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Objectives  

 

The aim of this work was to identify polymeric film coatings allowing for colon 

targeting in different species, in particular: inflammatory bowel disease model rats (IBD 

rats), healthy dogs (dogs) and inflammatory bowel disease patients (IBD patients). The 

film coatings should be poorly permeable for the drug in the upper gastrointestinal tract, 

but should become permeable as soon as the colon is reached, due to degradation by 

enzymes secreted by colonic bacteria. These enzymes should be present in the different 

species in sufficient amounts to reliably trigger the onset of drug release. These key 

features were to be provided by a suitable polysaccharide. To avoid premature drug 

release due to the swelling and/or dissolution of the latter, the film coating consisted of 

a blend of two polymers: (i) the polysaccharide, which is degraded by bacterial enzymes 

in the colon of the different species, and (ii) ethylcellulose, which insoluble and non-

degradable throughout the gastrointestinal tract. Thus, ethylcellulose traps the release 

rate triggering polysaccharide to avoid premature release in the stomach and small 

intestine. 

 

Figure 1 Schematic representation of the drug release mechanism in the colon. The enzymes, produced by the microbial 

population of the colon, degrade the polysaccharide portion of the coating allowing the drug release.  

Drug layer

Drug layer

Enzyme Drug Ethylcellulose Polysaccharide 
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1. Chapter: Introduction 

 

1.1. Colon targeting 

 

Colonic drug delivery has traditionally been used for the local treatment of inflammatory 

bowel disease (IBD), to administer mesalazine (5-aminosalicylic acid, 5-ASA) and 

corticosteroids as first-choice therapy. Scientific advances in site-specific drug delivery 

to the colon proved the possibility to treat systemic disease as well as local ones (Figure 

2).  

 

 

 

 Figure 2. Opportunities for site-specific drug delivery to the colon. IBD, Inflammatory 

bowel diseases; UC, Ulcerative colitis; CD, Crohn’s disease; HIV, human 

immunodeficiency virus. Reprinted with permission from (1). 

Colorectal 
cancer

Infections

Parkinson

Chronotherapy

Diabetes 
mellitus

Alzheimer
Chronic 

pain

Cystic 
fibrosis

HIV

Obesity

Microbiome 
therapeutics

IBD 
(UC & CD)



 

3 

Confidential  

 

In the last decades, researchers focused on the importance of the colonic microbiome, 

revealing its influence and role played in several diseases both local and systemic (2–

4). For this reason, the human microbiome can be targeted and used to improve and 

preserve human health.   

The colonic microbiota consists of trillions of microorganisms and interindividual 

differences are observed between healthy individuals as well as in patients (5). This 

complex system is actively involved in absorption of nutrients and immune protection 

from pathogenic bacteria and viruses as well as metabolization of drugs. The 

microbiome could influence the efficacy of a therapy by enhancing or inhibiting clinical 

response, for example for treatment of systemic diseases such heart failure, Parkinson’s 

disease, cancer, and type 2 diabetes mellitus (6–12). Furthermore, it could potentially 

offer opportunities for the delivery of biologics (13). 

Colonic physiology offers several advantages to improve drug absorption and 

bioavailability of oral drug delivery. Drug absorption in the small intestine is limited by 

cytochrome P450 enzymes (CYPs) (14), efflux pumps (e.g., P-glycoprotein (P-gp) and 

breast cancer resistant protein (BCRP)) (15). Thanks to medical imaging it was shown 

that the lower GI tract has lower levels of luminal and mucosal metabolic enzymes and 

transporters compared to the upper GI, resulting in therapeutic advantages. An example 

is represented by simvastatin (a CYP3A4 substrate), that showed greater bioavailability 

when delivered to the distal ileum compared with an immediate release formulation 

delivered in the small intestine (16). 

Another advantage of delayed-release systems is related to the drug protection in the 

acidic gastric environment and, following the same principle, the stomach protection 

from irritant compounds.  The macromolecules, such as peptides, proteins or antibodies 

can be achieved, thanks to the lower proteolytic activity in the colon compared to the 

upper GIT (13,17,18). 

Although the colon might be a favourable environment for drug absorption, the 

complexities of the entire GI tract must be considered for efficient colonic drug delivery. 

In summary, changes between healthy and disease states can cause inter-individual 

variability across the GI tract. For example, IBD patients have lower colonic pH; 
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colorectal cancer patients have alterations to the epithelium and its transporters; and a 

variety of disorders affect colonic transit time (6,19,20). GI infections, colorectal 

tumours, and chirurgical interventions can all have an impact on colonic physiology and 

function, affecting drug absorption and efficacy (21–25). The pH value in the ascending 

colon is more acidic in ulcerative colitis (UC) patients than in healthy individuals (26). 

Furthermore, IBD patients have up to 20% longer small intestine transit times (27), 

different fluid volumes and composition, an increased epithelial permeability due to 

damages at the cell junction level (28), inflammation state (29) and a decreased mucus 

production Systemic disorders that are not directly related to the GI tract, such as cystic 

fibrosis, Parkinson's disease, diabetes mellitus, human immunodeficiency virus (HIV), 

and chronic pain, can also have an impact on gut function (21–25). Variations in the gut-

brain axis and the gut flora are frequently observed in the disease state and can affect 

pharmaceutical pharmacokinetics (30,31). Colonic drug delivery systems should then 

be developed considering physiological and functional variations. 

 

 

 

Figure 3 Historic evolution of IBD therapies with the key commercial products. 

Reprinted with permission from (1). 

  

Sulfasalazine, first introduced in the 1950s was the first colonic prodrug to be approved 

for the treatment of rheumatoid arthritis and, later, inflammatory bowel disease (IBD). 
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It is a pro-drug constituted of a 5-aminosalicylic acid (5-ASA) moiety coupled to a 

carrier molecule, sulfapyridine, by an azo bond(32,33). Following oral administration, 

the colonic microbiome cleaves the azo-bond, releasing the active 5-ASA to the site of 

inflammation. Although beneficial therapeutic results were observed for the remission 

in most of patients affected by mild to moderate UC, allergic reactions to the inactive 

moiety of the molecule were registered in almost 50 % of patients. (34,35).  

Other prodrugs were developed and approved in an attempt to avoid such unfavourable 

outcomes. Olsalazine is one such example, in which 5-ASA is azo linked to another 5-

ASA molecule (36); and Basalzine, in which 5-ASA is azo linked to an 4-aminobenzoyl-

beta-alanine (37). The focus was then placed on developing new formulations rather 

than new drugs Several successful modified release formulations of 5-ASA have been 

created and marketed as first-line therapies for IBD. (Figure 3) (38).  

 

1.2. The colonic environment  

 

In order to be able to design a colonic drug delivery system it is essential to know and 

exploit the physiology of the gastrointestinal tract both in healthy individuals and in the 

disease state. Several parameters have to be taken into account, the anatomical 

environment such as surface, length and diameter or the gastrointestinal (GI) motility 

on which the transit time depends. A major role is played by GI content such as bacteria 

population, responsible for the short chain fatty acid production and concentration. 

Some of the most important features to consider in developing a site-specific drug 

delivery system to the colon are reported in Figure 4 (6,39). 
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Figure 4. Colon’s physiological properties. SCFA, Short chain fatty acids. Reprinted 

with permission from (1). 

 

The administration of drugs through the oral route must consider the transit along the 

upper and lower gastrointestinal tract (GIT). To achieve colon specific drug delivery, 

the oral dosage forms must prevent the drug release through the stomach and small 

intestine, protecting its cargo from the acidic environment of the stomach and the 

enzymatic degradation in the small intestine. 

The colon has a total length of 90-150 cm and it constitutes ~6% of mucosal area of the 

GI tract (40,41). Unlike the small intestine, the colon there are no villi and its epithelium 

is coated with two layers of mucus composed of water, lipids, electrolytes, and 

glycoproteins with an average thickness of 400-600 µm depending on the colonic 

regions (42). 

The disintegration of a dosage form, dissolution and absorption of drugs closely depend 

on the intra-luminal fluid or its lack. The amount and composition of GI fluid 
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dynamically change and fluctuate within an individual depending on several factors: 

fasted or fed state, fluid intake, lifestyle, and pathological conditions. In particular with 

respect to the concentration of acid, bicarbonate, bile salts, chyme, electrolytes, bacteria,  

and gases (39). 

It was estimated that the colonic fluid volume slightly decreases in the ascending, 

transverse, and descending colon (as water is absorbed from faeces), and it amounts to 

~372 mL in fasting healthy individuals (43). It must be pointed out that most of the water 

in the colon is associated with biomass or bacteria, and therefore is not freely available 

to interact and disaggregate dosage forms (44). The free water available in the colon is 

located in fluid pockets, rather than being homogeneously distributed in the lumen (45). 

These fluid pockets are generally grouped in a single region of the colon and each of 

them carries < 0.5 mL of water (44). Considering that the disintegration and dissolution 

of oral forms depend on the contact with water, the higher free water content of the small 

intestine could partially explain why the drug absorption is often faster in the upper GIT 

compared to the colon (46).  

Once dissolved, drugs absorption into the systemic circulation depends on their 

physiochemistry. Most of the drugs are lipophilic and they diffuse transcellularly across 

the epithelium, whereas hydrophilic drugs permeate paracellularly (42,47).  

 

1.3. Colonic drug delivery strategies 

 

Given the physiology of the colon, efficient drug delivery systems must be designed to 

assure successful delivery  (42). To ensure complete and site-specific drug release in the 

colon, the technologies shifted away from a single drug delivery mechanism toward a 

mix of stimuli based on numerous colon-targeting technologies. Figure 5 depicts a 

history of the historical progression of colonic drug delivery system design, including 

major technological examples. 
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Figure 5. Historic evolution of colon targeting technologies with the key commercial 

products. Reprinted with permission from (1). 

 

1.3.1. pH-dependent Drug Delivery Systems 

 

The GIT pH variability, both between subjects (intersubject variability) and within 

subjects (intrasubject variability), depend on several factors such as pathological 

conditions, absence or presence of intraluminal food. The lowest pH value is registered 

in the stomach (pH 2.0 – 4.5 in the fed state and pH 0.4 – 4.0 in the fasted) (48,49) and 

it raises in the proximal section of the duodenum pH 5.0 – 7.0) (50), reaching the 

jejunum (pH 6.6 ± 0.5) followed by the ileum (7.5 ± 0.5) (51). The pH in the colon drops 

to lower values 6.4 ± 0.6 in the cecum and raises gradually along the ascending, transvers 

and descending colon, reaching 7.0 ± 0.7 in the rectum.  

The colonic bacteria play an important role in the regulation of the pH values in the 

colon, the carbohydrate substrates indigestible to human enzymes are converted by the 

bacterial enzymes in short chain fatty acid (SCFAs), which can lower the pH in the 

proximal colon (52). The reduced production of SCFA in distal regions of the colon 

explains the raising of the pH. 
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Considering these range values, it is possible to exploit the pH variations in the GIT for 

the site-specific delivery of drugs in different regions. A solution is represented by the 

coating of solid formulations with an enteric polymer that disintegrates or dissolves at 

certain specific pH values. The ideal polymeric coating for the colon targeting should 

be insoluble under the acidic condition of the stomach and proximal regions of the small 

intestine and start dissolving at pH about 6 to 7. Furthermore, it should be thick enough 

to ensure that the drug release is delayed until the colonic region is reached. Considering 

that most pH-dependent systems release the drug from the terminal ileum to the colon, 

it would be more appropriate to talk about ileo-colonic delivery (53). 

Methacrylic acid and methyl methacrylate anionic co-polymers are the most commonly 

used pH-sensitive polymers (54), cellulose derivatives [e.g., hydroxypropyl 

methylcellulose acetate succinate (HPMC-AS); hydroxypropyl methylcellulose 

phthalate (HPMCP); cellulose acetate phthalate (CAP); cellulose acetate succinate 

(CAS); cellulose acetate trimellitate (CAT)]; polyvinyl acetate phthalate (PVAP); and 

shellac (55,56). In general, the free carboxylic acid groups in these polymers are un-

ionised in acid conditions, rendering the molecules insoluble in acid. Once exposed to a 

neutral environment it becomes deprotonated, increasing the hydrophilicity of the 

molecules and triggering their dissolution (57,58). Consequently, the pH threshold 

values and dissolution rate of the different polymers depend on the number of carboxylic 

acid moieties available: the higher is this number, the lower the pH threshold and the 

faster the dissolution rate (59–61).   

The first attempt to utilise pH-sensitive polymers for the site-specific delivery of drugs 

to the ileo-colonic region dates back to 1982 (62). Eudragit® S (solubility threshold pH 

7) was employed as capsules coating and studied in vivo in humans. X-ray imaging 

showed that most of the capsules were disintegrated in the ileo-colonic region (63).   

Currently, several commercialised products use Eudragit® as enteric polymer, including 

Asacol® MR, Mesren® MR, and Ipocol® (Eudragit® S - solubility threshold pH 7) and  

Salofalk® (Eudragit® L - solubility threshold pH 6) (64). 

The single-layer pH-dependent polymer coating was developed to double-layer systems, 

incorporating two different coating layers; the inner made of partially neutralized 
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Eudragit® S combined with a buffer agent and the outer of Eudragit® S alone (57,65). 

DuoCoat® is a commercialised product which exemplifies this drug delivery technology 

(Figure 6).  

The advantage of the double-layer technology on the single one is the shorter dissolution 

lag time and higher drug release rate once the polymer solubility pH threshold is reached 

(62,66). 

 

 

 

 

Figure 6. Schematic representation of the systems: DuoCoat® and ColoPulse (1).The 

single-layer technology was improved with the incorporation of a disintegrant (e.g., 

sodium starch glycolate, croscarmellose sodium, microcrystalline cellulose, or alginic 

acid) to the enteric coating (30).  
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In the ColoPulse system, the coating layer is made of a matrix of Eudragit® S in which 

a disintegrant is dispersed in a non-percolating form (no continuous network between 

particles is created). Once the pH threshold is reached, the fluids penetrate into the 

coating and the hydrophilic disintegrant accelerates the disruption of the latter, leading 

to a pulsatile drug release. The drawback of this system is the need of an organic-based 

coating to prevent the premature swelling of the superdisgregant, leading to the drug 

release in the upper GIT (68). 

 

1.3.1.1. Limitation of pH-sensitive Drug Delivery Systems 

 

The clinical success of commercialised pH-dependent drug delivery systems (DDS) has 

been proved during the clinical trials. Nevertheless, the unreliability of Eudragit S® 

coated formulation to disintegrate in the colonic regions has been reported by several 

studies (53,69,70). The reasons behind the coating failure can be attributed to a myriad 

of physiological factors, including gut motility, fluid volumes, feed status, buffer 

capacity (71) which might lead to a premature drug release in the upper GIT or an 

insufficient coating degradation, resulting in the expulsion of the tablets in patients’ 

stools.  

The market offers a wide choice of formulation for the therapy of inflammatory bowel 

disease, such as Lialda®, Asacol®, Octasa®, Pentasa® and Salofalk® each of them with a 

different drug release profile (72). This allows the patients to benefit from switching to 

a different type of formulation after an inadequate therapeutic response to a specific 

treatment (73). 

 

1.3.2. Time-dependent Drug Delivery Systems  

 

Time-dependent drug delivery systems are designed to delay the release of their drug 

cargo after a reasonably predictable time lapse. For colonic delivery, it corresponds to 

the transit along the small intestine, from the pylorus down to the ileo–caecal valve. 
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Historical data reported that the whole gut transit time is on average 27.4 hours, with a 

minimum of 5.1 and a maximum of 58.3 hours (74). These values have been recently 

confirmed by a study in which electromagnetic capsules were used to measure the transit 

time across the different regions on the GI tract in humans (75). The study was 

performed on 111 healthy volunteers, selected in order to cover a large variability of 

age, sex and body mass indices (BMI). The data reported similar results compared to 

the historical values:  a mean GI transit time of 28.52 hours, with a minimum of 14.10 

and a maximum of 57.49 hours.  

The age plays an important role on GI motility and transit, elder volunteers were 

associated with longer colon transit time (75,76) as well as to decreased colonic motor 

activity (77). Advanced age has been also linked to risk factors associated with the slow 

colonic transit, such as multitherapy, decreased fibre intake, and reduced physical 

activity (78).  

Biological sex clearly has a significant effect on gut motility. Men are reported to have 

shorter gastric emptying compared to females (79,80). The hormonal regulation has 

been considered the cause of these differences, however further studies are required to 

validate this hypothesis (81). 

In order to achieve colonic drug delivery, time-dependent systems should remain intact 

upon contact with the acidic environment of the stomach and prevent premature drug 

release in the small intestine. Once in the duodenum, a triggering signal should initiate 

the drug release in a controlled manner (82). In order to insure this result, polymer 

coatings or sealing plugs of swellable and erodible polymers are often used (82–84). 

Time-sensitive systems are conventionally classified as reservoir, capsular, and osmotic 

devices.  

Reservoir systems represent the first attempt and several references date back to the late 

1990s (85–87). Such systems were coated with an external layer of rupturable, erodible, 

or diffusive polymer that upon contact with the body fluids, slowly starts to disintegrate 

exposing the drug reservoir (88,89). The progenitor capsular system is PulsincupTM, 

which consisted of a rigid insoluble body encapsulating the drug, closed with a hydrogel 

PEG8000 plug and a water-soluble cup (90). Upon contact with gastrointestinal fluids, 
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the water-soluble cap dissolves exposing the hydrogel plug. The latter absorbs the 

external fluid and starts to swell, the resulting increase of its dimension ejects the plug, 

exposing the drug cargo to the colon environment. 

Most recently, a double-layer coating was proposed for 5-aminosalycilic acid (5-ASA)-

loaded tablets: an inner layer of HPMC, and an outer layer based on Eudragit® L30D 

(91). The imaging study on 6 healthy volunteers showed that disintegration of the 

administered units was in no cases observed prior to colon arrival.  

1.3.3. Enzyme-sensitive Drug Delivery Systems 

 

It is now common knowledge that bacteria largely contribute towards human health and 

disease (5,92). Human body hosts about 100 trillion microbial cells and the great 

majority of them reside in the gut, with the highest concentration registered in the colon 

(1012 bacteria per gram of tissue)(93,94).  

The bacterial metabolic power can be exploited for drug delivery. The enzymatic 

degradation of specific chemical bonds can be used to activate prodrugs; Sulfasalazine 

represent one of the first example of prodrug used in the treatment of IBD, where the 

active moiety, 5-aminosalicylic acid is released after the enzymatical cleavage (95). 

The metabolic activity of colonic microbiota can be also used to degrade enzyme-

sensitive materials used for the coating of the dosage forms, facilitating the drug release. 

Such materials include different types of polysaccharides, which serve the bacteria as a 

substrate for the production of SCFAs (96). 

Each person has a different microbiome composition, depending on the age, sex, 

nutritional habits and lifestyle. Although these differences create a unique environment 

inside the individual gut, there is substantial functional redundancy amongst microbiota. 

Polysaccharide digestion is performed in most of the population, making these materials 

reliable for colonic drug delivery (97). 
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On the other hand, microbial activity can lead to undesirable effects such as the 

reduction of bioavailability (98) following an extensive metabolism or the production 

of toxic metabolites (99).  

In the last 20 years enzymes-sensitive polymers have been widely explored for the site-

specific delivery of drugs in the colon (100). 

There are two main classes of polymers exploited for the colonic drug delivery: azo-

polymers and polysaccharides (101). The latter are generally recognised as safe (GRAS) 

by the United States (U.S.) Food and Drug Administration (FDA) which means non-

toxic, slightly immunogenetic and highly biocompatible (102), which favours their use 

in the pharmaceutical field. Furthermore they are available at large scale and have 

relatively low cost (103). Synthetic azo-polymers present possible safety issues due to 

their chemistry and the need for organic solvents in their preparation, which represents 

a limitation for their use (104). 

The wide variety of examples of natural polysaccharides employed for the colon 

targeting includes pectin, starch, alginate, gums, amylose, chitosan, dextran, chondroitin 

sulphate, inulin, β-cyclodextrin and galactomannan (51–57). 

An in vivo study in humans compared a pH-sensitive coating to an enzyme-sensitive one 

in order to analyse the ability of the different materials to target the drug release to the 

colon (71). For this purpose, theophylline loaded pellets were coated with either 

Eudragit® S or amylose-ethyl cellulose blend; uncoated pellets acted as control. The 

results showed a more specific colonic release of the systems coated with 

amylose/ethylcellulose bland compared to the pH-sensitive systems. Theophylline 

earlier peaks in drug plasma concentration might suggest a premature release of the drug 

in the small intestine. Furthermore, no drug release at all was observed in one of the 

patients to whom it was administered the Eudragit® S coated pellets, suggesting the 

elimination of intact formulations in the stools (Figure 7). 
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Figure 7 (A) Mean plasma theophylline levels after administration of uncoated, 

Eudragit® S coated pellets and amylose/ethyl cellulose coated pellets to eight healthy 

male subjects. B, C and D show examples of plasma concentration time profiles 

observed in single subjects: (B) uncoated pellets; (C) Eudragit® S coated pellets and; 

(D) amylose/ethyl cellulose coated pellets. (1,71). 

 

1.3.3.1. Limitation of enzyme-sensitive Drug Delivery Systems 

 

When formulating polysaccharides as colonic targeting coatings, it must be considered 

their relatively high hydrophilicity. Depending on their chemical properties, 

polysaccharides can swell following the absorption of fluid. The use of these polymers 

alone might then result in premature release of the drug cargo in the upper GIT due to 

disintegration of the coating upon contact with intestine luminal fluids. Different 



 

16 

Confidential  

 

strategies are reported in the literature to overcome this drawback, such as the chemical 

modification of the polysaccharide structure, to reduce its hydrophilicity, or the 

combination with water insoluble or hydrophobic polymers (e.g., ethyl cellulose or 

cellulose acetate). The polysaccharide/polymer bland will be partially degraded by the 

colonic bacteria triggering the drug release (105–107) 

Another challenge using bacteria-sensitive colonic delivery systems is the enzymatic 

activity of colonic microflora. Although the enzymatic degradation of the coating is 

essential to trigger the drug release, the bacterial metabolic power could affect 

pharmacokinetics and pharmacodynamics (108). Chemical modifications of drugs 

might render them inactive, toxic or even more active (13,98,109).  

Despite the substantial functional redundancy amongst microbiota, inter-individual 

unique microflora can have an impact on the success or failure of a therapy. Microbiome 

dysbiosis might induce failure in the degradation of polysaccharides coating, preventing 

the drug of being released (110). Such dysbiosis can be directly associated with a 

pathological state (e.g., Cystic fibrosis, Parkinson’s disease, HIV infection, obesity, 

metabolic syndrome, intestinal cancer, and diabetes) (6,111) as well as a 

pharmacological treatment. Antibacterial drugs are known to have a relevant impact on 

the microbiome composition, with possible long-term effects up to 4 years after 

administration (112). 
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1.3.4. Pressure-dependent Drug Delivery Systems 

 

As a solid dosage form transits via the GI tract, it is subjected to pressure generated by 

muscular contractions. On this basis, pressure-controlled drug delivery systems exploit 

the luminal pressure as a triggering event to release their drug cargo as the external 

coating breakdowns. Interestingly, whilst the coating layer must resist pressure 

conditions in the upper GI tract, it should be susceptible to contraction forces in the 

distal gut (113). The peristaltic movements result from muscular contractions that take 

place mainly in the digestive tract, pushing the ingested food from the stomach to the 

anus (114). Compared to the small intestine, the luminal pressure in the large intestine 

is higher due to the reabsorption of water, which increases the viscosity of its content 

(90). An example of such includes a gelatine capsule that is internally covered by an 

insoluble polymer layer (e.g., ethyl cellulose), whose thickness determines the 

disintegration of the capsule (e.g., varies from to 40 to 220 µm). Following its 

administration, the body temperature causes the base to melt and subsequently leads to 

the absorption of body fluids, which in turn results in the increase of viscosity and 

pressure inside the system, expelling the drug from the device (115,116). The system 

can be improved by drilling micropores into the bottom of the ethyl cellulose layer and 

by adding a highly swellable excipient (e.g., low-substituted HPC). This has shown to 

promote the drug release after in vitro and in vivo lag phases (117). 

More recently, a pressure-controlled colon delivery capsule (PCDC) based on a hard 

gelatine core and Eudragit® S 100 was proposed (118). Herein, theophylline was 

dispersed in a lipid matrix then coated and encapsulated. The system was subsequently 

coated with Eudragit® S 100 and studied for the treatment of nocturnal asthma. In vivo 

evaluation revealed that a longer lag time occurs prior to the sudden rise in theophylline 

blood levels. Following the disintegration of the PCDCs in the GI tract, the drug is 

promptly released. 
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1.3.5. Hybrid Strategies for Colon Targeting 

 

The colonic release strategies that include a single-triggered mechanism have their 

limitations, due to interindividual differences in the gastrointestinal physiology. To 

overcome the therapeutic failure, it is possible to combine more technologies, ideally in 

a way that each mechanism works independently to the other/s. This backup strategy 

would improve the reliability of the system, increasing the probability of success in drug 

release. 

 

1.3.5.1. pH and time triggered combinations  

 

Systems that combine time-controlled mechanisms along with pH-triggered strategy are 

named Multi Matrix System® (or MMX™) (119). Commercial examples of MMX™ 

are Lialda® (Mezavant® XL) and Cortiment® (UCERIS®), loaded respectively with 

mesalazine and budesonide. These systems have a double matrix: an internal lipophilic 

portion, encapsulating the drug, is imbedded in a hydrophilic matrix. This double system 

is enclosed in an enteric film coating. Contradictory results are found in the literature 

concerning the drug release profiles of these systems, experiments performed in 

phosphate buffer showed a sustained drug release for more than 8 h. On the contrary, 

experiments performed in a bicarbonate buffer showed a more instantaneous drug 

release, similar to the profiles observed with conventional pH-sensitive colon targeting 

systems (e.g., Asacol® and Ostasa®) (72,120). An in vivo experiment performed on 189 

patients with ulcerative colitis (UC) and 23 patients with Crohn’s disease showed a 

better correlation between bicarbonate buffer and in vivo pharmacokinetics (121). 

Similarly, Budenofalk® presents a complex double layer coating consisting of an inner 

mix of polymers: Eudragit® RS, Eudragit® L100 and Eudragit® S and an external layer 

of Eudragit® RL (68). 

Another example is Entocort™ EC, a multi-particule dosage product designed for local 

delivery of budesonide in the colon to treat ulcerative colitis and Crohn disease 
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(122,123). The system consists in a hard gelatine capsule, loaded with 3 mg of drug and 

coated with an inner layer of ethylcellulose and an outer layer of Eudragit® L100-55 

(pH threshold = 5.5) (124). 

Promising in vivo results were obtained with Eudratec® COL, a multi-unit system 

composed of an outer layer of Eudragit® FS 30D coating and an inner layer of 

Eudragit® RL or Eudragit® RS. A study demonstrates a better control of the drug 

release compared to pH-dependent systems alone (125). 

 

1.3.5.2. Time and enzymes triggered combinations 

 

The combination of time and enzyme sensitive mechanisms has been recently explored, 

developing paracetamol loaded capsules coated with a blend of high amylose starch and 

HPMC (126). Different HPMC molecular weights were tested, in order to evaluate the 

swelling and degradation of the polymer once in contact with the GI fluid. HPMC 

degradation takes place in the upper GIT, offering a sufficient lag-time to the 

formulation to reach the colon without releasing the drug cargo. Once in the colon, the 

enzymes produced by the microbiota digest the polysaccharide portion, leading to fast 

and complete drug release.   

 

1.3.5.3. pH and enzymes triggered combinations 

 

CODES™ is an example of pH and bacteria-sensitive systems (127). It is a multilayer 

formulation consisting of a lactulose core coated with an internal layer of Eudragit® E 

and a second layer of Eudragit® L. The outermost polymer has gastroprotective function 

and start to dissolve in the upper GIT. The fermentation of the lactulose core by the 

colonic bacteria will lead to the production of SFCA. The consequent acidification of 

the media dissolves the acid-soluble polymer Eudragit® E, leading to an immediate 

release of the drug (128,129).  
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Although the formulation combines two different release mechanisms, the risk of failure 

is not necessarily eliminated. The first mechanism will always be the limiting factor; a 

failure in the degradation of the outermost layer will result in the impossibility for the 

microbiome to access and ferment the polysaccharide core resulting in no drug release. 

A way to overcome the risk of failure or patient variability is to use different triggering 

mechanisms that work in parallel. PhloralTM represents the first commercialised 

technology combining pH and enzyme sensitive polymers in a single layer (figure 8) 

(130,131). Eudragit® S is directly blended to resistant starch, providing a fail-safe 

colonic drug release (132).  

 

 

Figure 8 Schematic representation of the Phloral TM film coat technology (1) . 

 

OPTICORETM, a dual-triggered device used to successfully administer 5-ASA to the 

colon for the treatment of IBD (133), is a more recently marketed technology. The word 

OPTICORETM refers to OPTImised COlonic RElease, which explains the formulation's 

aim. 
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To ensure optimal colonic drug administration, OPTICORETM blends an inner alkaline 

coat (containing a neutral enteric polymer, such as Eudragit S, and a buffering salt) with 

an exterior PhloralTM coating. 

The pH, buffer capacity, buffer salt concentration, ionic strength, and viscosity of the 

colonic fluid all influence drug release in the OPTICORETM system. The coating 

promotes early and rapid drug release in the ileo-colonic region, where fluid is more 

abundant compared to colon's distal regions. As the outer coat dissolves or is fermented 

by bacterial enzymes, fluid enters the formulation through the pores formed in the 

coating, causing the inner coat to dissolve. At the inner surface of the PhloralTM coating 

layer, this creates an environment with higher pH, buffer capacity, and ionic strength. 

As a result, the Eudragit S in the PhloralTM coat ionises and dissolves quickly, 

accelerating drug release (65,134,135). OPTICORETM was studied in a recent phase I 

clinical trial to deliver metronidazole benzoate to the colon to treat localised 

Clostridioides (previously Clostridium difficile) infection. When compared to 

immediate-release findings, accurate ileo-colonic targeting was accomplished with 

lower systemic concentrations (136). Furthermore, AsacolTM 1600 mg, a 5-ASA 

medication based on OPTICORETM technology, has completed Phase III clinical studies 

and is now available in Europe (137). This dual-trigger technique allows the inclusion 

of up to 1.6 g of 5-ASA due to its excellent colonic specificity and dependability; 

significant doses of 5-ASA (up to 4.8 g daily) are necessary to attain the prescribed 

levels in mild to moderate UC cases. 

This capacity to deliver a significant dose in a once-daily formulation decreases the 

number of doses patients must take, enhancing patient compliance and acceptability. 

While they were initially designed to treat local colonic disorders, the clinical success 

of the dual trigger of the PhloralTM and OPTICORETM systems has transformed them 

into universal delivery systems capable of transporting almost any product to the colon. 

This provides the path for their application in diseases other than IBD and local disorders 

of the colon (1). 
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2. Chapter: Enzyme sensitive coatings for colon targeting 

 

2.1. Gut microbiota 

 

Colonic microbiota is experiencing a renaissance due to the multitude of associated 

benefits and opportunities and it is now becoming an emerging therapeutic target  

(108,138,139). 

It was demonstrated that the highest concentration of microorganism of the entire body 

is hosted in the colon, with 1010 - 1012 cells per mL, including more than 1000 different 

species (78,79). This diversity includes not only bacteria but also fungi, viruses, archaea, 

free DNA, and many associated enzymes and metabolites (94). Bacteroidetes, 

Firmicutes, Proteobacteria, and Actinobacteria are the most common bacteria inhabiting 

the colon (142) and their distribution varies through the different sections of the colon. 

Generally bacteria concentration increases between the proximal and distal colon and 

gradually decreases in the rectum (143), the species responsible for the fermentation of 

complex polysaccharides are generally located within the proximal colon (140). 

It is important to know that the microbiome composition varies between individuals and 

within the same individual, it varies naturally during the life-time due to age, lifestyle, 

disease state and alimentation habits. Despite these variations, the general functions, 

such as fibre fermentation, is similar in healthy adults (97). 

Microbiome composition and functionality are closely linked to several disease states, 

being the cause or the consequences of health problems. These effects can be local, 

related for example to inflammatory bowel diseases (144) or systemic. Recent studies 

proved the relation between microbiome dysbiosis and systemic disorders such as 

dyslipidaemia, urinary tract infections, and neurological conditions, such as Alzheimer’s 

and Parkinson’s disease (145–149). 

The effects of the microbiome activity are not only limited to the body physiology but 

extended to drug modification, accumulation or inactivation (79,90,91,92), having 
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important consequences on the therapeutic and side effects. For these reasons it is 

essential to take into account the microbiome activity while aiming local drug delivery 

to the colon (151,153).  

There exists a plethora of molecules whose administration significantly impacts the 

intestinal microbiome. Antibiotics are the most known drugs to have effects on bacteria 

composition and activity that can last for months or even years (112,154,155). Other 

drugs and excipients that do not directly target the microbiome have been identified as 

causing dysbiosis, 27 % of non-antibiotics inhibited the growth of at least one species 

(156,157). 

 

2.2. Animal models for colonic drug delivery  

 

It is critical to choose in vivo animal models that best resemble the physiology of the 

human GI tract for developing innovative colon targeted formulations. Price, 

availability, and convenience of handling are frequently more influential than 

physiological similarities in the selection of animal models (158). 

Animals show significant interspecies differences in GI anatomy and physiology, 

resulting in a wide range of drug bioavailability and absorption (159). Unfortunately, no 

single animal can exactly mimic the human GI tract. Because of this variability, 

researchers studying colonic site-specific delivery technologies frequently employ a 

variety of animal models, including small rodents such as mice, rats, rabbits, guinea 

pigs, and larger animals such as dogs, pigs, and non-human primates (159). Recognizing 

the usefulness of animal models for evaluating colon-targeted drug delivery in humans 

is critical for optimising pre-clinical development efficacy. The most appropriate animal 

model is likely to be determined by dosage form features, parameters to be investigated, 

and the indication to be treated. 

Furthermore, for formulations intended to treat both sexes of humans, equitable 

representation of female and male animals during pre-clinical testing is critical (80). 

Although the mouse/rat microbiome differs from the human colon in composition, rat 
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caecal material shows similar concentration of Bifidobacteria and Bacteroides (160). 

Variability amongst animals can also be reduced by standardising their living habitat 

and diet. 

 

2.3. Faecal slurries used to simulate the colonic environment  

 

While performing in vitro drug release of formulation aiming colon targeting, it is 

important to simulate as much as possible the colonic environment. One possibility is 

the use of faecal material dispersed in an appropriate release media (faecal slurries). This 

media inoculated with colonic bacteria will mimic the microbial composition and 

diversity, supporting the microbial growth during the experiment and enabling the 

prediction of drug release, solubility and stability (161,162).    

Depending on the aim of the experiment, donors with different characteristics can be 

used (healthy individuals, patients, animal models etc.) and several parameters such as 

media pH, faecal material concentration and type of growth media can be modified. 

Healthy humans have an average pH of 6.64 and contain between 25-54 % of solid 

material. The concentration of undigested polysaccharides, proteins and lipids varies 

according to the eating habits and it is generally around 25 % (163). In order to allow 

an effective homogenization of the faecal material and to guarantee a continuous 

bacterial growth, a concentration between 10-25 %  is commonly used (109,162,164).  

One of the main advantages in using patients’ faeces or animal models is the possibility 

to reproduce in vitro the disease state that it is aimed to target (165). Inflammatory bowel 

diseases play an important role in the microbiome dysbiosis; therefore, it is 

recommended to test drugs/formulations in a disease simulated environment (144). 

It must be taken into account that the parameters set at the beginning might vary during 

the experiment due to the production of short chain fatty acids resulting in a decrease in 

pH (166). The acidification of the media will eventually lead to bacterial stasis/death 

(167). 
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In this work, a setup known as “static batch culture” was used to analyse drug 

dissolution, stability, and solubility. In this type of setup, the drugs/formulation are 

incubated in faecal slurry for short timeframes (≤ 24 hours) with regular samples 

withdrawal (168). 

More complex systems are available to simulate several regions of the gastrointestinal 

tract, they normally consist in multiple compartments connected to each other and which 

allow the fine settings of parameters such transit time, pH, fasted or fed state (169,170).  

The Mucosal Simulator of the Human Intestinal Microbial Ecosystem (M-SHIME®) is 

one of the most advanced systems, which includes vessels representative of the stomach, 

small intestine, and ascending, transverse, and descending colon (171). One of the main 

advantages of this system is the presence of a simulated mucus layer, able to foster the 

growth of both mucosal and luminal microbiota (172). The most promising candidates 

selected during the first phase of the project were tested with the M-SHIME system 

(Chapter 3).  

Faecal slurries cannot fully represent the colonic microbiome composition, but they 

offer an easy and effective method to reproduce formulation behaviour in vivo, in a 

controlled and reproducible manner (171,173,174). 
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2.4. Materials and methods 

 

2.4.1. Materials  

 

5-aminosalicylic acid (5-ASA, Alfa Aesar, Kendel, Germany); BactoTM Tryptone, 

BactoTM desiccated Beef extract (Becton, Dickinson and Co., Le Pont de Claix, 

France); Sodium chloride 99.5 % (Acros organics, Geel, Belgium); Yeast Extract 

(Oxoid, Dardilly Cedex, France); L-Cysteine hydrochloride (Sigma-Aldrich Co., 

Steinheim, Germany). AneroGen™ 3.5 L/2.5 L (ThermoScientific, Basingstoke, UK), 

pH-Fix (Macherey-Nagel, Düren, Germany). 

Aqueous ethylcellulose dispersion (Aquacoat ECD, Colorcon, Kent, England); dibutyl 

sebacate (Acros organics, France); hydroxypropyl methylcellulose (HPMC, Methocel 

K3 premium LV, Colorcon, Kent, England). 

Suglets® (sucrose/starch starter cores, mesh 30/35, 500-600 µm, Colorcon, Dartfond, 

England); Starch 1500® (pregelatinized maize starch, Colorcon, Kent, England); 

Glucidex® 17 (corn maltodextrin, Roquette Freres, Lestrem, France); Glycolys® 

Sodium Starch Glycolate (Roquette Freres, Lestrem, France); SweetPearl® P300 DC 

Maltitol (D-Maltitol, Roquette Freres, Lestrem, France); Cleargum® (octenyl succinate 

starch, Roquette Freres, Lestrem, France); Clearam® (cook-up starch, Roquette Freres, 

Lestrem, France); Wheat starch (Roquette Freres, Lestrem, France); aloe vera extract 

powder, Reishield (Specialty Natural Produtcs Co., Ltd, Thailand); Goji Berry Extract 

Powder (Specialty Natural Produtcs Co., Ltd, Thailand); Reishi Extract Powder 

(Specialty Natural Products Co., Ltd, Thailand); Coix lacryma Extract powder (Centella 

asiatica Extract powder, (Specialty Natural Products Co., Ltd, Thailand); Abelmoscus 

esculentus extract powder (Specialty Natural Products Co., Ltd, Thailand); 

Orafti®Synergy1 (Inulin, BENEO-Orafti S.A. plant, Oreye, Belgium); Orafti®HIS 

(Inulin, BENEO-Orafti S.A. plant, Oreye, Belgium); Orafti®ST-Gel (Inulin, BENEO-

Orafti S.A. plant, Oreye, Belgium); Orafti®HP (Inulin, BENEO-Orafti S.A. plant, 

Oreye, Belgium); Orafti®P95 (oligofructose, BENEO-Orafti S.A. plant, Oreye, 

Belgium); Remypro® N80+ (rice protein, BENEO-Orafti S.A. plant, Oreye, Belgium); 
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Palatinose™ (Isomaltulose, BENEO-Orafti S.A. plant, Oreye, Belgium); pectin from 

apple and pectin from citrus (Sigma Chemical Co., St. Louis, USA); Locust bean gum 

powder, Gellan Gum High Acyl , Konjac Gum Powder (Special Ingredients Ltd, 

Chesterfield, UK); Spray dried Gum Acacia and Gum Karaya Powder (Alland & Robert, 

Saint-Aubin sur Gaillon, France); 1500® (pregelatinized maize starch) (Colorcon, Kent, 

UK); Xylan from corn core (Tokyo Chemical industry, Zwijndrecht, Belgium); Genu 

Pectin citrus (Hercules, Atlanta, Georgia); ChitoClear® (Chitosan, Melun cedex x EHF, 

Iceland); Novelose® 240 and Novelose® 330 (starch, Ingredion Germany GmbH, 

Hamburg, Germany); Marine Colloids™ (Carrageenan, France); rice starch (Cooper, 

Melun cedex, France); EMCOSOY®  (soy polysaccharides, JRS Pharma GmbH & Co. 

KG, Rosenberg, Germany). 

Hydrochloric acid S.G. (FisherScientific, Loughborough, UK); PB-buffer pH 6.8 made 

of:  Potassium dihydrogenphosphat (Acros organics, Geel, Belgium), Sodiumhydroxide 

White Pellets (FisherScientific, Loughborough, UK). Methanol (Carlo Erba Reagents, 

Val de Reuil Cedex, France); Acetic acid glacial (Fisher Scientific, Loughborough, UK). 

 

2.4.2. Inoculation of polysaccharides in culture medium 

+/- faecal samples 

 

Culture medium was prepared by dissolving 1.5 g beef extract, 3 g yeast extract, 5 g 

tryptone, 2.5 g NaCl and 0.3 g L-cysteine hydrochloride in 1 L distilled water under 

heating. The pH was adjusted to 7.0 ± 0.2 with HCl or NaOH. The culture medium was 

sterilised in an autoclave at 115 °C for 20 min, and stored at 4 °C until use. Prior to 

inoculation with bacteria, the medium was heated to 100 °C for 20 min to reduce the 

amount of oxygen and cooled to room temperature. 

Two g polysaccharide were dissolved/dispersed in 100 mL culture medium, followed 

by sterilization in an autoclave at 115 °C for 20 min. Eight mL of the solution/dispersion 

were inoculated in a glass tube with 2.0 mL faecal slurry (106 CFU/mL bacteria) from 

inflammatory bowel disease patients, healthy dogs, or inflammatory bowel disease 

model rats. In the latter rat model, the disease was induced as follows: The animals were 
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anesthetized for 90–120 min using pentobarbital (40 mg/kg) and received an intrarectal 

administration of TNBS (trinitrobenzene sulfonic acid, 250 μL, 20 mg/rat), dissolved in 

a 1:1 mixture of an aqueous 0.9 % NaCl solution and ethanol. The rat faeces were 

collected 1 d after TNBS administration. The tubes were incubated at 37 °C under 

anaerobic conditions (5 % CO2, 10 % H2, 85 % N2). The pH value of the bulk fluid 

was measured using pH indicator paper (Macherey-Nagel, Duren, Germany): 

immediately after faecal slurry addition, as well as after 8 and 24 h incubation. All 

experiments were performed in triplicate. Mean values +/- standard deviations are 

reported. 

 

2.4.3. Inoculation of Bacteroides and Bifidum bacteria in 

culture medium +/- DBS 

 

The kill-time test was applied to evaluate the antimicrobial activity of the plasticizer 

DBS by determining the reduction of the bacterial (Bacteroides Vulgatus and 

Bifidobacterium) population in terms of the exposure time to the plasticizers.  

0.38 mg of plasticizer were added to 10.0 mL of bacteria suspension (1x105 CFU mL-

1) and the tubes were incubated at 37 °C under anaerobic atmosphere. At predetermined 

time (0, 2, 6 and 24 h) 0.1 mL sample was collected and diluted to 10 mL of Cysteinated 

Ringer solution (CR). Successive 1/10 dilutions in (CR) were made up to 10−6 from the 

recovered bacterial suspension and 0.1 mL of each dilution was seeded onto Colombia 

Culture medium (CC). The plates are then incubated for 4 days at 37 °C. The number of 

viable bacteria (colony forming unit, CFU) was counted and expressed in Log 

CFU·mL−1 using the following formula: Viable bacteria (Log CFU·mL ) log( 1 n 0 10 

), 1 d where n represents the counted number of outgrown colonies and d represents the 

dilution. 
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2.4.4. Preparation of drug-loaded starter cores 

 

5-aminosalicylic acid (5-ASA)-loaded starter cores were prepared by layering an 

aqueous drug-binder solution (18.2 % w/w 5-ASA, 0.9 % w/w HPMC) onto drug-free 

sucrose starter cores in a fluidized bed coater (Solidlab 1, Bosch, Schopfheim, 

Germany). The process parameters were as follows: inlet temperature = 50 °C, product 

temperature = 39 ± 2 °C, spray rate = 0.3 g/min, atomization pressure = 0.6 bar, air flow 

rate = 25 % (10 m3/h), batch size = 100 g, internal nozzle diameter = 0.8 mm, external 

nozzle diameter = 1.7 mm. The coating was performed until a drug loading of 6 % (w/w) 

was obtained. 

 

2.4.5. Film coating of drug-loaded pellets 

 

Three (3.0) g plasticizer (DBS) were dispersed in 40.0 g aqueous ethylcellulose 

dispersion (Aquacoat ECD). The formulation was stirred at room temperature for 24 h 

(magnetic stirrer, Heidolph, Schwabach, Germany). 

A solution/dispersion of a second polysaccharide was prepared by dispersing 8.0 g of 

that compound in water, followed by stirring at room temperature for 3 h. The amount 

of water was adapted to the type of polysaccharide, assuring an appropriate viscosity of 

the liquid formulation for spraying: Twenty mL water were used in the case of Orafti 

Synergy 1, Orafti HSI, Orafti P95, Orafti HP, xylan from corn core, aloe vera extract 

powder, Novelose 240, Glucidex® 17 D, SweetPearl P300 DC, LAB 4118, Palatinose 

PST-N, Cleargum, rice starch, abelmoscus esculentus extract powder, Clearam and 

raffinose. Forty mL water were used in the case of reishi extract, goji berry extract 

powder and coix lacryma extract powder. Sixty mL water were used in the case of Starch 

1500 and spray dried acacia gum. 

The polysaccharide solution/dispersion was blended with the plasticized aqueous 

ethylcellulose dispersion. The final ratio of the 2nd polysaccharide: ethylcellulose (dry 
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masses) was 2:3 (w/w). The blends were stirred for 1 h prior to coating. The drug-loaded 

starter cores were coated in a fluidized bed coater (Solidlab 1). The process parameters 

were as follows: inlet temperature = 50 °C, product temperature = 39 ± 2 °C, spray rate 

= 0.3 g/min, atomization pressure = 0.6 bar, air flow rate = 25 % (10 m3/h), batch size 

= 70 g, internal nozzle diameter = 0.8 mm, external nozzle diameter = 1.7 mm. The 

weight gain was 20 % (w/w). After coating, the pellets were further fluidized for 10 min 

without spraying of liquid, and subsequently cured in an oven for 24 h at 60 °C. 

 

2.4.6. Determination of the practical drug loading 

 

Eighty mg pellets were manually ground for 5 min in a mortar with a pestle. The powder 

was dispersed in 50.0 mL deionized water, followed by stirring for 30 min at room 

temperature (magnetic stirrer, Heidolph, Schwabach, Germany). One (1.0) mL sample 

were withdrawn, filtered (0.2 µm) and their drug content determined by HPLC-UV 

analysis as follows: An UltiMate3000 HPLC apparatus (Thermo Fisher Scientific, 

Waltham, USA), equipped with a reversed-phase column [Gemini®, 5 µm C18, 150 x 

4.6 mm (Phenomenex, Le Pecq, France)] was used. The mobile phase consisted of 10.0 

% methanol and 90.0 % of an aqueous acetic acid solution (1.0 %). The flow rate was 

set to 1.0 mL/min, the column temperature to 25 °C. The drug was detected at 330 nm. 

All experiments were performed in triplicate. Mean values +/- standard deviations are 

reported. 

 

2.4.7. In vitro drug release measurements 

 

Eighty mg pellets were placed into 50 mL falcon tubes, filled with: (i) 42.5 mL culture 

medium inoculated with 2.5 mL faecal slurry (106 CFU/mL bacteria) from 

inflammatory bowel disease patients, inflammatory bowel disease model (TNBS) rats 

or healthy dogs; or (ii) 45.0 mL culture medium free of faeces, for reasons of 
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comparison. The samples were incubated at 37 °C under horizontal agitation (80 rpm, 

mini orbital shaker; Stuart, Staffordshire, UK) and anaerobic conditions (5 % CO2, 10 

% H2, 85 % N2). At predetermined time points, 3.0 mL samples were withdrawn, 

congealed and stored at -25 °C until further analysis. The samples were de-congealed at 

room temperature during 2 h, followed by centrifugation at 15,000 rpm for 10 min 

(Hettich fixed angle rotor, Tuttlingen, Germany) and filtration (0.2 µm PTFE mesh 

filter; Agilent Captiva Econofilters, Santa Clara, USA). The drug content was 

determined by HPLC-UV analysis, as described in section 2.6. 

The stability of 5-ASA in the different release media was evaluated as follows: Five mg 

drugs were dissolved in 50 mL culture medium free of faeces or culture medium 

inoculated with faecal slurries. At pre-determined time points, 1.5 mL samples were 

withdrawn, filtered (0.2 µm) and their drug content was determined by HPLC-UV 

analysis, as described in section 2.6. 

All experiments were performed in triplicate. Mean values +/- standard deviations are 

reported. 

 

2.4.8. Scanning electron microscopy 

 

The morphology of drug layered started cores and polymer coated pellets was observed 

using a JEOL field emission SEM (JSM-7800F, Tokyo, Japan). Samples were fixed on 

the sample holder with a ribbon carbon double-sided adhesive and covered with a fine 

carbon layer. 
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2.5. Results and discussion 

 

Novel colon targeting systems have been prepared based on polymers, which are 

degraded by bacterial enzymes, which are present in the colon of the patient, and which 

show similar performance upon exposure to faecal samples from rats, dogs and IBD 

patients. 

Drug loaded cores are coated with innovative polymer blends. The film coatings 

minimize drug release in the upper gastrointestinal tract. Once the colon is reached, the 

bacterial enzymes present in rat, dog and IBD patient faeces degrade the film coatings, 

and drug release sets on. 

 

2.5.1. Polysaccharide degradation in faecal samples from 

different species 

 

To identify a suitable release rate triggering polysaccharide, a variety of polymeric 

candidates was exposed to culture medium inoculated with faecal samples from the 

different species. Bacterial proliferation was monitored via dynamic changes in the pH 

of the medium. Figures 9 and 10 show the pH values of culture medium inoculated with 

faecal samples from IBD patients, IBD rats and healthy dogs after 8 and 24 h. For 

reasons of comparison, also the pH values at t = 0 (right after the addition of the 

polysaccharide to the medium) are illustrated. If the polysaccharide serves as a substrate 

for the bacteria present in these samples, the latter proliferate, and in case their amount 

is high, the pH rapidly drops due to the generation of short chain fatty acids (175). Thus, 

steep pH drops can serve as an indication for substantial polysaccharide degradation. A 

suitable polysaccharide candidate for species-independent colon targeting should show 

steep pH drops in IBD rats, healthy dogs and IBD patients. As it can be seen, a variety 

of behaviours were observed, differing in the importance of the pH drop and degree of 

dependence on the species.  
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From a practical point of view, the capacity of the film coating to allow for colon 

targeting in IBD patients is most important. This is why the investigated polymers were 

divided into two groups: (i) Polysaccharides showing an important decrease in pH upon 

24 h incubation with faecal slurries from IBD patients (the difference in pH “t = 0” 

versus “IBD patient 24 h” was equal or larger than 2 units). (ii) Polysaccharides showing 

a less pronounced difference (< 1.5 pH units) under these conditions. The first type of 

compounds is potentially promising for colon targeting (illustrated in Figure 9), the 

second type of polysaccharides exhibits a less promising potential (shown in Figure 10).  

The order of the polysaccharides in Figure 9 and 10 corresponds to the importance of 

the decrease in pH (“t = 0” versus “IBD patients 24 h”). The first compounds show the 

highest pH drop and can be considered as the “most promising” polysaccharides in the 

light of these results. However, it has to be pointed out that the polymers exhibiting 

promising potential for colon targeting in IBD patients did not necessarily lead to steep 

and rapid decreases in the pH upon incubation with faecal slurries from IBD rats and/or 

healthy dogs (Figure 9). This can probably be attributed to the fact that in the colon of 

IBD patients, IBD rats and healthy dogs the types and amounts of bacteria secreting 

enzymes (which are able to degrade the polysaccharides) substantially differ. This can 

be expected to cause highly species-dependent colon targeting performance. For 

instance, a dosage form coated with a polymeric film containing a polysaccharide, which 

exhibits a steep pH drop in IBD patients, but not in healthy dogs, likely fails in the 

preclinical phase of product development, although it has an interesting potential to treat 

patients. 

The polysaccharides shown in Figure 10 are “less promising candidates” in the light of 

the pH drops observed upon incubation with faecal slurries from IBD patients, IBD rats 

and healthy dogs in this study. The differences in pH at “t = 0” and after 24 h incubation 

with faeces from IBD patients are inferior to 1.5 units. Again, the order of the 

compounds in the figure corresponds to the importance of the difference in pH (highest 

differences are shown at the beginning). However, great caution must be paid in the case 

of polysaccharides, which acidify the culture medium themselves, for example pectin 
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from apple and citrus: In these cases, the pH is about 4 right from the beginning and 

none of the conditions shows a pH drop.  

It is worth noting that certain polysaccharides (e.g., chitosan) showed a relatively 

pronounced decrease in pH of the culture medium after inoculation with faecal samples 

from healthy dogs. Thus, film coatings based on these compounds might allow for colon 

targeting in these animals. However, the pH drop was not very pronounced upon 

incubation with faecal samples from IBD patients. Consequently, the systems might 

show promising results in the preclinical phase, but fail in subsequent clinical trials.  

Due to the less promising results obtained with the polysaccharides shown in Figure 10 

in terms of potential clinical performance, they were not further investigated in this 

study. Instead, the more promising compounds shown in Figure 9 were used to coat 5-

ASA-loaded starter cores and the resulting drug release kinetics were measured in 

culture medium inoculated with faecal samples from IBD rats, healthy dogs and IBD 

patients. 
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Figure 9 pH values of different polysaccharide solutions/dispersions, inoculated with 

faecal slurries from inflammatory bowel disease patients (IBD patient), inflammatory 

bowel disease model rats (IBD rat) or healthy dogs (dog) for 8 or 24 h (as indicated). 

For reasons of comparison, also the pH values at time t = 0 are indicated. Differences in 

the pH between “t = 0” and “IBD patient 24 h” are important (≥ 2 units). 
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Figure 10 pH values of different polysaccharide solutions/dispersions, inoculated with 

faecal slurries from inflammatory bowel disease patients (IBD patient), inflammatory 

bowel disease model rats (IBD rat) or healthy dogs (dog) for 8 or 24 h (as indicated). 

For reasons of comparison, also the pH values at time t = 0 are indicated. Differences in 

the pH between “t = 0” and “IBD patient 24 h” are not very pronounced (< 1.5 units). 
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2.5.2. Species-dependent drug release from coated pellets 

 

5-ASA-loaded starter cores were prepared by layering an aqueous drug-binder 

(hydroxypropyl methylcellulose) solution onto sucrose starter cores in a fluidized bed 

(6 % drug loading). These starter cores were coated with 20 % of a blend of “colon 

targeting polysaccharide”: ethylcellulose (2:3, w/w, based on dry polymer masses). The 

ethylcellulose trapped the “colon targeting polysaccharide” to limit premature swelling 

and/or dissolution of the film coating in the upper gastrointestinal tract. An aqueous 

ethylcellulose dispersion was used for this purpose. Thus, a plasticizer was added to 

facilitate polymer particle coalescence: dibutyl sebacate (DBS). It has to be pointed out 

that certain plasticizers have been reported to inhibit specific bacterial enzymes (176–

178). Thus, it was important to evaluate the potential impact of the presence of this 

plasticizer on the growth of the bacteria in faecal samples from IBD patients. Figure 11 

shows the growth of Bacteroides and Bifidus species in culture medium in the presence 

and absence of 38 mg/L DBS (dashed and solid curves, respectively). As it can be seen, 

no inhibitory effect of DBS was observed on the growth of these bacteria under these 

conditions. Thus, the capacity to allow for colon targeting in IBD patients using the 

investigated polymeric film coatings is probably not affected by the presence of this 

plasticizer. 
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Figure 11 Growth of Bacteroides and Bifidus bacteria in culture medium in the presence 

or absence of the plasticizer DBS. 
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Figure 12 SEM pictures of: a) 5-ASA-loaded starter cores, and b) pellets coated with a 

2:3 xylan:ethylcellulose blend (20 % coating level). 

 

Figure 12 shows examples of SEM pictures of surfaces of 5-ASA loaded starter cores 

and xylan: ethylcellulose coated beads (20 % coating level), respectively. As it can be 

seen, the drug-binder as well as the polysaccharide: ethylcellulose layers completely 

cover the surfaces of the spheres and have a homogeneous appearance. At higher 

magnification, needle-shaped 5-ASA crystals are visible in the case of the drug-layered 

starter cores, but not in the case of the xylan:ethylcellulose coated beads. This can serve 

as an indication for the fact that the drug layer is fully surrounded by the outer “colon 

targeting layer”. 
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Drug release from the polymer-coated beads was measured in culture medium 

inoculated with faecal samples from IBD rats, healthy dogs and IBD patients under 

anaerobic conditions. For reasons of comparison, 5-ASA release was also monitored in 

pure culture medium. Importantly, the drug was stable during the observation period in 

all types of media, irrespective of the presence or absence of faecal slurries: Not more 

than 5 % 5-ASA was degraded after 48 h (at 0.1 mg/mL). Thus, the enzymes present in 

the faecal samples do not chemically attack the drug to an important extent. 

The green and blue curves in Figure 13 show the observed 5-ASA release kinetics from 

pellets coated with different polysaccharide: ethylcellulose blends in culture medium 

inoculated with faecal samples from IBD rats, healthy dogs and IBD patients. The black 

curves illustrate drug release in the absence of faecal slurries. A promising colon 

targeting system should show clear differences in the release rates in the presence versus 

absence of faecal samples: The presence of the colonic bacteria should trigger film 

coating degradation and result in faster drug release. Hence, promising film coating 

candidates show important differences between the colored and the black curves. The 

black curves should show limited 5-ASA release during the observation period. As it 

can be seen in Figure 13, this is the case for all formulations. Unfortunately, several film 

coatings do not show very pronounced differences in the release rates in the presence of 

faecal slurries. For example, in the case of abelmoscus esculentus extract even after 24 

h, the difference of drug release in the presence versus absence of faecal samples from 

IBD patients, IBD rats and healthy dogs was less than 30 %. Please note that this 

polysaccharide showed the most promising results with respect to the steepness in the 

pH drop upon incubation of the pure compound in culture medium with or without faecal 

slurries (Figure 9). The structure of the polymeric film coating (containing also water-

insoluble ethylcellulose) might at least in part explain this observation: Eventually, the 

enzymes cannot freely attack the polysaccharide in the film coating, because it is too 

effectively trapped in the ethylcellulose matrix. The inner film coating structure depends 

on a variety of parameters, including the miscibility of the two polymers and their 

behavior during film formation (e.g., precipitation rate of dissolved polymer chains and 

phase separation). 
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Furthermore, ideal film coatings allowing for colon targeting should be species-

independent and exhibit similar drug release kinetics upon incubation in culture medium 

containing faecal samples from IBD rats, healthy dogs and IBD patients. As it can be 

seen in Figure 13, this was not the case for the illustrated polysaccharide: ethylcellulose 

blends. In certain cases, drug release was much faster in the presence of faeces from 

IBD rats compared to IBD patients (e.g., isomaltulose and rice starch). In many cases, 

drug release was slower in the presence of faecal samples from healthy dogs compared 

to faecal samples from IBD rats or IBD patients (e.g., raffinose, xylan, resistant maize 

starch). This is consistent with the observation that the pH drop upon incubation of 

several pure polysaccharides with faecal slurries from healthy dogs was limited after 8 

h compared to the other species (Figure 9). So, it seems that the colon of a dog does not 

contain the same types and amounts of enzymes needed to rapidly degrade these 

compounds. 

Thus, film coatings based on these polysaccharides: ethylcellulose blends might lead to 

erroneous decisions during the preclinical development phase of novel colon targeting 

products, or show only limited colon targeting potential in IBD patients. 
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Figure 13 5-ASA release from pellets coated with different types of polysaccharides: 

ethylcellulose blends (2:3 w/w blend ratio; 20 % coating level) in culture medium 
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inoculated with faecal samples from IBD patients, IBD rats or dogs (as indicated). For 

reasons of comparison, also drug release in pure culture medium is illustrated. 
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Figure 13 (continue) 
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2.5.3. Species-independent colon targeting 

 

Interestingly, two of the investigated film coatings showed a highly promising potential 

to allow for colon targeting in IBD patients and exhibit only limited species dependence: 

Figure 14 illustrate the release of 5-ASA from pellets coated with aloe vera extract: 

ethylcellulose (2:3 w/w) and reishi extract: ethylcellulose (2:3 w/w) blends (20 % 

coating level in both cases). Again, the green, red and blue curves show drug release in 

the presence of faecal samples from IBD rats, healthy dogs and IBD patients, while the 

black curves illustrate 5-ASA release in culture medium free of faeces. Reishi extract is 

obtained from the fruiting body of a mushroom: Ganoderma lucidum, 

Ganodermataceae. Clearly, for both types of extracts (aloe vera and reishi) drug release 

was much faster in the presence of faecal slurries compared to pure culture medium. 

Thus, these film coatings offer an interesting potential to allow for colon targeting. 

Importantly, the observed release kinetics were rather similar for all types of 

investigated faecal samples: from IBD rats, healthy dogs and IBD patients. Thus, results 

observed in the preclinical development phase of a new drug product aiming at colon 

targeting are likely predictive for the performance of the system in subsequent clinical 

trials, in terms of drug release. This is very important from a practical point of view, to 

minimize the risk of erroneous decisions at this early stage of product development. In 

addition, these film coatings also offer an interesting potential to allow for colon 

targeting in dogs as advanced veterinary medicines. The reason for the promising 

performance of these film coatings is probably the fact that the enzymes, which are 

required to degrade the compounds in aloe vera extract and reishi extract, are present in 

sufficient quantities in the colon of IBD rats, healthy dogs and IBD patients. 
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Figure 14 5-ASA release from pellets coated with aloe vera extract: ethylcellulose 

blends or reishi extract: ethylcellulose blends (2:3 w/w blend ratio; 20 % coating level) 

in culture medium inoculated with faecal samples from IBD patients, IBD rats or dogs 

(as indicated). For reasons of comparison, also drug release in pure culture medium is 

illustrated. 

 

2.6. Conclusions 

 

Great caution must be paid when studying the performance of bacteria-sensitive film 

coatings aiming at colonic drug delivery in animals in order to predict their performance 

in human patients. The types and amounts of bacteria substantially differ between 

species and erroneous conclusions during the preclinical development phase can easily 

be made. Interestingly, film coatings containing aloe vera extract or reishi extract show 

a promising potential for colon targeting in IBD patients and exhibit similar release 

patterns in IBD rats and healthy dogs. 
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3. Chapter: The SHIME® semi-dynamic gastrointestinal 

release model for colon-targeting drug delivery systems. 

 

The in vitro measurements reported in this chapter were performed by ProDigest B.V. 

(Technologiepark-Zwijnaarde 73, 9052 Gent, Belgium). 

 

3.1. Overview 

 

3.1.1. The SHIME® (Simulator of the Human Intestinal 

Microbial Ecosystem). 

 

The SHIME® semi-dynamic gastrointestinal release model is a fully automated 

computer-controlled system allowing to test 3 conditions in biological triplicate per 

experimental run (Figure 15). Each bioreactor consists of a double jacket custom-made 

(ProDigest B.V.) glass reactor that allows the control of the temperature of the bioreactor 

through a circulating water bath. Each reactor is sealed at the top with a custom-made 

lid (ProDigest B.V.) harbouring multiple passage ways for inserting a pH electrode, 

tubing for active pH control, and sampling ports. The sampling ports are surrounded at 

the bottom by a mesh that prevents the removal of pellets from the bioreactor during 

sampling of the aqueous phase. Anaerobic conditions can be maintained by active 

flushing of the vessels with nitrogen. The pH of the bioreactors is actively controlled by 

the software at a dedicated setpoint by the addition of 2 M NaOH and 0.5 M HCl. All 

automated pump actions are controlled by the software and executed with peristaltic 

precision pumps. Each vessel is put on top of a magnetic stirrer that drives a stirrer bar 

inside the vessel. In each bioreactor, the transit of oral dosage forms through the 

complete gastrointestinal tract is studied by sequentially simulating the passage through 

the stomach, small intestine, and colon (Figure 15). 
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Figure 15 Fully automated computer-controlled semi-dynamic SHIME® model for 

colon-targeted drug delivery system testing. The system harbors nine separated 

bioreactors allowing to test 3 different conditions in biological triplicate at once. In each 

bioreactor the passage of the colon-targeted drug delivery system through the complete 

gastrointestinal tract is simulated by the sequential simulation of the stomach, small 

intestinal, and colonic phase. 

 

3.2. Materials and methods 

 

3.2.1. Materials  

 

The study performed on film coated 5-ASA-loaded pellets presented in Chapter 2 

(Figures 13 and 14), lead to the selection of six formulations, considered the most 

promising of the research project. The formulations were tested in vitro using the 

SHIME® model. Each of the formulations had a specific drug loading. Based on this 

drug loading a pre-determined amount of pellets was added to the bioreactors to end up 



 

50 

Confidential  

 

with a final dose of 1500 mg mesalazine, corresponding to the drug loading presents in 

commercial products (Table 1). 

 

Table 1 Coating composition, drug loading, and added dose of pellets of the six different 

formulations tested. 

Formulation Coating composition (6:4) Coating level 

(%) 

Drug loading 

(%) 

Dose (g) 

A Ethylcellulose: Aloe vera extract 45 15.5 9.7 

B 
Ethylcellulose: Pregelatinized starch 

(Starch 1500) 
45 17 8.8 

C Ethylcellulose: Reishi extract 45 15.5 9.7 

D Ethylcellulose: Maize maltodextrin 45 15.5 9.7 

E Ethylcellulose: Xylan 45 15.5 9.7 

F Ethylcellulose: Inulin (Orafti HSI) 45 15.5 9.7 

 

Pepsin, NaCl, K2HPO4, KH2PO4, NaHCO3 and MgSO4.7H2O (ChemLab, Zedelgem, 

Belgium); yeast extract and pepton (Oxoid, Basingstoke, GB); starch (Sourby, 

Roeselare, Belgium); phosphatidylcholine (Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany); oxgall (Becton-Dickinson (BD), Erembodegem, Belgium); pancreatin, L-

Cystein HCl, Tween 80, ZnSO4.7H2O, FeSO4.7H2O, Menadione stock solution and 

Hemin stock solution (Merck Life Science, Hoeilaart, Belgium); MeOH, CaCl.2H2O 

and MnCl.4H2O (VWR, Leuven, Belgium)  

 

3.2.2. Preparation of drug-loaded starter cores 

 

5-aminosalicylic acid (5-ASA)-loaded starter cores were prepared by layering an 

aqueous drug-binder solution (18.2 % w/w 5-ASA, 0.9 % w/w HPMC) onto drug-free 

sucrose starter cores in a fluidized bed coater (Solidlab 1, Bosch, Schopfheim, 

Germany). The process parameters were as follows: inlet temperature = 50 °C, product 

temperature = 39 ± 2 °C, spray rate = 0.3 g/min, atomization pressure = 0.6 bar, air flow 
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rate = 25 % (10 m3/h), batch size = 500 g, internal nozzle diameter = 0.8 mm, external 

nozzle diameter = 1.7 mm. The coating was performed until a drug loading of 15% 

(w/w) was obtained. 

 

3.2.3. In vitro drug release measurements  

 

Twenty-five mg pellets were placed into 50 mL falcon tubes, filled with: (i) 33.5 mL 

HCl (pH=1.2) to simulate the stomach. After 1 h, 11.5 mL of 0.20 M solution of 

trisodium phosphate dodecahydrate were added to simulate the small intestine (pH=6.8) 

during 4 h, then the formulations were transferred in 45 mL of culture medium 

inoculated with 2.5 mL faecal slurry (106 CFU/mL bacteria) from inflammatory bowel 

disease patients; or (ii) 45.0 mL culture medium free of faeces, for reasons of 

comparison. The samples were incubated at 37 °C under horizontal agitation (80 rpm, 

mini orbital shaker; Stuart, Staffordshire, UK) and anaerobic conditions (5 % CO2, 10 

% H2, 85 % N2). At predetermined time points, 3.0 mL samples were withdrawn, 

congealed and stored at -25 °C until further analysis. The samples were stocked, de-

congealed and analysed as reported in Chapter 2. 

All experiments were performed in triplicate. Mean values +/- standard deviations are 

reported. 

 

3.2.4. Film coating of drug-loaded pellets 

 

The drug-loaded pellets were coated with a blend of ethylcellulose: polysaccharide as 

reported in Chapter 2. The weight gain was 45 % (w/w). After coating, the pellets were 

further fluidized for 10 min without spraying of liquid, and subsequently cured in an 

oven for 24 h at 60 °C. 

3.2.5. In vitro drug release in SHIME® model  
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At the start of the experiment 55 mL of simulated gastric juice were added to the reactors 

together with 250 mL of water simulating the ingestion of a dose under fasted state 

conditions. A pre-determined amount of pellets was added to the reactor to end up with 

a final dose of 1500 mg mesalazine. The stomach phase lasted for 45 min. Throughout 

the stomach phase the pH of the vessel was automatically controlled at 1.6 (pH interval 

1.45-1.65). At the end of the stomach phase all liquid was removed from the bioreactor 

and 53.3 mL of simulated duodenal juice was added to the system. The pH of the 

duodenum was kept at a value of 6.5. After 20 min, 46.7 mL of simulated jejunal juice 

was added to the reactor. Under IBD conditions the jejunal pH linearly increased from 

a value of 6.5 to a value of 6.9 over a period of 2h. After 140 min of small intestinal 

incubation 46.7 mL of jejunal juice was removed from the system and 146.7 mL of 

ileum juice was added to the reactor. The pH was kept constant at 6.9 (pH interval 6.6-

6.9) throughout the 100 min of ileal incubation. In total the small intestinal transit time 

under IBD conditions was 240 min. The bioreactors were maintained anaerobic through 

flushing with nitrogen and the temperature was controlled at 37°C. The content of the 

bioreactors was mixed through stirring at 450 rpm. Samples for determination of the 

amount of released mesalazine by UHPLC-PDA were taken at dedicated time points 

namely at the end of the stomach phase, at the start of the ileal phase, and at the end of 

the ileal phase. 

At the end of the ileal incubation phase the colonic phase was initiated by adding 332 

mL of simulated colonic medium to the reactors together with 28 mL of resuspended 

faecal inoculum. For the simulation of IBD conditions three separate faecal samples 

obtained from three IBD donors were used as a source of inoculum. The initial pH of 

the colon was at a low value of 5.0 (pH interval 4.9-5.1) for the first 7h of the colonic 

phase simulating the transit of the dosage form through the proximal colon. In between 

7h and 9h of colonic incubation the pH increased till a value of 6.3 (pH interval 6.2-

6.45) and was maintained for 4 hours simulating the passage through the transversal 

colon. Finally, the pH linearly increased till 6.8 (pH interval 6.7-6.9) in between 13h 

and 14h of colonic incubation and was maintained constant till the end of the colonic 

phase (24h). This pH profile was implemented to simulate the transfer of a dosage form 

through the colon of people suffering from IBD. The bioreactors were maintained 
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anaerobic through flushing with nitrogen and the temperature was controlled at 37°C. 

The content of the bioreactors was mixed through stirring at 450 rpm. Samples were 

taken at the start (0h) and after 1h, 3h, 16h, and 24h of colonic incubation for the 

quantification of the amount of mesalazine released during colonic transfer. 

Furthermore, concentrations of short-chain fatty acids (SCFA), lactate, branched short-

chain fatty acids (B-SCFA) and ammonium were determined to study the impact of the 

different formulations on the colonic microbiota activity of the different IBD donor 

faecal samples. At the end of the colonic incubations the remaining undissolved pellets 

were harvested from the bioreactors in order to quantify the fraction of mesalazine that 

was not released throughout the complete gastrointestinal transfer. 

 

3.2.6. Analytical quantification 

 

Determination of SCFA concentrations, including acetate, propionate, butyrate and 

branched chain fatty acids (bCFA; sum of isobutyrate, isovalerate and isocaproate) was 

executed as previously described by De Weirdt et al..(179) Lactate levels were 

determined using a commercially available enzymatic assay kit (R-Biopharm, 

Darmstadt, Germany) according to manufacturer’s instructions and measured on an 

iCubio iMagic-M9 (Shenzhen iCubio Biomedical Technology Co. Ltd., Shenzhen, 

China). Ammonium analysis was run on an AQ300 Discrete Analyzer (Seal-Analytical, 

Rijen, The Netherlands) using the indophenol blue spectrophotometric method 

according to manufacturer’s instructions. 
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3.3. Results and discussion 

 

The preliminary study performed on drug-layered coated pellets reported in Chapter 2 

allowed the selection of 6 polymers considered the most promising candidates for a 

functional coating aiming colon targeting.  

The screening phase was performed on pellets coated with 20 % weight gain coating. 

The following study focused on the optimization of the coating characteristics as well 

as the increasing of the drug loading. For this reason, smaller starter cores (250 – 355 

µm) were coated with a higher amount of drug (20 %) and a thicker functional coating 

(45 % coating level).  

The formulations were tested in vitro, simulating the different sections of the GIT. The 

dissolution study was performed in a 50 mL falcon changing the release media during 

time, in order to simulate consequently: stomach, small intestine and colon. The coated 

pellets were exposed for 1 h to pH =1.2 and once a 3 mL sample was taken, the release 

medium was carefully replaced with PB pH=6.8 with the help of a syringe. After 4 h 

exposure to pH=6.8 the release medium was replaced with culture medium inoculated 

with faeces from IBD patients. For comparison, the test was also performed in a culture 

medium free of faeces. Figure 16 shows the release profiles of mesalazine from 

formulations coated with a blend of alternatively aloe vera or reishi extract and 

ethylcellulose. In both cases the coating prevents the release in the acidic environment. 

Aloe vera coating is able to prevent the release in the simulated small intestine and a 

burst effect is observed after one 1 h exposure to the simulated colonic environment in 

the presence of bacteria. In the control medium (free of bacteria) the drug release is 

moderated and only after 8 h exposure to the medium most of the drug is released (Figure 

16 A). The formulation coated with the blend of reishi extract and ethylcellulose is able 

to prevent the drug release at pH=1.2 but showed a similar release behaviour in the 

absence and presence of colonic bacteria, with important standard deviation in the latest 

case (Figure 16 B).  
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Figure 16 5-ASA release from pellets coated with aloe vera extract: ethylcellulose 

blends (A) or reishi extract: ethylcellulose blends (B) (2:3 w/w blend ratio; 45 % coating 

level) in HCl (pH=1.2) for 1 h, followed by PB (pH=6.8) for 4 h followed by culture 

medium inoculated with faecal samples from IBD patients up to 24 h. For reasons of 

comparison, also drug release in pure culture medium is illustrated. 

 

3.3.1. Mesalazine release by the six formulations after 

exposure to the faeces of IBD donor A 

 

During the semi-dynamic SHIME® experiments using the faecal inoculum of IBD donor 

A all formulations started to release mesalazine during passage of the pellets through 

the upper gastrointestinal tract. Whereas the release of mesalazine from the six different 

formulations was similar at the end of the stomach incubation phase, differences in 

release characteristics started to appear during passage of the formulations through the 

small intestine. Indeed, formulations B (pregelatinized starch (starch 1500)), E (xylan), 

and F (inulin (Orafti HSI)) demonstrated a high release of mesalazine at the start of the 

ileal incubation phase which continued towards the end of the ileal incubation phase 

releasing 53 ± 3 %, 61 ± 20 %, and 64 ± 2 % of the total released mesalazine throughout 

the upper gastrointestinal tract, respectively (Figure 17).  
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Figure 17 Release of mesalazine (average amount ± stdev; n = 3) from the six 

mesalazine-loaded pellet formulations at the end of the stomach incubation (ST end), 

the start of the ileal incubation (ILE start), the end of the ileal incubation (ILE end) phase 

and after 0h (Colon 0h), 1h (Colon 1h), 3h (Colon 3h), 16h (Colon 16h), and 24h (Colon 

24h) of the colonic incubation phase and the remaining amount of mesalazine present in 
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Formulation F 166,82 681,02 966,98 1117,18 1055,20 1051,40 1315,12 1316,60 37,42
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the undissolved pellets at the end of the colonic incubation phase (A). Normalized time-

course analysis of released mesalazine (average amount ± stdev; n = 3) upon transfer of 

the six mesalazine-loaded pellet formulations through the complete gastrointestinal tract 

(B). Results are representative for the experiments performed with the faecal sample of 

IBD donor A. The red line represents the added dose of mesalazine. 

 

On the contrary, formulations A (Aloe Vera), C (Reishi extract), and D (maize 

maltodextrin) resulted in a more moderate release of mesalazine during passage of the 

pellets through the small intestine thereby only releasing 27 ± 2 %, 31 ± 2 %, and 39 ± 

22 % of the total released mesalazine, respectively (Figure 17). During the colonic 

incubation phase a different release mechanism was observed. In general, all six 

formulations did not release a substantial amount of mesalazine during the initial 3h of 

colonic incubation. In between 3h and 16h of colonic incubation an increase in the 

amount of released mesalazine was observed for all formulations and this presumably 

due to the activity of the colonic microbiota which degraded the polysaccharide 

constituent of the coating of the formulations. Due to the prior release from the 

formulations during passage through the upper gastrointestinal tract differences were 

observed in mesalazine release during passage through the colon. Formulations B 

(pregelatinized starch), E (xylan), and F (inulin) resulted in the lowest amounts of 

mesalazine released during transfer through the colon with 33 ± 9 %, 34 ± 22 %, and 23 

± 3 % of total mesalazine released, respectively. This was due to the fact that these 

formulations already released a substantial amount of mesalazine during passage 

through the small intestine. Whereas formulations A (Aloe Vera), C (Reishi extract), 

and D (maize maltodextrin), resulted in a small release of mesalazine during passage 

through the small intestine, the degradation of the polysaccharide portion of the coating 

by the colonic microbiota of IBD donor A resulted in a substantial release of mesalazine 

after 24h of colonic incubation with 54 ± 9 %, 54 ± 9 %, and 34 ± 23 % of the total 

fraction released, respectively. Formulation D (maize maltodextrin) resulted in the 

lowest total release after passage through the complete gastrointestinal tract (Figure 17). 
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Overall formulation A (Aloe Vera) resulted in the highest release of mesalazine during 

passage through the colon. 
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3.3.2. Mesalazine release by the six formulations after 

exposure to the faeces of IBD donor B 

 

During the experiments using the faecal inoculum of IBD donor B similar mesalazine 

release characteristics were observed for the different formulations as compared to those 

observed during the experiments with the faecal inoculum of IBD donor A. 

Formulations B (pregelatinized starch), E (xylan), and F (inulin) demonstrated a 

comparable and high release of mesalazine at the start of the ileal incubation phase 

which continued towards the end of the ileal incubation phase resulting in 60 ± 15 %, 

61 ± 17 %, and 59 ± 18 % of the total amount of mesalazine released throughout the 

complete experiment, respectively. Mesalazine release from formulation C (Reishi 

extract) was lower (56 ± 12 % of total amount released) as these formulations but higher 

as compared to formulations A (Aloe Vera) and D (Maize maltodextrin) which only 

released minor amounts of mesalazine during passage through the upper gastrointestinal 

tract, namely 37 ± 6 % and 35 ± 19 % of total fraction released throughout the 

experiment (Figure 18). Upon entering the colon, all six formulations did not release 

any substantial amounts of mesalazine during the initial 3h of incubation. However, after 

16h of colonic incubation the degradation of the polysaccharide fraction of the coating 

by the colonic microbiota resulted in an additional release of mesalazine by all 

formulations. The highest colonic release of mesalazine was observed for formulations 

A (Aloe Vera) and D (Maize maltodextrin) with 54 ± 7 % and 34 ± 22 % of the total 

fraction released during this period. Comparison of both formulations revealed that 

lower amounts of mesalazine were release from formulation D (maize maltodextrin) as 

compared to formulation A (Aloe Vera) during passage through the colon thereby 

demonstrating the superior colon-targeting release characteristics of this formulation 

(Figure 18). 
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Figure 18 Release of mesalazine (average amount ± stdev; n = 3) from the six 

mesalazine-loaded pellet formulations at the end of the stomach incubation (ST end), 

the start of the ileal incubation (ILE start), the end of the ileal incubation (ILE end) phase 

and after 0h (Colon 0h), 1h (Colon 1h), 3h (Colon 3h), 16h (Colon 16h), and 24h (Colon 

24h) of the colonic incubation phase and the remaining amount of mesalazine present in 
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Formulation B 193,62 633,48 897,10 1073,31 1006,39 1031,74 1315,53 1354,17 12,68

Formulation C 130,82 496,24 834,43 938,18 933,81 972,32 1301,65 1376,43 20,35

Formulation D 88,09 304,70 521,88 593,26 610,72 644,23 940,06 1035,89 117,97

Formulation E 125,49 600,14 913,21 1024,95 1053,76 1092,45 1306,06 1299,15 64,94

Formulation F 203,74 610,81 887,34 961,55 968,19 976,68 1181,40 1241,68 76,36
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the undissolved pellets at the end of the colonic incubation phase (A). Normalized time-

course analysis of released mesalazine (average amount ± stdev; n = 3) upon transfer of 

the six mesalazine-loaded pellet formulations through the complete gastrointestinal tract 

(B). Results are representative for the experiments performed with the faecal sample of 

IBD donor B. The red line represents the added dose of mesalazine. 

 

3.3.3. Mesalazine release by the six formulations after 

exposure to the faeces of IBD donor C 

 

During the experiments using the faecal inoculum of IBD donor C, formulation B 

(pregelatinized starch) resulted in the highest release of mesalazine (67 ± 15 % of total 

fraction released throughout the experiment) during passage through the upper 

gastrointestinal tract. Formulations C (Reishi extract), E (xylan), and F (inulin) resulted 

in high and similar amounts of released mesalazine during passage through the upper 

gastrointestinal tract with 52 ± 7 %, 44 ± 15 %, and 47 ± 14 % of total fraction released, 

respectively (Figure 4). As was observed during the experiments with faecal inoculum 

of IBD donor A and B, formulations A (Aloe Vera) and D (maize maltodextrin) resulted 

in a low release of mesalazine in the upper gastrointestinal tract with only 33 ± 2 % and 

19 ± 8 % of the total mesalazine fraction released throughout this experimental phase. 

As was observed during the previous experiments none of the six formulations released 

any substantial amounts of mesalazine during the initial 3h of the colonic incubation 

(Figure 19). Degradation of the polysaccharide portion of the coating by the colonic 

microbiota resulted in a further release of mesalazine after 16h of colonic incubation.  

Considering the fact that both formulations B (partially pregelatinized starch), C (Reishi 

extract), E (xylan), and F (inulin) already released a great portion of its mesalazine drug 

load during passage through the upper gastrointestinal tract only moderate amounts of 

mesalazine were released upon passage of these formulations through the colon. On the 

contrary, formulations A (Aloe Vera) and D (maize maltodextrin released the major 

portion of its drug load during passage through the colon, namely 53 ± 2 % and 38 ± 19 
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%, thereby implicating the necessity of the microbial trigger for the release of 

mesalazine. As was observed during the previous experiments formulation A (Aloe 

Vera) gave a near complete release of mesalazine during passage through the colon 

whereas microbial degradation of formulation D (maize maltodextrin) was incomplete 

resulting in the release of the lowest overall total amounts of mesalazine during the 

complete passage of the gastrointestinal tract. As such, these data indicated that 

formulation A (Aloe Vera) had promising colon-targeting release characteristics which 

were superior as compared to the other formulations tested (Figure 19). 
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Figure 19 Release of mesalazine (average amount ± stdev; n = 3) from the six 

mesalazine-loaded pellet formulations at the end of the stomach incubation (ST end), 

the start of the ileal incubation (ILE start), the end of the ileal incubation (ILE end) phase 

and after 0h (Colon 0h), 1h (Colon 1h), 3h (Colon 3h), 16h (Colon 16h), and 24h (Colon 

24h) of the colonic incubation phase and the remaining amount of mesalazine present in 

the undissolved pellets at the end of the colonic incubation phase (A). Normalized time-
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course analysis of released mesalazine (average amount ± stdev; n = 3) upon transfer of 

the six mesalazine-loaded pellet formulations through the complete gastrointestinal tract 

(B). Results are representative for the experiments performed with the faecal sample of 

IBD donor C. The red line represents the added dose of mesalazine. 

 

3.3.4. Impact of the formulations on the metabolic 

activity of the colonic microbiota 

 

Quantification of the concentration of acetate revealed that inter-individual differences 

existed in between the colonic microbiota activity of the three IBD donors. The highest 

concentration of acetate was produced by the colonic microbiota of donor A whereas 

the colonic microbiota of IBD donor B and C produced lower concentrations (Figure 

20). Time-course analyses of acetate production clearly demonstrated that acetate was 

not produced during the initial 3h of colonic incubation, namely the colonic phase during 

which no substantial colonic release of mesalazine occurred. The highest production of 

acetate occurred in between 3h and 16h of colonic incubation (Figure 20). Hence, this 

demonstrated that the colonic microbiota was metabolically active during this period 

which could explain the efficient degradation of the polysaccharides contained in the 

coating and the associated increased release of mesalazine by the different formulations 

during this period of colonic incubation. All six formulations resulted in similar 

concentrations of acetate produced thereby indicating that none of the polysaccharides 

more selectively stimulated acetate-producing bacteria as compared to the other 

formulations (Figure 20). 
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Figure 20 Average increase in concentration (mM) ± stdev (n = 3) of acetate during the 

colonic incubations inoculated with the faecal inoculum of IBD donor A, B, or C upon 

dosing of the six different formulations. Statistically significant differences (Student’s 

T-test; p < 0.05) in between formulations are highlighted with different letters above the 

different bars. 

 

Quantification of the concentrations of propionate and butyrate demonstrated that the 

colonic microbiota of the IBD donors were not capable of producing these short-chain 

fatty acids to a substantial extent which is typically associated with people suffering 

from IBD. However, IBD donor B had a tendency towards higher propionate production 

as compared to the other donors whereas donor A had a slight tendency towards more 

butyrate production. Propionate and butyrate were generally produced in between 16h 

and 24h of colonic incubation. Considering the low concentrations of these metabolites 

produced no clear impact was observed for any of the formulations on the production of 

propionate and butyrate (data not shown). Next to this, only minor amounts of lactate 

and branched short-chain fatty acids were produced by the colonic microbiota of the 

three donors tested with no substantial impact of any formulation type on the production 

of these metabolites (data not shown). On the contrary, substantial concentrations of 

ammonium were produced by the colonic microbiota of the three donors tested. 

Interestingly, formulation A, containing Aloe Vera, consistently resulted in a higher 

ammonium production as compared to the other formulations and this for all IBD donors 

tested (Figure 21). 
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Figure 21 Average increase in concentration (mM) ± stdev (n = 3) of ammonium during 

the colonic incubations inoculated with the faecal inoculum of IBD donor A, B, or C 

upon dosing of the six different formulations. Statistically significant differences 

(Student’s T-test; p < 0.05) in between formulations are highlighted with different letters 

above the different bars. 
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3.4. Conclusion  

 

In vitro tools should accurately simulate the gastrointestinal physiology and colonic 

microbiota composition and metabolic activity of the target patient population. This is 

essential when the disease itself can have a substantial impact on the gastrointestinal 

physiology and colon. Mesalazine is a model drug that is used to decrease the symptoms 

associated with IBD. As such, a semi-dynamic SHIME® model that simulates the 

physiology and colonic microbiota of patients suffering from IBD was used to study the 

colon-targeting release characteristics of six different formulations, containing 

mesalazine, and the final impact of these formulations on the colonic microbiota activity 

of three IBD donors. All formulations resulted in a partial release of mesalazine during 

passage through the upper gastrointestinal tract. The formulations containing partially 

pregelatinized starch, xylan, inulin and to a lesser extent Reishi extract resulted in a high 

release of mesalazine during passage through the upper gastrointestinal tract. The 

formulations containing Aloe Vera or maize maltodextrin were successful in lowering 

the amount of mesalazine released in the upper gastrointestinal tract and this across all 

donors. Upon entering the colon, none of the formulations released an additional amount 

of mesalazine during the initial phase of the colonic incubations whereas the degradation 

of the polysaccharide fraction of the coating by the colonic microbiota in between 3h 

and 16h of colonic incubation resulted in a substantial increase in mesalazine release. 

Overall, the formulation containing Aloe Vera demonstrated superior colon-targeting 

release characteristics by limiting mesalazine release in the upper gastrointestinal tract 

followed by a colonic microbiota-triggered substantial release during passage through 

the colon. Furthermore, this formulation resulted in increased ammonium production by 

the colonic microbiota as compared to the other formulations and this effect was 

observed across all donors.  
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4. Chapter: 3D printing for colonic drug delivery systems 

 

4.1. Overview 

 

4.1.1. Pharmaceutical 3D printing  

 

The pharmaceutical industry is quickly evolving, with old 'one-size-fits-all' treatment 

techniques becoming obsolete. According to a National Health Service (NHS) England 

assessment, this traditional therapy method including mass manufacturing of 

pharmaceuticals is unsuccessful in up to 70% of patients, highlighting the urgent need 

for innovative tailored therapeutics (180). Traditional manufacturing procedures, which 

are fundamentally labor-intensive, dose-inflexible, and time-consuming, are 

inappropriate for the development of customised drug delivery solutions. As a result, 

the healthcare business must adapt and embrace new platforms for personalised 

therapeutic medicines.  

Structures may be easily manufactured from a digital 3D file utilizing 3D image 

software, resonance imaging (MRI) or computed tomography (CT) analysis (181). 3D 

printing processes differ in terms of the material used (e.g., plastics, ceramics, metals, 

resins), deposition technology, layer formation mechanism, or product characteristics.  

3D printing technologies are divided by the American Society for Testing and Materials 

(ASTM) into seven main categories: material jetting, powder bed fusion, material 

extrusion, binder jetting, sheet lamination, vat photopolymerization, and directed energy 

deposition. Invented more than three decades ago, 3D printing has altered manufacturing 

in an infinite number of applications. It appears that the possibilities of 3D printing are 

barely restricted by the imagination, with stories of 3D printed automobile components, 

bespoke fashion items, organs, and even houses (182,183) .The possibilities for 3D 

printing are endless.  
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Various structures in the field of drug delivery have previously been constructed 

utilizing 3D printing, including drug-eluting implants, medical devices, and tailored 

solid oral dosage forms (184–190). As a result, this technique has been investigated as 

a possible tool for customizing medications and therapies, with the goal of eventually 

expanding into quick throughput screening of novel drug candidates on 3D-printed 

biological tissues to find intra-individual therapeutic responses (191). 3D printing is 

cost-effective for small-scale manufacture of medical equipment and medication items 

that require customisation and regular dose changes, as well as products with 

complicated geometries. Such personalization is not possible with traditional mass 

production procedures and has been found to improve patient compliance and provide 

personalized medication release patterns (192,193). 

 

4.1.2. Selective laser sintering (SLS) 

 

The energy source in the SLS 3D printing is a laser beam used to fuse the surfaces of 

the powder particles together, a process called ‘sintering’ (194). Invented in 1984 by 

Cark Deckard, SLS printers employ today a variety of laser types, including diode, fiber 

and carbon dioxide (CO2) lasers (195). Recent studies demonstrated that it is possible 

to modify and control the porosity of a 3D printed object modifying the laser speed and 

intensity; the fastest is the laser and the higher is the porosity of the system (196). 

Several studies evaluated the effect of the printing settings on the drug release, 

producing complex structures made with different laser speed and materials blend. The 

pharmaceutical field is exploring this technology for the production of advanced 

formulations, focusing on controlled drug release systems (196), the use of 

biodegradable polymers (197) and, more recently, evaluating the drug stability after 

exposure to the laser beam energy (198). 

The mechanism driving the fusion process is the energy absorption of the particles’ 

surface. Most of the pharmaceutical powders are white in colour, therefore no absorption 
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from the laser occurs. The solution to this problem, is the addition of a pharmaceutical 

grade colorant to the powder blend, in low concentration (3 %) (199). 

 

4.1.3. Direct powder extrusion (DPE) 

 

Within the 7 groups of different 3D printing technologies, material extrusion 

(particularly fused deposition modeling; FDM) is the most often utilized in the 

pharmaceutical field owing to the printers' wide availability and inexpensive cost 

(191,200). In vivo investigations on FDM 3D printed medicines in animal models 

(188,201,202) and humans have already highlighted the potential use of 3D printing in 

the healthcare industry (202,203).  

The FDM 3DP technology required a drug-loaded polymer filament, usually produced 

by hot melt extrusion (HME). The filament is heated and extruded via a nozzle tip, 

whose movement on a support plate determines the construction of the object in a 3-

dimensional way through the cooling-solidification of the melted material (204). 

FDM 3DP enables the creation of solid dispersions and solutions by drug dispersion or 

dissolution (205) into a polymer making it particularly well suited to medicines with 

limited water solubility and high heat stability.  

Many polymers have been investigated in HME + FDM 3DP (206), the most commonly 

used is hydroxypropyl cellulose (HPC), thanks to its good mechanical properties and 

ease of extrusion through the nozzle (192,207,208). 

One of the main drawbacks of the FDM technology is the necessity for the drug-loaded 

filaments, which need to be consistent in shape and guarantee the protection of the drug 

from degradation (209,210). In fact, the use of HME prior to 3D printing raises the 

possibility of medication degradation due to the heat impact. The limitation in the use 

of excipients and pharmaceuticals to generate filaments with the right mechanical and 

physical properties for 3D printing is the most significant drawback (211,212). 

Nowadays, a large portion of the effort in all pharmaceutical publications relevant to 
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FDM 3DP is centered on excipient selection and optimization to develop filaments 

appropriate for 3D printing, and there are usually constraints in the drug loading capacity 

of the chosen polymers. 

Direct pellet extrusion, a novel material extrusion 3DP technique, has recently been 

launched in the plastics sector as a viable alternative to FDM printing (213). This 

approach entails the ejection of material via the printer's nozzle in the form of 

pellets/powder (rather than filaments), which is directly produced using a single screw 

extruder. This approach does not need the creation of filaments using HME and may 

allow the extrusion of combinations that would not be able to be printed by traditional 

FDM due to the filaments' insufficient mechanical properties, such as being too brittle 

or too flexible. 

 

4.1.4. X-ray computer tomography (CT) 

 

X-ray computer tomography (CT) is a technique that can reveal in a non-destructive 

way, the internal details of objects in three dimensions, up to the nanometers length 

scale. More recently, it can also provide 4D information following the structural 

evolution of materials in time, for example to monitor the growth of a tumour under 

treatment (214). The results are reported in a digital 3D grayscale representation, 

referred to as a tomogram. Commonly used CT scanners consist of three basic physical 

components: X-ray source, X-ray detector and the sample older (Figure 22). 
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Figure 22 X-ray computed tomography configuration. Cone beam system typical of 

laboratory system (215) 

 

In this project, the X-ray source used was an X-ray tube where the X-ray is produced by 

the acceleration of electrons (216). It is possible to modulate the magnification of the 

image by moving the sample stage; the closer the sample is to the source; the bigger will 

be the projection of the image on the detector and the higher will be the resolution (214).  

In order to have a better representation of the object, it is common practice to select the 

magnification ratio that guarantees the full width of the sample lies within the cone beam 

during all the analysis (217). The X-ray, emitted by the source, pass through the samples, 

while the latest is rotating, and it propagates in the space before being projected and 

recorded by the detector. The contrast obtained in each projection of the object is related 

to the attenuation of the laser beam. Materials with different density and molecular 

weight will interact with the laser in different ways, generating a different X-ray phase 

contrast (218). The X-ray are then converted by the detector in visible light with a 

scintillator and then, via an array of complementary metal- oxide semiconductor or other 

devices, to electrons for digital processing (219). 

X-ray CT provide information for a wide range of applications including industrial 

metrology and manufacturing (220), material science (221), food science (222), 
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biomedical and life science for the ex vivo, in situ or in vivo examination of biological 

samples or entire animals (223,224). 

 

4.2. Materials and methods 

4.2.1. Materials  

 

Aloe vera extract powder, Reishi extract (Specialty Natural Products, Bangkok, 

Thailand); Glucidex® 17 (corn maltodextrin, Roquette Freres, Lestrem, France); Starch 

1500® (pregelatinized maize starch, Colorcon, Kent, England); Orafti® HSI (Inulin, 

BENEO-Orafti S.A. plant, Oreye, Belgium); Xylan from corn core (Tokyo Chemical 

industry, Zwijndrecht, Belgium); Candurin® Sheen (Merck KGaA, Darmastadt, 

Germany); Magnesium stearate, tech. (Aldrich, Gillingham, England); AqualonTM EC-

N7 PHARM (ethylcellulose, Ashland, Schaffhausen, Switzerland); Methylparaben 

(VWR Life Science, Radnor, Pennsylvania, USA). 

 

4.2.2. Selective laser sintering, (SLS) 

 

All the powders were sieved using a 180 µm sieve prior to their use to permit a better 

flow of particles in the chamber, resulting in a better printing procedure (225). For all 

the formulations, 20 g of polymer mixture were blended using a mortar and pestle. 3 % 

Candurin Gold Sheen was added to the formulations to enhance energy absorption from 

the laser and aid printability.  Powder mixtures were transferred to a desktop SLS 

printer, in the reservoir platform (Figure 23) (Sintratec Kit, AG, Brugg, Switzerland) to 

fabricate the oral dosage formulations. The chamber temperature was kept at 100 °C 

while the powder’s surface temperature was 120 °C. The laser speed was 75 mm/s. 123D 

Design (Version 14.2.2, Autodesk Inc., San Rafael, CA, USA) was used to design the 

templates of the capsule’s shapes, (body and cap printed separately using as a size 

reference the 00 capsule) and of the circular discs (2 cm diameter and 0.1 mm thickness). 
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The 3D models were exported as a stereolithography (.stl) file into the 3D printer 

Sintratec central software (Version 1.1.13, Sintratec, AG, Brugg, Switzerland). The 

capsules were fabricated in a vertical configuration. 

 

 

 

Figure 23 Graphical illustration of an SLS 3D printer, highlighting its major 

components (226). 

 

4.2.3. Direct powder extrusion (DPE) 

 

For each batch, 15 g of a polymers blend were manually mixed using a mortar and pestle 

until no agglomerated particles of polymers were observed.  The prepared mixture was 

then added to the hopper of the 3D printer extruder. The 3D printer (FabRx, UK) is 

specifically designed to prepare pharmaceutical products and it can incorporate different 

exchangeable tools. The selected tool was a direct single-screw powder extruder 

(FabRx, UK) with a nozzle diameter of 0.8 mm (Figure 24). The design is based on a 

single-screw HME however the rotation speed (and hence the extrusion) is controlled 

by the software of the 3D printer. Furthermore, the extruder nozzle moves in 3 

dimensions to create the objects in a layer-by-layer fashion. 123D Design (Version 

14.2.2, Autodesk Inc., San Rafael, CA, USA) was used to design the templates of the 

capsules’ shapes or the discs shape, exported as a stereolithography (.stl) file into 3D 
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printer software (Repetier host v. 2.1.3, Germany).  The .stl format contains only the 

object surface data, and all the other parameters need to be defined from the Repetier 

Host software in order to print the desired object.  The printer settings of the software 

were as follows: feed 2100 steps/mm, infill 100%, high resolution with brim, without 

raft and an extrusion temperature of 140 °C, speed while extruding (5 mm/s for the discs 

and 2 mm/s for the capsules), speed while travelling (90 mm/s), number of shells (30) 

and layer height (0.2 mm). 

 

 

 

Figure 24 Design of the nozzle of the direct single-screw powder extruder FabRx 3D 

printer. The blue arrows indicate the site of addition of the powder (227). 

 

4.2.4. Thermogravimetric analysis (TGA) 

 

TGA analysis, samples were heated at 10 °C/min in open aluminum pans with a 

Discovery TGA (TA Instruments, Waters, LLC, U.S.A.). Nitrogen was used as a purge 

gas with a flow rate of 25 mL/min. Data collection and analysis were performed using 
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TA Instruments Trios software and percent mass loss or onset temperature were 

calculated. 

 

4.2.5.  Scanning electron microscopy 

 

Morphology of the printed capsules and discs were evaluated by scanning electron 

microscopy (SEM) using a Philips XL30 FEG SEM, operating at 20 kV. Samples were 

placed on double-sided carbon tape, mounted on stubs and sputter coated using a 

Polaron E5000 machine with Au/Pd. Samples were coated for 1 min prior to imaging. 

 

4.2.6.  X-ray microtomography 

 

X-ray microcomputed tomography (XμCT) measurements were conducted using a 

Skyscan 1172 scanner (Bruker, Antwerp, Belgium) to investigate the presence of pores 

in the 3D printed objects. The capsule was fixed on the sample holder using a double-

sided sticky tape and then placed in the XμCT instrument. Shadow projection images 

were collected with a resolution of 2.95 μm at an angular step, i.e. rotation increment, 

of 0.25° over 180° without any filter. 10 frames were averaged per position with an 

exposure time of 4.5s. The projected images were then reconstructed using NRecon 

software (Bruker, Version: 1.7.4.2) to obtain cross-sections of the sample. DataViewer 

software (Bruker, Version: 1.5.3.4) was then utilised to visualize the cross-sectional 

images of the sample.  
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4.3. Results and discussion 

 

4.3.1. Powder characterization  

 

4.3.1.1. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) was performed on the pure polysaccharide 

powders in order to evaluate the initial particle size and shape. Considering that the 3D 

printing technologies selected for the study (SLS and DPE) include the melting of the 

powders, the particle size can play an important role in the process. 

Different shapes were selected for the printing process:  

- A disc, one-layer object printed directly on the plate support. 

- A capsule, a more complex multi-layer object printed in the vertical orientation.  

Between the six polymers selected for the printing it was possible to obtain 3D printed 

capsules only with aloe vera and reishi extract. Interestingly, these polymers showed the 

smallest size and regular shape (spherical) (Figure 28 and 29). 

 

 

 

Figure 25 SEM picture of corn maltodextrin (Glucidex® 17D) as provided by the 

supplier. 
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Figure 26 SEM picture of pregelatinized starch (Starch 1500®) as provided by the 

supplier 

 

 

 

Figure 27 SEM picture of xylan as provided by the supplier 
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Figure 28 SEM picture of aloe vera extract powder as provided by the supplier. 

 

 

 

Figure 29 SEM picture of Reishi extract powder as provided by the supplier. 
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Figure 30 SEM picture of inulin (Orafti® HSI) as provided by the supplier. 
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4.3.1.2. Thermo-gravimetric analysis (TGA) 

 

Thermo-gravimetric analysis (TGA) was performed on the polysaccharide powders to 

determine the degradation temperature of the polymers and evaluate the temperature to 

select for the melting during the printing process. It must be taken into account that the 

degradation occurring during the printing does not depend exclusively on the 

temperature. Shear stress and frictions are phenomena that also occur in the screw, while 

the material is pushed through the nozzle. These parameters, together with the heat, play 

an important role in the degradation of the material during the printing process. 

 

 

 

Figure 31 TGA thermal traces for the individual polymers’ raw material. 

 

Considering that the highest temperature used in the DPE 3D printing is 140 °C, a 

maximum degradation < 10% is observed below this temperature (Figure 31). 
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4.3.2. Printability of the polymers’ blends 

 

In vitro drug release studies performed in chapter 2 allowed the selection of the 6 most 

promising candidates for the colonic delivery of drugs. The selection was made based 

on the differences between the drug released in the presence of IBD patients’ bacteria 

and the control, the higher the difference the more promising is considered the polymer. 

The aim of this study is to evaluate the printability of the polymer blend used in the 

coating of the pellets in order to produce capsules shape 3D printed objects and be able 

to load them with a higher amount of drug. Two different technologies were selected: 

selective laser sintering (SLS) and direct powder extrusion (DPE). 

As a reminder, for the coating of the 5-ASA loaded pellets, the polysaccharides were 

blended with ethylcellulose in order to prevent the drug release in the upper GIT and a 

plasticizer was used to guarantee optimal mechanical properties of the film. For this 

reason, maize maltodextrin, inulin (Orafti HSI), pregelatinized starch (Starch 1500), 

xylan, aloe vera extract and reishi extract were blended with ethylcellulose using the 

same proportion of the pellets coating (polysaccharide: ethylcellulose; 2:3).  

 

4.3.3. Selective laser sintering (SLS) 

 

123D Design (Version 14.2.2, Autodesk Inc., San Rafael, CA, USA) was used to design 

the templates of the capsule’s shapes, (body and cap printed separately using as a size 

reference the 00 capsule) and of the circular discs (2 cm diameter and 0.1 mm thickness). 

It is important to underline that the thickness of a gelatine capsule (used as a template 

for this study) is about 100 µm and that the sensibility of the laser is 800 µm. This is 

due to the fact that once the laser hits the powder bed, the particle surface melts and 

fuses with the particles around. Furthermore, the powders were sieved using a 180 µm 

sieve prior to their use to permit a better flow of particles in the chamber.  
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For this reason, it has been necessary to adapt the 3D designed template to the 

experimental sizes. 

Maltodextrin was the first polymer printed with SLS technology and as shown in Figure 

32 the resolution is insufficient for the printing of a homogeneous and symmetric 

capsule. The cause of the irregular shape is the shifting of the powder surface in the 

reservoir platform while the mechanical roller deposits the follower layer of powder. In 

order to avoid this event, it would be necessary to increase the temperature of the 

chamber, due the thermos-sensitivity of the polymers used, this shrewdness could not 

be applied. 

The first test revealed that it is possible to print 3D objects with SLS but the limitation 

is the complexity of the shape. For this reason, circular films were designed for printing. 

Although it was possible to obtain the 3D printed discs, the experimental thickness was 

different from the 3D designed model. Considering the friability of the material, thinner 

films would be impossible to manipulate. 

 

 

 

Figure 32 picture of 3D printed object produced with SLS technology with the blend of 

maltodextrin: a) capsule b) disc. 
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4.3.4. Direct powder extrusion (DPE) 

 

The second technique explored was the Direct Powder Extrusion (DPE) technology 

which allows the production of 3D printed objects starting from a blend of powders. 

Maltodextrin: ethylcellulose blend could not be printed with this technology. It was 

difficult to obtain a consistent filament and the material stocked in the nozzle.  

Between the 6 polymers selected it was possible to print 4 of them in the simple shape 

(disc) and only two of them in a more complex shape (capsule).  

The printing parameters were adapted to each polymer and the different printed shapes 

required different settings. 

 

 

 

Figure 33 picture of 3D printed object produced with DPE technology with the blend of 

aloe vera. 

 

With the blend of aloe vera it was possible to obtain both capsule and disc shapes. Figure 

33 shows the disc and the capsule printed with the aloe vera: ethylcellulose blend. The 

figure shows how the same polymer blend reacts to different printing parameters. The 
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disc’s colour is lighter compared to the capsule’s colour. The reason behind this 

difference is related to the time exposure to heat as a consequence of the different 

printing speed. It was possible to print discs at a speed of 5 mm/s while for the printing 

of the capsule it was necessary to decrease the printer speed to 2 mm/s. The degree of 

polymer degradation needs to be evaluated for both the printed objects. 

The nozzle diameter was 0.8 mm and the capsule’s shell thickness reflects this size. 

Albeit the 3D design was adapted to the 0.8 mm thickness, there was no direct 

correlation between the theoretical design and the printed object. For this reason, several 

trials were needed to find the good design to be able to fit the body of the capsule in the 

cap. These tests were performed with the blend of aloe vera, printing different body and 

cap diameters, as represented in Figure 34. 

 

 

 

Figure 34 picture of several 3D printed capsules produced with DPE technology with 

the blend of aloe vera. 

 

SEM pictures were collected in order to evaluate the deposition of the melted material 

during the production of the 3D object. In Figure 35 and 36 are shown the surfaces of 

the capsule and the disc respectively, printed with the blend of aloe vera. The 

comparison underlines the fact that bigger void spaces are present between the layers of 

the capsule, while the layers constituting the discs are closer one to each other. This is 



 

86 

Confidential  

 

probably due to the fact that the capsules are printed in the vertical orientation, while 

the discs are directly printed on the printer support and the nozzle itself pushes the 

material on the surface while moving. 

 

 

Figure 35 SEM images of the surface of the capsule printed with DPE technology of 

aloe vera, at different scales. 
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Figure 36 SEM images of the surface of the disc printed with DPE technology of aloe 

vera at different scales. 
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Using the same printing settings of aloe vera extract it was possible to print 6 discs and 

one capsule with reishi extract. Once again, the colour difference between the two 

printed objects is probably due to the exposition time to the heat. Although it was 

possible to print one capsule with reishi extract (Figure 37), the process was 

unreproducible and it was not possible to print other capsules. During the printing of the 

cap/body it was possible to print only the first few layers. After about 10 layers the 

filament started to extrudate in an inconsistent way and the structure of the capsule 

started to collapse. The SEM pictures in Figure 38 (representing the capsules) and Figure 

39 (representing the discs) clearly show the presence of big void spaces in the extrudate. 

The reason behind the inconsistency of the melted material could lie in the feeding phase 

of the process; before the printing, the powder blend is loaded into the hopper, the yellow 

section in Figure 24, during the printing, the powder is manually mixed and pushed 

through the screw with the help of a spatula. The manual mixing probably affects the 

density of powder present in the screw and therefore in the nozzle, consequently it 

affects the final object density and porosity. 

 

 

 

Figure 37 picture of 3D printed object produced with DPE technology using the blend 

of reishi extract. 
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Figure 38 SEM images of the surface of the capsule printed with DPE technology of 

ReiSHIELD at different scales. 
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Figure 39 SEM images of the surface of the disc printed with DPE technology of reishi 

extract at different scales. 
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With xylan and starch it was possible to print only discs.  

Xylan showed a unique behaviour compared to all the other polymers. During the 

printing it was possible to lowered the heating temperature of 30 °C and melt the 

material at 110 °C. In general, during the printing process, as soon as an object is 

completed the printer nozzle moves vertically up and then horizontally in order to reach 

the 0 position and start with a new object. What is interesting to notice is that while 

xylan was employed, an uncontrolled extrusion of material from the nozzle was 

observed once the printing of an object was completed. The melted material, following 

gravity, accumulates on the disc surface just printed Figure 40.  The SEM picture of 

xylan printed disc (Figure 41) shows a cohesive structure and a good overlap of the 

printing layers. For this polymer it will be necessary to further optimize printing 

parameters such as temperature and speed in order to prevent the undesired material 

extrusion at the end of the printing process. 

 

 

 

Figure 40 picture of discs produced with DPE technology using the blend of xylan. 
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Figure 41 SEM images of the surface of the disc printed with DPE technology of xylan 

at different scales 
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Starch discs (Figure 42) were printed using the same parameters of polymers aloe 

and reishi extract. The SEM pictures of starch blend (Figure 43) shows a reduced 

presence of pores compared to the other polymers. In fact, it is harder to 

distinguish the different layers from one another.  

 

 

 

Figure 42 picture of 3D printed disc produced with DPE technology using the 

blend of starch. 
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Figure 43 SEM images of the surface of the disc printed with DPE technology of 

starch at different scales 
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4.3.5. X-ray microtomography 

 

The aim of the X-ray microtomography analysis was to evaluate the porosity of the 3D 

printed objects. This analysis confirmed what was observed in the SEM images: the 

capsule structure is porous and heterogeneous.  

Between the six polysaccharides selected, it was possible to print multiple capsules only 

with aloe vera extract blended with ethylcellulose. For this reason, only aloe vera 

capsules were analysed. 

Figures from 44 to 47 show the inner structure of one capsule at different crossing 

sections. It is important to remember that the capsules’ bodies and the caps were printed 

separately and the association between one body and one cap was aleatory.  

Figure X shows how at the beginning of the printing process the material extrudes from 

the nozzle in a more consistent and dense way. As the printing progressed the presence 

of pores increased and the structure became less and less dense. As anticipated 

previously, the reason behind this loss of density might be attributed to the manual 

mixing and feeding of the powder in the nozzle.  

Furthermore, figure 47 shows the cross section of two different capsules and it is 

possible to see a big difference between the structures. The printing process needs to be 

further optimized in order to be reproducible. 
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Figure 44 µCT images of cross-sections of aloe vera blend capsule printed with DPE 

technology: a) base of the body b) intermediate portion of the body, c) and d) cartoons 

of the planes of the cross-sections. The capsule body external diameter was 0.5 m 
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Figure 45 µCT images of cross-sections of aloe vera blend capsule printed with DPE 

technology: a) base of the cap b) intermediate portion of the cap, c) and d) cartoons of 

the planes of the cross-sections of a) and b) respectively. The capsule cap external 

diameter was 0.5 mm. 
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Figure 46 µCT images of cross-sections of aloe vera blend capsule printed with DPE 

technology: a) intermediate portion of the capsule 1, b) intermediate portion of the 

capsule 2, c) cartoons of the plane of the cross-sections 
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Figure 47 µCT images of cross-sections of aloe vera blend capsule printed with DPE 

technology: a) intermediate portion of the capsule 1, b) intermediate portion of the 

capsule 2, c) cartoon of the plane of the cross-sections. 

  



 

100 

Confidential  

 

4.3.6. Development of a dissolution device 

 

In order to study the mass transport properties of the 3D printed films/discs, a specific 

dissolution device was designed. It consists of three parts: the drug reservoir section, the 

film holder and the screws. The drug reservoir, lower portion in Figure 48 a) presents a 

circular cavity intended to contain the drug. Once the reservoir is filled with the drug, 

the 3D printed film is placed between the reservoir section and the holder section, (upper 

part in figure Figure 48)). By turning the screws, it is possible to close the device, 

keeping in place the 3D printed disc just above the drug reservoir cavity. In order to 

guarantee a hermetic tie-off, some grease is added around the perimeter of the disc, 

between the 2 device’s sections.  

The hole present in the holder portion allows the exposition of the 3D printed disc to the 

release medium (Figure 48 c)). The in vitro drug release will be performed in conditions 

simulating the colonic environment as reported in chapter 2.  

Ideally, the bacteria present in the release medium will produce enzymes able to degrade 

the 3D printed discs. Once the film is degraded, the drug underneath is released. 

 

 

 

Figure 48 Pictures of the dissolution device designed for the study of 3D printed films 

release behaviours after exposure to conditions simulating the colonic environment. 

  

a) b) c)
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4.4. Conclusion and further perspectives  

 

Selective laser sintering technology presented some major limitations in the production 

of capsules for oral drug delivery systems for colon targeting using the selected polymer 

blends. Due to the high thermos-sensitivity, the exposition at high temperature for the 

whole production time (about 1 h) might lead to the complete polysaccharide 

degradation. With the parameters tested, this technology did not show promising results 

and will not be further investigated. 

Direct powder extrusion technology allowed the production of 3D printed capsules and 

discs with an acceptable resolution. During the printing with DPE technology, the 

polymers are exposed to high temperature for a shorter period of time compared to the 

SLS technology. However, the polymer degradation has to be evaluated.   

The SEM and X-ray analysis revealed the high degree of porosity of the structures, 

suggesting that parameters such the feeding and printing time need to be optimized in 

order to obtain a denser capsule wall and more reproducible objects.  

Although the high porous structure 3D printed objects, no drug release was observed 

after 24 h exposure to the media inoculated with IBD patients’ faecal slurries. 

Alternative production techniques are under evaluation for the production of capsules; 

such as melt prep extrusion or deeping.   
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5. Chapter: Colonic delivery of short chain fatty acid 

 

Part of the results reported in this chapter were performed by CNRS, INSERM, CHU 

Lille, Institut Pasteur de Lille, U1019 - UMR 9017 - CIIL - Center for Infection and 

Immunity 

 

5.1. Overview 

 

The microbiota is also called the second brain (228) not only because it has an equivalent 

mass (1.5 kg) but especially because it uses the same chemicals as the brain to regulate 

the digestion process and alert the immune systems in case of  pathogenic threats (229). 

The brain-gut axis is lately considered one of the most important and complex 

mechanisms involved in the protection of the human body (230). Short chain fatty acids 

(SCFAs) such as acetate, butyrate and propionate play one of the key roles in this 

communication. SCFAs are the metabolic results of the dietary fibers fermentation and 

they contribute to the regulation of several functions such as appetite regulation, gut 

barrier function, glucose homeostasis and immunomodulation (231).  

The positive effect of fibers and SCFAs in the moderation of chronic inflammatory 

disorders  has gained more and more attention, and it opens to the possibility to use these 

molecules as co-treatment in clinical studies (232,233). The gut-brain, involved in the 

regulation of chronic inflammation, is also related to the control of influenza infections. 

A recent study demonstrates the beneficial effects of the administration of SCFAs to 

mice in the control influenza infection (234). 
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Figure 49 Dietary fiber protection effects against Flu mechanisms (234) 

 

As mentioned previously, the colon hosts the higher concentration of bacteria in the 

human body. Since the SCFAs production is the result of the bacterial fermentation 

activities, the highest concentration of these metabolites resides in the colon. 

Interindividual differences in the microbiome composition can result in different types 

and production rates of SCFAs.  

The colonic administration of SCFAs may provide health advantages while eliminating 

the complication of bacterial " singularity" (235).  

As an example, butyrate is currently studied for its anti-cancer properties in the colon, 

where it promotes the cancerogenic cells’ apoptosis and inhibits the oncogenic 

signalling (236,237). Although butyrate potential as a promising chemotherapeutic 

agent (237,238) its low bioavailability prevents its clinical translation (239). In order to 

improve butyrate bioavailability, tributyrin was formulated for the specific delivery to 



 

104 

Confidential  

 

the small intestine as a source of the metabolites (240) the results are encouraging but 

the concentrations delivered remains very low.  

Another example is represented by inulin-propionate ester (IPE), where the covalent 

bound with inulin improves the molecule bioavailability. The bond is hydrolysed in the 

colon by the microbiome and the propionate is released (241,242). IPE showed 

promising results in the treatment of  fatty liver disease (242), reducing further weight 

gain, intrahepatocellular lipid content, abdominal adipose tissue distribution and insulin 

sensitivity (241). 

 

5.2. Materials and methods 

5.2.1. Materials  

 

Sodium acetate (Sigma-Aldrich Co., Steinheim, Germany); Eudragit® L100 

(methacrylic acid-methyl methacrylate copolymer (1:1)), (Evonik Industries AG, Essen 

Germany); ethylcellulose (EthocelTM, Colorcon, Kent, England) ; potassium  dihydrogen 

phosphate (VWR, Leuven, Belgium); Hydrochloric acid S.G. (FisherScientific, 

Loughborough, UK); Sodium hydroxide White Pellets (FisherScientific, 

Loughborough, UK). 

 

5.2.2.Preparation of the spray dried formulation 

 

Ethylcellulose (7 %) and Eudragit L (10 %) were dissolved in ethanol. Different 

amounts of sodium acetate were added (as indicated). The obtained dispersions were 

spray dried in a Mini Buchi Spray Dryer B-290, using the following conditions: inlet 

temperature = 90 °C, feed rate = 3 ml/min, nozzle diameter = 0.7 mm, drying gas flow 

= 414 L/h, aspirator flow rate 35 m3/h. 
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5.2.3.In vitro drug release measurements 

 

40 mg microparticles were placed into 15 mL falcon tubes, filled with: (i) 10.0 mL HCl 

(pH=1.2); or (ii) 10.0 mL phosphate buffer (pH=6.8). The tubes were incubated at 37 

°C under horizontal agitation (80 rpm). At predetermined time points, 1 mL samples 

were withdrawn using filter syringes and replaced with fresh medium. The drug content 

was determined by HPLC-IR analysis using a Waters Alliance e2695 (Coregel ORH-

801 column, mobile phase: 10 mM H2SO4; flow rate: 0.6 mL/min; column temperature: 

35 °C; injection volume: 50 uL). All experiments were performed in triplicate. Mean 

values +/- standard deviations are reported. 

 

5.2.4.Impact of acetate loaded microparticle against IAV 

infection in vivo 

 

Six 8-9 weeks old C57BL male mice received daily 45 mg microparticles (loaded with 

30 % sodium acetate) suspended in 300 uL phosphate buffer (pH=6.8) (intragastric 

administration). Control groups received a phosphate buffer (pH=6.8) free of 

microparticles. The treatment started 5 days before the infection and until the end of the 

procedure. Infection was performed by a sub-lethal dose of influenza virus H3N2 

(clinically isolated, 50 PFU/50 uL, given intranasally under anaesthesia), and animals 

were sacrificed 7 days post infection). 

Experimental groups: 

1: non-infected mice treated with buffer only (MOCK): n=5 

2: infected mice treated with buffer only (IAV/ vh) n=10 

3: infected mice treated with Na-acetate suspension (IAV/Acetate) n=4. 
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Analysed parameters 

Day -5: Acetate administration  

Day 0: Animals are weighted and infected with IAV 

From day 1 to day 7: Daily weighing of animals: measurement of body weight loss, 

clinical observation (spiky hair, consistency of faeces): morbidity/survival 

Day 7: Sacrifice 

Sampling of peripheral blood (ELISA) 

Systemic inflammatory status. The quantification of inflammatory cytokines (examples: 

IL-6, IFN-) in the serum. 

Lung recovery 

Viral load: qRT-PCR (or plaque assay) 

Histological analysis of the lungs (inflammation, congestion, haemorrhage, thrombosis, 

hyperplasia, edema, necrosis) 

Inflammatory state and antiviral response: Expression of 15 genes (IL-6, Ifng, Tnfa, 

Mx1, Ace2/Ace, Isg15, etc.) by quantitative RT-PCR. 

Colonic recovery 

Inflammatory state of the colon: expression of 15 genes (examples: IL-6, Ifng, Tnfa, 

Mx1, Ace2/Ace, Isg15, etc.) by quantitative RT-PCR 

Impact on the intestinal barrier: expression of Zo-1, occuludin by quantitative RT-PCR 
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5.3. Results and discussion 

 

5.3.1.In vitro drug release  

 

Na-acetate is one of the main short chain fatty acids produced by the colonic microbiome 

through the anaerobic fermentation of indigestible polysaccharides. Multiple effects are 

associated with high concentration of this metabolite in the colon, including the increase 

of diversity and abundance of beneficial bacteria in the GIT (243) and the reduction of 

intestinal inflammation, by suppressing MAPK and NF-κB signaling pathways (244). 

Therefore, the colonic administration of Na-acetate could have a direct impact on the 

inflammation, regulating the chemical signalling of the immune response, and benefit 

to the microbiome population, promoting its growth and so reinforcing its protective 

action.  

Na-acetate was vectorized to the colon encapsulating the molecule in a polymer blend. 

Ethylcellulose was selected as water insoluble polymer in order to prevent the Na-

acetate release in the upper GIT and Eudragit® L100 is a pH sensitive polymer (pH 

threshold higher than 5.5).  

The spray dried microparticles were loaded with different percentages (from 5 to 40 %) 

of drug (Na-acetate) in order to evaluate what was the maximum drug loading 

achievable and how the drug loading influences the drug release through the matrix. A 

fixed percentage of Eudragit® L100 and the amount ethylcellulose varied following the 

Na-acetate loading. In vitro drug release was performed in HCl pH=1.2 to evaluate the 

drug release in acidic condition and phosphate buffer pH=6.8 to evaluate the release in 

pH simulating the colonic environment.  Figure 50 shows the drug release profiles of 

the formulations loaded with different percentages of Na-acetate. Between 5 % and 30 

% drug loading, the higher is the concentration of drug in the formulation and the higher 

is the drug released during time. When the particles are loaded with 40 % of drug, the 

release is slower. During the preparation of the drug dispersion, prior spray drying, a 

precipitation phenomenon was observed when Na-acetate was added to the alcoholic 
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solution of ethylcellulose and methacrylic acid-methyl methacrylate copolymer. This 

phenomenon is currently under evaluation and might be the reason why different drug 

releases are observed at higher drug loading. Particular attention is paid to the possible 

protection of the drug prior dispersion in the alcoholic polymer solution. The hypothesis 

is that complexation phenomena take place between the drug and the polymeric matrix.  

 

 

 

Figure 50 Na-acetate release from the investigated microparticles in HCl pH=1.2 

(dashed curves) or phosphate buffer pH=6.8 (solid curves). The drug loading was varied 

as indicated.  
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5.3.2.In vivo study in mice model  

 

Considering the in vitro drug release profiles of the different formulations, the 

microparticles loaded with 30 % of Na-acetate were selected for the in vivo study. This 

formulation shows the higher drug release with the higher drug loading. Although no 

difference is observed between the drug release in HCl (pH=1.2) or PB (pH=6.8), the 

drug release is controlled over time and almost 80% of drug is released within 24 h. 

It is important to note that 2 mice out of 6 died in the group treated with acetate, one 

before infection and the second on D+1 post infection. As a result, only 4 mice remained 

in the experimental group. This mortality can be explained by the fact that the acetate 

solution was very thick and hardened in the gastric tube and may have obstructed the 

oesophagus. 

The weight loss induced by the infection in comparison to control mice (MOCK), 

starting at 6DPI, was significantly attenuated (p=0.053) by acetate supplementation 

(Figure 51 A, B). Acetate was also able to limit the decreased length of the colon (Figure 

51 C) and to reduce the viral load, measured at 7 DPI by specific TaqMan qRT-PCR 

(Figure 51 D).  



 

110 

Confidential  

 

 

 

Figure 51 Protective effect of acetate against IAV infection. Weight loss A) during 

infection and B) at 7DPI and C) impact on colon length and D) viral load measured in 

the lung by specific qRT-PCR (Taq man). Results are expressed as mean ± SEM. # 

corresponds to impact of IAV infection (IAV/Veh vs MOCK), * corresponds to 

treatment effect (IAV/Acetate vs IAV/ Veh); # p < 0.05; ## p < 0.01. 

The reduction of the viral load induced by acetate supplementation was associated with 

a strong reduction of genes encoding type I (Ifnb), II (Ifng) and type III (Ifnl2, Ifnl3; p< 

0.05) interferons (Figure 52 A), as well as interferon-stimulated genes (Mx1, Isg15, p< 

0.05; Stat1; p< 0.05) (Figure 52 B).  The protection was also associated with a reduction 

of inflammatory genes in the lung (Figure 52 C). 
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Figure 52 Impact of acetate supplementation on the expression of A) genes encoding 

interferons, B) interferon-stimulated genes and C) pro-inflammatory genes in the lung. 

Results are expressed as mean ± SEM. # corresponds to impact of IAV infection 

(IAV/Veh vs MOCK), * corresponds to treatment effect (IAV/Acetate4 vs IAV/ Veh); 

# or * p < 0.05; ## p < 0.01, ### p < 0.001. 

Even though the gut and lungs are anatomically distant from each other, a dynamic 

interaction of the gut and lung microbiota plays crucial roles to maintain immune 

homeostasis and prevent pulmonary diseases.  Several reports have already shown that 

influenza infection is associated with gut dysbiosis and injuries, including reduction in 

the length of the colon, decreased mucosal integrity, increased gut permeability and mild 

diarrhea. In parallel, IAV infection also upregulated genes known as type I IFN-induced 
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genes in the gastrointestinal tract (GIT), however at a lower level than observed in the 

lung. It was indeed observed that IAV infection was associated with increased 

inflammatory and anti-viral responses in the colon which tend to be decreased in mice 

supplemented with acetate (Figure 53). 

 

 

 

Figure 53 Impact of acetate supplementation on the expression of A) interferon-

stimulated genes, B) inflammatory genes and C) genes encoding Clnd22 (Tight 

junction); GJA3 (gap junction) and Camp (cathelicidin antimicrobial peptide) in the 

colon. Results are expressed as mean ± SEM. # corresponds to impact of IAV infection 

(IAV/Veh vs MOCK), # or * p < 0.05; ## p < 0.01. 
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5.4. Conclusion 

 

Preliminary results suggest that controlled oral release of acetate has a positive impact 

on IAV infection, limiting weight loss and viral load, and a fairly significant impact on 

the anti-viral and inflammatory response markers in the lung, which correlates with the 

decreased viral load. Interestingly, this was linked to a decrease in the expression of ISG 

and inflammatory genes in the colon and slight restoration of genes involved in 

epithelium integrity. 
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6. Chapter: Conclusions and future perspectives  

 

Outstanding progresses are constantly made by researchers in multiple fields. Patients’ 

quality of life improves and the knowledge acquired by the healthcare industry has 

allowed targeted therapeutic treatments, improved patients’ compliance and most of all 

increased life expectancy.  Despite this, much still remains to be discovered and 

understood and the scientific effort, together with the technological advancement, are 

driving into a more specific and personalized medicine.  

The rate of inflammatory bowel diseases worldwide increase of about 50 % in the last 

20 years shifting from 3.32 million cases registered in 1990 to 4.9 million cases in 1990 

(245). The purpose of this thesis is above all to provide technological alternatives to the 

oral treatment of inflammatory bowel disease, to improve the therapeutic effects and 

reduce the side effects of commercialized solutions.  

The first part of the study focused on a polymer screening to identify the most promising 

polysaccharides able to deliver the drug directly to the colon. The site-specific delivery 

exploits the enzymatic degradation carried out by the colonic microbiota and several 

studies conducted in vitro showed the potential of six polymers. Aloe vera extract, reishi 

extract, pregelatinized starch, maize maltodextrin, xylan and inulin blended with 

ethylcellulose were able to prevent the drug release in the early hours of exposition to 

the release media and allowed the drug to be release in the presence of colonic bacteria 

from IBD patients after about 6 hours. Interestingly, two of the selected polymers: aloe 

vera and reishi extract, provided a similar drug release profile after exposition to human, 

dogs and rats’ colonic bacteria. The ability to release the drug similarly in different 

species (animal models and human) is of major interest because this can prevent 

erroneous conclusions during the preclinical development phase. 

The second part of the study focused on the development of 5-ASA loaded formulations 

coated with a blend of ethylcellulose and alternatively one of the six promising 

candidates selected in phase 1. In vitro drug release was performed using two different 

techniques: (i) in the laboratory, simulating the different section of the gastrointestinal 
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tract in a static way and (ii) using the m-SHIME®, a semi-dynamic gastrointestinal 

release model for colon-targeting (developed by ProDigest). The results highlighted aloe 

vera extract powder ability to prevent the drug release in acidic conditions and partially 

in the small intestine simulated environment allowing the drug to be released mostly in 

the colon, thanks to the enzymatic degradation by the colonic microbiome. 

The third phase of the study focused on pharmaceutical 3D Printing of capsule made 

with the blend of the selected polymers. Selective laser sintering (SLS) presented a 

limitation in the resolution of the 3D printed objects. It was possible to print only simple 

and flat shape and the object were too fragile and brittle to be manipulated. Direct 

powder extrusion was then employed for the production of more complex shapes such 

as capsules. This technique presented higher resolution; the objects’ shape was more 

defined compare to the SLS technology. Although it was possible to print simple shapes 

with most of the polymer blends, only aloe vera allowed the 3D printing of capsules. X-

ray microCT analysis showed the high porosity of the internal structure and underlined 

the fact the melted material disposition is not homogeneous during the printing process. 

An important density difference is observed in the object between the beginning and the 

end of the printing, furthermore the process is time consuming and not reproducible. 

Great caution must be paid to the selection of the printing settings to develop a robust 

technique and prevent the polymer degradation.  

The last part of the project focused on the importance of the microbiome activity, in 

particular on the production of metabolites after the fermentation of non-digestible 

polysaccharides. These metabolites, mainly short chain fatty acids, play an important 

role in the regulation of the immune system response against infections and 

inflammation. The direct administration of such molecules to the colon, increased the 

in-site concentration of these mediators and improved the body defense both in-site (in 

the colon) and systemically (in the lungs).  

Future studies should address the in vivo efficacy of these functional coatings in animal 

models of inflammatory bowel disease. Furthermore, a combination of enzyme-

sensitive and pH-sensitive polymers should be studied to prevent the risk of therapeutic 

failure.  
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Résumé en Français  

 

Le but de cette thèse est de préparer et caractériser de nouvelles formes galéniques 

permettant une libération ciblée du côlon.  

Ce projet s’inscrit dans le cadre du projet Interreg des 2 mers “Site-specific Drug 

Delivery” (https://www.interreg2seas.eu/fr/Site-Drug). 

La libération ciblée d’un principe actif au côlon peut présenter des avantages majeurs 

pour une thérapie médicamenteuse, par exemple si des maladies inflammatoires du 

côlon doivent être traitées localement. Des formes galéniques conventionnelles mènent 

à une libération rapide et complète du principe actif dans l’estomac et l’intestin grêle et 

–généralement- une absorption rapide dans la circulation sanguine. Par conséquent, les 

concentrations systémiques en principe actif et les effets indésirables associés peuvent 

être considérables. Par ailleurs, les concentrations résultantes en principe actif au site 

d’action (le côlon enflammé) sont faibles, résultant en une faible efficacité 

thérapeutique. Une forme galénique idéale pour traiter localement les maladies coliques 

devrait empêcher de manière efficace la libération de la substance active dans l’estomac 

et l’intestin grêle. En revanche, une fois le côlon atteint, la libération doit débuter et être 

contrôlée dans le temps (incluant -si désiré- une libération rapide et complète). Dans le 

cas de traitement des maladies inflammatoires du côlon (ex : maladie de Crohn et recto 

colique hémorragique), le principe actif est, ainsi, libéré à son site d’action, offrant des 

effets thérapeutiques optimaux et des effets secondaires minimisés. 

Différents types de systèmes de délivrance de principe actif ont été décrits dans la 

littérature visant à libérer de manière site-spécifique le principe actif au côlon. Souvent, 

le principe actif est piégé dans une matrice polymérique, ou un réservoir de principe 

actif (ex : des minigranules, gélules ou comprimés chargés en principe actif) est enrobé 

d’un film polymérique. Les polymères idéaux utilisés à cette fin sont peu perméables 

pour le principe actif dans la partie haute du tube digestif, mais deviennent perméables 

dès que le côlon est atteint. Afin de permettre une telle augmentation en principe actif, 

différents systèmes ont été proposés, basés notamment sur : (i) des changements de pH 
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le long du tractus gastro-intestinal, (ii) une dégradation du polymère par des enzymes 

préférentiellement localisés dans le côlon, ou (iii) des changements structuraux dans les 

réseaux polymériques après un certain délai, tels que la formation de fissures dans des 

pelliculages peu perméables. Néanmoins, une attention particulière doit être payée car 

les conditions pathophysiologiques dans le côlon de patients souffrant de maladies 

inflammatoires du côlon peuvent être significativement différentes de celles chez des 

sujets sains  

(i) le pH du contenu du tractus gastro-intestinal, 

(ii) la qualité et la quantité de la microflore (secrétant les enzymes),   

(iii) les temps de transit dans les différentes sections du tractus gastro-intestinal.  

Ainsi, une forme galénique qui libère avec succès un principe actif dans le côlon d’un 

sujet sain peut échouer chez un patient. De même, la variabilité inter et intra-individuelle 

des effets thérapeutiques peut être considérable, si la forme galénique n’est pas adaptée 

de manière appropriée à l’état pathologique. 

L’objectif de ce projet de thèse est de développer de nouvelles formes galéniques ciblant 

la libération du principe actif au côlon et qui soient adaptés à l’état pathologique. La 

libération du principe actif sera déclenchée par des enzymes localisés au niveau du 

côlon, indépendamment de l’état pathologique.  

2. Méthodologie 

Les systèmes ont été préparés par pelliculage fonctionnel de micro granules chargés en 

principe actif.  

 Ces systèmes ont été caractérisés physico-chimiquement dans différents milieux 

simulant le tractus gastro-intestinal, cela inclut notamment l’exposition à des milieux 

contenant des selles de patients atteints de maladies inflammatoires du côlon ainsi que 

des selles de modèles animal de ces maladies (TNBS rats) et des selles de chien (sain) 

en condition d’anaérobiose, en collaboration avec l’INSERM U995 (Dr. Christel Neut).  

La principale technique de caractérisation utilisées concerne l’étude des cinétiques de 

libération des systèmes exposés à ces différents milieux de libération. Les formulations 
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qui ont montré les résultats les plus prometteurs pendant les études in vitro effectuées à 

l’université de Lille ont été envoyées à Frederic Moens, directeur du département de 

recherche et développement de Prodigest, partenaire industriel du projet Interreg. 

Prodigest est une entreprise spin-off leader dans le développement d’un modèle unique 

de laboratoire pour la simulation du tract gastrointestinal de l’homme ainsi que des 

animaux (Simulator of the Human Intestinal Microbial Ecosystem – SHIME). 

Un court séjour dans le laboratoire du Pr. Abul Basit (UCL, Londres) également 

partenaire du projet Interreg a permis de réaliser une étude de faisabilité sur la 

production des systèmes 3D pour la libération contrôlée des médicaments dans le côlon. 

Les techniques utilisées dans ce projet sont : « Selective laser sintering » et « direct 

powder extrusion ». Les systèmes 3D imprimés en collaboration avec l’université de 

Londres ont ensuite été caractérisée par X-ray microCT dans le laboratoire du Pr. Axel 

Zeitler (University of Cambridge). Les systèmes les plus prometteurs sont actuellement 

testés in vivo en collaboration avec le Dr. Laurent Dubuquoy (INSERM U995, 

également partenaire du projet INTERREG Site Drug) sur un modèle expérimental 

colique de rat transgénique afin d’évaluer cliniquement leur efficacité. 

3. Résultats  

Entre les différentes formulations étudiées, deux ont été brevetés grâce à leurs capacités 

de délivrer le médicament spécifiquement dans le côlon, indépendamment de l’espèce 

(humane ou animal) étudié. Le mélange des polymères utilisé pour l’enrobage des 

formulations oral solide (pellets) a permis la prévention de la libération du principe 

active dans la portion supérieur du trait gastrointestinal. Une fois dans le côlon, le film 

est partiellement dégradé par les enzymes produits par les bactéries coliques, permettant 

une libération ciblée dans le côlon. Les résultats obtenus in vitro dans le laboratoire de 

l’université ont été confirmés par l’étude effectué par l’entreprise Prodigest. Les 

systèmes 3D imprimés et caractérisés en Angleterre nécessitent d’être optimisées afin 

de pouvoir contrôler la cinétique de libération du principe actif. 

4. Conclusions  
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Certains polymères étudiés montrent un potentiel prometteur pour le ciblage du côlon 

chez les patients atteints de MICI et présentant des schémas de libération similaires chez 

les rats et les chiens en bonne santé. 
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Summary in English 

 

The aim of this thesis is to produce and characterize novel drug delivery systems for 

colon targeting. 

This project is part of the Interreg des 2 mers “Site-specific Drug Delivery” 

(https://www.interreg2seas.eu/fr/Site-Drug). 

The site-specific delivery of drugs to the colon presents major therapeutical advantages, 

for example in the treatment of inflammatory bowel diseases which required a local 

action. Conventional oral dosage forms lead to a fast and complete drug release in the 

stomach and small intestine and, generally, a systemic absorption into the bloodstream. 

Therefore, systemic concentrations of drugs and associated adverse effects can be 

considerable. Furthermore, the resulting concentrations of drug at the site of action (the 

inflamed colon) are low, resulting in low therapeutic efficacy. An ideal dosage form for 

the local treatment of colonic diseases should effectively prevent the release of the active 

substance in the stomach and small intestine. On the other hand, once the colon is 

reached, the release must begin and be controlled over time (including -if desired- a 

rapid and complete release). 

In the case of treatment of inflammatory diseases of the colon (e.g. Crohn's disease and 

haemorrhagic ulcerative colitis), the active ingredient is thus released at its site of action, 

offering optimal therapeutic effects and minimized side effects. 

Different types of drug delivery systems have been described in the literature aiming at 

site-specific release to the colon. Often, the drug is trapped in a polymeric matrix, or a 

drug reservoir (e.g. minigranules, capsules or tablets loaded with active ingredient) is 

coated with a polymeric film. The ideal polymers used for this purpose have low 

permeability for the drug in the upper part of the gastrointestinal tract, but become 

permeable as soon as the colon is reached. In order to allow such control delivery, 

various systems have been proposed, based in particular on: (i) changes in pH along the 

gastrointestinal tract, (ii) degradation of the polymer by enzymes preferentially located 

https://www.interreg2seas.eu/fr/Site-Drug
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in the colon, or (iii) structural changes in the polymeric networks after a certain delay, 

such as the formation of cracks in low permeability films. 

Nevertheless, special attention should be paid because the pathophysiological conditions 

in the colon of patients with inflammatory bowel diseases may be significantly different 

from those in healthy subjects. 

(i) the pH of the contents of the gastrointestinal tract, 

(ii) the quality and quantity of microflora (secreting enzymes), 

(iii) transit times in different sections of the gastrointestinal tract. 

Thus, a galenic formulation which successfully releases an active ingredient in the colon 

of a healthy subject may fail in a patient. Similarly, the inter- and intra-individual 

variability of therapeutic effects can be considerable, if the dosage form is not 

appropriately adapted to the pathological state. 

The objective of this thesis project is to develop new galenic forms targeting the release 

of the active ingredient in the colon and which are adapted to the pathological state. The 

release of the drug will be triggered by enzymes located in the colon, regardless of the 

pathological state. 

1. Methods 

The systems were prepared by functional coating of microgranules loaded with 5-ASA 

as drug. 

 These systems have been characterized physico-chemically in different media 

simulating the gastrointestinal tract, this includes in particular exposure to media 

containing stools from patients with inflammatory bowel diseases as well as stools from 

animal models of these diseases (TNBS rats) and dog stools (healthy) under anaerobic 

conditions, in collaboration with INSERM U995 (Dr. Christel Neut). 

The main characterization technique used concerns the study of the release kinetics of 

systems exposed to these different release media. The formulations that showed the most 

promising results during the in vitro studies carried out at the University of Lille were 
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sent to Frederic Moens, director of the research and development department of 

Prodigest, industrial partner of the Interreg project. Prodigest is a leading spin-off 

company in the development of a unique laboratory model for the simulation of the 

human and animal gastrointestinal tract (Simulator of the Human Intestinal Microbial 

Ecosystem – SHIME). 

A short stay in the laboratory of Professor Abul Basit (UCL, London), also a partner in 

the Interreg project, made it possible to carry out a feasibility study on the production 

of 3D printed systems for the controlled release of drugs to the colon. The techniques 

used in this project are: “selective laser sintering” and “direct powder extrusion”. The 

3D systems printed in collaboration with the University of London were then 

characterized by X-ray microCT in the laboratory of Professor Axel Zeitler (University 

of Cambridge). The most promising systems are currently being tested in vivo in 

collaboration with Dr. Laurent Dubuquoy (INSERM U995, also a partner in the 

INTERREG Site Drug project) on an experimental transgenic rat colon model in order 

to clinically assess their effectiveness. 

2. Results  

Among the different formulations studied, two have been patented thanks to their ability 

to deliver the drug specifically in the colon, regardless of the species (human or animal) 

studied. The mixture of polymers used for the coating of solid oral formulations (pellets) 

allowed the prevention of the release of the active ingredient in the upper portion of the 

gastrointestinal tract. Once in the colon, the film is partially degraded by enzymes 

produced by colonic bacteria, allowing targeted release in the colon. The results 

obtained in vitro in the university laboratory were confirmed by the study carried out by 

the company Prodigest. The 3D printed systems characterized in England need to be 

optimized in order to be able to control the release kinetics of the active ingredient. 

4. Conclusions  

Some investigated polymers show promising potential for targeting the colon in 

patients with IBD and show similar release patterns in rats disease model and healthy 

dogs. 
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Publications 

 

• Clinical translation of advanced colonic drug delivery technologies (1). 

 

 


