodenum, proximal ileum and
erminal ileum was determined to be 56%, 74%, 94%, 36% and 9%,
espectively (Kellow et al., 1986). The correlations between dosage
orm transit and the MMC were proposed in the 1980s when it
as observed that the average speed of a non-disintegrating cap-

ule through the small intestine (excluding the duodenum which
as too fast to measure) was between 4.2 and 5.6 cm/min (Kaus et

l., 1984) which corresponded to the reported velocity of the MMC
own the intestine of 4.7 cm/min (Kerlin and Phillips, 1982). The
ransit of a dosage form may also be influenced by intestinal flow;
n the fasted state the mean intestinal flow rates for all phases of
he MMC are 0.73 ml/min in the jejunum and 0.33 ml/min in the
leum. Postprandially, these flow rates are significantly accelerated
o 3.0 and 2.35 ml/min, respectively (Kerlin et al., 1982). Currently,
t is not clear exactly how much influence these flow patterns have
n dosage form transit.

The small intestinal transit of dosage forms is much more com-
licated than simply being a function of intestinal motility and flow.

t is not continuous; using magnetic marker monitoring studies
eitschies et al. (2005) were able to describe the movement of
non-disintegrating capsule along the tract. In the duodenum fast
assage was observed, with a capsule traversing the length in any-
hing from a few seconds up to several minutes. Retro-propulsion
as demonstrated; in one case back into the stomach. In one indi-

idual on five separate occasions very different intestinal transit
rofiles were seen with varying periods of movement and stasis

Fig. 2).

Like the small intestine, movement through the colon is not
ontinuous, and in the transverse colon, the dosage forms were
bserved to be often at rest; spending 5–30 min periods with no
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incidence of propagated single and clustered contraction) (Annese
ig. 2. Gastrointestinal transit of magnetically marked non-disintegrating capsules
n the identical volunteer after ingestion with 150 ml of water. (Capsule intake after
h fasting, in experiments 1–4 lunch was served 240 min after ingestion.) The blocks

epresent periods of movement (Weitschies et al., 2005).

r minimal propagation (Weitschies et al., 2005). In one instance, a
ass movement was observed starting 6 h post ingestion, which

ransported the capsule from the distal ascending colon, to the
escending colon in one movement within less than 1 min. The
olon is generally considered to have a much increased transit time
ver the small intestine with a range of 6–48 h described by Coupe
t al. (1991) but values in excess of 70 h have been described (Rao et
l., 2004) with men having significantly shorter transit times than
omen (Metcalf et al., 1987; Buhmann et al., 2007). Similar gender
ifferences were reported in small-bowel transit and gastric empty-

ng (Sadik et al., 2003). This introduces an interesting physiological
iscussion point: how much is actually known about the effects of
ender on drug and dosage form behaviour? It is generally acknowl-
dged in the literature and by the regulatory authorities that there
re some differences in drug behaviour between men and women,
ut the full implications of these are not yet established.

.2. Total transit

Factoring in variability in the stomach, small intestine and large
ntestine, transit through the gut can range from a few hours, to sev-
ral days (Wilding, 2001). The OROS® system (non-disintegrating
smotically driven tablets) showed total transit times in healthy
olunteers, which ranged from 5.1 to 58.3 h (median 27.4 h) (John
t al., 1985). Most of the variability tends to be associated with the
olon (Wilding, 2001). The motility and transit in the colon is highly
nfluenced by defaecation time; a study analyzing pooled data from
dministrations of the OROS® showed that morning doses had tran-
its clustered at 24 and 36 h, and nighttime administration showed
ransits clustered around 12 and 36 h (Sathyan et al., 2000). They
hus related the total transit time to a combination of two factors;
he defecation frequency and the likelihood of it being included in
he defaecation event. Defaecation occurs in the morning in many
ubjects, and the nighttime administrations may be included in the
ext morning’s bowel movement or, more likely, on the following
orning (36 h).
Although this “clustering” of transit times described with the

ROS system is a result of defaecation times, there are other
ircadian aspects to gastrointestinal motility (Rao et al., 2001). Cir-
adian rhythms represent an aspect of the physiology which can
e exploited to improve therapeutics. Many diseases are known to
e worse at certain times to the day (Smolensky and Haus, 2001)

uch as high blood pressure, arthritis or asthma, and chronother-
py is being extolled for the treatment of such conditions which
ould utilise modified release technology. In terms of gastroin-

estinal physiology, there are changes over a 24 h period in gastric

e
p
h
t

ig. 3. Plasma profiles for 4-ASA delivered from a coated capsule designed to target
he colon for two different volunteers who experienced different gastrointestinal
ransit times. Adapted from Tuleu et al. (2002).

cid secretion and motility. In patients with functional constipa-
ion there was a significantly lower contractile response to morning
wakening compared to controls (Zhang et al., 2007) and gastric
mptying rates significantly longer with solids foods in the evening
Goo et al., 1987). Melatonin may have a role in the secretion of
epsin and hydrochloric acid, as well as influencing the activity of
he myoelectric complexes (Bubenik, 2001). Small changes in these
hysiological functions can lead to marked differences in drug and
osage form behaviour.

The variability of total transit proves problematic in drug deliv-
ry, especially where modified release dosage forms are being used.
his was exemplified by work in which the plasma concentration
f 4-aminosalicylic acid (4-ASA) after administration of a colon-
pecific dosage form was assessed in human volunteers (Tuleu et
l., 2002) (Fig. 3). In one subject, the coated capsule arrived in the
olon at around 7 h, and drug was measured in the plasma over the
ext 5 h. In another volunteer the gastrointestinal transit was very
hort; the capsule arrived at the colon at 3 h, and was voided at less
han 6 h. The very rapid colonic transit in this volunteer prevented
he breakdown of the dosage form, and no drug was observed in
he plasma.

.3. Transit in disease

Patients with irritable bowel syndrome often have accelerated
ntestinal transit times (Vassallo et al., 1992) and motor disorders

ere observed in the small intestine of 26 of 35 patients with
nactive Crohn’s disease (reduced phase II contractions, increased
t al., 1997) which may make this type of problem more common-
lace in clinical situations. Patients with active ulcerative colitis
ave also been found to have significantly faster colon transit
han controls (24.3 h vs. 51.7 h) (Hebden et al., 2000). Interestingly,
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trointestinal pH profiles measured 1 week apart, under the same
feeding conditions (Ibekwe et al., 2008). An example pH profile,
obtained by our research group, for one healthy subject can be
seen in Fig. 4 (unpublished results). This was obtained using the
Bravo® pH capsule, a radiotelemetric pH-sensitive device which
18 E.L. McConnell et al. / International Jou

hey also showed an asymmetric distribution of material in the
olon. AmberliteTM resin (to mimic drug-loaded powder/pellets)
as dosed in an Eudragit S (colon-targeted) capsule to these ulcer-

tive colitis patients, and to control subjects. In the control subjects,
9% of the dosed AmberliteTM was observed to be in the proximal
olon after release in the large intestine, and the remaining in the
istal colon. In ulcerative colitis patients, 91% was distributed in
he proximal colon. This exaggerated asymmetry of dosage form
ispersion has implications for ulcerative colitis affecting the dis-
al regions, resulting in reduced exposure of the site to drug.
his goes some way towards explaining the fact that recent stud-
es have shown that a combination of oral and rectal mesalazine
an anti-inflammatory drug) was more effective than either given
lone for distal inflammatory bowel disease (Marteau et al., 2005).
any patients with Crohn’s disease undergo an ileocaecal resec-

ion (Munkholm et al., 1993). This has been shown to significantly
educe the small intestinal transit time mainly due to the shorter
ime spent at the ileocaecal junction (Fallingborg et al., 1998).

Transit and motility can be further linked with gas volumes and
ransit. Irritable bowel syndrome (IBS) patients frequently com-
lain of bloating and abdominal distension (Barbara et al., 2004).
owever, studies showed that the actual gas volume and composi-

ion is not higher in patients with ‘excess gas’ complaints compared
o controls (Lasser et al., 1975). Gas transit times were found to be
onger in symptomatic patients relative to controls (40 ± 6 min vs.
2 ± 3 min) (Lasser et al., 1975). Dosage form may come into con-
act with gas pockets within the gut, in addition to the fluid pockets
escribed earlier.

.4. Manipulation of transit

In addition to disease, transit can also be altered by drugs (Kachel
t al., 1986; Barone et al., 1994; Reynolds, 1989) and excipients.
olyethylene glycol 400, a solubility enhancing excipient, has been
hown at pharmaceutically relevant doses to stimulate intestinal
otility and accelerate small intestinal transit (Basit et al., 2001,

002b; Schulze et al., 2003), although this affect was not seen with
ther excipients of the same class (Schulze et al., 2005, 2006). Two
ffervescent excipients, mannitol and sodium acid pyrophosphate
ave exhibited similar effects on transit (Adkin et al., 1995a,b; Koch
t al., 1993). These transit effects can have an influence on drug
ioavailability (Schulze et al., 2005; Basit et al., 2002b; Adkin et al.,
995c; Ashiru et al., 2008).

Physiological triggers have been investigated to slow transit, for
xample the ileal brake. This is a feedback mechanism in which
ipids and fatty acids in the ileum can slow the transit of luminal
ontents through the small intestine (Spiller et al., 1984, 1988). This
pproach has been used to slow the transit of tablets (Dobson et al.,
999). However, in in vivo studies using atenolol, only in some vol-
nteers did the increase in small intestinal transit time led to an

ncrease in drug absorption (Dobson et al., 2002). The authors sug-
est that other factors such as ileocaecal junction residence time
re involved, highlighting the complexities of the physiological pro-
esses in the gut, and the importance of considering the interplay
etween such factors.

Mucoadhesion to the intestinal mucosa could, in theory, nor-
alise the variations in intestinal transit and allow more consistent

erformance of formulations within and between individuals,
mproving the overall efficacy of a drug (Varum et al., 2008).

ucoadhesive approaches in the upper gastrointestinal tract have

hown a great deal of potential in vivo and in small animal stud-
es (Ch’ng et al., 1985; Longer et al., 1985; Quan et al., 2008) but
uccess has failed to translate to human studies in the stomach and
mall intestine (Harris et al., 1990; Sakkinen et al., 2006; Khosla and
avis, 1987). It may be that the in vitro studies used are not appro-
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riate to mimic mucosal conditions in the gastrointestinal tract, and
mall animal models are unsuitable. This reinforces the point that
uitable testing methods need to be developed, with appropriate
ompositions and mechanical forces, in order to achieve any reli-
ble extrapolation into man. This is true for dissolution models, and
or mucoadhesive models such as these, as well as in vivo models.

Lack of success in the upper gastrointestinal tract should not dis-
uade researchers from further investigations into mucoadhesion.
ertainly buccal mucoadhesion has been successful and perhaps
he colon still has potential in this area? Colonic mucoadhesion may
e more successful than small intestinal or gastric approaches, due
o a thicker mucus layer (Strugala et al., 2003) and lower disruptive
olonic motility. It also has a lower mucus turnover and sensitivity
o mucus secretory stimulus making dosage form mucoadhesion
ess rate-limited by mucus turnover (Lehr et al., 1991; Rubinstein
nd Tirosh, 1994; Rubinstein et al., 1997).

. Is gastrointestinal pH predictable?

.1. pH in health

The shortcomings of in vitro testing with respect to gastrointesti-
al fluid volume and composition have been discussed. For reasons
f economics or time, researchers choose to use simple buffer sys-
ems. One aspect that is invariably controlled in these tests, and
ased on the reported physiological parameters, is gastrointesti-
al pH. This has been reported by many authors, and is generally
elieved to be well characterised and we report the results of Evans
t al. (1988) in Table 1, as it is considered to be the most authori-
ative. However, the most important message from such studies is
ften overlooked; the pH shows huge variability between people,
nd a striking example of this is demonstrated in the pH profiles
easured by Fallingborg et al. (1989) in 39 healthy individuals in
hich there can be over two pH units difference at the same site.

n addition, the pH of the proximal small intestine, which is often
odelled at pH 6.8, has recently been shown to have a mean value

f 5.5 (by in situ measurements in the duodenum taken over 48 h
Bratten and Jones, 2006).

In addition to inter-individual variability, there are also poten-
ially marked differences within individuals on different occasions;
revious work by our group showed substantial differences in gas-
ig. 4. pH profile from one subject using the Bravo® pH capsule. The capsule was
iven 30 min before food (standard breakfast) and a standard lunch was adminis-
ered at 4 h (unpublished data).
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as ingested by the subject. After around 30 min a standard break-
ast was ingested, and this can seen as a sustained rise in gastric pH.
he pH capsule is retained in the stomach, and food is administered
gain at 4 h, again seen by the sustained rise in pH. At around 5 h
he capsule empties from the stomach, and the intestinal pH can be
bserved.

.2. pH changes in disease

The pH in the stomach is influenced by pathophysiological
onditions such as hypochlorydia/achlorhydria (reduced or absent
astric acid secretion) or hypergastrinemia (oversecretion of gas-
rin and a pH < 2) (Arnold, 2007) and AIDS (Lake-Bakaar et al.,
988) by medication such as H2 receptor antagonists and pro-
on pump inhibitors. This has implications for the dissolution and
ioavailability of weakly basic drugs; ketoconazole bioavailability
as decreased in AIDS patients with raised gastric pH (Lake-Bakaar

t al., 1988). Another study looked at the effects of drug-induced
chlorhydria (using the proton pump inhibitor omeprazole) and
howed a reduction in ketoconazole bioavailability. Interestingly,
hey were able to improve bioavailability 65% over a control (water)
y administration with an acidic beverage (Coca-Cola) (Chin et al.,
995).

The small intestinal pH appears to be unchanged in Crohn’s dis-
ase (Ewe et al., 1999; Fallingborg et al., 1998; Press et al., 1998;
aimundo et al., 1992). In the colon, however, lower pH values are
een in disease states (Nugent et al., 2001). For example, Raimundo
t al. (1992) reported right colon pH values of 4.7 (±0.72) in acute
lcerative colitis and in other studies a fall in colonic pH to less than
.5 was found in two out of six patients (Nugent et al., 2000) and
proximal colonic pH as low as 2.3 was detected (Fallingborg et

l., 1993). In Crohn’s disease (active and inactive) colonic pH was
ignificantly lower than in healthy age-matched controls, with a
ean proximal and distal colonic pH of 5.3 (compared to the mean

ontrol pH of 6.8 proximally and 7.2 distally) (Sasaki et al., 1997).

.3. pH and drug delivery

The pH changes along the intestine have been exploited for the
urposes of drug delivery. Enteric coatings are employed to pre-
ent drug release in the stomach. These coatings are generally made
rom pH-responsive polymers which remain unionised and intact at
he low pH of the stomach, but dissolve at the higher pH of the small
ntestine. The principle has been extended to colonic delivery. The
rst colon-targeted pH-responsive delivery system was developed
y Dew et al. (1982) and comprised a capsule coated with the poly-
ethacrylic acid methylmethacrylate ester copolymer, Eudragit S

Evonik, Darmstadt, Germany), which has a dissolution threshold of
H 7 and should theoretically dissolve in the distal small intestine.
his concept was postulated when it was thought that the intesti-
al pH increased distally along the gut; it is now known that the pH
rops slightly in the colon, and the pH is highest at the ileocaecal

unction (Evans et al., 1988). Rather than colon-targeted delivery,
his type of pH-responsive delivery described is more accurately
eferred to as “ileo-colonic” drug delivery, or targeting (Ibekwe
t al., 2006b, 2008). This pH-triggered approach formed the basis
or the development of Eudragit S-coated mesalazine tablets mar-
eted as Asacol® for ulcerative colitis. This, and other preparations
ased on the same concept (Mesren, Lialda and Mesavant) are used
linically. However, the phenomenon of Asacol and similar tablets

assing through the gut intact has been described (Sinha et al.,
003; Safdi, 2005; Ibekwe et al., 2006b, 2008). Interestingly, we
ecently reported the same phenomenon with Eudragit S-coated
ellets (McConnell et al., 2008c). The failure to disintegrate may be
ue to the target pH not being reached in some subjects, or not being
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igh enough for a long enough time for the pH-responsive film coat-
ng to dissolve, and this was the subject of an in vivo study on the

atter (Ibekwe et al., 2008). This study served to confirm the com-
lexity of such systems; these are not single trigger systems. These
re a multitude of other physiological parameters affecting this,
uch as the fluid composition and volume described previously,
ransit time and retention time at the appropriate pH. Obviously
etter understanding of these physiological factors is important,
ut also examining how they interact with each other is essential.

Dosage form factors are also influential in these pH-responsive
ystems, and movement away from single unit systems may
e beneficial. Lamprecht and co-workers have shown interest-

ng and promising results in rats using nanoparticles to treat
nflammatory bowel disease (Lamprecht et al., 2005). Nanopar-
icles in particular appear to accumulate in the inflamed tissue.
owever, despite extensive research on novel methods of oral
rug delivery (polymeric microparticles and nanoparticles, lipo-
omes, self(micro)-emulsifying drug-delivery systems, solid–lipid
anoparticles) the industry remains conservative, with tablets, cap-
ules and pellets being the only viable investments. Unless the
forementioned new technologies show improved transit, bioavail-
bility or some other demonstrable advantage over conventional
osage forms, and have easy scale-up and are financially viable,
hey may not be adopted by the pharmaceutical industry. Concerted
fforts towards this should be made in research, as well as proof-
f-concept, since the final goal in this field is better treatments for
he patients.

An example of a new technology for colonic delivery is the
MX system (Cosmo Pharmaceuticals, Spain), used in Lialda (USA)

nd Mesavant (Europe) which contain high dose mesalazine for
nflammatory bowel disease (Kamm et al., 2007). This comprises

hydrophilic/lipophilic matrix core with a gastro-resistant, pH-
ependent coating. Once the coating dissolves and fluid imbibes

nto the core; a viscous gel mass forms through which the drug
iffuses out. This allows once daily dosing for ulcerative colitis, a
hronic condition which can sometimes require several “regular”
ablets in divided doses. This is novel, but still incorporates a pH-
esponsive mechanism and potentially subject to the same flaws as
ts predecessors. Another new product for the treatment of active
lcerative colitis is Clipper® (Chiesi Farmaceutici S.p.A., Italy). This

s an oral controlled release preparation of beclometasone dipro-
ionate which has a methacrylate film coating (Eudragit L100/55)
nd a hydroxypropyl methycellulose core (Rizzello et al., 2002).

. Helping or hindering? The gastrointestinal microflora

.1. Drug delivery utilising intestinal bacteria

Bacteria are ubiquitous along the gastrointestinal tract, although
ome areas are more heavily colonised than others (Table 1). The
acterial concentration in the stomach and proximal small bowel is
odest when compared to bacterial concentrations further along

n the gastrointestinal tract (Simon and Gorbach, 1984). This makes
he high bacterial concentration in the colon a unique feature
nd one which influences the luminal environment and drug and
osage form behaviour. There are over 100 billion bacteria in the
ut and 400 different species (Eckburg et al., 2005) which ferment
ndigested material, are metabolically active and affect the redox
otential and pH of the lower gut. The difference between bac-

erial concentrations in the upper and lower gut (Table 1) can be
xploited in order to initiate site-specific drug release in the colon
Basit, 2005). Pro-drugs, for example sulfasalazine, which rely on
he action of colonic bacteria to break down an inactive precur-
or and release the active drug moiety, have been in use for many



220 E.L. McConnell et al. / International Journal o

F
f
u

y
s
a
r
a
b
e
a
1
c
o
s
a
s
t
P
t
I
d
d
t
D
c
t
s
i
(
a
t
C
t
i
a
f
o
d
a
p

5

p
c
s
r

m
c
i
b
f
a
i
p
d
a
i
2

w
s
l
s
f
t
d

e
m
c
r
p
i
t
w
f
t
c
a
e
r

5

e
a
t
a
b
h
t
t
t
(
d
n
t
w
d
b
t
o
t
u
g

ig. 5. The clinical response to COLAL-PREDTM (amylose-Surelease-coated pellets
or colonic delivery of prednisolone sodium metasulfabenzoate for the treatment of
lcerative colitis) after 7 weeks at 40 and 60 mg doses.

ears. These are, however, highly drug-specific and more univer-
al and practical systems are necessary and polysaccharides have
risen as an ideal candidate material. A selection of polysaccha-
ides can avoid degradation in the small intestine, but are used as
substrate by the colonic microflora. Examples of polysaccharides
eing investigated for colonic delivery systems are pectin (Wakerly
t al., 1996), guar gum (Wong et al., 1997), chitosan (McConnell et
l., 2008b) and amylose (Cummings et al., 1996; Milojevic et al.,
996; McConnell et al., 2007). When amylose is mixed with ethyl-
ellulose (SureleaseTM dispersion) and spray coated onto pellets
r tablets, in vitro and in vivo investigations have shown highly
pecific release in colonic conditions. This coating system (known
s COLALTM) is now in late stage clinical trials with prednisolone
odium metasulfabenzoate (a poorly absorbed steroid) for the local
reatment of ulcerative colitis. This product is known as COLAL-
REDTM and is, in fact, the only polysaccharide-based bacterially
riggered colonic delivery system to have progressed past Phase
. The Phase II trial results are shown in Fig. 5. In a randomised,
ouble blind, parallel study, a dose-dependent improvement in
isease activity and disease severity of mild to moderate ulcera-
ive colitis was shown. This was measured by a decrease in the
isease Activity Index and Physician’s Global Assessment. Clini-
al remission was achieved with a 60 mg dose after 4 weeks of
reatments with additional 3 weeks dose tapering. Systemic expo-
ure to the steroid was found to be low, with an associated low
ncidence of side effects, and no depression of adrenal function
Thompson et al., 2001). Although intra- and inter-individual vari-
bility does occur in microflora populations and levels, it is known
hat certain enzymes concentrations are lower in patients with
rohn’s disease (Carrette et al., 1995), these fluctuations are not
hought to have significant effects on the dosage form reproducibil-
ty since over half of the bacterial population in the colon produce
mylase enzymes (MacFarlane and Englyst, 1986). A recent study
undamental in vivo in man was designed to compare the concept
f bacterially triggered colon delivery with pH-responsive colon
elivery. This has shown that the use of bacteria as a trigger mech-
nism for colonic drug release shows improved specificity over a
H-responsive approach (McConnell et al., 2008c).

.2. Microflora in disease
Microfloral fluctuations can be caused by drug therapy (proton
ump inhibitors, opiates, antibiotics) diet or disease. In particular,
onditions in which transit time is altered, such as irritable bowel
yndrome and inflammatory bowel disease, can change the bacte-
ial numbers; a slow colonic transit causes an increase in bacterial
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etabolism (Cummings et al., 1979). In Crohn’s disease, con-
entrations of Bacterioides, Eubacteria and Peptostreptococcus are
ncreased whereas Bifidobacteria numbers are reduced (reviewed
y Linskens et al., 2001), and in ulcerative colitis the number of
acultative anaerobes are increased. Altered microbial composition
nd function in inflammatory bowel disease result in increased
mmune stimulation, epithelial dysfunction, or enhanced mucosal
ermeability (Sartor, 2008). A very recent study has shown that
ietary glycated protein may change the balance of the microflora to
more detrimental composition in ulcerative colitis, with increases

n “harmful” bacteria, and decreases in “good bacteria” (Mills et al.,
008).

The relative proportion of Bacteroidetes (the bacterial group
hich includes Bacterioides) was shown to be decreased in obese

ubjects, relative to lean people (Ley et al., 2006). Upon weight
oss, the proportion of Bacteroidetes rises. Given the rising obe-
ity levels in the Western world, this is likely to have implications
or therapeutic research. A recent review has discussed the poten-
ial role of gut microflora on obesity, and links the microflora to the
evelopment of diabetes (Cani et al., 2008).

Given the potentially harmful changes in the microflora of dis-
ased patients, it seems a reasonable approach to modify the gut
icroflora through the use of antibiotics and/or probiotics. Highly

oncentrated probiotics with 450 billion live freeze-dried bacte-
ia (VSL#3®) has been produced by Actial Farmaceutica Lda, Italy. A
ilot study was carried out with this probiotic cocktail investigating

ts potential for the maintenance of remission in patients intolerant
o aminosalicylates (Venturi et al., 1999). The duration of the study
as 12 months and 15 out of the 20 patients remained in remission

rom ulcerative colitis over this period. However, if probiotics are
o be routinely used in patients with ulcerative colitis the impli-
ations need to be considered. Probiotics produce short chain fatty
cids which reduce the luminal pH of the large intestine (Gionchetti
t al., 2007). This will certainly influence the performance of pH-
esponsive dosage forms.

.3. The effect of the microflora on drug metabolism

Microbially triggered drug release is an example of how we can
xploit the gastrointestinal conditions to manipulate drug release,
nd very successfully in the case of amylose (COLALTM). However,
here are other considerations. One hundred billion metabolically
ctive bacteria have potentially serious implications for drug sta-
ility. In fact, it has been suggested that gastrointestinal microflora
as the ability to act as an organ with a metabolic potential equal
o or greater than that of the liver (Scheline, 1973). To date, more
han 30 drugs have been identified as substrates for intestinal bac-
eria (reviewed by Sousa et al., 2008) and these include omeprazole
Watanabe et al., 1995), digoxin (Lindenbaum et al., 1981), raniti-
ine (Basit and Lacey, 2001), nizatidine (Basit et al., 2002a) and
itrazepam (Takeno and Sakai, 1990). As mentioned previously,
he number of drugs reaching the colon is expected to increase,
ith the continuing use and development of modified release
rug delivery systems and the introduction of new poorly solu-
le drug candidates. This means they are potential substrates for
he colonic microflora. There are three potential pharmacological
utcomes of bacterial metabolism of a drug: inactivity, activity, or
oxicity. A significant, and worrying, example of this latter was the
se of sorivudine in Japan in 1993. This drug was transformed by
ut flora into (E)-5-(2-bromovinyl)uracil which can become highly

oxic in the presence of 5-fluorouracil. Within 40 days of reaching
he Japanese market, sorivudine was responsible for the death of
ighteen patients that were co-administered sorivudine with oral
-fluouracil pro-drugs (Okuda et al., 1998). Sorivudine was with-
rawn from the market soon after these deaths. This highlights not
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nly the importance of studying bacterial metabolism of drugs, but
lso their effect on drug interactions.

. Mucosal considerations

.1. Enzymes and transporters

Before drug permeations can occur at the epithelial surface, sev-
ral barriers need to be surmounted. The mucus layer can hinder
rug diffusion, and its thickness and turnover rates vary along the

ength of the gastrointestinal tract (reviewed by Varum et al., 2008).
fter this is the unstirred water layer which is thought to be around
0 �m in thickness (Levitt et al., 1990). Upon reaching the epithe-

ial layer, absorption can depend upon the route of ingress and
y cellular mechanisms (influx and efflux transporters, metabolic
nzymes). The transcellular pathway involves the movement of
ons across the cytoplasm via channels and carriers. The paracellu-
ar pathway involves movement through intercellular spaces, and
s controlled by tight junctions. There are more restrictive tight
unctions in the colon rendering drug absorption more difficult
ia this route. In celiac disease there is an increase in intestinal
ermeability (Thomson et al., 2001) due to a “loosening” of tight

unctions (Schulzke et al., 1998) and investigations are being car-
ied out into making the intestine more “leaky” by using absorption
nhancers to open tight junctions (Whitehead et al., 2007). These
tudies often use cell cultures and there is particular interest in
sing the approach to facilitate the absorption of oral insulin. The
ecent withdrawal of ExuberaTM (inhaled insulin) from the mar-
et due to poor uptake and compliance by patients demonstrates a
ack of confidence in inhaled products for this purpose. This should
enew interest in the oral route for protein delivery, and perhaps
ral, modified release products will have more success.

There is considerable interest in the roles of efflux transporters
uch as P-glycoprotein (P-gp), which expels drug substrates back
nto the lumen, influx transporters which can enhance absorption,
nd in cytochrome P450 (CYP) enzymes which are responsible for
rug metabolism; drug bioavailability and pharmacokinetics can
e significantly affected by these (Petri et al., 2006), and levels are

nfluenced by site, and by disease. For example, CYP levels are gen-
rally higher in the small intestine than in the colon (Bieche et al.,
007) but they are less well studied in the colon (Bergheim et al.,
005b; McKinnon et al., 1995). There is conflicting evidence as to
he varying P-gp levels in the small intestine and the colon but new
tudies suggest that the levels are around 4.5 times higher in the
mall intestine (Berggren et al., 2007). There are a whole host of
ther transporters but studies on their levels along the small and
arge intestines are sparse (Englund et al., 2006; Meier et al., 2007;
ord et al., 2003). There is mixed evidence on the influence of dis-
ase, for example changes have been reported in transporter and
nzyme levels with inflammation, cancer or cholera (Bergheim et
l., 2005a; Camilleri et al., 2007; Camilleri, 2007; Englund et al.,
006; Meier et al., 2007; Canaparo et al., 2007; Flach et al., 2007;
allaert et al., 1992; Linskens et al., 2001). The levels of transporters

nd metabolising enzymes also vary within subpopulations and the
resence of polymorphisms affects the bioavailability and toxicity
f a drug. In fact, the FDA is now encouraging voluntary submission
f pharmacogenomic data with new drug applications (FDA, 2008).

The colon, often considered a poor site for drug absorption, may
rove to be an excellent site for some drugs. A recently published

tudy used simvastatin (a substrate for CYP3A) delivered by imme-
iate release and delayed release dosage forms, the latter to bypass
he upper small intestine and benefit from the lower levels of CYP3A
n the ileum and colon. This approach increased the bioavailabil-
ty by a factor of three (Tubic-Grozdanis et al., 2008), highlighting

a
c
f
t
p
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n important reason to expand research into site-specific colonic
elivery away from just inflammatory bowel disease treatment.
here are several drugs which have been reported to have good
bsorption in the colon, and these include theophylline (Staib et
l., 1986), metoprolol (Godbillon et al., 1985), nifedipine (Bode et
l., 1996) and ibuprofen (Wilson et al., 1989). There is expected to
e an increase in the numbers of drugs which are shown to have
ood absorption in the colon.

The effect of transporters on bioavailability brings up the
oncept of “active excipients”. Excipients have been generally con-
idered to be inert. However, in addition to the transit effects
escribed earlier, several excipients have now been shown to have
n effect on cellular transporters. For example P-gp and breast can-
er resistance protein (BCRP) are inhibited by PEG-300, Pluronic
85, Cremophor EL, Tween 20, Span 20, Pluronic P85 and Brij 30
Johnson et al., 2002; Yamagata et al., 2007a,b). P-gp is also known
o be inhibited by d-alpha-tocepheroly polyethylene glycol 1000
uccinate, Tween 80, PEG 400 and chitosan-4-thiobutylamidide.
ender differences in expression of BCRP and P-gp have been
escribed (Schuetz et al., 1995; Merino et al., 2005; Zamber et al.,
003), and so the effect of excipients may be variable by gender.
his was seen in a new study, in which PEG 400 enhanced the
ioavailability of ranitidine in men, but not in women (Ashiru et
l., in press). This may be due to differences on the effect of PEG400
n cellular transporter mechanisms between the sexes.

The area of active excipients has been reviewed recently by
uggins et al. (2007), in which they look at the effects of cosol-
ents, surfactants and cyclodextrins on absorption, metabolism
nd excretion. This raises the question, how many other so-called
nactive ingredients are having an active effect on transporters,
nzymes and ultimately on drug absorption?

.2. Drugs or vaccines for lymphatic delivery

The small intestine and colon are lymphatic organs. Peyer’s
atches in the small intestine and lymphoid follicles in the colon
an take up antigenic and particulate material, and pathogens. This
oute could be exploited for drug or vaccine delivery.

There are two major clinical targets for lymphatic target-
ng: HIV and cancer (O’Driscoll, 2003). For example, Griffin and
’Driscoll (2006) used lipid-based formulations to achieve lym-
hatic transport of saquinavir (an antiviral medication) in rats.
rugs administered by this route can avoid first-pass metabolism
ut the major difficulties faced with this route are the low bioavail-
bility, and poor reproducibility of uptake. In addition to Peyer’s
atches and follicles, there are intra-epithelial lymphocytes which

ncrease in number in response to infection and in celiac dis-
ase (Shiner et al., 1998). The delivery vehicle here is important;
ipophilic drugs in oil bases have more opportunity to be absorbed
his way, and liposomes have potential applications. The uptake
f nanoparticles by cells lining the gastrointestinal tract is now a
ell-recognised phenomenon; however, whether this uptake is sig-
ificant enough to render a therapeutic effect is still under debate
Florence, 2005).

Vaccination is less dose-dependent than drug delivery. Although
ral vaccination is being researched extensively, the colon has been
eglected. Rectal vaccination cannot target the whole colon, but an
bundance of lymphoid tissue and a lower proteolytic activity than
he upper gut, suggest that oral site-specific colonic vaccination
ould be feasible. The immunological environment in the colon is

lso much less studied, and may have potentially different appli-
ations to other vaccine routes. For example, connections with the
emale genital tract (Kutteh et al., 1988; Kutteh, 2001), differences
o small intestinal and rectal delivery (McConnell et al., 2008a) and
referential induction of immune response to bacterial antigens,
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.g. cholera or salmonella (Elson, 2001) might suggest the potential
or vaccination against enteric bacteria, sexually – and vertically –
ransmitted diseases and colorectal tumours. This is an intriguing
ew avenue for the colon, if it were explored more thoroughly.

. In vitro guides, in vivo decides: modelling the intestine

Given our discussion on the limited fluid volume, and the
omplex gastrointestinal fluid, it comes as no surprise that in
ivo behaviour cannot easily be predicted from commonly used
n vitro testing methods. Standard in vitro testing is carried out
n 900–1000 ml of acid or buffer solution (USP I-II dissolution
ests). Under these conditions, for example, enteric-coated prod-
cts designed to release in the small intestine dissolve very rapidly

n vitro in simulated small intestinal conditions (Catteau et al.,
994), but take over 2 h to dissolve in vivo in the human small
ntestine (Catteau et al., 1994).

Other USP dissolution tests use smaller volumes than USP I-II
nd are subject to different mechanical forces, but how reflective
hese are of in vivo situations is questionable. There is, as yet, no
deal method for modelling intestinal fluids, and fluid composi-
ion and volume aside, fluid dynamics, motility and transit are also
nfluential.

The Institute of Food Research (Norwich, UK) have developed a
tate of the art model gut, which simulates gastric digestion. It is
ased on current biochemical and mechanical knowledge from the

n situ stomach, including motility and shear (Rich et al., 2003). It
ncorporates inhomogeneous mixing behaviour with more realis-
ic emptying into a model duodenum. Currently it is used for the
n vitro digestion of foods (Chambers et al., 2004; Mandalari et al.,
008; Moreno et al., 2005). The TNO intestinal model (TIM) (TNO
harma, Netherlands) is a computer-controlled model that simu-
ates in vivo fluids at more realistic volumes, with more realistic
uid dynamics relative to the human stomach and small intestine.
his also incorporates enzymatic activity, bile salts and pancreatic
uices (Minekus and Havenaar, 1996).

A follow-up to the small intestinal model also combines a sim-
lated colonic environment (TIM2, TNO Pharma, Netherlands).
owever, since the large intestine especially is so poorly charac-

erised it is difficult to model accurately. As the colon becomes more
mportant, in light of modified release dosage forms, we will start
o realise that information on the colonic environment is essential.
ystems used to model the colon for metabolic or nutrition pur-
oses (reviewed by Sousa et al., 2008) include: static batch cultures
hich are suitable for short time periods (<24 h) and have been
sed for drug delivery (Basit et al., 2004); semi-continuous systems
hich have the addition of nutrients at defined intervals (Rumney

nd Rowland, 1992); or the continuous culture system which mod-
ls a dynamic equilibrium by continuously adding growth media
nd removing spent culture (MacFarlane et al., 1998) as well as
ontrolling pH, redox potential and temperature. The use of bacte-
ially based dissolution tests for dosage forms has been reviewed
y Yang (2008).

In terms of drug delivery research, such intestinal modelling sys-
ems are still at an early stage, and are far from becoming a routine

ethod of testing; they have a very low throughput, and are costly.
he question arises: is it possible to fully characterise and model
he ever changing intestinal milieu?

The models described above are useful only for dosage form dis-

ntegration and dissolution, and do not consider the absorption of
he drug through the luminal surface. Researchers are using cell
ulture models to mimic the gut, for example Caco-2 cell cultures
Lentz et al., 2000). Artursson and co-workers have incorporated
ollicle-associated epithelium into this in vitro model, and used

p
T
a
f

f Pharmaceutics 364 (2008) 213–226

his to study nanoparticle uptake (Rieux et al., 2005). A contin-
ous dissolution/Caco-2 system was developed from dissolution
pparatus and a diffusion cell, such that drug dissolution and
ermeation across a Caco-2 monolayer would occur sequentially
nd simultaneously (Ginski et al., 1999). This system generally
atched observed dissolution–absorption relationships from clin-

cal studies. For example, the system predicted successfully that
odified release formulations of metoprolol and raniditine were

ermeation-rate-limited. Another modified release formulation
piroxicam) was predicted to be dissolution rate limited, and an
mmediate release piroxicam formulation was predicted to be per-

eation rate limited.
Whether in vitro dissolution tests, or in vitro absorption studies,

ore in vivo information is required to improve these methodolo-
ies. There are a plethora of techniques which can be adopted and
tilised to improve our knowledge of gastrointestinal physiology.

. Why model when you can measure?

Fundamental knowledge on the gastrointestinal environment
an be obtained using invasive techniques, such as obtaining aspi-
ates of intestinal contents, and several research groups are using
his approach to further our knowledge on luminal gastrointesti-
al conditions (Kalantzi et al., 2006a; Perez de la Cruz Moreno et
l., 2006; Persson et al., 2005; Lindahl et al., 1997). Non-invasive
echniques can also be employed. The pH in the human stud-
es described previously (Evans et al., 1988; Fallingborg et al.,
989; Ibekwe et al., 2008) was measured in situ using pH-sensitive
adiotelemetry. Radiotelemetric devices, such as the Bravo® pH
apsule, are pH-sensitive devices comprising of pH electrodes and
adio frequency transmitters encased in an ingestible capsule body
nd are normally used to measure the pH in patients for diag-
ostic purposes. Other examples of the pH-sensitive technologies
sed for diagnosis are the Heidelberg pH capsule, and the remote
ontrol pH-sensitive radiocapsule (Colson et al., 1981; Remote Con-
rol Systems, London). SmartPillTM is a wireless pH and pressure
ecording capsule that has so far been utilised in studying GI tran-
it, motor activity and gastric contractions for disease diagnosis
Hasler et al., 2007; Reddymasu et al., 2007). New “camera in a
apsule” technology (Given Imaging Olympus and IntroMedic) has
llowed the exploration of the small intestine which was previ-
usly very difficult to image (Kurella et al., 2007; Thomson et al.,
007; Galmiche et al., 2008). The most recently developed cap-
ule endoscope is MiroCam® developed by MicroMedic, Korea. This
elies on low frequency electric currents for the transmission of
ignals from the camera to the sensor pads placed externally on
he body. It has a field of view of 150◦ and a battery life of 11 h
Intromedic, 2008). Engineered devices (InteliSite® and Enterion®)
ave been developed that allow the assessment of drug bioavail-
bility from different regions of the gastrointestinal tract (Parr et
l., 1999; Hinderling et al., 2007). These are remotely activated
nd radiolabelled (Wilding, 2000). Technologies such as this, along
ith gamma scintigraphy, magnetic resonance imaging and mag-
etic marker monitoring, are now at our disposal and should be
tilised to improve our fundamental understanding of physiology
nd relate the results to drug delivery.

. Concluding remarks
There is no such thing as an average person. In every person
hysiology is variable, from gut contents to cellular mechanisms.
o move forward successfully in oral drug delivery this must be
cknowledged. Furthermore, to know where we are going in the
uture, we must appreciate where we have been in the past. The
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tudy of the gastrointestinal tract is an evolving field, with new
nzymes and transporters being discovered at what seems an expo-
ential rate. There are many exciting new avenues in drug targeting,
nd intestinal delivery, but we must not forget the basics. There are
till gaps in our knowledge, and efforts must be made to fill in the
issing pieces of the puzzle.
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