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Colonic drug delivery can facilitate access to unique therapeutic targets and has the potential to enhance drug
bioavailability whilst reducing off-target effects. Delivering drugs to the colon requires considered formulation
development, as both oral and rectal dosage forms can encounter challenges if the colon’s distinct physiological
environment is not appreciated. As the therapeutic opportunities surrounding colonic drug delivery multiply, the
success of novel pharmaceuticals lies in their design. This review provides a modern insight into the key pa-
rameters determining the effective design and development of colon-targeted medicines. Influential physiolog-
ical features governing the release, dissolution, stability, and absorption of drugs in the colon are first discussed,
followed by an overview of the most reliable colon-targeted formulation strategies. Finally, the most appropriate
in vitro, in vivo, and in silico preclinical investigations are presented, with the goal of inspiring strategic devel-

opment of new colon-targeted therapeutics.

1. Introduction

Colonic drug delivery is experiencing a renaissance due to the
multitude of associated pharmaceutical benefits and opportunities
discovered in recent years [1]. Targeting drugs to the colon can enable
superior treatment of local diseases, access to local therapeutic targets,
reductions in systemic drug exposure and associated toxicity, and even
improvements in drug bioavailability [2-4]. Traditionally, colonic drug
delivery has focused primarily on local diseases, such as inflammatory
bowel disease (IBD) and colorectal cancer [5,6]. Colonic drug delivery
can improve the treatment of local diseases by optimising drug con-
centration at the target site whilst limiting systemic exposure [7,8].
Increasing characterisation of the colonic and rectal environments has
led to the recognition of new local targets, such as the microbiome,
enteric immune system, and lymphatic system [9,10]. These emerging
targets not only allow treatment of colonic pathologies but may facili-
tate treatment of systemic conditions and those affecting distal organs
[11-13]. For example, the intestinal microbiome has been discovered to
modulate traumatic spinal cord injury, dyslipidaemia, urinary tract in-
fections, and even neurological conditions, such as Alzheimer’s and
Parkinson’s disease [14-18]. Moreover, the mesenteric lymphatic sys-
tem could be targeted to treat insulin resistance and facilitate access to
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the brain [19,20]. This expansion in potential therapeutic targets,
coupled with advancements in pharmaceutical sciences, has led to
heightened interest in colonic delivery of new treatment modalities,
including probiotics, postbiotics, vaccines, oligonucleotides, and bi-
ologics [21-25].

The first case of colonic drug delivery was sulfasalazine, a prodrug
that was introduced for the treatment of IBD in 1941 [26]. Sulfasalazine
is composed of the active 5-aminosalicylic acid (5-ASA, mesalamine,
mesalazine) linked to the carrier molecule sulfapyridine through an azo
bond [27]. Sulfasalazine is activated in the colon by bacteria that cleave
its azo bond, releasing 5-ASA for local treatment of inflammation. Whilst
sulfasalazine has remained an effective IBD treatment for almost a
century, around half of patients report allergic reactions or other
adverse events following its use [28]. These observations have been
associated with the sulfapyridine component of the prodrug [29],
sparking subsequent development of other 5-ASA prodrugs, including
olsalazine and balsalazide [30,31]. The prodrug strategy is still utilised
for colonic delivery, for example an azo prodrug of tofacitinib was
recently shown to effectively treat a mouse model of IBD [32]. Similarly,
gut restriction of molecules (particularly peptides) could enable local
colonic action by preventing systemic absorption [33]. However, design
of prodrugs/gut-restricted therapeutics is drug-specific and can require
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lengthy regulatory approval [34]. This review will instead focus on
formulation-based colonic drug delivery, as a single formulation can
enable the colonic release of many diverse types of drugs. Further,
modified-release formulations of approved drugs can achieve faster
market authorisation as they do not need to repeat studies proving the
intrinsic drug properties, such as toxicity or pharmacology [35].

Formulations that enable colonic drug delivery include orally
administered dosage forms with colon-specific release and those that are
administered via the rectum. The first formulation enabling targeted
drug delivery to the terminal ileum/proximal colon (also known as
ileocolonic delivery) via the oral route was published in 1982, consti-
tuting a pH-sensitive methacrylate polymer marketed as Eudragit® S
(Evonik) [36]. Eudragit® S is a synthetic copolymer composed of poly
(methacrylic acid, methyl methacrylate) at a ratio of 1:2 that dissolves
when intestinal pH exceeds 7.0 [37]. As such, Eudragit® S is used as an
enteric coating for oral dosage forms designed to release drugs in the
terminal ileum. To date it is a prevalent technology that has been
incorporated in several marketed formulations, notably those intended
to deliver mesalazine to the colon for the treatment of IBD, such as
Asacol® (Tillotts Pharma) and Lialda®/Mezavant® (Cosmo Pharma-
ceuticals). However, the reliability of pH-sensitive polymers for colonic
drug delivery has been called into question for some time [1,37,38].
Human studies have found enteric coatings to show inconsistent release
patterns, with coatings dissolving prematurely or remaining intact in
some individuals [39,40]. This inconsistency arises from variability in
intestinal pH and leads to a proportion of patients not receiving the
intended dose of their prescribed drug. Further, the disease patho-
physiology can increase the risk of enteric coating failure; for example,
in IBD intestinal pH is often markedly lower than in healthy individuals
[41].

Other mechanisms for achieving colonic drug delivery can similarly
present variable release profiles in patients. For example, the time-based
approach to accessing the colon via the oral route can be highly affected
by variability in gastrointestinal (GI) transit time. Time-based formu-
lation approaches utilise systems that are triggered upon ingestion (e.g.,
by exposure to GI fluids or low gastric pH) to begin a lag phase that
should last until the dosage form enters the colon where site-specific
drug release occurs [1,6,42]. However, many factors, including pres-
ence of disease, surgery, concurrent medications, or a change in diet, can
alter patients’ GI transit times and lead to time-based approaches failing
to predictably deliver drugs to the colon [43]. Related challenges may be
observed with microbiota-dependent systems, which utilise coatings
that remain intact in the proximal GI tract and are digested by colonic
bacterial enzymes. Upon coating digestion, site-specific drug release
should occur, forming the basis for this colon-targeting strategy
[44-46]. Polysaccharides are common materials used for microbiota-
triggered colonic drug delivery as they are indigestible by human en-
zymes and degraded by the majority of the population’s microbiota due
to broad expression of bacterial polysaccharidases [47,48]. That said, if
the colonic microbiome becomes significantly perturbed (e.g., following
antibiotic administration or due to severe disease), then there is a risk
that polysaccharidases will not be produced in sufficient concentrations
for coating digestion [49]. Ultimately, this would lead to dosage forms
being excreted intact within stool without releasing their drug cargo. In
recognition of the unpredictability of relying on one physiological
stimulus for colonic drug release, several advanced multi-faceted tech-
nologies have been developed in recent years [1]. Newly licensed
technologies have provided dependable colonic drug delivery in clinical
studies [50,51]; these advances are now revolutionising how orally
administered, colon-targeted systems are developed and have opened
numerous therapeutic opportunities for the field.

Rectal drug delivery encompasses different advantages and disad-
vantages compared to colonic delivery via the oral route. For one, rectal
formulations are less affected by inter- and intra-patient physiological
variability as they do not need to transit the upper GI tract before
reaching the colon. In an empty state, the rectal environment is
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relatively stable, thus facilitating predictable drug release and absorp-
tion [52]. Further, the rectal route can be advantageous for the delivery
of drugs that have unpleasant taste profiles, cause GI irritation, are
unstable in the upper GI tract or undergo significant hepatic first pass
metabolism [53]. The rectal route may also be beneficial in situations
when safe swallowing is impaired, for instance due to dysphagia, un-
consciousness, or in patients at extremes of age [54]. Despite these ad-
vantages, rectal formulations are generally less accepted than oral
formulations for reasons including cultural preconceptions, invasive-
ness, and ease of administration. Mechanistically, rectal formulations
can also face retention challenges and generally cannot deliver drugs
beyond the colon’s splenic flexure [52]. For this reason, they are typi-
cally best suited for treating pathologies local to the distal colon and
rectum, though systemic products such as vaccines have begun to be
explored [55,56]. Rectal formulations can take several identities, most
commonly suppositories, enemas, foams, and gels. Traditionally, rectal
administration has focused on the delivery of small molecule drugs in
simple solutions, emulsions, or suspensions for treatment of con-
stipation, IBD, haemorrhoids, pain, or nausea and vomiting [52].
However, in recent years more varied and advanced formulations have
been investigated both preclinically and in trials, which can serve as
inspiration for how the potential of the delivery route may be maximised
[57-60].

This review provides a timely update on the most effective strategies
for developing new colon-targeted treatments. A detailed evaluation of
the colonic environment will first be presented to facilitate strategic
formulation design. Next, techniques underpinning multi-stimuli tar-
geting technologies will be discussed, with specific attention cast on
mechanisms with reliable in vivo performances. The review will
conclude with an overview of the pertinent preclinical investigations for
novel colon-targeted medicines, highlighting the most appropriate in
vitro, in silico, and in vivo models to select when translating new
treatments.

2. Appreciating the colonic landscape
2.1. Key anatomy

To selectively target drugs to the colon, it is vital to appreciate the
colon’s unique physiological characteristics in context of the complete
GI tract and other associated organs. At the macroscopic scale, the colon
comprises of the proximal and distal colon and is approximately 1.6 m
(male average: 1.66 + 0.36 m; female average: 1.55 + 0.29 m) of the
average 6 m Gl tract [61,62]. The proximal colon can be subdivided into
three main sections: caecum, ascending colon, and transverse colon; and
the distal into four: descending colon, sigmoid colon, rectum, and the
anus. The ascending colon is linked to the transverse colon via the he-
patic flexure, and the splenic flexure links the transverse colon and
descending colon. The diameter of the colon is significantly wider than
the small intestine (mean terminal ileum diameter: 1.87 + 0.36 cm)
[61]. It is widest at the caecum (males: 4.7 &+ 0.9 cm; females: 4.8 4 0.8
cm) and becomes progressively narrower towards the sigmoid colon
(males: 3.4 + 0.6 cm; females 3.2 + 0.6 cm) before widening at the
rectum (males: 4.0 = 1.0 cm; females: 3.5 + 1.0 cm). The caecum,
transverse and sigmoid colon lie within the peritoneal cavity of the
abdomen, are suspended by mesentery, and are fairly mobile [63].
Comparatively, the ascending colon, descending colon, and rectum are
retroperitoneal, thus are fixed in location [61]. The colon enables
numerous physiological functions, with key examples including water,
mineral, and vitamin absorption; faecal compaction; digestion of poly-
saccharides; and enteric immunoregulation [10,64]. The appendix is
attached to the caecum around 1 — 2 cm below the ileocaecal junction
[64]. Research over the last decade has debunked the long-held belief
that the appendix is an evolutionary artifact with little biological func-
tion. In fact, the appendix is likely a sanctuary for colonic microbiota,
providing a reserve of microorganisms should the existing colonic
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microbiome be depleted [65]. Further, the appendix may constitute an
important niche of the enteric immune system [66].

2.2. Transit time

The time that it takes pharmaceuticals to reach the colon is depen-
dent on transit through the upper GI tract, which in turn is dependent
upon the nature of the dosage form, phase of peristalsis, and whether
food has also been ingested. In the fasted state, gastric emptying time of
dissolved drugs is 10 — 20 minutes, and can be significantly longer for
large solid dosage forms [62]. Food intake, especially intake of high-fat
food, significantly delays gastric emptying of medicines [67]. Generally,
females of reproductive age, particularly when in the luteal phase of the
menstrual cycle, have significantly longer gastric emptying times than
post-menopausal females and males [68,69]. The presence of disease
can also lengthen gastric transit, for example patients with type 2 dia-
betes mellitus have been reported to have up to 300% longer gastric
transit times than healthy individuals [43,70]. These sources of vari-
ability should be closely considered during the development of a colon-
targeted formulation, as characteristics of the target patient population
will likely guide the time that dosage forms are expected to reside in the
stomach.

The average time taken for dosage forms to transit the small intestine
is 3 - 4 hours however, as with gastric emptying, large variability be-
tween and within individuals exists [71]. When the stomach is empty,
small intestinal motility is controlled by repetitive contractions known
as the migrating motor complex (MMC). In the fed state, contractions
within the small intestine are more frequent and serve to mix luminal
contents to facilitate enzymatic digestion and absorption of nutrients
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[72,73]. Thus, medicines transit the small intestine at increased velocity
in the fed state [71].

The caecum is the gateway to the colon and is connected to the
terminal ileum by the ileocaecal valve. The function of the ileocaecal
valve is to control the transit of ileal contents into the colon and prevent
translocation of colonic microbiota into the ileum [74]. Relaxation of
the ileocaecal valve occurs in response to distension within the terminal
ileum, allowing digested food and pharmaceutical formulations to pass
into the caecum. In juxtaposition, distension of the caecal lumen triggers
tightening of the valve to prevent backwards movement of intestinal
contents [75]. Luminal contents are propelled along the colon by various
types of coordinated smooth muscle contractions and relaxations [76].
Neurogenic contractions are known to occur infrequently (6 - 20 times
per 24 hours in healthy individuals) at high amplitudes, causing mass
transit of contents along significant distances of the colon in one
movement [67,71]. These incidences of mass transport are thought to
occur when distension of the colonic lumen innervates mechanosensi-
tive nerve endings in smooth muscles [77]. In addition to neurogenic
contractions, pacemaker cells in the deep circular muscle of the colonic
wall drive slower, more frequent myogenic contractions (occurring 2 - 6
times/minute) that are most evident in the distal colon. These low
amplitude contractions sum with the more propulsive forces to form
clusters of coordinated contractions [77]. The total colonic transit time
of a dosage form is dependent on numerous pharmaceutical and bio-
logical factors, including patient sex (and phase of menstrual cycle),
patient age, patient health, microbiome composition, and dosage form
size and phase [68,78,79]. Research suggests that liquids are propagated
at higher speeds than solids through the colon as they initiate more
forceful neurogenic contractions [77]. Large solid dosages forms are
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Fig. 1. Gastrointestinal transit time data from 111 healthy human volunteers. (A) effect of biological sex on transit time through the whole gastrointestinal tract. (B)
effect of biological sex on transit time through specific colonic regions. (C) time of entry of ingestible electromagnetic capsules (diameter 8.3 mm; length 21.5 mm)
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left colon. Errors bars: 95% CI for median; *p < 0.05. Image used with permission from reference [80].
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likely to transit the colon more quickly than smaller solids, as small
particles could become trapped in mucosal folds [67]. A study using
electromagnetic tracking reported the median colonic transit time of a
8.3 x 21.5 mm capsule in 111 healthy adults as 21 hours, with large
variation around the average (Fig. 1) [80]. In agreement with previous
research, the study found that female sex was significantly correlated
with longer transit time through the transverse and descending colon.
Increasing age was associated with longer total colonic transit and whole
gut transit. These findings provide useful information for the design of
therapeutics intended for site-specific action within the colon and could
aid designing bespoke formulations for specific patient groups.

2.3. Vascular and lymphatic network

The colon receives its main supply of oxygenated blood from the
superior and inferior mesenteric arteries and their respective branches
[64]. The main routes of deoxygenated blood away from the colon are
the superior and inferior mesenteric veins, which unite to form the
splenic vein that subsequently progresses into the hepatic portal vein.
This venous architecture presents an important consideration for the
development of colon-targeted therapeutics, as drugs absorbed into
systemic circulation via the colon will be subject to hepatic metabolism
before encountering other organs [81]. Thus, colon-targeted drugs
intended for systemic action should either be resistant to, or should be
activated by, hepatic metabolism, otherwise drug bioavailability will be
significantly reduced. Drugs administered locally to the lower rectum
are the exceptions to this feature, as the venous drainage of the distal
rectum occurs through branches of the iliac vein which merge with the
inferior vena cava to transport blood directly to the right atrium of the
heart, thus bypassing the liver [52].

Drugs delivered to the colon may also enter systemic circulation via
the mesenteric lymph nodes (MLNs), especially if delivering lipophilic
drugs in highly lipidic formulations [82,83]. The network of lymph
nodes around the colon is positioned similarly to the vascular network,
and functions to drain interstitial fluid, chyle, antigens, and plasma
cells/proteins from colonic tissue [84]. Lymph from the proximal colon
is drained from colonic MLNs where it passes into the intestinal lymph
trunk, then the thoracic duct, and eventually into systemic circulation
via the internal jugular and left subclavian veins. MLNs play an impor-
tant role in the colon’s immune functions by balancing tolerogenic and
inflammatory responses in the gut via the adaptive immune system, in a
manner that is distinct from the small intestine [85,86]. This immuno-
genic dichotomy between the small intestine and colon could provide
opportunities for regionally selective immune modulation.

2.4. The epithelium

Unlike the small intestine, the epithelium of the colon does not
contain villi [1]. However, microvilli are present on the apical surface of
epithelial cells. These microvilli, and the presence of irregularly folded
mucosae and colonic crypts, increase the colonic surface area by 10 — 15
times that of a smooth tube [62]. Due to the reduced surface area,
colonic drug permeability is generally lower than in the small intestine,
though Biopharmaceutical Classification System (BCS) class I drugs are
mostly well absorbed, with relative colonic bioavailabilities of > 70 %
[87]. In comparison, BCS class III and IV drugs commonly have lower
colonic permeabilities and thus bioavailabilities < 50 % [88]. Colonic
epithelial cells are columnar in nature and are organised in a monolayer,
with adjacent cells connected through tight junctions [89]. Due to dif-
ferences in claudin expression (the cell-cell adhesion molecules that
form tight junctions), the descending colon is more permeable to drugs
than the ascending colon [90].

Key types of epithelial cells within the colon include colonocytes,
goblet cells, neuroendocrine cells, and immunoregulatory cells; these
are continuously renewed every 4 - 5 days as new intestinal stem cells
are produced and differentiated within the crypts of colonic glands
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[91,92]. Colonic immune cells can be found within gut-associated
lymphoid tissues and include microfold (M) cells, and the rarer tuft
cells, which play a key role in maintaining human immune tolerance to
gut microbiota [93,94]. Exploiting the innate functions of M cells and
other colonic immune cells could present opportunities for novel vac-
cines and treatments for immune-mediated diseases, such as IBD
[89,95].

Compared to the small intestine, the colon has overall lower con-
centrations of drug uptake and efflux transporters, and cytochrome P450
(CYP450) enzymes, expressed on its epithelium [1,96]. Proteomics has
elucidated that colonic drug transporters are chiefly composed of
monocarboxylate transporter protein 1 (~55%), multidrug-resistance-
associated protein (MRP) 3 (~14%), MRP4 (~9%), MRP2, P-glycopro-
tein (P-gp), organic anion transporting peptide 2B1, breast cancer
resistance protein (BCRP), peptide transporter protein 1 (PEPT;), and
organic cation transporter 1 [97]. Concentrations of P-gp, the BCRP
ABCGs, and PEPT; are particularly lower in the colon compared to the
jejunum and ileum [98]. This characteristic presents numerous oppor-
tunities for colonic drug delivery, as drugs that are significantly effluxed
by apical membrane transporters or inactivated by CYP450s in the small
intestine could obtain increased bioavailability by being released in the
colon. This concept can be exemplified by simvastatin, which shows
three-fold higher bioavailability when formulated for delayed rather
than immediate GI release due to avoidance of small intestinal CYP450s
[99]. Conversely, few transporters (MRP3, MCT1, and OCT1) show
increased expression in the colon than in the small intestine (Fig. 2)
[100]. The presence of disease can also alter transporter expression in
the colon. For example, IBD patients (especially those experiencing
acute inflammation) may have lower P-gp, MRP4, MCT1 and ABCGs,
and increased MRP2, expression on colonocytes compared to healthy
individuals [98,101]. The colonic expression of enzymes CYP3A5 and
UGT2BY is also thought to be reduced in inflammatory diseases [101].

The entire colonic epithelium is coated with a double layer of mucus
that aids passage of chyme through the lumen and provides a physical
barrier between microbiota and the colonic epithelium [61]. This mucus
can impede drugs’ contact, and thus absorption, over the epithelium,
thereby presenting a significant barrier to systemic bioavailability.
Colonic mucus is composed of water (~ 95%), the MUC2 mucin (a
glycoprotein that forms mesh-like structures of oligomers at the
epithelium), lipids, sloughed epithelial cells, proteins, inorganic salts,
and DNA [102]. Goblet cells on the colonic epithelium secrete MUC2,
facilitating total renewal of the mucus layer every 24 - 48 hours, as old
mucus is either digested by microbiota or naturally sheared away. The
inner mucus layer is anchored to goblet cells and is impermeable to
bacterial cells > 0.5 pm in diameter. The outer mucus layer, situated
around 200 pm from the epithelium, has a much looser structure due to
partial protease digestion [103]. This outer mucus layer is colonised by
mucolytic bacteria that utilise mucus as a carbon-based energy source;
common species include Akkermansia muciniphila, Bacteroides fragilis,
and Bifidobacterium bifidium [104]. The thickness of the double mucus
layer progressively increases from the proximal to the distal colon, with
reported thicknesses of 36.7 pm in the caecum, 39.1 pm in the ascending
colon, 57.5 pm in the transverse colon, 69.6 pm in the descending colon,
and 101.5 pm in the rectum [102]. In healthy individuals, the pH of the
double mucus layer has been measured between 7.1 — 7.5, which is
significantly higher than luminal fluid pH due to the epithelial secretion
of bicarbonate ions [105].

The main routes of drug absorption across the colonic epithelium are
passive paracellular or transcellular diffusion, and active transcellular
transport. Paracellular diffusion, which occurs between epithelial cells,
is more common for hydrophilic and/or high molecular weight drugs
[52]. Paracellular drug diffusion may increase if epithelial integrity is
compromised, for example due to the disruption of tight junctions be-
tween cells; this can occur in IBD, obesity, and type 1 diabetes mellitus
[106]. Conversely, transcellular diffusion, which occurs through cells, is
positively correlated with drug lipophilicity as drugs must permeate the
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Fig. 2. The relative expression of drug transporters along different segments of the human gastrointestinal tract. Values are presented as averages with standard
deviations, and were obtained from the intestinal tissues of 13 — 14 individuals undergoing diagnostic biopsy. Significance indicates where transcript levels were
significantly different from levels in the ileum, with (*p < 0.05), (**p < 0.01) or (***p < 0.001). The image has been reused with permission from reference [100].

epithelial cell lipid bilayer. Drugs’ susceptibility to active transport via
cell surface proteins is determined by binding affinity, which is influ-
enced by hydrophilicity/lipophilicity. For example, the P-gp efflux
transporter has higher affinity for cationic lipophilic compounds
[90,107]. Drug pKa and the pH of the GI region are important de-
terminants of its absorption route, as they will affect the extent that a
drug is ionised, and thus its hydrophilicity/lipophilicity.

2.5. Luminal fluid and gas

The characteristics of luminal fluid naturally change along the GI
tract, providing both opportunities and challenges for oral drug delivery
[1]. In the stomach, gastric fluid can vary between pH 0.4 — 4.0 in the
fasted state and pH 2.0 — 4.5 in the fed state, and is significantly higher in
females compared to males due to reduced rates of gastric acid secretion
[68]. This acidic pH may aid drug delivery by facilitating the dissolution
of basic drugs, though can also inactivate peptide therapeutics and
probiotics [108,109]. Upon entering the duodenum, luminal pH in-
creases to 5.0 — 7.0 due to bicarbonate secretion from Brunner’s glands
and the pancreas [62]. Luminal pH subsequently continues to increase
through the jejunum (pH 6.63 £ 0.53) and the ileum (pH 7.49 + 0.46),
though it is important to recognise that substantial inter-individual
variability does exist [110]. The pH of fluids in the ascending colon is
generally lower than in the ileocaecal region due to production of lactate
and short chain fatty acids (SCFAs) by colonic microbiota [1]. The pH of
ascending colonic fluid is also more acidic than that in the distal colon,
where production of lactate and SCFAs is considerably lower. Knowl-
edge of luminal pH is exceptionally important for drug delivery, as it can
affect the solubility of drugs and provide opportunities for site-specific
GI release [40,111,112].

Colonic fluid contains water, chyme, microbiota, electrolytes, pro-
teins (including enzymes and antibodies), bile acids, lipids, SCFAs, and
other various metabolites [71,113]. The composition of colonic fluid
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varies substantially between and within individuals depending on
numerous factors, such as food/water intake and the colonic region
sampled; the data in Table 1 presents average values sourced from
human adults.

It is important to recognise that measurement of GI pH can vary
significantly depending on study methodology. In general, in situ mea-
surement of pH with telemetric capsules or probes can be deemed as
more reliable than ex vivo measurement of extracted fluids. This is
because loss of dissolved gases or continuing bacterial fermentation can
alter the pH of fluids, especially when pH is not measured immediately
after extraction; generally, the pH of colonic fluids has been reported to
decrease following extraction [117]. The missing values in Table 1, and
those representative of only one subject, show that the colonic envi-
ronment remains under characterised in humans. Further research that
expands awareness of the colonic environment could be beneficial for
multiple fields, for example for understanding how disease impacts
colonic physiology, and for designing new formulations that target
distinct sites within the colon.

The volume of fluid present within the colon may significantly in-
fluence drugs’ bioavailability. The volume of fluid within the colon
shows extensive inter-individual variability, however an average total
colonic fluid of around 560 mL has been measured in fasted healthy
adults [119]. Colonic fluid volume significantly rises after a meal due to
an ingress of liquid and food residue, and steadily decreases along the
colon due to water absorption [119]. Most colonic fluid is associated
with microbiota, chyme, or other biomass, and as such is not available
for interaction with drugs [1]. The volume of free colonic fluid is much
lower (2 £+ 1 mL in fasted state; 7 + 4 mL 30 mins after glass of water)
than the total fluid volume and is scattered into discrete pockets (11 +5
pockets in fasted state; 17 + 7 pockets 30 mins after glass of water),
showing considerable inter-individual variability [120]. Therefore, the
extent of drug dissolution in the colon may significantly depend on
contact with free fluid pockets. Magnetic resonance imaging has shown
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Table 1
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The characteristics of luminal fluid within different colonic regions in human adults. NF: data not found; symbol + represents standard deviation; ranges in brackets
represent the recorded ranges in cited studies. *Study only sampled males; **Result is taken from a single individual.

Caecum Ascending colon Transverse colon  Descending colon  Sigmoid Rectum
colon
pH 6.4 + 0.4 6.37 + 0.58 6.61 + 0.83 7.04 + 0.67 7.38 + 0.59 7.15 +
[110] [110] [110] [110] [114] 0.44
[114]
Total fluid volume (fasted state) 5.0 &+ 2.1* [115] 138 (114 - 208) 132 (99 - 188) 111 (60 - 185) NF 1-3
[116] [116] [116] [52]
Buffer capacity (mmol/l/ApH) 19.2 + 10.2 - fasted 21.4 - fasted state [117] 44.4 - fasted 44.4 - fasted NF NF
state* [115] 37.7 - fed state state** state**
33.6 + 13.1 - fed state* [117] [112] [112]
[115]
Surface tension (mN/m) NF 42.7 - fasted state [117] NF NF NF NF
39.2 - fed state
[117]
Osmolality (mOsmol/Kg) 144 + 65 - fasted state* 81 =+ 102 - fasted state NF NF NF NF
[115] [117]
267 + 197 - fed state* 224 + 125 - fed state
[115] [117]
Protein content (mg/mL) 10.2 + 2.2 - fasted state* 9.8(4.6) - fasted state NF NF NF NF
[115] [117]
6.2 + 3.2 - fed state* 6.9(2.3) - fed state
[115] [117]
Carbohydrate content (mg/mL) 2.3 £ 10 - fasted state* 8.1 + 8.6 - fasted state NF NF NF NF
[115] [117]
9.8 + 7.0 - fed state* 14.0 £ 7.4 - fed state
[115] [117]
Bile acid concentration (pM) 183 + 221 - fasted state*  115.2 & 119.3 - fasted NF NF NF NF
[115] state [117]
280 + 305 - fed state* 587.4 + 412.8 - fed state
[115] [117]
Cholesterol concentration (pM) 1004 + 1072 - fasted 594.2 - fasted state [117] NF NF NF NF
state* [115] 1501.8 - fed state
640 + 771 - fed state* [117]
[115]
Phospholipid concentration (pM) 166 + 110 - fasted state*  NF NF NF NF NF
[115]
82 £ 77 - fed state* [115]
Total SCFA concentration (mmol/kg), (fed 131 +9 123 £ 12 117 £ 9 80 +17 100 + 30 100 + 30
state, post-mortem) [118] [118] [118] [118] [118] [118]
Free fatty acid concentration (pM) 143 + 118 - fasted state*  NF NF NF NF NF

[115]
150 + 141 - fed state*
[115]

that fluid pockets may predominately be found in the caecum, ascending
colon, and descending colon [121]. In children, free colonic fluid vol-
ume is lower than adults and does not vary according to biological sex
[122]. Clinical studies show that low solubility drugs are poorly absor-
bed in the colon, a finding that may be exacerbated by the colon’s low
availability of free fluid [88].

In addition to fluid, drug formulations can encounter gas pockets
within the colon. The typical amount of gas within the colon has been
reported as 100 - 300 mL, with the volume, location, and identity of gas
significantly influenced by microbiome composition, diet, and transit
time [123,124]. Common colonic gases include carbon dioxide,
hydrogen, ammonia, nitrogen, methane, and sulphur-containing gases
[123]. The lumen of the colon is close to anaerobic, with pO, measured
as 11 mm Hg (~ 2%) in the lumen of the ascending colon and 3 mm Hg
(~ 0.4%) in the sigmoid colon, creating a negative oxygen gradient
along the colon, which rises at the rectum [125]. Colonic epithelial cells
are adapted to hypoxic conditions via altered gene expression and most
colonic bacteria are obligate anaerobes [126].

2.6. The microbiome

The colon hosts the highest density and diversity of microorganisms
of the entire body, with estimates that an individual’s colonic bacteria
alone enumerate 10'° - 10'2 cells per mL colonic fluid, encode for 150
times more genes than the human genome, and can be composed from
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over 1,000 possible species [127-129]. In addition to bacteria, compo-
nents of the microbiome include fungi, viruses, archaea, free DNA, and
many associated enzymes and metabolites. The composition of the
microbiome varies along the colon due to variations in pOg, pH, bile acid
concentration, nutrient availability, immune activity, and transit rate.
For example, secondary bile acids such as cholic acid are toxic to bac-
terial cells, especially Gram-positive species [130]. The most common
bacterial phyla inhabiting the colon are the Bacteroidetes, Firmicutes,
Proteobacteria, and Actinobacteria [10]. Generally, bacterial diversity is
thought to increase between the proximal and distal colon, and subse-
quently decrease at the rectum [52]. Certain species predominate in
particular colonic regions (e.g., Enterococci are most abundant in the
caecum and Shigella are most abundant in the sigmoid colon) [10].
Bacteria responsible for the fermentation of dietary polysaccharides to
lactic acid and SCFAs are mostly located within the proximal colon. Less
is known regarding the biogeography of viruses and fungi in the colon,
however Microviridae and Caudovirales bacteriophages have been
recorded as the most common viruses, and Candida albicans as the most
common fungus [131,132]. Colonic microbiome composition is highly
individual, and is influenced by age, sex, lifestyle, health, medication
use, and diet. That said, functions of the colonic microbiome are
conserved between individuals, indicating that most healthy in-
dividuals’ microbiomes perform general functions (such as fibre
fermentation) to a similar extent [47]. Dysregulations in colonic
microbiome function have been closely linked to many disease states, as
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such the colonic microbiome is an attractive and emerging therapeutic
target [133-135].

The substantial metabolic capacity of the microbiome can alter the
pharmacokinetics (PK) of drugs, and thus their therapeutic efficacy, via
a plethora of mechanisms in a patient-specific manner [128,136,137].
The intestinal concentrations of over 150 small molecule drugs are
currently known to be directly depleted by microbiota [138]. It has
recently been demonstrated that gut microbiota can accumulate drugs as
well as chemically transform them [139]. Therefore, researchers should
consider the likelihood and potential impact of microbiome-mediated
drug depletion when developing colon-targeted medicines [137,140].
Compared to the more proximal regions of the colon, microbial degra-
dation of drugs in the rectum is generally considered to be insignificant
[52]. As such the rectum may present opportunities for the local delivery
of drugs that are susceptible to microbial depletion. In addition to the
microbiome potentially depleting drugs in the colon, drugs may affect
the composition and functioning of colonic microbiota. Antibiotics are
well known to significantly impact the intestinal microbiome, with ef-
fects possibly lasting for months to years after antibiotic exposure and
even impacting the efficacy and safety of other drugs and vaccines
[49,141-144]. Many drugs with non-microbial targets, and even phar-
maceutical excipients, have also been identified as affecting microbiota
[145-150]. Such effects should be appreciated when delivering medi-
cines to the colon; drugs with negative microbiome effects may be less
suitable for colonic delivery, and those with positive microbiome effects
could represent opportunities for new targeted treatments [151,152].

3. Advanced colonic drug delivery strategies
3.1. Multi-stimuli systems for colonic drug delivery via the oral route

As discussed, formulation strategies relying on a single physiological
stimulus for colonic drug delivery (i.e., pH, transit time, or microbial
enzymes) can be subject to substantial inter- and intra-patient variability
in targeting performance [1]. As such, the approach of combining drug
release mechanisms based on more than one physiological stimulus has
been proven as more reliable in recent years [51]. Depending on their
design, these combination or multi-faceted systems may be classified as
sequential or parallel trigger systems. A sequential trigger system is
based on multiple matrices separated into different layers, wherein the
drug release mechanism unfolds in a consecutive layer-by-layer order,
starting from the outermost layer to the core [153]. In this manner, drug
release is dependent on each layer being sequentially activated by its
physiological stimulus. In juxtaposition, a parallel system involves
multiple drug release mechanisms occurring simultaneously. Parallel
systems typically achieve simultaneous activation of independent
trigger mechanisms by incorporating the mechanisms into a single layer
[51]. In this sense, if one mechanism fails due to physiological vari-
ability (e.g., failure to reach a pH-mediated dissolution threshold or be
metabolised by colonic microbiota) then drug release should still occur
via the other mechanism(s). Accordingly, parallel systems represent the
most reliable strategy for the development of new colon-targeted med-
icines. To date, multi-stimuli coatings for tablets, capsules and pellets
have gained the most translational success within colonic drug delivery
[50,51]. However, there is potential for multi-stimuli colon-targeted
oral nanomedicines, though such systems are rare and yet to show sig-
nificant results in human studies [154-157]. When designing new tar-
geted formulations it is imperative to consider the safety of materials for
oral delivery. Many materials currently utilised for colonic delivery are
Generally Recognised As Safe (GRAS) by the US Food and Drug
Administration (FDA), including polysaccharides for microbiota-
triggered release, Eudragit® polymers for pH-triggered release, and
hydroxypropyl methylcellulose (HPMC) for time-triggered release
[158]. The selection of colon-targeting system for new medicines will
depend on numerous indication-specific criteria, namely the drug to be
delivered, the disease to be treated, and any pathophysiological effects
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that may alter the GI environment. Developers may wish to avoid sys-
tems that rely on physiological stimuli that are altered in specific disease
states. For instance, microbiota and time- triggered combination systems
may be less reliable for treating antibiotic-associated Clostridioides
difficile infection. This is because patients will likely have colonic dys-
biosis and decreased gastrointestinal transit time, therefore coatings
may not be fully degraded by microbiota or undergo sufficient lag times
to provide colonic drug release [159]. Colon-targeted systems are
commonly developed to treat IBD, for which drug selection is based on
disease severity (Fig. 3). Whilst a significant proportion of patients with
IBD will require parenteral treatment at some point in their lives, colon-
targeting formulation strategies could facilitate oral/rectal administra-
tion of current parenteral-only drugs, such as biologics [160]. Several
clinical studies have demonstrated how modified release coatings can
enable the delivery of antibodies for the treatment of IBD, these have
recently been reviewed by Brayden [33]. Where systemic delivery of
biologics is desired, formulations may need to incorporate permeation
enhancers, such as medium chain fatty acids or salcaprozate sodium, to
enable passage across the colonic epithelium [161,162]. At present there
are 5 FDA-approved products that deliver peptides orally for systemic
action, these include Rybelsus® (semaglutide) and Mycapssa®
(octreotide) [33]. As the formulation strategy will be unique to each
colonic drug delivery project, it is important to appreciate the myriad of
options when designing a multi-stimuli system. Herein, an overview of
advanced parallel systems is provided, as their multiple independent
release mechanisms maximise the chance of successful colon-targeting
despite variability in GI conditions arising from patient or disease-
specific factors.

3.2. pH- and microbiota-triggered combination systems

3.2.1. Phloral®

The Phloral® system was the first dual-triggered technology to be
successfully marketed for colonic drug delivery. It is a single layer
coating system that is composed of a homogenous mixture of Eudragit®
S and resistant starch (amylose and amylopectin) [163,164]. Owing to
the individual trigger mechanisms, the two components act comple-
mentarily to one another and can compensate for each other’s activity in
the case where one fails to be activated [51]. In this system, Eudragit® S
ensures the tablet’s integrity is maintained as it travels through the
stomach and small intestine. Additionally, it acts as a structuring agent
for the starch, controlling its swelling. Resistant starch on the other
hand, serves as a substrate for colonic microbiota, providing an alter-
native method for triggering drug release if the critical pH threshold of
Eudragit® S is not attained. Indeed, the Phloral® technology has been
successfully shown positive outcomes in the treatment of IBD, irre-
spective of patients’ feeding status [7,51]. Phloral® has also been suc-
cessfully applied to treat Clostridioides difficile infection [4] and obesity
[3].

3.2.2. OPTICORE™

OPTICORE™ — short for OPTImised COlonic RElease — is a recently
developed combination system designed to rapidly release drugs in the
ileocolonic region, where fluid volumes are higher than the mid- to
distal colon [116,165]. The system is based on two layers of coating; the
base layer comprising a neutral enteric polymer (Eudragit® S) combined
with a buffering salt. This layer is in turn surrounded by an outer
Phloral® coat [165]. As the base layer is alkaline, formulation of acidic
drugs may require an additional HPMC layer to isolate the acidic drug
from the alkaline base layer. Rapid ileocolonic drug release from the
OPTICORE™ system is obtained by accelerating dissolution of the
Phloral® coating. As the formulation moves into the distal GI tract,
pores form in the Phloral® coating, allowing ingress of luminal fluid and
dissolution of the enteric base layer. This dissolution triggers an increase
in the ionic strength, pH, and buffer capacity at the inner surface of the
remaining Phloral® layer, leading to rapid ionisation and dissolution of
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Biologics
(e.g., infliximab)
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6-mercaptopurine)

Corticosteroids (e.g., Prednisolone
and budesonide)
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ciprofloxacin and metronidazole)
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Fig. 3. A summary of inflammatory bowel disease treatment modalities, in which oral colonic drug delivery can be attained via combinations of physiological

trigger mechanisms.

the Eudragit® S portion of Phloral® [166-168].

To date, the OPTICORE™ system has been effectively used for the
treatment of IBD due to its ability to selectively deliver 5-ASA to the site
of colonic inflammation [50]. OPTICORE™ forms the colon-targeting
mechanism within Asacol™ 1600 mg, a marketed treatment for IBD
licensed in Europe after successfully passing Phase III clinical trials
[169]. Notably, the multi-stimuli system facilitates colonic delivery of
1.6 g 5-ASA, which is the highest drug dose ever to be licensed for oral
delivery. As 5-ASA is acidic, the buffering of the base layer within
OPTICORE™ acts to accelerate dissolution through the Phloral® layer
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resulting in faster colonic release. The ability to deliver such large doses
of 5-ASA reduces patients’ medication burden. The OPTICORE™ tech-
nology has also been investigated for the treatment of Clostridioides
difficile infection via the ileocolonic delivery of metronidazole benzoate,
another acidic drug [170].

3.3. pH- and time-triggered combination systems

Whilst pH- and time-dependent parallel systems are less common,
several systems have been investigated. An example of such is the
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combination of two enteric polymers (Eudragit® S and L) with a time-
dependent polymer (Eudragit® RS) to coat 5-ASA pellets with or
without inulin [171]. The combination was tested at different ratios and
coating thicknesses, wherein 16:64:20 w/w ratio of Eudragit® S:L:RS at
15% coating thickness was found to be ideal for achieving colon-
targeted drug delivery in in vitro experiments. In a rat model of UC,
the coated pellets showed significantly better therapeutic outcomes over
the Pentasa product (pH-only triggered). It should be noted that no
significant therapeutic difference was observed between pellets with
and without inulin, demonstrating that it was the combination and the
pH- and time-triggered mechanisms that afforded additional therapeutic
benefit.

In a different approach, flurbiprofen tablets were compress-coated
with sodium alginate (SA) alone and in combination with Eudragit®
S100 [172]. Tested in healthy humans, the presence of the pH-
dependent polymer in the coating prevented the swelling of SA in the
stomach region and hindered the drug release, resulting in a higher drug
concentration in the colonic region as opposed to the use of SA in
isolation. In vivo X-ray imaging corroborated with these findings and
showed that the tablets retained their structural integrity as they
transited to the colon.

3.4. Microbiota- and time-triggered combination systems

Whilst single or sequential microbiota- and time-dependent triggers
for colonic drug delivery are well explored, their combination as parallel
mechanisms is rare [6]. Common materials used as microbiota-sensitive
triggers include pectin, guar gum, chitosan, and resistant starch. Time-
dependent mechanisms can include reservoir, capsular or osmotic de-
signs, with reservoir systems utilising erodible or diffusive polymers
such as HPMC being the most thoroughly explored [1]. An example of a
parallel system is the combination of pectin and HPMC (80:20 ratio) for
tablet coating, which harnesses microbial digestion of pectin and the GI
swelling of HPMC [173]. In a pilot study, the coating was shown to
reliably deliver cargo to either the ascending or transverse colons of 6
healthy male humans. Elsewhere, injection moulded capsule shells
combining HPMC with high-amylose starch were fabricated wherein the
release of paracetamol from the capsule shells was studied using in vitro
and ex vivo models [174]. Whilst the presence of HPMC provides a time-
controlled drug release as it swells, the starch is efficiently metabolised
by the microbiota, causing the rapid drug release in the colonic envi-
ronment. It has been suggested that the ratios of the polymers, thickness
of the shell and its shape could be modified to fine-tune the drug release.
These findings can act as inspiration for the formulation of new products
that would benefit from release in specific colonic regions, as dosage
form morphology can be tailored to facilitate indication-specific drug
release.

3.5. pH-, microbiota- and time-triggered combination systems

In a recent approach, Moutaharrik et al. suggested an advanced
colon-targeted drug delivery system that combined three independent
trigger mechanisms [175]. In this system, the two-layered coating is
composed of an inner swellable, time-dependent cellulose derivative (i.
e., HPMC or hydroxypropyl cellulose (HPC)), surrounded by a blend of a
pH-dependent polymer (i.e., Eudragit® S) and a microbiota-triggered
polysaccharide (i.e., high-amylose starch — Amylo N460). This first
example of a triple colon-targeting mechanism was successful, as the
cellulose derivative, Eudragit® S and Amylo N460 provided reliable
colon-targeting performance in in vitro and ex vivo models. Following
this encouraging early data, the further development of the system in in
vivo models appears promising.

3.6. Rectal drug delivery

Rectal preparations (e.g., enemas, foams, gels and suppositories) are
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commonly used for the treatment of IBD with 5-ASA [176,177] and
corticosteroids [178-180], as well as constipation, haemorrhoids, pain,
and nausea/vomiting [52]. In recent years, development of rectal
preparations has expanded from traditional formulation to more
advanced systems that can promote local drug retention and/or systemic
absorption depending on the specific indication [55,56]. In this regard,
3 types of enemas have been distinguished: (a) strongly hypotonic en-
emas that induce drug uptake into tissue and circulation, (b) hypertonic
enemas that induce secretion of body fluids into the lumen and cause
rapid systemic drug uptake, and (c) moderately hypotonic enemas that
have faeces-like ionic compositions and result in high local drug
bioavailability but minimised systemic drug absorption. Herein, the
osmolality of rectal formulations plays an important role in determining
the bioavailability of the drug. In the colon, sodium ions are actively
pumped into the lumen by epithelial tissue to promote water absorption.
This intrinsic property can thus be utilised to osmotically direct drugs
into the epithelium. This can be achieved by reducing the tonicity of
rectal formulations, resulting in an osmotic gradient that causes hy-
drophilic drugs and mucus-penetrating nanoparticles to cross the
epithelial tissue surface without damaging it [181,182]. As an example,
a study comparing 3 types of tenofovir-loaded enemas has shown that
hypotonic sodium-based enemas increased drug concentration in mice
colorectal tissues as opposed to isotonic and hypertonic preparations
that resulted in a prompt systemic drug absorption [183].

Despite the advantages of rectal formulations, they may elicit local
irritation in the rectum, cause discomfort due to leakage or increase
defecation urge, thus rendering them unacceptable by some patients
[183]. Therefore, these factors should be regarded as key formulation
challenges that if overcome could increase the likelihood of patient
acceptability. A possible solution to rectal leakage of dosage forms is the
use of thermosensitive polymers, such as poloxamers or pluronics, which
transition from a liquid to gel phase at body temperature [184]. In
addition to reducing rectal leakage, thermosensitive gelling may in-
crease drug bioavailability through mucoadhesion and could reduce the
potential discomfort of inserting a solid dosage form. Despite promise in
numerous animal studies and a human study in 1998, a thermo-gelling
rectal formulation has yet to be marketed, potentially due to difficulties
in achieving cost-effective high-scale production [184-187].

4. Translating technologies for real patient benefits
4.1. In vitro investigations

Evaluating the disintegration, dissolution, and stability of colon-
targeted systems is essential in the development of new products,
though correlating in vitro results with expected in vivo outcomes can be
complicated by designing methods to account for the colon’s physio-
logical idiosyncrasies. The United States Pharmacopeia (USP) dissolu-
tion methods are widely accepted in industry for investigating the
behaviour of immediate release formulations, especially those contain-
ing highly soluble drugs, as demonstrated by the existence of biowaver
programs [188]. However, traditional USP apparatuses, such as the
multi-vessel USP 3 apparatus, are not wholly suitable for the biorelevant
characterisation of colon targeted dosage forms. Reasons include the
irrelevant fluid volumes and mixing rates used, the incompatibility of
disintegrating dosage forms, and the assumption that dissolution is the
rate-limiting aspect of absorption [189]. Absorption across the colonic
epithelium is generally slower than the small intestine, as such perme-
ability may be the rate-limiting step for many colon targeted drugs [87].
These drawbacks have led to the development of colon-specific methods,
which may pair more advanced dissolution and drug stability setups (i.
e., bicarbonate buffers, simulated intestinal fluids, animal fluids/tissues,
human faecal slurries, and biorelevant hydrodynamics) with tailored
permeability investigations [190].
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4.1.1. Dissolution for oral dosage forms

4.1.1.1. Bicarbonate buffers. USP standardised buffers, such as hydro-
chloric acid, phosphate, acetate, and citrate, have maintained a central
role in the evaluation of drug release from pharmaceutical formulations:
they cover a wide pH range and have defined ionic strength and buffer
capacity [191]. However, despite their ongoing use, these buffers
generally lack biological relevancy for the human intestine. The use of
bicarbonate-based buffers for biorelevant dissolution testing of colon
targeted drugs was first proposed in 2005 upon recognition that bicar-
bonate buffers more closely match the buffer capacity of intestinal fluid
than commonly used phosphate buffers [192]. Fadda et al. tested the
capacity of bicarbonate media to predict the in vivo behaviour of sus-
tained and delayed release mesalazine preparations [193]. The prod-
ucts’ release patterns observed in Krebs bicarbonate buffer more closely
matched the disintegration and PK profiles recorded in humans, when
compared to standard phosphate buffer. Indeed, this has been further
demonstrated in a study using Lialda® (Mezavant® XL, 5-ASA) [194], in
which in vitro drug release showed a strong correlation with human data
collected via gamma-scintigraphy [195]. Similar observations have been
made for prednisolone tablets prepared with four different Eudragit®
coatings [38]. Unfortunately the main limitation of using bicarbonate
media is the continuous evaporation of CO; resulting in an increasing
buffer pH; in this regard, both manual and automated approaches have
been developed to successfully stabilise bicarbonate buffer pH during
dissolution testing [196]. A recent study reported that dissolution of
Asacol® 400 mg and generic colon-targeted 5-ASA tablets in bicarbon-
ate buffer using a novel flow-through cell system correlated well with
the in vivo plasma PK measured in 48 healthy male adults [197].

4.1.1.2. Addition of bile salts and enzymes. Colonic fluid differs greatly
from simple aqueous buffer systems: bile salts and enzymes are impor-
tant mediators of drug release and solubilisation from targeted formu-
lations [198]. Vertzoni et al. developed simulated colonic fluids that
mimic the fasted and fed states (FaSSCoF and FeSSCoF) through the
addition of biorelevant concentrations of bile salts, phospholipids, and
proteins, and management of buffer capacity, osmolality, and surface
tension [199]. The researchers demonstrated that FaSSCoF and FeSSCoF
could more accurately predict the solubility of 3 poorly soluble drugs in
human colonic fluid than standard buffers. For example, addition of bile
salts to buffers increases the solubility of lipophilic drugs in a manner
more relevant to the human colon [189]. Addition of colonic enzymes is
important for the assessment of drug release from targeted formulations
that utilise enzymatic degradation of polysaccharide-based coatings
[51]. Enzymes can be actively produced within media by microbiota
sourced from human/animal faeces or intestinal fluids [200]. If cell-free
media are preferred, then addition of biorelevant concentrations of en-
zymes into buffers could mimic in vivo conditions, however numerous
classes of enzymes would ideally be included to appreciate the colon’s
broad metabolic functionality. Key enzymes found in colonic fluid
include the carbohydrate-active microbiota enzymes (e.g., glycoside
hydrolases, polysaccharide lyases, and carbohydrate esterases) and
those known to metabolise drugs (e.g., phosphorylases, reductases, and
decarboxylases) [201-204]. Though not routinely considered during
pharmaceutical development, the ability of colonic microbiota to alter
the bioavailability of drugs (often in a patient-specific manner) is an
important PK consideration that should be screened for during charac-
terisation of new active compounds [137,160,205].

4.1.1.3. Faecal slurries. Faecal slurries, composed of raw faecal material
and media designed to mimic colon physiology and support microbial
growth, are widely used for predicting drug release, solubility, and
stability in the colon [200,206]. Faeces sourced from healthy humans
has an average pH of 6.64, and contains microbiota (25 — 54 % of solid
faecal material), undigested polysaccharides (~ 25 %), proteins (2 — 25
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%), lipids (2 — 15 %), and inorganic elements (e.g., potassium, phos-
phate, sodium, calcium, and magnesium) [207]. The percentage weight
of faecal material per volume of support media can vary widely (with 1 —
60 % reported in the literature), though concentrations of 10 — 25 % are
common as they allow effective homogenisation of faecal material with
support media and accurate volume measurement [205,206,208]. The
composition of support media often includes electrolytes (e.g., sodium,
phosphate, magnesium, bicarbonate), bile salts, yeast extract, L-
cysteine, and peptone water (the latter 3 components included to
stimulate microbial growth) [200]. The exact composition of a faecal
slurry may be modified to mimic variations in physiology, such as pH,
bile acid concentration, and buffer capacity. However, it should be
recognised that the initial pH of the slurry and available carbon sub-
strates significantly influence microbiota composition and functionality;
bacteria produce organic acids that can accumulate, decrease media pH,
and result in bacterial stasis/death [209].

Raw drugs and/or formulations are often incubated in faecal slurry
for short timeframes (< 24 hours) with regular withdrawal of samples to
analyse drug dissolution and stability; this type of setup is known as a
static batch culture. Continuous culture systems, where longer in-
cubations are required, involve the replacement of spent culture with
fresh growth medium [210]. More advanced systems may include
multiple compartments that simulate different regions of the colon and
allow fine adjustments of parameters such as pH or transit time between
segments (Fig. 4) [196,211]. One such model, known as The Mucosal
Simulator of the Human Intestinal Microbial Ecosystem (M-SHIME®)
includes vessels representative of the stomach, small intestine, and
ascending, transverse, and descending colon that allow treatment pe-
riods up to 4 weeks [212]. The colonic regions of the M-SHIME® also
contain mucin-covered microcosms that facilitate the culture of
mucosal, in addition to luminal, microbiota [213]. Regardless of the
complexity of faecal slurry incubations, experiments should be
completed in anaerobic environments maintained at 37 °C to replicate
human colonic conditions.

Though not truly representative of colonic microbiome composition,
human faecal material is easily obtained and represents an effective
method for predicting formulation behaviour in vivo, provided that
faecal samples are processed correctly and repeatedly [212,214-216].
There is also the advantage that patient samples can be obtained to allow
analysis of formulation behaviour in a target disease state [217]. Rodent
faeces may also be used; though the mouse/rat microbiome differs in
composition to the human colon, rat caecal content has comparable
abundance of Bifidobacteria and Bacteroides [218]. Variability between
animals may also be lessened through the standardisation of living
environment and diet.

4.1.2. Dissolution methods for rectal dosage forms

Rectal dosage forms are typically immediate release dosage forms,
which include suppositories, rectal capsules, semisolids, and liquid
preparations. There are many factors that affect in vivo drug release from
rectal dosage forms, relating to the active ingredient (e.g., lipophilicity,
solubility, particle size) and the physiological rectal environment
[52,219]. The in vivo prediction of drug behaviour in the rectal envi-
ronment requires a well-designed in vitro dissolution system. Unfortu-
nately, there are currently no formally validated in vitro drug release
characterisation methods for rectal dosage forms reported in pharma-
copoeia, though a few specifications are presented in the Dissolution
Methods Database recommended by the FDA [220]. For solid rectal
formulations the database reports the use of the paddle apparatus in
high volumes of aqueous media at various pH values [220]. The main
difficulties facing the design of appropriate dissolution methods are
founded on the scarcity of knowledge on the composition of the human
rectal fluid. This not only complicates the development of relevant
dissolution media but also impairs the development of permeability
models [221].

The most utilised rectal dosage forms are suppositories, and
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Fig. 4. Schematic of the Simulator of the Human In-
testinal Microbial Ecosystem (SHIME®) model.
Different regions of the gastrointestinal tract are
represented as insulated glass vessels connected via
peristaltic pumps. The fluid pH, vessel volume, and

pump flow rates can be controlled to reflect distinct

patient populations. Faecal samples are inoculated

into colonic vessels to simulate the microbiome. The

SHIME® model can be used to predict the stability of

drugs in the gastrointestinal tract and analyse the
effect of drugs on colonic microbiota. Image used
with permission from reference [212].
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depending on their bases, exist in either hydrophilic or lipophilic forms
[52]. Hydrophilic forms are composed from polyethylene glycols (PEGs)
and other non-ionic surface-active ingredients chemically related to
PEGs. Since these products dissolve in aqueous dissolution media, a USP
apparatus 1, 2 or 4 combined with specific pH conditions that mimic the
human rectum, can be used [52]. As suppositories may float on the
surface of the medium a sinker device is normally required: Palmieri
designed a novel basket [222], the so-called Palmieri basket, which in-
corporates wider vertical slots to allow a more intense interaction of the
medium with the rectal formulation. This setup correctly predicted
aspirin release from hydrophilic suppositories in aqueous buffer [222].

Hydrophobic suppositories are made from solid fats, at body tem-
perature they melt and release the drug from the fatty base into the
rectal fluid [221]. When determining the drug dissolution from these
forms, the test conditions should be evaluated case-by-case based on the
drug properties and melting pattern of the base. One method was
developed by Schoonen et al. in 1976 [223], who fixed a lipophilic
formulation under a circular glass plate to separate the medium into two
compartments, the plate was placed inside 900 mL phosphate buffer at
physiological pH. The upper compartment was kept under constant
agitation for a total of 5 hours, and samples were collected from the
upper compartment at specific timepoints. Klein et al. then combined
this setup with a paddle apparatus [221]. In the early 2000s, the Euro-
pean Pharmacopoeia III and British Pharmacopoeia presented an
unvalidated dissolution apparatus, which has been used to test para-
cetamol release from 4 different lipophilic base suppositories [224].
Phosphate buffer (pH 7.4) is pumped inside a thermostatically
controlled flow-through cell where a suppository is placed. However,
the dissolution system revealed some problems in its methodology, thus
an accurate in vitro-in vivo correlation (IVIVC) cannot be evaluated from
this setup [224]. In summary, an accurate bio-predictive dissolution
method, especially for lipophilic suppositories, has yet to be established.

4.1.3. Investigating in vitro colonic permeability

Distinct measurements should be employed when predicting colonic
drug permeability, due to the colon’s physiological differences to the
small intestine. Immortalised cell lines such as Caco-2 are widely used to
predict epithelial drug permeability, however they are susceptible to
culture-derived variability and lack the expression of key enzymes, e.g.,
CYP3A4, and a mucus layer [90,225]. Interestingly, although Caco-2
cells are derived from the colonic epithelium, their expression of
transporters is more similar to that of the small intestine [100]. None-
theless, a study of 18 small molecular weight drugs found good corre-
lation (R? = 0.74) between Caco-2 permeability and colonic absorption
recorded in humans, hence validating the utility of the model in defined
conditions [88]. Further, it is often underappreciated that cell lines have
a biological sex, indicating that drug permeability studies across cell
lines alone are not sufficient to identify variability between male and

descending

colon
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female patients [68]. The Caco-2 and C2BBel colonic epithelial cells are
male, whereas the HT-29 and LS 174 T colonic cell lines are female.
Thus, where cell lines are used to predict colonic drug permeability,
every attempt should be made to include cells presenting both male and
female sexes.

Alternative models for assessing colonic drug permeability include
organoid systems, Ussing chambers utilising human colonic tissue, and
colons-on-a-chip. The precise specifications of these models, alongside
their strengths and challenges, have been extensively reviewed by
Lemmens et al. [90]. Briefly, these technologies may offer advantages
over traditional Caco-2 permeability experiments by facilitating more
physiologically relevant epithelial landscapes that can be constructed to
mimic a desired disease state [226-228]. The advancement of bio-
printing also offers the opportunity to construct unique, finely-tuned
colonic tissue models that move beyond traditional cell culture; such a
system has been developed for the small intestine and has been shown to
resemble in vivo intestinal tissue more closely than Caco-2 monolayers
[229]. Further, emerging systems also allow the combination of drug
permeability with microbiome stability studies by coculturing epithelial
tissue models alongside colonic microbiota. These intestines-on-a-chip
can sustain the extended coculture of human and microbial cells at
tuneable oxygen gradients and relevant microbial diversities [126].

4.2. Animal models for investigating colonic drug delivery

During the development of novel colon-targeted formulations, it is
important to select in vivo animal models that best mimic the physiology
of the human GI tract. In reality, the choice of animal model is often
dictated by cost, availability, and ease of handling [230], frequently to a
greater extent than physiological similarity. Animals have marked
interspecies divergences in GI anatomy and physiology leading to pro-
nounced diversity in drug absorption and bioavailability [231]. Unfor-
tunately, there is no single animal that perfectly replicates the human GI
tract. Due to such variability, researchers investigating colonic drug
delivery routinely use various animal models: common choices are small
rodents such as mice, rats, rabbits, guinea pigs, and larger animals such
as dogs, pigs, and non-human primates [231]. Recognising the appli-
cability of animal models for the assessment of colon-targeted medicines
in humans is essential for optimising the efficacy of pre-clinical devel-
opment. It is likely that the most relevant animal model depends on
dosage form characteristics, parameters to be tested, and the indication
to be treated. Further, the equal representation of both female and male
animals during pre-clinical investigation is paramount for formulations
intended to treat humans of both sexes [68]. The advantages and dis-
advantages of animals commonly used in pharmaceutical research will
be discussed henceforth, in the context of colonic anatomy, fluids,
transit, and microbiota.
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4.2.1. Animal colonic anatomy

Colonic anatomy varies greatly between species, probably due to
species’ specific nutrient absorption and processing that modulated gut
structure and functions during evolution [232]. Omnivores and herbivores
have longer colons to better absorb nutrients from fibre-rich and low
protein diets, compared to carnivores [231]. Rats and mice have intestinal
structures and functions similar to that of humans and are considered good
models for colorectal cancer disease [233], however they have a non-
sacculated colon, lack adipose tissue in the submucosa, and rats espe-
cially have much larger caecums due to higher fibre intake [233]. In
comparison, dogs have small caecums, with a shorter colon than that of
humans and no sacculations [234]. Dogs are also likely to have higher
intraluminal pressures than humans, meaning that formulations sensitive
to mechanical stress could disintegrate earlier in the dogs’ GI tract [235].
The anatomy of pigs’ GI tract is more similar to humans: in the relative
length of the intestinal segments and in the intestinal surface area,
explaining why this animal is deemed an excellent model for nutritional
absorption [236]. Pressure within the pig GI tract is also comparable to
that of humans [237]. Rabbits have a well-defined caecum because of their
cecotrophic nature — they excrete faeces coated with bacteria that require
reingestion for complete nutrient absorption [231].

4.2.2. Animal colonic fluids

Knowledge of the pH and volume of animals’ GI fluid is essential for
an accurate prediction of drug disintegration, dissolution, and absorp-
tion in humans. In humans, intraluminal pH increases between the ileum
and the colon and can be exploited by enteric coatings to enable site-
specific drug delivery. Healthy guinea pigs, rabbits, and pigs have
been found to have comparable colonic pH readings to humans [110].
Beagles present a pH increase between the small intestine and colon,
with variable colonic pH readings (pH 5 - 8) [235]. Rodents’ intra-
luminal pH decreases from ~ 7.0 in the distal small intestine to ~ 6.0 in
the caecum, which is generally lower than the average human caecal pH
[238,239]. Lower pH values can cause the precipitation of drugs that
dissolve at basic pH and can also cause an inaccurate performance of pH-
dependent coating polymers such as Eudragit® S and FS [238]. There-
fore, the use of rodents for the evaluation of pH-triggered colonic de-
livery formulations should be cautioned if researchers wish to
extrapolate dosage form release to humans. On the contrary, the rat,
especially in the fed state, seems to be the animal model with a relative
free fluid volume best resembling humans, although undigested food
may interfere with drug dissolution [238].

The age of animals used in drug delivery studies should also be
considered, as the ageing process can lead to significant changes in
physiology, as also observed in humans [240,241]. For example, young
rats (4 weeks) have smaller colons, reduced total GI fluid volumes, and
higher colonic buffer capacity compared to aged rats (38 weeks) [239].
The viscosity of colonic fluid is comparable between humans, guinea
pigs, rabbits, and pigs, however the relatively higher amount of water in
these animals’ gut may be inappropriate for predicting drug dissolution
in humans [242].

4.2.3. Animal colonic transit

GI motility is an essential determinant of orally administered drugs’
bioavailability. The length of colonic transit varies significantly between
animals. Compared to humans, with a median colonic transit of 21
hours, rats have a much shorter colonic transit (approximately 62.2 +
21.2 minutes), that can potentially be prolonged with the administration
of prokinetic agents [80,243]. That said, care should be taken if co-
administering prokinetic agents with test formulations, as off-target ef-
fects could interfere with clinical measurements and/or metabolism of
the test drug. The average transit of a 26 x 13 mm SmartPill telemetric
capsule through the colons of male landrace pigs has been recorded as
53.77 + 31.68 hours in the fasted state and 102.47 + 59.54 following a
high-caloric meal [244]. Pig gastric emptying times are also much
longer than in humans, with averages of 68 — 233 hours (landrace pigs);
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24 — 672 hours (Yorkshire pigs); > 54 hours (Yucatan pigs); and > 48
hours (Gottingen minipigs) [237]. Therefore, pigs are likely not the most
appropriate model when investigating colon-targeted formulations
affected by transit time. In comparison, the dog may be more compa-
rable to humans. A study investigating 31 healthy adult dogs (various
breeds, 14/31 female) found that colonic transit time varied from 7.12 —
42.88 hours and whole GI transit was 21.57 — 57.38 hours [245]. The
beagle, a commonly used model in pharmaceutical research, has spe-
cifically been found to correlate well with humans, demonstrating
average colonic transits of 25.4 + 3.3 hours (fasted) and 28.2 + 4.7
hours (fed), and whole gut transits of 27.3 + 3.3 (fasted) and 33.0 £ 4.1
(fed) [235]. However, the researchers did suggest that beagle colonic
transit could appear elevated, as capsules may move more quickly
through the proximal and distal colon and subsequently remain in the
rectum for extended periods.

4.3. In silico prediction for colonic drug delivery

Drug development is a notoriously expensive and high-risk process,
therefore the ability to expedite formulation development and predict in
vivo behaviour whilst saving valuable resources is highly sought [246].
Several predictive technologies exist and could aid the development of
novel colon-targeted medicines, namely design of experiments (DoE),
molecular dynamics (MD), mechanistic modelling (MM), machine
learning, and other less common techniques such as finite element
analysis and computational fluid dynamics (Fig. 5) [247].

DoE is a widely utilised approach within pharmaceutical research
and can be applied to model how several process parameters affect
selected process outcomes. DoE has been used in multiple studies to
optimise the composition of colon-targeted coatings comprised of
enteric polymers for successful in vivo administration [248,249]. It is
most useful when researchers wish to investigate how a limited number
of process parameters (for example, the proportion of enteric polymers
in a coating) influence defined quality attributes (such as coating drug
release rate). In addition to the optimisation of coating composition,
DoE could be used to model and predict how other formulation pa-
rameters (e.g., dosage form size, shape, or production method) affects
the reliability of colonic drug release. DoE is less useful when working
with large datasets in which many (> 10) independent variables exist or
where complicated non-linear relationships exist between independent
and dependent variables. In these cases, alternative predictive technol-
ogies may be more appropriate [250].

Molecular modelling is used for computationally simulating in-
teractions between molecules by applying equations relating to classical
and quantum physics [251]. Molecular systems can be represented at
varying detail, including full atomistic and course-grained models, with
the choice dependent on the experimental requirements and available
resources [252]. Due to its ability to accurately predict dynamic in-
teractions at the atomic level, MD has become an established in silico tool
for the discovery of new drugs, for example by enabling the analysis of
drug-target binding [253]. From a drug discovery perspective, MD could
be employed to discover compounds with activity at emerging thera-
peutic targets in the colon, such as the microbiome [254]. For instance,
MD has recently predicted the inhibition of gut bacterial $-glucuroni-
dases by the biflavanoid, amentoflavone; these findings could aid the
prevention of microbiome-led drug metabolism, as many drugs are
known to be biotransformed by bacterial -glucuronidases [255]. Else-
where, molecular modelling (including MD) has discovered the influ-
ence of microbial metabolites on longevity-associated metabolic
pathways; this could lead to the identification of novel therapies to
support healthy ageing through the gut [256]. From a drug development
perspective, MD has many potential applications for formulation design.
MD could be used to definitively map the drug loading and release
mechanisms of stimuli-responsive formulations and as such design tar-
geted dosage forms with highly explainable in vivo behaviours
[161,252]. MD has also been used to understand the formation of
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Fig. 5. In silico technologies with the potential to be applied in developing colon-targeted medicines, ranging from analysing drug-target interactions to optimising

formulation manufacture.

polymer coated nanoparticles produced by flow nanoprecipitation,
exemplifying how atom-level insight could be used to optimise colon-
targeted nanoformulations [257,258].

MM and ML are distinctly useful when working with many types of
data, from the atomic level to much larger scales. MM involves devel-
oping mathematical formulae that represent how independent variables
mechanistically relate to dependent variables [250]. The formulae are
simplified representations, as they cannot feasibly include every
possible factor that could affect interactions and are constructed based
on hypotheses generated from existing experimental observations. MM
includes the physiologically based pharmacokinetic (PBPK) models that
are commonly used in drug development, which simulate how drug
absorption, distribution, metabolism, and excretion (ADME) influence
drug concentration in plasma and/or tissues [259]. As key ADME pa-
rameters can be adjusted, PBPK models can accurately predict how
physiological variability affects pharmacokinetics in different patient
groups [260]. Research utilising the common PBPK software GI-Sim and
GastroPlus has shown that both tools could predict the colonic absorp-
tion of 14 drugs, with performances acceptably high as to promote their
replacement of in vivo regional absorption in dogs during preclinical
drug development [261]. Advantages of MM include the ability to work
with both small and large datasets, uncover how variables mechanisti-
cally interact within a model, and importantly, understand the mathe-
matical basis on which predictions are made. ML may be more suitable
in cases when the mechanisms behind interactions are not yet known or
are very complex, for example when assessing how physiological vari-
ability (involving many biological variables) affects the efficacy of
pharmaceutical formulations.

In recent years, ML has been increasingly explored for its ability to
reduce costs and increase success throughout the entire drug develop-
ment pipeline, from drug discovery to clinical trials [262,263]. ML en-
compasses a plethora of technologies that utilise various types of
mathematical algorithms to learn patterns in data, which can be lever-
aged to predict experimental outcomes for untested data [247]. Two key
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types of ML are supervised and unsupervised learning [264]. In super-
vised learning, algorithms are trained on datasets with labelled samples,
such as a large dataset of drugs with known solubilities in colonic fluid.
Supervised ML would involve the algorithm learning how sample
characteristics may predict their label; in the example this would involve
the algorithm learning how drug characteristics affect their solubilities
in colonic fluid. If sample characteristics are sufficiently predictive of
the label, then the resultant ML model could be used to predict labels for
untested samples (e.g., drugs with unknown colonic fluid solubilities).
Unsupervised learning involves unlabelled datasets, whereby patterns
within data can be elucidated using techniques such as clustering and
dimension reduction [265]. Both types of learning may be combined to
form semi-supervised learning, in which unlabelled data is labelled
using unsupervised methods, and subsequently utilised for supervised
ML tasks [266]. Emerging forms of ML, such as reinforcement learning,
active learning, multi-task learning, and generative models offer further
opportunities to exploit available experimental data and maximise the
efficiency of future experimental efforts [267-270].

ML has begun to be used extensively for formulation design [247].
For example, a supervised artificial neural network (ANN) trained on
over 950 formulations has predicted the drug release times of 3D printed
medicines with a mean error of just 24.29 minutes [271]. Elsewhere, an
ANN predicted the size and drug loading efficiency of nanoparticles
based on excipient composition, resulting in more accurate predictions
than a DoE model applied to the same task [272]. ML has also been
leveraged to predict drug-microbiome interactions [136,138,140]. As
the amount of data available to research departments continues to in-
crease, quantum computing may supersede classical computing for ML
and other in silico techniques, due to its capacity to process datasets
containing hundreds of thousands of datapoints much more efficiently
[273,274]. It is also likely that multiple in silico predictive technologies
will be increasingly combined within tasks to exploit their individual
advantages. Such hybrid approaches could afford researchers the
largescale data exploration facilitated by ML, mechanistic insight



L.E. McCoubrey et al.

provided by MM, and atomic visualisation enabled by MD [275]. For
example, Reker et al. used ML combined with MD to discover 100 novel
co-aggregated solid drug nanoparticles composed of self-assembled
drug-excipient combinations, two of which were successfully charac-
terised ex vivo and in vivo [276]. This study exemplifies how the unifi-
cation of advanced in silico technologies can be employed to accelerate
and optimise formulation development by exploiting pre-existing big
data.

5. Conclusions and future perspectives

Colonic drug delivery is at an exciting point in time, whereby modern
knowledge underlying the colon’s unique physiology, effective formu-
lation strategies, and advanced in vitro, in vivo, and in silico development
tools can be harnessed to develop novel and efficacious medicines. This
review has outlined how conditions in the GI tract should inform every
stage of colon-targeted medicines’ development; from the identification
of colon-specific targets, to the design of formulations that reliably
deliver drug to the intended site of action, to the preclinical assessment
of formulations. Parallel-trigger formulation technologies have enabled
heightened reliability of colonic drug delivery via the oral route,
opening opportunities for selective modulation of emerging systemic
targets or better treatment of local diseases. Future research could
expand on these formulation strategies to develop indication-specific
formulations, whereby drug release triggers may be based on patho-
physiology or tuned to special patient populations. Further, there is
marked potential for innovation within rectal drug delivery, where
advanced techniques (such as precision formulation or in silico design)
could be utilised to overcome the current challenges facing the admin-
istration route. Another area for opportunity is the expansion of physi-
ologically relevant tools for the assessment of rectal formulations’ PK, as
well as standardisation of in vitro and in vivo models used for PK
assessment of orally delivered colon-targeted medicines. Finally, more
studies that demonstrate how advanced in silico tools can be applied to
reduce the resources and time required to develop colon-targeted
medicines would be beneficial for inspiring the adoption of these tools
by others. Recent advances in how colon-targeted medicines are
designed and developed presents substantial possibilities for translating
safer and more effective treatments to the clinic.
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