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Summary: 
 
Among all routes of administration for introducing drugs into the body, per os is the most frequently 

used. Oral dosage forms are generally convenient to swallow, cost-effective, suitable for various types 

of drug candidates, flexible in terms of their constituents, easy to transport and store, and ready to 

administer. Above all, the oral route improves patient compliance. Although oral administration is 

the preferred route of administration, it has some physiological constraints due to the heterogeneity 

of the gastrointestinal (GI) system (e.g. pH, the commensal flora, gastrointestinal transit time (GITT), 

enzymatic activity, and surface area). Nowadays, technologies involving polymeric excipients allow 

the development of various new oral dosage forms that positively influence the bioavailability of the 

drugs compared to conventional dosage forms. Indeed, modified-release oral dosage forms are 

commonly used in pharmaceutical formulations to delay or sustain the release of drugs. However, 

they are only available on the market as solid dosage forms such as capsules or tablets. Unfortunately, 

the ability to take oral medicines, especially tablets and capsules, can be affected by swallowing 

difficulties. Such difficulties are common in older people and paediatric patients due to physiological 

process and anatomical differences with regard to the dimensions and function of the mouth, pharynx, 

upper oesophageal sphincter, and oesophagus. Swallowing difficulties have been described as dosage 

forms getting stuck in the throat, an uncomfortable feeling, the need for repeated swallowing 

attempts, gagging, choking, coughing while swallowing, or vomiting. Therefore, the development of 

a liquid oral dosage form (e.g. reconstitutable microparticles in a liquid syrup) with modified-release 

properties has been highly awaited to increase the compliance of patients with swallowing 

impairments.  

 

In this work, a new technology consisting of multi-layered microparticles suspended in a liquid syrup 

has been developed. Indeed, multi-particulate systems could be an alternative to tablets and capsules, 

providing flexible methods of administration such as reconstitution into a drink or as “sprinkles” onto 

food. One risk associated with multi-particulates is chewing, and particle size may be a “trigger” 

factor in initiating this chewing response. Therefore, the relationship between particle size and the 

risk of chewing was the starting point of this research. To avoid the swallowing issues, 

microcrystalline cellulose (MCC) cores, with a median diameter of around 200-300 µm, were selected 

as a starting point for this multi-layered technology. For the manufacturing process, a lab-scale 

bottom-spray fluid bed coater with a Wurster insert was employed. In particular, the fluid bed coater 

used (SLFLL-3, Lleal S.A., Spain) was a prototype adapted to coat small particles with a polymeric 

film. This was done because some structural modifications, in comparison to a conventional design, 

were necessary to obtain a good quality of the produced batches. This is because the thickness and 
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the uniformity of the coating play a crucial role when the aim of the coating layer is to provide 

protection for the active ingredient (e.g. from light, moisture) and/or modified release. Factors such 

as the air-distribution plate design, the height of Wurster insert, the height of the expansion chamber 

above the spraying nozzle, and the material and structure of the filter above the chamber had an 

important influence on the flow of small particles and consequently on the distribution of coating on 

the particle surface, particle agglomeration, and the yield of the coating process. Indeed, several 

batches were produced in the fluid bed coater to test different combinations among all the parameters 

to set up. This was done in order to find the ones most able to increase the yield of the process, to 

reduce agglomeration and spray drying phenomena, and to avoid occlusion of the filter.  

 

Omeprazole, a proton pump inhibitor (PPI), was the first drug model that was studied. Its 

physicochemical stability decreases upon contact with acidic media, leading to significant 

degradation of the drug in the stomach and hence reduced bioavailability. It is also very sensitive to 

light, heat, moisture, solvents, and exposure to various salts and metal ions. These make it an excellent 

candidate as a worst-case study to develop multicoated pellets. Enteric coatings, commonly used to 

deliver drugs to the small intestine, were used to protect omeprazole from potential early degradation 

in the acidic environment of the stomach. In this work, the manufacturing process included different 

steps: 1) omeprazole was coated onto the neutral core as the drug layer; 2) the second coating was an 

isolating layer that avoided the risk of possible omeprazole degradation following contact with 

surrounding environmental light and the next coating, based on an acid polymer; 3) the third coating 

was made of a gastro-resistant polymer (Eudragit® L100-55) to protect omeprazole from the acidic 

environment of the stomach and to promote its release in the intestine; 4) the fourth coating was an 

isolating layer that avoided the risk of a possible interaction between the anionic enteric polymer 

present in the third layer and the cationic gastro-soluble polymer present in the fifth layer; 5) the fifth 

coating was responsible for the stability of the multicoated pellets in the liquid syrup during their 

storage. Indeed, the presence of Eudragit® E100, a gastro-soluble polymer, in association with a 

hydrophobic substance, glyceryl monostearate (GMS), was able to increase the strength of the 

protective film as a barrier against the liquid vehicle in the reconstituted syrup. This barrier prevented, 

or at least decreased, the gastro-soluble polymer’s swelling and gel-forming properties, which are 

normally activated after prolonged contact with neutral-pH media. As recommended for the enteric 

coated dosage forms, it was demonstrated that the new technology based on dry multi-layered pellets 

was able to protect omeprazole for 2 hours in acidic medium at pH 1.2, while it was able to release it 

at pH 6.8 within 45 min (the percentage of omeprazole released was around 94%). The robustness of 

the developed dosage form under varying pH values or acid exposure times was also demonstrated. 
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This new technology was then evaluated on a salt of omeprazole S-isomer (i.e. esomeprazole 

magnesium trihydrate), known to be more stable in acidic conditions and to light and heat exposure. 

This was done to see if its use is a valid alternative to omeprazole. Despite expectations, esomeprazole 

magnesium trihydrate was not considered a valid alternative to omeprazole regarding the developed 

formulation due to the results obtained. These results showed a higher percentage of agglomerations, 

higher particle size, higher residual solvent inside the coated pellets, and a lower release of 

esomeprazole from the coated pellets during the buffer step of the dissolution test (around 62%, below 

European Pharmacopoeia requirements).  

 

In addition, it was relevant in this work to demonstrate that the new developed technology was 

feasible in terms of other kinds of release (i.e. colon-targeting and sustained release). Therefore, 

budesonide (BUD), a potent corticosteroid, was used as a second model drug. To provide a colonic 

release, the pellets were coated with four successive coating layers: 1) a drug layer; 2) a colon-

targeting polymer layer (with the presence of Eudragit® S100); 3) an isolating layer to avoid 

interaction between the anionic colon-targeted polymer present in the second layer and the cationic 

gastro-soluble polymer present in the fourth layer; 4) a gastro-soluble polymer layer (Eudragit® 

E100). To avoid an early release of drug in the upper part of the gastrointestinal tract (GIT) and to 

attempt its release in the colon, Eudragit® S100 was used in the second coating as the pH-sensitive 

colonic polymer. The last protective coating layer was the same as for the omeprazole enteric-release 

formulation. This is because it has the same function of maintaining the integrity of the multicoated 

pellets during storage in the liquid syrup. In contrast, to provide a sustained release, the pellets were 

coated with three successive coating layers: 1) a drug layer; 2) a sustained-release layer including two 

insoluble polymers (i.e. Eudragit® RS and RL), characterized by different permeability properties; 3) 

a gastro-soluble polymer layer to avoid drug release into the syrup (as before). In this latter case, 

different ratios of the two insoluble polymers Eudragit® RS and RL were tested in the second coating. 

This was done to find the best ratio to control the BUD release up to around 24 hours, the time at 

which the most of drug would be released. Once the right ratio was selected, different percentages of 

this second coating were evaluated to verify the influence of the coating percentage on the drug 

release. In the case of both BUD formulations, coating experiments were also performed to find the 

right balance among all the fluid bed coater parameters to set up. Such parameters had to avoid 

common problems met during the coating of small particles, such as agglomeration phenomena, 

spray-drying effects, occlusion of the nozzle or filter, and the non-uniform application of coating 

dispersion droplets. The choice of the right parameters allowed the production of batches 

characterized by a satisfactory yield (> 90%) at the end of a lab-scale coating procedure, with a small 
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particle size (< 500 µm), reduced agglomeration phenomenon (< 1% at the end of the whole coating 

process), reduced residual solvent inside the coated pellets (< 5%) and targeted release in a dissolution 

test. Indeed, the release of BUD from the colon-targeted formulation after 2 hours in acidic medium 

was below the limit of quantification (LOQ) of the HPLC method, demonstrating that the gastro-

resistance of the coating was preserved at pH 1.2. Moreover, around 95% of BUD was released in 

the intestinal medium at pH 7.5 after 45 min. This demonstrated that the last protective layer was 

dissolved in acid medium during the first two-hour acidic step and that the colonic layer was properly 

dissolved at pH 7.5. For the sustained-release formulation, the release of BUD from the multicoated 

dosage form was pH-independent. Indeed, a progressive release of the drug started quickly after the 

beginning of the dissolution test. It began as soon as the outermost protective gastro-soluble layer 

was dissolved, without an initial lag time within the first two hours of the acidic step at pH 1.2. 

Moreover, the sustained release of the drug continued after the pH change (from 1.2 to 7.5) following 

the two-hour acidic step, reaching drug release values higher than 90% w/w within a 24-h dissolution 

test.  

 

Finally, to evaluate the efficacy of the multi-layered pellets, a “conventional” syrup was developed. 

During the development of this syrup, the main difficulty was to maintain the impermeability (and 

integrity) of the multi-layered pellets when dispersed in the liquid syrup. This was done by preventing 

the swelling of the last external coating to avoid the early release of the drug during the storage period. 

To increase the stability of the external protective coating, water diffusion through the coated pellets 

was decreased by using a high concentration of sorbitol in the syrup, which was able to increase the 

osmotic pressure of the external aqueous phase. Moreover, polyvinylpyrrolidone (povidone or PVP) 

and Avicel® RC-591 were added to increase the viscosity of the syrup. This obtained a good 

dispersion of the coated pellets in the syrup, which avoided their rapid sedimentation and ensured an 

appropriate dispensed unit dose at each administration. Another important component that proved to 

be fundamental in terms of the multi-coated pellets’ stability in the syrup was the buffer. The buffer 

should be able to stabilize the pH of the external phase for the whole stability period (10 days) at 7.5, 

without fluctuations. From the quantification of the drug in the different dispensed doses (i.e. inside 

the pellets and in the external syrup), it seemed clear that the liquid syrup constituted a stable system 

for multi-layered pellets. It permitted a defined dose of drug to be delivered for 10 days (which 

corresponds to the whole treatment period) when the pellets were stored in a well-closed bottle under 

controlled conditions. The results of dissolution tests confirmed the capability of reconstitutable syrup 

to provide an enteric release of omeprazole after at least 10 days, colon targeting, and sustained 
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release for BUD after at least two weeks, reaching the target required by regulatory authorities for 

such dosage forms.  

In conclusion, the predetermined goals for omeprazole and BUD, in dry or liquid dispersed states, 

have been achieved. An improvement of the syrup/multi-layered pellet formulations should be made 

to further increase the stability of multicoated pellets in the liquid syrup during storage (i.e. for at 

least three or four weeks). From an industrial perspective, it could be interesting to apply this kind of 

technology to other drugs for the treatment of several pathologies (e.g. Parkinson’s disease). It could 

be also important to proceed with the scaling up to be able to produce multicoated pellets in higher 

quantities (i.e. from 1.0-1.5 kg at the lab-scale to 50-100 kg at the industrial scale).
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Abbreviations: 

ADME: absorption, distribution, metabolism and excretion 

AIDS: acquired immune deficiency syndrome  

API: active pharmaceutical ingredient 

ATBC: acetyl tributyl citrate  

ATEC: acetyl triethyl citrate 

BUD: budesonide 

°C: Celsius 

CDER: Center for Drug Evaluation and Research 

cm: centimetre 

CMC-Na: sodium salt of carboxymethylcellulose 

CV: coefficient of variation 

DDS: drug-delivery systems 

DEP: diethyl phthalate 

EA: ethyl acrylate 

EC: ethyl cellulose 

EMA: European Medicines Agency 

FDA: Food and Drug Administration 

g: gram 

GET: gastric emptying time 

GI: gastrointestinal 

GIT: gastrointestinal tract 

GITT: gastrointestinal transit time 

GMS: glyceryl monostearate 

GRT: gastric retention time 

IBD: inflammatory bowel diseases 

h: hour 

HCl: hydrochloric acid 

HEC: hydroxyethyl cellulose 

HP-55S: hypromellose phtalate 

HPC: hydroxypropyl cellulose 

HPLC: high performance liquid chromatography 

HPMC: hydroxypropyl methylcellulose (hypromellose) 

ka: absorption constant 
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ke: elimination constant 

kr: release constant 

K30: Kollidon® 30  

K90: Kollidon® 90  

L: litre 

LOD: limit of detection 

LOQ: limit of quantification 

Mn: molecular number 

Mw: molecular weight 

MAc: methacrylic acid 

MC: methylcellulose 

MCC: microcrystalline cellulose  

MFT: minimum film-forming temperature 

min: minute 

mL: millilitre 

mm: millimetre 

MMA: methyl methacrylate 

MMC: migrating myoelectric complex 

MUDF: multiple-unit dosage form 

MUPS: multi-unit pellet system 

NSAIDs: non-steroidal anti-inflammatory drugs 

o/w: oil in water 

PBS: phosphate- buffered saline 

PD: polydispersity 

PPI: proton pump inhibitor 

PPIs: proton pump inhibitors 

PSD: particle size distribution 

PVP: polyvinylpyrrolidone (povidone) 

RH: relative humidity 

rpm: rotations per minute  

S.D.: standard deviation 

SEM: scanning electron microscopy 

SOP: standard operating procedure 
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SUDF: single-unit dosage form 

T: temperature 

Tg: glass transition temperature 

Tm: melting temperature 

Ts: film softening temperature 

TAC: triacetin 

TBC: tributyl citrate 

TEC: triethyl citrate 

TGA: thermogravimetric analysis 

UK: United Kingdom 

USA: United States of America 

v/v: volume per volume 

w/o: water in oil 

w/w: weight per weight 

µm: microns 
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1. Introduction 

Among the different methods of drug administration, the oral route has received the most attention. 

This is due to the ease of administration that it affords, which provides better patient compliance as 

compared to other modes of drug intake, and to its broad flexibility in dosage-form design (Lachman, 

1965). Solid oral dosage forms are the most predominant in clinical practice and essentially include 

powders, granules, pellets, capsules, and tablets (Debotton and Dahan, 2017). Although the oral route 

is the preferred route of administration, the numerous physio-pathological factors affecting drug 

absorption following oral intake make it complex and challenging (Amidon et al., 1995; Dahan et al., 

2012). For instance, poor dissolution in the GI environment would lead to low absorption and 

bioavailability. It is estimated that more than 50% of new drug candidates are lipophilic and have 

poor aqueous solubility (Beig et al., 2013; Dahan and Miller, 2012). There are steps that an active 

ingredient must take to pass from the dosage form to the bloodstream: 

1. release from the dosage form; 

2. diffusion of the active ingredient through the lipid biological membranes; 

3. entry from the biological membranes to the bloodstream. 

Other phenomena may take place during these three steps, reducing the active ingredient’s 

bioavailability. Such phenomena are chemical degradation (essentially pH-dependent), the action of 

the intestinal flora/enzymatic systems, the GITT (Debotton and Dahan, 2017), and the hepatic first-

pass metabolism (Pinder at al., 1976; Hoener and Benet, 2002). 

For the development of dosage forms able to avoid potential bioavailability issues, it is essential to 

consider all the physiological parameters and pathological processes that may be involved in the 

gastrointestinal tract (GIT) (Mayersohn, 2002). 

 

1.1. Anatomy and Physiology of the gastrointestinal tract 
 

The GIT is a body system specialized in a series of complex functions that can be summarized as: 

- food intake; 

- digestion of food in absorbable molecules; 

- absorption of these molecules in the blood and lymphatic circulation; 

- elimination of residual materials to outside the body. 

It is made up of a series of hollow continuous organs, which constitute the “digestive tract” or 

“alimentary canal”. The digestive tract, which measures around 9 metres in length, can be 

anatomically divided into the following parts (Castano and Donato, 2006): the oral cavity or mouth, 

the isthmus of the jaws, the pharynx, the oesophagus, the stomach, the small intestine constituted of 
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the duodenum, jejunum, and ileum, and the large intestine constituted of the caecum (with the 

vermiform appendix), colon (ascending, transverse, descending), and rectum (Figure 1).  

The glands (i.e. salivary glands, pancreas, liver, and gallbladder), which secrete lubricants, mucus, 

and substances necessary for the digestion of the food taken in (e.g. pancreatic amylase, trypsin, 

lipase), are annexed to the alimentary canal (Castano and Donato, 2006). 

 

 

 
 
 
Figure 1: Scheme of the GIT (Welcome, 2018).

 

Each of the above-mentioned parts is characterized by specific anatomical and physiological 

characteristics, including the presence of differentiated cells, pH, and motility (Table 1). 
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Table 1: Anatomical and physiological characteristics of the different sections of the GIT (Russell et al., 1993; 
Deshpande et al., 1996; Hörter and Dressman, 2001). 
 
Section pH values Length (cm) Absorption 

surface (m2) 
Residence time 

(h) 
Stomach 1.5-3.0 fasted 

2.0-5.0 fed 
20 0.1 0.5-1.5 fasted             

2.5-3.5 fed 
Duodenum 5.0-6.0 fasted 

6.5 fed 
20-30 0.1  

 
3-4 

 
Jejunum 4.5-6.5 fasted 

5.0-6.2 fed 
150-200            60 

Ileum 6.5-8.0 fasted 
7.5 fed 

200-350            60 

Colon  5.0-7.5         90-150            0.75             7-48 
 

• Oral cavity 

The oral cavity is the first portion of the alimentary canal. It communicates with the outside and 

continues posteriorly in the isthmus of the jaws and then in the pharynx. The mouth is able to take 

food from the outside through the buccal rime, to grind it with the teeth, to mix it with saliva produced 

by the salivary glands, and to send the bolus thus formed in the pharynx through the isthmus of the 

jaws (swallowing) (Castano and Donato, 2006). 

 

• Isthmus of the jaws 

The isthmus of the jaws represents the short passage between the oral cavity and the pharynx. It is 

delimited below from the tongue with the lingual tonsil and above/laterally from the palate to the 

uvula (Castano and Donato, 2006). 

 

• Pharynx 

The pharynx is the third portion of the alimentary canal and it is an organ in common with the 

respiratory system. It is an important anatomical and functional crossroads of the airways and 

digestive tracts, having to regulate the transit of air, liquids, and solids to the respiratory or digestive 

destination. With a length of about 15 cm, it continues below with the oesophagus placed behind the 

larynx. The pharynx receives, through the isthmus of the jaws, the bolus coming from the oral cavity 

and conveys it, by swallowing, into the oesophagus. 

Moreover, it also has lymphoid organs that offer non-specific and specific defences against inhaled 

or ingested antigens (Castano and Donato, 2006). 
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• Oesophagus 

The oesophagus is a transit segment of 25 cm which follows the pharynx at the level of the sixth 

cervical vertebrae and continues to the stomach at the level of the tenth thoracic vertebrae. It is 

covered by an epithelium that ensures its resistance to traumatic, chemical, and physical injuries, due 

also to secretions from its mucous glands. It allows the rapid passage of the bolus towards the stomach 

after swallowing (Castano and Donato, 2006). In fact, it is endowed with a complex muscular 

component that guarantees, above, high coordination with the voluntary act of swallowing, and, 

below, the entry of the bolus into the stomach. The oesophagus transit take place in a time range of 

5-15 seconds, based on the posture position, the type of dosage form, the simultaneous ingestion of 

liquids, and the risk of mucosal adhesion (Wilson, 2000). Its musculature, together with that of the 

diaphragm, constitutes the “inferior oesophageal sphincter”. This sphincter prevents the reflux of the 

gastric juice, which is corrosive, in the oesophageal lumen (Castano and Donato, 2006). The 

oesophagus does not have a critical role in the transport of pharmaceutical dosage forms. However, 

in some diseases in which swallowing is altered, it could have an impact on the ingestion of medicines 

and on patient compliance. A typical example is Parkinson's disease, in which a loss of coordination 

of the throat and tongue muscles with swallowing disorders, called dysphagia, may occur. This 

problem can cause the sensation that the mouthful stops in the throat (Suttrup and Warnecke, 2016). 

 

• Stomach 

The stomach, the organ of the alimentary canal which follows the oesophagus, is placed below the 

diaphragm, laterally and behind the spleen. It receives the swallowed foods (bolus), which are 

exposed to the digestive action of the gastric juice, produced by the gastric glands. The gastric juice 

is strongly acid, due to the presence of hydrochloric acid (HCl), and contains proteolytic enzymes as 

pepsin and rennin, responsible for protein digestion. The epithelium of the gastric surface, 

characterized by the presence of a layer of mucus and bicarbonate (called the gastric mucosal barrier), 

ensures a constant defence from the corrosive action of the gastric juice (Castano and Donato, 2006). 

 

The cells present in the stomach are: 

- endocrine cells of the mucosa, which produce a series of peptides able to regulate the secretion 

and the motility of the stomach and of the organs correlated to it; 

- main cells, which produce zymogen granules containing pepsinogen (pepsin precursor); 

- parietal cells, which produce HCl and are responsible for the secretion of intrinsic factor.       

The secretion of the intrinsic factor guarantees the absorption of vitamin B12, necessary for 

the maturation of red blood cells.  
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The thick musculature guarantees the mixing of foods that, during the residence time in the stomach 

(from one to three hours), are transformed into chyme, subsequently introduced into the duodenum 

through the pylorus (Germann and Stanfield, 2006), The stomach is delimited by two narrowings: 

above from the oesophagus, the cardia, and down to the duodenum, the pylorus, which plays a major 

role in gastric residence time of the ingested materials. The stomach has a variable capacity according 

to age, sex, and constitution. Its average capacity is 1.0-1.5 L but it can reach up to 4.0 L. In contrast, 

its volume changes depending on which phase it is in: 1.0-1.5 L in the post-prandial phase and 25-50 

mL in the interdigestive phase (Klausner et al., 2003).  

 

The stomach includes three main portions (Figure 2): 

- the fundus, the highest portion, in contact with the diaphragmatic concavity; 

- the body, the widest portion, with a vertical direction; 

- the antrum, with a slightly upward direction. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Anatomy of the stomach (Drake et al., 2015). 

 

The part constituted by the fundus and the body acts as a reservoir of any undigested material, while 

the antrum portion performs as the principal site for the mixing action. Being the lowest part, the 

antrum works as a pump for gastric emptying by a propelling action (Mandal et al., 2016). 

The innervation, both sympathetic and parasympathetic, is provided by the branches of the celiac 

ganglion and by the terminal branches of the vagus nerve, respectively. The nerves penetrate the 

organ forming the myenteric and submucosal plexuses for the control of the motor and of the 

secretory activities (Gershon and Ratcliffe, 2006). The pH of the stomach is particularly acid in fasted 

condition, reaching a value in the range 1.5-3.0. It may vary according to: the presence of food (pH = 
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2.0-5.0), age (higher in people more than 65 years old, rather neutral in neonates, and then dropping 

to acidic values over the first 2 years of life), the presence of upper GI diseases (e.g. oesophageal, 

gastric, or duodenal ulcers or gastric cancer), systemic diseases (e.g. cystic fibrosis, pernicious 

anaemia, AIDS) or changes induced by drugs (e.g. proton pump inhibitors (PPIs), histamine H2-

receptor blockers) (Russel at al., 1993; Mayersohn, 2002; Bowles et al., 2010; Abuhelwa et al., 2017). 

The gastric retention time (GRT) can affect drug absorption. Absorption is often limited in the areas 

between the stomach and duodenum (Lopes et al., 2016), in which the surface dedicated to drug 

absorption is lower in comparison to the other parts of the GIT (Table 1). Consequently, the residence 

time in this area limits the adsorption of drugs (Lopes at al., 2016). The GITT is determined by the 

type of dosage form administered (i.e. solid vs liquid, or single unit vs multi-units) and by the GI 

motility patterns, which differs between fasted and fed states with high inter- and intra-subject 

variability. In the fasted state, the GI transit is mainly regulated by the migrating myoelectric complex 

(MMC). The MMC is an organized recurring motility cycle that originates from the stomach and 

propagates along the small intestine. It is initiated by cyclic electromechanical activity in the smooth 

muscles of the GIT (Sarna, 1985; Deloose et al., 2012; Abuhelwa et al., 2017). 

In humans, the cycle recurs every 1.5-2.0 h (Oberle et al., 1990; Dooley et al.,1992; Wahington et 

al., 2001) until a meal is eaten. It contains four distinct phases (Washington et al., 2001; Abuhelwa 

et al., 2017; Türkmen et al., 2017): 

1. Phase 1 (basal phase), a quiescent period with no gastric secretions or contractions and that 

lasts for about 30-60 minutes. 

2. Phase 2 (pre-burst phase): characterized by a progressive increase in contraction intensity and 

frequency. It lasts for 20-40 minutes. 

3. Phase 3 (burst phase): the phase in which the frequency and the intensity of the contractions 

peak for a short time (4-6 minutes), resulting in clearance of the undigested solids from the 

stomach to the small intestine and caecum and, hence, termed the “housekeeping wave”. It 

lasts for 5-15 minutes. 

4. Phase 4: a transition phase that lasts a maximum of 5 min between Phase 3 and the Phase 1 

of the following cycle. 

 

The MMC, upon meal administration, is interrupted and replaced by digestive motility patterns 

characterized by continuous mixing and peristaltic contractions. This results in reduction of the 

particle size of the ingested solids (< 1mm), and mixing and propelling them towards the duodenum 

(De Wever et al., 1978; Abuhelwa et al., 2017). 
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The GRT in the postprandial state is more complex due to the many variables that can intervene.        

To pass through the pyloric valve into the small intestine, particles should be characterized by a 

maximum mean diameter of 1-2 mm (Wilson and Washington, 1989; Nayak et al., 2010). The pylorus 

is a short, regular canal, approximately 6 mm in length. It remains closed during the earlier stages of 

gastric digestion but as digestion proceeds, it opens intermittently to allow the passage of chyme. It 

opens when peristaltic waves proceed towards the pylorus. Its calibre depends on the degree of 

relaxation of the pyloric sphincter, and varies from zero, or more commonly 1-2 mm, to between 5 

and 6 mm (Keet, 1962). 

 

The most important parameters controlling the GRT of oral dosage forms include:  

- Density: Dosage forms having a density lower than that of the gastric contents can float to the 

surface, while high-density systems sink to the bottom of the stomach (Dubernet, 2004). A 

density below 1 g/cm3 (more effective if below 0.5 g/cm3) is required to exhibit floating 

(Chauhan et al., 2012). An increase in floating capacity will enhance the probability of a 

longer retention time (Singh and Kim, 2000; Sauzet et al., 2009). 

- Size and shape of the dosage form: In both states, fasted and fed, the gastric emptying of small 

solid particles through the pylorus is facilitated by low-amplitude contractions. Indeed, the 

gastric emptying time (GET) of orally administered dosage form can be highly dependent on 

the size of particles (i.e. small pellets vs conventional pellets, pellets vs non-disintegrating 

tablets). In fasted condition, for non-disintegrating systems, an increase in the size of dosage 

forms to values higher than those of the pyloric sphincter diameter (mean 12.8 ± 7 mm in 

humans) prevents the passage of the dosage form to the duodenum, increasing the GRT 

(Salessiotis, 1972; Talukder and Fassihi, 2004). In fed state, the MMC is largely abolished 

(Higaki et al., 2008). In the pharmaceutical literature there is a limiting size of particles that 

can empty from the stomach in the fed state. This size is 0.7 mm, based on the 

pharmacokinetics of drug absorption. Particles with a greater size empty predominantly 

following the onset of Phase 2 and 3 of the fasted state (Higaki et al. 2008). It could be 

assumed that the gastric emptying of small particles is faster than for solid dosage forms 

(Abrahamsson at al., 1996), even in suspension in liquid vehicle. Ring-shaped and 

tetrahedron-shaped dosage forms have a longer gastric residence time compared to other 

shapes (Garg and Sharma, 2003; Majethiya et al., 2012). 

- Nature of dosage form: Liquids can empty from the stomach independently of the fasted/fed 

state, as explained in the previous point (i.e. passing through the pylorus during the fed 
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condition). For this reason, liquids reach the small intestine, and consequently are absorbed 

faster than solids (Markl and Zeitler, 2017).  

- Food intake and its nature and caloric content: The presence of food in the stomach increases 

the GRT of the dosage form. An increase in acidity and caloric values shows reduced GET, 

which can increase the gastric retention of dosage forms (Khosla et al., 1989). The 

characteristics of ingested beverages (i.e. the volume of fluid, its composition, the caloric 

value, and, possibly, the osmolality and temperature) are relevant parameters that could 

modify the stomach emptying and small intestinal absorption rates (Teramoto et al., 2014; 

Leiper, 2015). 

- Posture: The gastric residence time varies according to this parameter in opposite directions 

for floating and non-floating dosage forms. For the floating dosage form, the upright position 

favours gastric retention since the system floats on top of the gastric contents. The non-

floating systems tend to settle close to the pylorus. In the supine position, non-floating systems 

have an increased GRT (Garg and Gupta, 2008; Nguyen et al., 2015). 

- Age: Gastric and small intestinal motor and humoral mechanisms in humans are complex and 

highly variable in function of age (Shakhnovich and Abdel- Rahman, 2014). In healthy aging, 

the motor function is well preserved whereas deficits in sensory function are more apparent 

(Soenen et al., 2015). Consequently, increasing age has been related to longer GET and shorter 

small-bowel transit times (Mojaverian et al., 1988). Moreover, in a comparison between 

neonates and adult men, the GET under fed conditions (total diet) is comparable (75 min vs. 

70 min) (ICRP, 2002; Yu et al., 2014). Concerning the small-intestinal transit time, the 

reference value of neonates (4 h) are the same as that of adults (4 h) (ICRP, 2002; Yu et al., 

2014).  

- Sex: Females have longer GET and whole gut transit times (Camilleri et al., 2012). 

- Smoking: This increases the GET. 

- Physical activity: This decreases the GET in the case of extremely intensive physical activity. 

- Emotional state of the patient: There is a decrease in the gastric emptying rate when the patient 

is in a depressed emotional state, whereas the opposite is observed in individuals experiencing 

anxiety (Munk et al., 1978; Talukder and Fassihi, 2004). 

- Diseased state of the individual (e.g. chronic disease, diabetes, etc.): This decreases the GET 

(Triantafyllou et al., 2007; Krygowska-Wais et al., 2009).  

- Administration of drugs with an impact on GITT: Drugs acting as anticholinergic agents (e.g. 

atropine, propantheline) inhibit the GI motility (Borody et al., 1985; Quijano et al., 1993), 

opiates (e.g. codeine) increase the median total GITT, and prokinetic agents (e.g. 
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metoclopramide, cisapride) stimulate the GI motor activity, accelerating the gastric emptying 

of both liquid and solid food (Georgiadis et al., 2000; Streubel et al., 2006).  
 

• Small intestine 

The small intestine is the longest and most tortuous part of the alimentary canal (on average, 7 m 

long). It is characterized by a huge absorption area. It follows the stomach and continues with the 

large intestine at the ileocecal valve level. It is composed of three different sections: the duodenum, 

jejunum, and ileum, which are characterized by different pH values (Table 1) (Castano and Donato, 

2006). The small intestine receives chyme from the stomach in the duodenal ampoule, which is rich 

in alkaline secretion glands to counteract gastric acidity. In the duodenum, the ductus choledochus 

and pancreatic duct supply the bile and pancreatic juice, which contribute, with the enteric juice 

produced by the intestinal glands, to complete the digestion of the nutritious materials. These fluids 

do so through the emulsifying action of the bile and the lithic activity of lipases, amylases, and 

proteases of pancreatic and enteric origin (Castano and Donato, 2006). Due to villi and microvilli 

(Mayersohn, 2002), the total surface area of the small intestine reaches around 120-150 m2. Such a 

huge contact area allows the molecules and drugs coming from the digestion to be absorbed into the 

blood and into the lymphatic circulation (Figure 3). The endocrine cells, together with the nerve 

plexuses, assure the complex coordination between the progression of the content and the 

secretory/absorbing activity, while the diffused and aggregated lymphoid tissue guarantees the 

immunological contrast (Castano and Donato, 2006).  
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
Figure 3: Intestinal structure: Diagram of the 
small intestine showing crypts, villi, and 
vasculature (Welcome, 2018). 
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The small intestine is characterized by two main movements: peristaltic waves and segmentation. In 

the first case, the waves push the contents forward with a speed that depends on the waves’ base 

frequency (Germann and Stanfield, 2006). Peristalsis is due to the coordinated activity between the 

circular and longitudinal muscular layers in adjacent segments of the GIT (extending over a distance 

of 20-25 cm, with a frequency equal to 1-2/second) (Hörter and Dressman, 2001). In the proximal 

intestinal segment, the circular muscle contracts, while the longitudinal one relaxes, decreasing the 

diameter of the tract. In contrast, in the distal intestinal segment, the circular muscle relaxes, while 

the longitudinal muscle contracts. causing an increase in the diameter of the section that is preparing 

to receive the contents of the proximal segment (Germann and Stanfield, 2006). On the other hand, 

segmentation is characterized by the presence of alternating contractions between the intestinal 

segments that remix the chyme (extending over a distance of 1-4 cm) (Hörter and Dressman, 2001). 

While a segment of the intestinal circular muscle is contracting, the segments on both sides relax, 

allowing the contents to move in both directions (differently from the propulsion movement due to 

peristalsis). The result is that the chyme is pushed forward and backward, mixing the contents and 

bringing the products of digestion into direct contact with the intestinal mucosa.  

 

• Large intestine  

The large intestine follows, at the level of the ileocecal valve, the small intestine and ends by opening 

outwards at the anal orifice. This section of intestine, around 1.6 m long, is divided into three portions: 

the caecum with the vermiform appendix, the colon, and the rectum. 

The large intestine receives the chillum, coming from the ileum at the level of the ileocecal valve, 

which prevents its reflux. In the long transit inside the large intestine, enterocytes absorb still-

absorbable molecules. Saprophytes in the large intestine are live bacterial populations that produce 

useful vitamins and exert their enzymatic activity to separate otherwise-indigestible materials. The 

progressive absorption of water and electrolytes (Na+ and Cl-) also occurs, with the formation of solid 

faeces, which, in the act of evacuation, are expelled through the anal orifice. 

The caecum, the first portion of the large intestine, is a blind-bottomed pocket that follows the ileum. 

In this region, the ileocecal valve is present. The caecum is characterized by a long diverticulum about 

7 cm long, the vermiform appendix, which presents considerable variations in position and length. 

The caecum continues with the colon, in turn divided into three portions: ascending, transverse, and 

descending, where the reabsorption phase mainly happens. The colon, due to its intrinsic 

characteristics (i.e. reduced length, reduced effective functional area due to the absence of villi and 

microvilli on its surface, and variable motility linked to the pressure differences generated by the 

contraction of the muscular components), is not a good absorption site. Nevertheless, the colonic 
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residence time varies from 7 to 48 hours, and is much longer than in the other sections of the GIT. 

This factor increases the possibility for substances to be absorbed (Steed et al., 1989; Castano and 

Donato, 2006). A characteristic of the mucosa of the colon is the presence of a smooth surface with 

a progressive decrease in villi and microvilli, which are present in high quantities in the small intestine 

(Minko, 2004). The colon continues with the rectum. This presents a first, dilated pelvic portion (the 

rectal ampoule) and a second, narrower portion (the rectal canal). This canal crosses the pelvis, in 

close contact with the muscles (the anus elevator and the external sphincter of the anus), and leads 

outside, through the anal canal. In men, it is close to the bladder, the prostate, and the seminal vesicles; 

in women, between the rectum and the bladder, with the vagina and the intravaginal part of the cervix 

interposed (Castano and Donato, 2006). Another peculiarity of the rectum is the presence of large 

anastomosis, represented by the lower, middle, and upper rectal veins (also called the hemorrhoidal 

veins) (Germann and Stanfield, 2006). The pH varies slightly along the small intestinal tract to the 

large intestinal tract, depending on the bacterial flora, with a decrease to 6.4 at the level of the 

ileocecal valve (Table 1) (Mayersohn, 2002). 

 

1.2. Drug absorption and physical-chemical factors 
 
The absorption of a drug depends strongly on the immediate environment in which it is: e.g. pH, 

contact surface, and motility are influencing parameters. To be absorbed, a drug must pass the 

biological membrane and reach the blood circulation due to the mechanisms for crossing the 

biological membrane, called the transcellular mechanisms. 

The main mechanisms are:  

- passive diffusion, where the driving force is represented by the gradient of concentration between 

the two sites of the biological membrane (Caramella et al., 2015); 

- carrier-mediated transport, in which the driving force can be represented by cellular energy (active 

transport) or by a gradient of concentration (facilitated diffusion) (Caramella et al., 2015); 

- convective transport, through channels, aqueous porous (with a size equal to 0.4 nm) and 

intercellular spaces (Caramella et al., 2015); 

- transport by endocytosis (pinocytosis, transcytosis, etc.) (Caramella et al., 2015); 

There is also a paracellular pathway, which can be exploited when the drug is able to pass through 

the aqueous spaces between the cells, passing the intercellular junctions, the so-called “tight 

junctions” (Lemke et al., 2010). 

The biological membrane (Figure 4) has a lipidic nature (phospholipids, glycolipids, and steroids) 

and the dissolution of a drug is closely associated with its solubility in aqueous medium. Therefore, 

the water/oil partition coefficient of the molecule in question is a primary factor to be considered in 
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the absorption process (a log P range between 2 and 3 provides a good balance between solubility 

and permeability). 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
< 
 
 
 
 
Figure 4: The fluid-mosaic model of the cell membrane (Pietzsch, 2004). 
 
 

For ionized molecules, moreover, it must be considered that their nature (i.e. acidic or basic) and pKa 

will influence their solubility at a determined pH. Biological membranes are predominately lipophilic 

and favour the transport of drugs in their non-ionized forms. Therefore, an increase in the fraction of 

the non-ionized form of the drug will most likely result in an increased permeability through the 

intestinal membrane as long as there are no drug-solubility limitations (Abuhelwa et al., 2017). 

Molecular mass and steric hindrance will influence the passage of drug through the cellular barrier 

(Jantzen and Robinson, 2002). The pH value in the GIT relative to the pKa of the drug determines 

the percentages of ionized and non-ionized weakly acidic and weakly basic drugs. 

When the pH> pKa, the non-ionized form of a weakly basic drug predominates but the ionized form 

of a weakly acidic drug predominates, and vice versa. Accordingly, changes in the pH of the GIT 

(e.g. after a meal) are expected to affect mainly the absorption rate as a consequence of affecting the 

percentage of the non-ionized drug at the absorption site (Abuhelwa et al., 2017). 
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1.3. Solid oral dosage forms 
 
Solid oral dosage forms include powders, granules, pellets, capsules, and tablets (Debotton and 

Dahan, 2017). These dosage forms may be characterized by immediate- or modified-release 

properties. By controlling the diffusion of the active ingredient throughout the dosage form, the 

plasma concentrations of the drug (e.g. bioavailability) may be correlated with release characteristics 

imposed by the galenic form. 

Once the dosage form is swallowed, a set of absorption, distribution, metabolism and excretion 

(ADME) processes takes place. After being absorbed (A), the drug is distributed in the body (D) or 

at least in some of its organs. In this way, the drug reaches the site of action, but also other organs 

and tissues, sites of metabolization (M), or even sites that are unfavourable for the therapeutic action 

because of the production of side effects and toxicity. Finally, the drug and its metabolites are 

removed from the body thanks to the action of excretory organs (e.g. kidneys) due to excretion (E) 

(Germann and Stanfield, 2006). 

 

1.3.1. Immediate-release dosage forms 
 
According to the CDER (Center for Drug Evaluation and Research) guidelines issued by the FDA, 

an immediate-release dosage form must be able to release the active ingredient(s) immediately after 

ingestion, without prolongation or delay of its dissolution and, consequently, of its absorption. In 

particular, it is commonly accepted that for such dosage forms not less than 85% w/w of drug must 

be released within 45 minutes (FDA CDER Guidelines, 1997).  

In this type of dosage form, the limiting step, in the ADME context, appears to be the absorption 

through the biologic membranes and not the release of the active ingredient from the dosage form 

(kr> ka, ke, , where kr is the release constant, ka is the absorption constant, and ke is the elimination 

constant) (Caramella et al., 2015). In fact, in pharmacokinetics and pharmacology, ADME describes 

the distribution of a pharmaceutical compound within an organism. The four criteria all influence the 

drug levels and kinetics of drug exposure in the tissues and, hence, the performance 

and pharmacological activity of the drug. Such dosage forms are usually administered several times 

per day to maintain the plasma concentration of the drug within the therapeutically effective range 

for the duration of the treatment. This practice results in fluctuating drug levels in the blood (e.g. the 

peak and trough effect) and reduced patient compliance (Figure 5). This low patient compliance often 

results in inadequate therapeutic treatment due to the failure to respect the dosage, which can lead to 

a significant risk of toxicity or to therapeutic ineffectiveness (Gaur et al., 2014a; Gaur et al., 2014b). 
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Currently, modified-release formulations are being used as a valid alternative to these kinds of dosage 

forms for treating chronic illness. 

 

 

 

 

 

 

 

 

 

 

Figure 5: Drug concentration profiles in the systemic circulation as a result of taking a series of multiple doses 
of a conventional drug-delivery system (A1, A2, ...) in comparison with the drug concentration profile obtained 
from a modified-release dosage form (B) (Chien and Lin, 2007). 

 

1.3.2. Modified-release dosage forms 
 

Coating a solid dosage form with a polymeric film may generate a product that exhibits a modified 

release of active components, offers protection from external conditions, masks an unpleasant taste 

and odour and/or provides physical and chemical protection to specified components. Indeed, in order 

to maintain the drug concentration within the therapeutic window, avoiding dose-dumping 

phenomena, and to decrease the risk of side effects/therapeutic ineffectiveness, resulting in more 

reproducible drug absorption, the use of various polymeric excipients to obtain modified drug release 

in solid oral forms has become widespread in recent years (Tanaka et al., 2005; Chandana et al., 

2013). Two major types of modified-release dosage forms have been reported: sustained-release 

dosage forms, where the drug is released progressively and which allow reduction of the dosing 

frequency compared to the conventional form, and delayed-release dosage forms, where the drug is 

not released immediately after administration but in the intestine (e.g. enteric release) or the colon 

(e.g. colonic release). In this case, the limiting step in the ADME context is the release of the drug, 

which must take place at a certain rate or in a specific site (e.g. enteric or colon-targeted release) or 

during a predetermined period of time required by the therapeutic treatment (Sangalli et al., 2001). 
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1.3.2.1. Modified-release dosage forms: classification on the basis of the number of units 

administered 

 

The modified-release dosage forms differ in size and number of units administered as a single dose, 

including both single-unit dosage form (SUDF) and multiple-unit dosage form (MUDF) systems 

(Aleksovski et al., 2014). A first classification of the modified-release dosage form could therefore be 

made on the basis of the number of units administered. 

 

v Single-unit dosage forms  
 
Single-unit systems are dosage forms composed of a monolithic system that does not disintegrate into 

subunits in the stomach or in the intestine to release the active ingredient. Such dosage forms available 

on the market include matrix tablets or capsules and osmotic pumps, among others. 

Their GET is influenced by their large size (Kaus et al., 1984; Khosla and Davis, 1990). Indeed, 

dosage forms with a diameter between 7 and 15 mm can pass the pylorus only during the fasted state, 

in Phase 3 of the MMC (see 1.1 Anatomy and Physiology of the gastrointestinal tract, stomach). 

However, several studies have reported that, even when administered in fasted state, the GRT of 

SUDF with a size in this range is characterized by noticeable inter-individual variations (between 15 

and 200 min) (Kaus et al., 1984; Davis et al., 1988; Khosla and Davis, 1990; Coupe et al., 1991). 

Dosage forms with such a big size cannot pass through the pylorus during fed- state conditions and 

during Phase 1 and 2 of fasted- state conditions (the GET is between 2 and 3 hours, the GRT between 

2.5 and 3.5 hours).  

 
v Multiple-unit dosage forms  

 
The main characteristics of MUDF, in contrast with SUDF, are the lower susceptibility to dose 

dumping and the faster gastric emptying because the subunits of a MUDF can more evenly distribute 

in the GIT (Newton, 2010; Zhu et al., 2014), resulting in fewer adverse effects. Indeed, they are 

designed to release their medication in a controlled manner. They release medication at a pre-

determined rate, duration, and location in the body to achieve and maintain optimum therapeutic 

blood levels of drug and less variability in drug release. MUDF can be used to deliver incompatible 

drugs or drugs requiring different release rates (immediate-release and controlled-release) 

simultaneously by physical separation.  

One of the most popular MUDFs is the multi-unit pellet system (MUPS), in which the pellets are 

filled into a capsule (with an average size of < 1000 µm) or compacted with excipients to form a 

tablet (with an average size of < 500-800 µm) (Bechgaard and Nielsen, 1978; Aulton et al., 1994; 
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Bhad et al., 2010; Johansson et al., 1998; Jawahar and Anilbhai, 2012; Ozarde et al., 2012; Chen et 

al., 2017).  

The use of these dosage forms involves a series of advantages and disadvantages that must be taken 

into account (Table 2). 

 
Table 2: Summary of advantages and disadvantages of MUDFs such as coated pellets (Bechgaard and Nielsen, 
1978; Aulton et al., 1994; Bhad et al., 2010; Johansson et al., 1998; Newton, 2010; Ozarde et al., 2012; 
Supriya et al., 2012; Ramu et al., 2013; Chen et al., 2017). 
 

      Advantages        Disadvantages 

Good reproducibility in terms of release, 

absorption, pharmacokinetics profile, 

performance 

Complexity in formulation of MUDFs 

Convenient dosing 

 

Cost: more expensive than matrix 
systems 

      Narrow particle size distribution (PSD) Filling into capsules/compression is 
difficult  
 

Good flow properties  

Limited abrasion 

Compact structure 

Applicability for delayed and sustained drug release 

Reduced risk of dose dumping 

Particles can pass through the pyloric sphincter even in the fed state and, as a liquid,  
in terms of gastric emptying. 

 

In the pharmaceutical industry, pelletization methods can be divided in different groups on the basis 

of various criteria, e.g. type of equipment used, intensity of mechanical forces involved, or techniques 

employed for the production of pellets (Capes, 1967; Swarbrick and Boylan, 1993; Pepin et al., 2001; 

Verma and Garg, 2001; Watano et al., 2002; Cheboyina et al., 2004; Yi et al., 2008). The success of 

these methods depends on the complex relations between the equipment, the formulation, and the 

process variables (Schultz et al., 1997). Usually, the main manufacturing process used to produce 

pellets is extrusion/spheronization (Cheboyina et al., 2004; Steckel and Mindermann- Nogly, 2004). 
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Recently, MUPS tablets have gained more popularity. They are made from functionally coated 

pellets, allowing modified release (Chen et al., 2017). They can deliver more drug from the same 

volume of MUDF due to their higher density. They also offer a divisible dosage form without 

compromising the drug-release characteristics of the individual units (Abdul et al., 2010). The 

manufacturing process for MUPS tablets provides different challenges. Ideally, they should 

disintegrate rapidly in the stomach after oral administration or swallowing, which results in the same 

drug release pattern as uncompressed MUPS. The main challenge in their production is compression-

induced damage to the functional coating, which leads to a subsequent loss of modified-release, taste-

masking, or drug-stabilization properties. By avoiding this last step of compression, the polymeric 

film is protected from rupturing during tableting with less risk of crack formation that may negatively 

impact the drug-release properties (Choudhary and Avari, 2013).  

 

1.3.2.2. Modified-release dosage forms: classification on the basis of the kind of release 

The modified release dosage forms differ in the kind of release provided, including pulsatile release, 

delayed release, and sustained release (Figure 6). 

 

 
 

Figure 6: Examples of pharmacokinetic profiles obtained after the oral administration of modified-release 
dosage forms, such as pulsatile-release, sustained-release, and delayed-release forms (adapted from 
Gazzaniga, 2012). 
 
 

v Pulsatile-release dosage forms 
 
Pulsatile delivery systems have been designed to release the different fractions of active ingredient 

contained in the dosage form after lag phases of programmable duration between the different 

fractions released. Thereby it allows a chronotherapeutic effect to be attained (Kaus et al., 1984; 
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Yehia et al., 2011). The lag phases are the time intervals between which the different fractions are 

released into the aqueous environment and drug released from its dosage form after rupturing or 

eroding a protective outer layer. A lag phase between 0.5 and 4.0 hours is desirable to target the upper 

region of the GIT. In contrast, one longer than 4 hours is desirable for the lower portion of the intestine 

(Hinton et al., 1969; Wilding et al., 1992). Some of the latest pulsatile delivery systems are time-

controlled, able to defer the onset of drug release for a programmable lag period and to release drug 

by inherent mechanisms independent of pH, ionic strength, enzyme concentration, and other 

physiological parameters (Steed et al., 1989; Bowles at al., 2010). In addition, the ability of these 

medications to be administered at bedtime with no need to wake up the patient for drug intake 

considerably increases compliance (Hrushesky, 1994; Lemmer, 1991). This kind of delivery device, 

particularly when able to yield multi-pulse release profiles, may be used: 

- for the prolonged release of drugs that are subject to a strong first-pass metabolism or that 

develop pharmaceutical tolerance (Jones, 1985); 

- in the specific case of antibiotics, to limit the growth of resistant bacterial strains by 

circumventing defensive dormancy by affecting a larger number of micro-organisms in the 

division phase (Wypych, 2017); 

- to prevent detrimental interactions between co-administered drugs from occurring within the 

GIT (Felton, 2007); 

- to reproduce a healthy metabolic profile in a patient with metabolic disorders such as in 

Addison’s disease (Mongioì et al., 2018). 

  

The earliest pulsatile delivery formulations consist of the application of a functional polymeric 

coating to a drug-containing core. This core may either be an SUDF or an MUDF (Rowe, 1983; 

Heinämäki et al., 1994). The performance of the coating depends on its physicochemical nature and 

is triggered on exposure to the aqueous biological fluids. Accordingly, rupturable, erodible, 

permeable, and semipermeable coating layers can be distinguished (Kaus et al., 1984; Jones, 1985; 

Yehia et al., 2011). The development of this kind of dosage form has been necessary because in the 

human body, systems, such as the cardiovascular, pulmonary, hepatic and renal systems, show 

variation in their function throughout a typical day. They are naturally followed by the internal body 

clocks and are controlled by the sleep-wake cycle (Wilding et al., 1992). Also, the chronic pathologies 

that are linked with these organs (i.e. cardiovascular disease, bronchial asthma, rheumatoid arthritis, 

and sleep disorders, etc.) follow the same circadian cycle, with the appearance of symptoms that have 

a high likelihood of recurrent onset in the night or early-morning hours (ICRP, 2002). To treat such 

pathologies, conventional dosage forms are not appropriate because of poor compliance by the 
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patient, who has to wake up several times during the night for the administrations, the reaching of 

Cmax before the onset of the symptoms, and side-effects, such as GI disorders (Zheng, 2009; 

Majethiya et al., 2012; Yu et al., 2014; Soenen et al., 2015). Modified-released dosage forms have 

been developed to reduce dosing frequency and to improve patient compliance (Keet, 1962; Markl 

and Zeitler, 2017). However, the effective blood concentration of these modified-release formulations 

is maintained for a longer time, including during the period where there are no symptoms (Youan, 

2004; Rao et al., 2013; Wang et al., 2017; Suderman et al., 2018).  

 

v Delayed-release dosage forms 
 
The main goal of such dosage forms is to deliver the drug in a time frame that will minimize potential 

side effects and increase efficacy (Robinson and Mauger, 1991). These systems are meant to deliver 

the drug after a programmed time period following administration (Sangalli et al., 2001; Sangalli et 

al., 2004). Once the release mechanism is triggered, the kinetics of release cannot be altered (Jantzen 

and Robinson, 2002). Drugs may be delivered at a specific region in the GIT, by preventing the drug 

from being released during the transit in the upper GIT through the use of protective coatings (Rouge 

et al., 1996). Examples of pharmaceutical forms belonging to this category are gastro-resistant and 

colon-targeted dosage forms. They are prepared with the aid of pH-sensitive polymers (i.e. polyacids, 

such as polymethacrylates and hypromellose phthalate, detailed later in chapter 1.3.2.8. Polymers 

used in oral dosage forms, and polysaccharides, such as alginates and pectins). 

 

In the first group, the goal is to prevent the gastric mucosa from direct contact with irritating drugs 

that can cause local inflammation, and, in the worst case, ulceration (e.g. non-steroidal anti-

inflammatory drugs (NSAIDs)). Moreover, acid-degradable drugs that are degraded in acidic medium 

are formulated in such a way to avoid early degradation upon contact with gastric juice (e.g. 

antibiotics or PPIs) (Mathew et al., 1995). Different marketed products are available as gastro-

resistant tablets or capsules, such as: Biclar Uno® 500 mg (clarithromycin, antibiotic), 

Entronap® 250/500 mg (naproxen, anti-inflammatory drug), Pyrocalm Control® 20 mg and 

Losec® MUPS ® 20/ 40 mg (omeprazole, PPI).  

 

In the second group, the release of the active ingredient needs to be prevented during the entire gastric 

residence and small-intestinal transit. The site-selective release is to be sought based on 

environmental differences between the small and the large intestine (Gazzaniga et al., 1994; 

Gazzaniga et al., 2006; Maroni et al., 2013). Although the colon is characterized by an absence of 

villi, it is a site of a significant absorption due to its intrinsic characteristics (Sangalli et al., 2001).  
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- In the lumen of the colon, there are high hydrostatic pressures, comparable to those of the 

small intestine, because of the intense smooth-muscle contractions and the higher viscosity of 

the contents. Delayed-release dosage forms have been explored as a strategy to achieve 

selective disintegration of single-unit formulations in the large bowel (Takaya et al., 1995). 

- The microbial population that colonizes the large bowel is more abundant in comparison to 

that of the small intestine (103-104 bacteria mL-1 in the small intestine vs 1010-1011 bacteria 

mL-1 in the colon), and can catalyse a variety of enzymatic reactions, many of which would 

not take place in the upper GI regions (e.g. selective hydrolytic cleavage charged to glycoside 

bonds or reduction of azo compounds). At the same time, the low concentration of local 

peptidase in the lumen and in the membrane increases the chance of an improvement in the 

oral bioavailability of peptide drugs (Patel and Amin; 2011). 

- Because of the anaerobic bacterial metabolism, which results in a local accumulation of short-

chain fatty acids, the pH in the caecum and in the ascending colon drops to slightly acidic 

values (to around 6.0-6.5, Table 1). In contrast, the traverse and descending branches restore 

a neutral to slightly alkaline environment due to the absorption of fermentation products. Such 

changes in the pH have been studied to achieve the colon targeting of drugs such as anti-

inflammatory molecules through the application of pH-sensitive coatings (Edwards, 1997; 

Nugent et al., 2001). 

- Solid substrates have a rather variable residence time in the colon. This is generally longer (7-

48 h), despite the limited length of the organ, than in the small intestine (3h ± 1 h; mean ± 

s.d.). This longer residence time in the colon is due to the reduced frequency of propulsive 

peristaltic waves (Davis, 1985; Wilson, 2010) and increases the possibility of the drug to be 

released and absorbed in this tract. 

 

Colon targeting is currently suggested as a valid approach to improve the treatment and prevention 

of local pathologic conditions, such as inflammatory bowel disease (IBD) including ulcerative colitis 

and Crohn’s disease, as well as of tumoral, infective, or neurovegetative colonic pathologies (Sangalli 

et al., 2001; Sangalli et al., 2004). Various such anti-inflammatory products are available on the 

market as delayed-release tablets, such as: Asacol® (mesalazine), Pentasar® (pantoprazole), 

Azulfidine® EN-TABS (sulfasalazine), budesonide MMX®, and Rayos® (prednisone).  
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v Sustained-release dosage forms 
 
These systems are designed to release a drug slowly in the body over an extended period of time, 

especially to sustain therapeutic levels according to a predetermined kinetics (Venkatraman et al., 

2000). By being able to control the kinetics of release, numerous drawbacks encountered with 

conventional pharmaceutical forms can be surmounted. A summary of the advantages and 

disadvantages of these pharmaceutical dosage forms is shown in Table 3 (Skelly and Barr, 1987; 

Welling and Dobrinska, 1987; Qiu and Zhang, 2000). 

 
Table 3: Summary of advantages and disadvantages of sustained-release dosage forms. 

            Advantages 
 
 

            Disadvantages 
 

Decrease in the frequency of administration 
of the pharmaceutical form, increasing 
patient compliance 

 

Greater difficulty in adjusting the 
dosage 

 

Decrease in the dispensed doses, and 
consequently of plasma fluctuations of the 
active ingredient 

 

Difficulty in predicting the in vivo 
efficacity of the formulation based 
on the results obtained from in vitro 
studies 

 
A more uniform therapeutic effect: a 
continuous and homogeneous supply of the 
active ingredient allows an absorption 
profile characterized by greater 
reproducibility to be obtained 

 

 

Potential decrease in the frequency or 
intensity of side effects 

 

 

Potential greater selectivity of the 
therapeutic effect  

 

 

Potential Limited production costs 
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Sustained-release oral dosage forms are suitable for some drugs (Skelly and Barr, 1987; Welling and 

Dobrinska, 1987; Qiu and Zhang, 2000), such as: 

- drugs characterized by a plasma half-life of 2-8 h. Indeed, those which have a plasma half-

life higher than 8 h are kept inside the organism for a sufficient range of time to be able to 

exercise a prolonged action in a natural way. In this last case, a sustained release increases the 

risk of drug accumulation and, consequently, side effects; 

- drugs whose stability does not strongly depend on pH, bacterial flora, and/or enzymatic 

activity; 

- drugs with a narrow therapeutic window; 

- drugs whose the therapeutic effect is directly correlated to their plasma concentration; 

- water-soluble molecules as low solubility slows the process of dissolution and, therefore, the 

absorption of the active ingredient; 

- drugs that need a low dosage. Generally, the amount of drug incorporated into the prolonged-

release dosage forms is 2-3 times higher than that required for immediate-release 

pharmaceutical forms. For drugs with a high dosage (i.e. 0.5-1.0 g), the pharmaceutical form 

would have dimensions that are too large to be ingested by the patient without difficulty in 

swallowing. 

 

1.3.2.3. Conception of pharmaceutical dosage forms with a sustained release 
 

The main mechanisms by which the sustained released is obtained are based on the control of drug 

dissolution, diffusion, or a combination of both, and, in the specific case of matrix systems, the 

erosion of the dosage form (Darandale et al., 2017). 

The dissolution is the passage into solution of a substance in a solvent. The diffusion is a component 

of the permeability that represents the geometrical constraints met by the diffusing species through a 

polymeric network (Venkatraman et al., 2000). The diffusion is influenced by different factors linked 

with the incorporated drug substance (e.g. molecular weight (Mw) or solubility) and the characteristics 

of the matrix/coated systems (Table 4).  
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Table 4: Summary of factors linked with the incorporated drug substance and the characteristics of the 
matrix/coated system that have a potential influence on diffusion (Venkatraman et al., 2000). 

 

Influenced factors Effect on diffusion 
Interactions               - 

Drug molecule mobility               + 

Drug Mw                - 

Crystallization               - 

Temperature               + 

Composition of the dosage form on the basis of the 
nature of the excipient used (e.g. polymer, fatty 
substances) 

 
             +/- 
 
 

Stability of the dosage form 
(e.g. coalescence) 

              - 

 

In an erosion-based matrix system, the drug is mainly released when the matrix in which the drug is 

dissolved or dispersed erodes either by bulk erosion or by surface erosion. In these systems, the 

release of a drug depends on the geometry of the delivery system. 

The ideal sustained-release system should follow a zero-order release kinetics, where the diffusion is 

independent of the quantity of drug still in the system and remains constant as a function of time (Hui 

et al., 1987). Such a system is in the osmotic-pressure driving system for barrier coated dosage forms. 

However, in the case of: 

- erosion or dismantling of the polymer chains in the matrix systems;  

- progressive dissolution or swelling of the coating or appearance of channels/pores on the 

coated-form surface;  

the release of the drug is governed by the non-Fickian exponential law, order 1/2 (Eq 1) (Siepmann 

and Peppas, 2001; Jantzen and Robinson, 2002), which differs from the classic Fick's laws of 

diffusion (Eq 2) as shown below: 

 

Eq 1:  Non-Fickian diffusion: !"
!#

 = 𝑘𝑡$  

Eq 2: Fick Eq: dQ/dt = (D*S*Cp /L) * ∂C   
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Where: 

dQ/dt = release rate (g/s) 
!"
!#

 = drug fraction released at infinite time 

S = diffusion surface (m2) 

Cp = coefficient of drug partition between the polymeric part and the aqueous phase 

L = distance of diffusion (m) 

D = coefficient of diffusion (m2/s) 

∂C = gradient of concentration (g/L) 

k = constant of dissolution  

n = exponential factor of diffusion 

 

In some cases, the initial release does not follow a zero-order release kinetics. Indeed, a large amount 

of drug is released as soon as the pharmaceutical dosage form comes into contact with the dissolution 

medium. This kind of phenomenon is called the “burst effect” (Figure 7) and could be due to different 

physicochemical factors (Jantzen and Robinson, 2002): 

- the conditions of fabrication: i.e. if the coating is unevenly distributed; 

- lack of cohesion in a matrix system: insufficient binding agent or too-low compression force; 

- matrix heterogeneity: presence of pores or channels on the surface or in the inner structure of 

the matrix; 

- physicochemical properties of the drug: small molecules characterized by a high water 

solubility are more prone to be released quickly by this effect. 

 

 
 

 

 

 

 

 

 

 
Figure 7: Graphical representations of a sustained-release profile with an initial burst effect or a lag time 
(Jantzen and Robinson, 2002). 
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Possible solutions to be adopted to reduce the “burst effect” are to: increase the compression force, 
incorporate hydrophobic substances or high-molecular-weight gelling polymers, avoid the use of 
disintegrating agents or add a thin hydro soluble coating around the tablets. 
In contrast, the release of the drug may be delayed, with the presence of an initial lag-time, when the 

diffusion of the water through the system is difficult or when the hydrophobicity of a coating is 

increased, allowing a sustained release (Jantzen and Robinson, 2002). 

Systems able to provide a sustained release from an oral pharmaceutical dosage form are: 

- matrix systems; 

- ion-exchange resins; 

- osmotic pumps; 

- coated particles. 

 

1.3.2.4. Matrix systems 

Matrix systems consist of uniform dispersions of the drug in a matrix support. The release of the 

active ingredient depends on the diffusion process, or rather on the water penetration through the 

matrix. There are different kinds of matrix systems classified on the basis of their nature: hydrophilic, 

hydrophobic, and inert (Hui et al., 1987). 

 

• Hydrophilic matrix 

Composed of hydrophilic polymers capable of retaining the active substance for a prolonged period 

of time, a hydrophilic matrix forms a gelatinous layer upon contact with the dissolution medium. The 

drugs are released through two processes: diffusion through the viscous gel layer produced by the 

hydration of polymer chains and the erosion of the polymer chains (Kiil and Dam- Johansen, 2003). 

Schematically, a hydrophilic matrix system kept in a dissolution medium is composed of three distinct 

dynamic fronts: erosion, diffusion, and gelling (Figure 8). 
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Figure 8: Schematic representation of the gelling front rA, the diffusion front rB, the initial surface of the matrix 
r0 and the erosion front rC. The abscissa X represents the radial distance of the matrix from:  
(A) the body of the ungelled form containing the undissolved drug; (B) the gelled layer containing the 
undissolved drug; (C) the gelled layer containing the dissolved drug; (D) the dissolution medium (Ferrero 
Rodriguez et al., 2000). 
 
Considering “ro” as the initial surface of the matrix, before the immersion and, therefore, before the 

hydration and consequently gel formation of the polymer’s chains, there are (Kiil and Dam- Johansen, 

2003) the: 

- erosion front (“rC”): this is directly in contact with the dissolution medium. It is constituted of 

polymer chains that are being dismantled; 

- diffusion front (“rB”): this is the interface between the gelled polymer layers containing the 

dissolved and undissolved drug. The drug diffusion in the zone rB-r0 is characterized by a 

kinetics of order 0. In contrast, the diffusion in the zone rB-rC depends on the erosion 

phenomenon; 

- gelling front (“rA”): this is the space that separates the non-gelled from the gelled matrix. 

 

The most common polymers used in the hydrophilic matrix systems are shown in Table 5. 
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Table 5: Examples of polymers used in the composition of matrix systems.

Hydrophilic polymers 
 

Characteristics  

- Cellulosic derivatives - Anionic (CMC-Na), or nonionic 
(hydroxypropyl methylcellulose (HPMC), 
Hydroxypropyl cellulose (HPC), 
Hydroxyethyl cellulose (HEC)) 

- Different viscosity grades due to their 
degree of substitution and polymerization 

 
- Polysaccharides 
e.g. alginates, pectines, etc. 
 

- Water-soluble gelling agent 

- Polyoxyethylene polymers 
e.g. polyoxyethylene castor oil 
 

- The functional group (OCH2CH2)n-OH 
 

- Copolymers of acrylic acid 
e.g. Eudragit® L100-55, Eudragit® L30 D-55 

- The functional group (CH2CH)n-COOH, 
which, anionic by nature, gels in a buffered 
medium but remains insoluble in an acidic 
one. 

 
- Xanthan gum  - A water-soluble polysaccharide gum 

- Trisaccharides (i.e. residues of glucoronic 
acid) are grafted laterally onto the main 
cellulosic chain. 
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• Hydrophobic matrix 

The release of the drug is due to the diffusion and/or the erosion of the lipid matrix due to the action 

of natural surfactants or, in case of glycerides, of digestive lipase (Hui et al., 1987). Factors that have 

an impact on the drug release are the:  

- nature and concentration of a hydrophobic agent (e.g. thickness); 

- presence of surfactants and their pH value for the erosion process (Venkatraman et al., 2000). 

Hydrophobic matrices are composed of hydrophobic excipients such as waxes, fatty alcohols and 

acids, glycerides, esters of fatty acid, and hydrogenated oils.  

 

• Inert matrix 

An inert matrix is a porous system made of inert, non-digestible, and GI-fluid-insoluble polymers 

(Figure 9). The active substance is released by diffusion through channels (Lee, 1980). 

This kind of system is usually made of ethylcellulose (EC), polyvinyl acetates or Eudragit® RS, RL, 

and NE. 

 

 

 

 

 

 
Figure 9: Scheme of an inert matrix (Gazzaniga, 2012). The arrows in the picture represent the direction of 
drug release from the system. 
 

1.3.2.5. Cation- exchange resins 

These systems are insoluble in water and are negatively charged due to the presence of functional 

groups (e.g. -COO-, SO3-). They are able to retain the drug but, upon contact with an ionic solution 

(e.g. gastric fluid), the drug is released by ion exchange (e.g. with protons) (Hui et al., 1987). The 

diffusion of the external medium through the resin depends on the characteristics of the resin itself, 

such as its thickness, length, and rigidity (Jantzen and Robinson, 2002). In addition, the release of the 

drug depends on the ionic environment surrounding the resin. They are less sensitive to the effect of 

enzymes (Hui et al., 1987). 
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1.3.2.6. Osmotic pumps 

In such systems (Figure 10), the drug is mixed with an osmotically active excipient such as a salt 

(e.g. NaCl, KCl). The external layer consists of a semipermeable membrane that is insoluble but 

permeable to water and impermeable to the drug (Gupta et al., 2010). The water can diffuse inside 

the system through the semipermeable membrane by osmosis. Due to the subsequent increase in the 

internal pressure, the drug is released through a hole of ± 250 µm, which is made by a laser beam 

(Stevenson et al., 2000). In this way, a difference in terms of concentration is generated and the drug 

molecules come out through the hole, dragged by water. The diameter of this hole has to be small 

enough to minimize flow variations, but big enough to prevent the suppression of the flow (Stevenson 

et al., 2000). 

 

 

 

 

 

Figure 10: Scheme of an osmotic pump (Gazzaniga, 2012). The arrows represent the drug release that takes 
place through the hole. 
 

Osmotic drug-delivery systems (DDS) offer distinct and practical advantages over the other means 

of delivery (Kaushal et al., 2003), such as: 

- constant drug release (zero-order kinetics); 

- drug release independent of GI pH variations; 

- possible high release rates; 

- a high degree of in vivo-in vitro correlation; 

- drug release minimally affected by the presence of food in the GIT. 

 

Examples of applications are Oros® and Oros Push-Pull®, Osmosin® (indomethacin, an anti-

inflammatory drug), Acutrim® (phenylpropanolamine, a sympathomimetic agent), Procardia XL® 

(nifedipine, calcium-channel blockers), and Alpress® (prazosin, an antihypertensive drug).  
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1.3.2.7. Coated dosage forms 

Coated dosage forms are reservoir systems coated with an insoluble membrane (barrier coating) in 

which the release of the active substance takes place through two different processes (Figure 11): 

- Diffusion: This is in function of the gradient of concentration through a membrane and 

depends on the characteristics of the film coating (e.g. composition, diffusion surface, 

porosity, and thickness of the film). 

- Dissolution: This depends on the drug solubility and on the characteristics of the film coating 

(e.g. thickness, permeability, and solubility) (Hui et al., 1987). 

 

The diffusion of drug through the membrane is described by the equation (Eq 3) (Porter and Ghebre- 

Sellassie, 1994): 

 

Eq 3:  dQ/dt = (S*D*Cp/h) * (Ci- Cm) 

where: 

dQ/dt = release rate (g/s) 

S = diffusion surface (m2) 

D = coefficient of diffusion (m2/s) 

Cp = coefficient of partition of the drug between the polymer network and the aqueous phase 

h = thickness of the film (m) 

Ci- Cm = gradient of concentration between the core and the dissolution medium (g/L). 

 

 

 

 

 

 

 
Figure 11: Scheme of a reservoir barrier-coated system (Gazzaniga, 2012). The arrows represent the drug 
release that takes place through the coated layer. 
 
If all the parameters on the right of the equation remain constant, it is possible to obtain a release of 

drug with a zero-order kinetics. The coefficients of diffusion and of partition are system constants: to 

obtain a zero-order kinetics, the diffusion surface, the thickness of the film, and the gradient of 

concentration have to be kept constant (Seitz et al., 1986). 



 
 
 

 42 

As far as the diffusion surface is concerned, MUDFs offer the advantage of providing the possibility 

to increase the total surface area of the dosage form and keep it constant as a function of time. This 

characteristic, in the case of sustained-release dosage forms, allows significant diffusion of the drug. 

As far as the thickness is concerned, a sufficiently high amount of coating has to be applied to 

decrease the diffusion through the coating. As far as the gradient of concentration is concerned, it 

could theoretically be regulated by the pharmaceutical dosage form. Indeed, if an excess of drug is 

present to maintain saturation on the upstream side (i.e. inside the reservoir), a constant rate of drug 

release will result. In vitro, Cm will have to remain low enough to maintain the sink conditions. A 

zero-order kinetics is maintained until the drug dissolves completely within the dosage form. After 

that, the release will follow a first-order kinetics, although the major part of the drug contained in the 

dosage form has been already released. 

 

For particles coated with an insoluble polymer, the release of active substances can take place through 

four mechanisms (Ozturk et al., 1990; Qiu and Zhang, 2000; Jantzen and Robinson, 2002): 

- Solubilization/diffusion through a homogeneous phase of the plasticized polymer: This type 

of coating contains no pores and the plasticizer as well as all other additives are 

homogeneously distributed. The liquid diffuses through the coating and dissolves the drug at 

the surface close to the core. Then the drug, once dissolved, diffuses from the core to the 

dissolving liquid. The coefficient of partition of the drug between the polymer and the aqueous 

phase within the core mainly controls the diffusion. 

- Solubilization/diffusion through plasticizer channels: The plasticizer is not distributed 

homogeneously within the coating. It creates channels through which the diffusion of the 

dissolved active ingredient is allowed. In this case, the diffusion also depends on the partition 

coefficient of the drug but, this time, between the plasticizer and the aqueous phase. 

- Diffusion through aqueous pores: In this system, an insoluble film-forming agent is associated 

with a polymer having a pH-dependent solubility – e.g. Eudragit® L – or with a water-soluble 

substance dispersed within the coating – e.g. HPMC. In the second case, the drug release 

depends on the dissolution of the water-soluble agent, being able to generate diffusion pores 

in the insoluble membrane. 

- Release under the impulse of osmotic pressure: The drug and water-soluble excipients 

contained in the core generate an osmotic pressure difference, facilitating the penetration of 

water into the dosage form. The dissolved drug will diffuse through the coating membrane. 
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1.3.2.7.1. Coated systems: factors that have an impact on the final product performance  
 
In general, when developing coated sustained-release forms, it is difficult to obtain the desired drug-

release kinetics using the film-forming polymer alone. Consequently, additives are added to the 

coating dispersions to spray onto the surface of the dosage form. The main reasons for their 

incorporation are to: 

- modify the structure of the film in a predictable manner in order to optimize the barrier 

properties of the coating; 

- overcome certain deficiencies (physical or mechanical) of the main polymer; 

- facilitate, in case of aqueous dispersions (latex), the coalescence of the solid particles of 

polymer and the structuring of the film; 

- minimize the problems of sticking during film application and of core agglomeration; 

- improve the final appearance of the dosage form (shape, texture, colour).  

 

Since the properties of the film coating have a decisive impact on the kinetics of active-ingredient 

release, it is important to consider the potential influence of additives on the properties of the films, 

such as: 

- the compatibility between the additives and the polymer dispersion (Skelly and Barr, 1987; 

Welling and Dobrinska, 1987; Qiu and Zhang, 2000); 

- the influence of the additives on the film-forming characteristics of the latex (FDA CDER 

Guidelines, 1997; Hui et al., 1987; Siepmann and Peppas, 2001; Deloose et al., 2012); 

- the influence of the additives on the mechanical properties and the permeability of the films 

(Lee, 1980; Stevenson et al., 2000; Kaushal et al., 2003; Kiil and Dam- Johansen, 2003); 

- the uniformity of distribution within the film of insoluble solid additives or additives having 

low miscibility with the polymeric system used (Sietz et al., 1986; Porter and Ghebre- 

Sellassie, 1994; Qiu and Zhang, 2000; Garg and Gupta, 2008). 

 

The main parameters of the manufacturing process that have potential influences on the 

characteristics of the final product are shown in Table 6. 
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Table 6: Main parameters of manufacturing process that have potential influence on the final product. 
 
Factors Potential influences on the final product 
Type of coating equipment - Uniformity of coating distribution 

- Drying process: potential over-wetting and 
agglomeration phenomenon or spray-drying 
effect 

- Duration of the operation 
 

Nature and size of the core - Uniformity of coating distribution  
- Quantity of coating to be applied 
- Possible interactions between the materials 

constituting the core (excipients/drugs) and 
the coating dispersion sprayed 

- Drug release 
 

Type of film-forming process - Permeability of the membrane 
- Formation of film 
- Mechanical properties of the film 
- Release kinetics and its stability 
- Uniformity of coating distribution 

 
Type and concentration of plasticizer  - Flexibility of film 

- Mechanical properties 
- Coalescence of polymer particles (latex) 
- Glass transition temperature (Tg), film 

softening temperature (Ts), and minimum 
film-forming temperature (MFT) 
 

Insoluble additives - Permeability of the membrane 
- Mechanical properties of the film 
- Phenomenon of sticking and, consequently, 

core agglomeration 
 

Hydrosoluble additives - Permeability of the membrane and release 
kinetics 

- Pore formation 
 

 
v Influence of equipment used 

The choice of the working conditions adopted during the coating procedure have an impact on the 

quality of the final product. A fine tuning of these conditions is essential to obtain reproducible 

characteristics of drug release from the pharmaceutical forms.  

A large variety of equipment is used in the process of manufacturing coated modified-release dosage 

forms: 

- Conventional turbines: These are characterized by a weak intensity of core movement, even in 

the presence of deflectors. This property makes the uniform distribution of the coating on the core 

extremely difficult to obtain. For this reason, it was used in the past for coating tablets or, in 

general, large cores. Another limitation is the drying capacity. Indeed, the risks of agglomeration 
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and diffusion of drug/water-soluble excipients from the core into the coating are high. Nowadays 

it is considered an obsolete technique, but in the past was mainly used for sugar-coating 

manufacturing process. 

- Modified turbines (e.g. ventilated perforated turbines): These overcome some of disadvantages 

of conventional turbines. They are used primarily in the coating of conventional-release or 

delayed-release dosage forms (e.g. tablets). In the case of multi-unit systems, some variations in 

terms of geometrical structure are necessary to avoid their expulsion from the turbine. 

- Fluid bed coaters: these are suitable for coating multi-unit systems with small diameters (< 100 

μm) (Lehmann and Dreher, 1981; Mehta, 1989; Jones, 1994). It allows a suitable movement of 

solid particles, a good drying capacity, and a uniform distribution of coating with reduced 

agglomeration phenomenon due to the fact that the spray nozzle is located near to the coating 

area, where the particles transit rapidly in repeated cycles. The different types of equipment 

available (Figure 12) are based on three types of process. These are: spraying from the bottom 

(bottom-spray method with Wurster insert); spraying from the top (top spray); tangential spraying 

(rotary fluid bed coater or tangential spray) (Mehta, 1986; Mehta, 1989; Jones, 1994).  

 

 
 
 
 
 
 
 
 
 
 
 
Figure 12: Graphical representation of the different types of fluid-bed coaters (top spray, bottom spray, and 
tangential spray) (Jawahar and Anilbhai, 2012). 

 

The differences in terms of use and advantages/disadvantages of each type of equipment are shown 

in Table 7. 
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Table 7: Summary of differences between the different types of fluid bed coaters (Mehta, 1986; Jones, 1985; 
Mehta, 1989; Jones, 1994). 

 

Type Spray method Applications and 
uses 

Advantages Drawbacks 

Top spray Spraying of the 
coating dispersion 
carried out against the 
current of the 
fluidization air 
 

Most commonly used for the 
granulation process (size ~ 1 
mm) 
 
For water-soluble or enteric 
coatings 
 
Not recommended  
for modified-release forms or 
for coating tablets 

Easy manipulation 
 
Not very sensitive to 
particle size/density 
differences, due  
to the very good 
mixing characteristics 
 
Easy access to the 
spray nozzles during 
the process 
 
Equipment able to 
produce a wide range 
of batch sizes (200 g-
1 500 kg) 
 

Highest potential for 
spray drying 
  
Tendency to form 
porous films, 
especially from organic 
solutions 
 
High risk of 
agglomeration 
phenomenon 
 

Bottom spray with 
Wurster insert 
 

Presence at the base 
of the apparatus of a 
plate with holes and a 
Wurster cylinder, 
allowing a 
differentiated 
distribution of the 
fluidized air 
 
Ascending spray 
mode 
 

For coating particles of 
variable size, from < 100 μm 
to several mm 
 
Preferred system to coat small 
particles 
 
For controlled-release, enteric 
release, water-soluble 
coatings, etc. 

Wide range of 
applications (aqueous 
or solvent-based 
coating dispersions, 
modified-release, 
enteric-release, fine-
particle coating and 
drug layering) 
 
Film layers with 
uniform and 
reproducible 
properties 
 
Equipment able to 
produce a wide range 
of batch sizes (200 g-
600 kg) 
 

Difficult manipulation 
 
Coating uniformity 
more sensitive to 
particle size/density 
differences 
 
No possible access to 
the spray nozzles 
(process interruption in 
the case of nozzle 
occlusion) 
 
Very bulky equipment 
(expansion chamber) 
 

Tangential spray Spiral movement of 
particles due to the 
combination of three 
forces: 
- centrifugal force for 
the presence of a 
rotating disc with 
variable speed 
- upward fluidizing air 
- gravitational force 
 

Originally designed for the 
preparation of granulates 
(pellets), this process has also 
become adapted for the film-
coating of multi-particulates 

Pelletization of particles with 
a minimum size of 200-300 
μm 
 
Dry-powder drug layering 
 
Modified-release, enteric 
forms  
 
Not recommended for 
embedding friable substrates 
and tablets 

Easy manipulation 
 
Not very sensitive to 
particle size/density 
differences 
 
Easy access to the 
spray nozzles during 
the process 
 
Great flexibility in the 
working conditions 
adopted 
 
Possibility of 
applying high spray 
rates 
 

Particles subjected to 
significant mechanical 
stress 
 
Narrower range of batch 
sizes (1-500 Kg) 
 
Higher investment cost 
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In this project, considering the mean diameter as well as the PSD of the selected cores, the choice 

was made for the bottom-spray fluid bed coater with a Wurster insert. 

 

In such equipment, some factors have an influence on the coating procedure, such as: 

- the height of the main/expansion chamber, which has to allow particles to move appropriately 

and to obtain a sufficient deceleration avoiding an exaggerated erosion due to collision with 

the equipment structural parts; 

- the height of the partition cylinder (Wurster insert) above the air distribution plate, which 

depends on the size and on the quantity of particles to coat and which controls the penetration 

rate of cores into the coating zone (Jones, 1994); 

- the flow of fluidization/drying air, and consequently the holed plate design through which this 

air is passing, which are responsible for the pellets’ movement in the main chamber and, 

consequently, for the coating distribution on the particle surface, particle agglomeration, and 

the coating-process yield (Fukumori, 1997); 

- the nebulization pressure set at the level of the spray nozzle, which influences the coating 

dispersion droplet size and, consequently, the spray-drying phenomenon and the probability 

of the formation of interparticle bridging and, therefore, agglomerates (Mehta, 1989); 

- the inlet and product temperatures, which have an effect on the quality of the final product. 

The adoption of optimal drying conditions allows homogenous and stable films to be obtained 

in a reproducible way. Temperatures that are too high may lead to the formation of a porous 

film and to a rapid release of drug from the dosage form. In the case of a polymeric aqueous 

dispersion, too-low temperatures may lead to the formation of a film that could be permeable 

due to the presence of pores because of the incomplete coalescence of the latex particles 

(Porter and Ghebre-Sellassie, 1994). In the case of polymeric organic solutions and aqueous 

dispersions, a too-low temperature may lead to the over wetting of particles with higher risk 

of agglomeration; 

- the internal diameter of the peristaltic pump tubing, responsible for transferring the coating 

suspensions from the container to the spray nozzle, has an influence on the flow rate as well 

as on the stability of the solid particles dispersed in the suspensions. Indeed, diameters that 

are too high favour the sedimentation of solid substances following an over-slow liquid 

displacement and this phenomenon may lead to the spray nozzle occlusion; 

- curing, which allows the stabilization of the film during storage (Ghebre-Sellassie et al., 1988; 

Porter and Ghebre-Sellassie, 1994). 
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v Influence of the nature of the core  
 

When developing coated modified-release systems, the most common coated dosage forms used are 

pellets. Pellets are small particles with a spherical or pseudo-spherical shape and dimensions between 

100 μm and several mm, although they are most commonly in the 700-800 μm range. In these 

particles, the active substance may be included in a layer surrounding the core or may be a part of the 

core when it is made by an extrusion/spheronization process.  

In the first case, a solution (Bodemeier and Paeratakul, 1991; Li et al., 1991; Wan and Lai, 1991; 

Iyer et al., 1993; Parikh et al., 1993), a suspension (Wan and Lai, 1992), or a powder (Ghebre-

Sellassie et al., 1987) containing the drug and other excipients (e.g. diluents, binders, bulk agents) is 

sprayed onto a neutral core. Usually, this technique is used when the pellets are loaded with a low 

dosage of active substance (i.e. up to 10% w/w drug loaded). In contrast, the extrusion/spheronization 

technique is used for the preparation of pellets loaded with a high dosage of active substance (i.e. > 

10% w/w drug loaded) (Funck et al., 1991; Vervaet et al., 1995).  

  

1. Chemical characteristics 

 
The water solubility (where low water solubility is considered < 10 mg/L and high water solubility 

more than 1 000 mg/L) of the core material has a decisive impact on the diffusion of water into and 

from the coated pellets and, consequently, on the kinetics of release of the drug(s). High water 

solubility of the core (i.e. the presence of highly water-soluble drug and/or excipient) may generate 

an osmotic pressure in the inner structure of coated pellets upon contact with the dissolution medium 

(Ghebre- Sellassie et al., 1987). The use of cores characterized by a low water solubility, such as 

those made of corn starch or wax, cause a decrease in the release of the drug compared to those that 

are water soluble (e.g. lactose, sugar) or hydrophilic (e.g. microcrystalline cellulose) (Eerikäinen et 

al., 1991). In contrast, when the active substance is sparingly soluble in water or diffuses with 

difficulty through the film, the incorporation of water-soluble additives is necessary. 

The choice of the core material is also made on the basis of the possibility of any chemical interaction 

between the core and the drug. An example is linked with the saccharides containing a carbonyl group 

susceptible to the Maillard reaction. Hence, sugar cores are chemically less stable than 

microcrystalline cellulose. 
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2. Physical characteristics 
 

The release of the drug from a coated dosage form may be greatly influenced by physical factors such 

as the mean diameter, the PSD, and the surface characteristics (e.g. porosity and friability) of the core 

(Table 8). A large variation in terms of PSD affects the total surface to be coated. If the PSD is 

reduced, it is necessary to increase the film thickness because the total surface area of pellets is 

increased (Ragnarsson and Johansson, 1988; Li et al., 1989; Husson et al., 1992). In a bottom-spray 

fluid bed coater, pellets are coated where they are kept in a random motion at the level of the 

pulverization chamber. The pellet flow during the fluidization and, consequently, the residence time 

in the pulverization area depend on the size and density of the particles (Wesdyk et al., 1990; Wesdyk 

et al., 1993). The surface characteristics mainly depend on the ingredients used in the formulation of 

the coating suspension as well as the parameters set up during the manufacturing process. The 

porosity may interfere with the formation of a homogeneous film, altering the release characteristics 

of the drug. In the case of latex pulverization, the rapid penetration of water into the porous core alters 

the development of capillary forces, necessary for the coalescence of the polymer particles on the 

substrate, and reduces their time of action (Protzman and Brown, 1960). The pellet friability, which 

is generally associated with porous surfaces, also plays a crucial role in the release of active 

ingredients from modified-release dosage forms. During the fluid-bed coating process, pellets are 

subjected to considerable friction forces, which may lead to the generation of quantities of fine 

particles or, in extreme cases, to the fragmentation of pellets, with changes in their size. These fine 

particles may re-enter the pulverization zone and be deposited on the pellets during the film forming 

phase, creating a heterogeneous distribution of newly generated pores. The formation of new pores 

favours contact with the dissolution medium and, consequently, acceleration of the drug release 

(Porter and Ghebre- Sellassie, 1994).
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Table 8: Examples of core characteristics that have potential effects on coated-pellet properties. 

Parameters Potential characteristics influenced 

Core size - Surface area to coat 
- Quantity of coating to apply 

 
PSD - Surface area to coat 

- Variability of the surface for different batches 
 

Porosity - Surface area to coat 
 

Density - Uniformity of coating distribution  
 

Friability - Erosion of the active ingredient during the coating operation 
 

 

v Influence of the film-formation process  

It has been demonstrated that the use of a polymer, in the form of an aqueous colloidal dispersion, 

makes it possible to obtain performances equivalent to those obtained with coating systems consisting 

of an organic solution of the same polymer for as long as the appropriate operating conditions are met 

(Hoener and Benet, 2002; Sinko and Singh, 2011). The use of an organic polymer solution instead of 

an aqueous polymer dispersion in the coating of pharmaceutical dosage forms is more problematic 

due to regulatory requirements, flammability, and limits on solvent residues in the final coated 

product (Fukumori, 1997; Mehta, 1989).  

However, in the case of aqueous colloidal dispersions, the coating process can be sensitive to different 

factors, such as temperature, pH, and addition of other polymers, potentially resulting in the 

coagulation of the dispersions (Lehmann et al., 1986; Bodmeier and Paeratakul, 1989; Wagner and 

Bodmeier, 2003; Talukder and Fassihi, 2004). Moreover, the use of an aqueous dispersion of film-

forming polymers suffers from certain limitations, such as susceptibility to microbial contamination 

(without the incorporation of preservatives), increased process time due to the higher energy required 

for the evaporation of water, damage to moisture-sensitive cores during the coating process, potential 

drug degradation, and increased risk of agglomerate formation among particles (Bodmeier and 

Paeratakul, 1989; Wagner and Bodmeier, 2003). The film-formation process is different for the two 

coating techniques. In organic solvent-based systems, the polymer solutions undergo sol-to-gel 

transitions upon solvent evaporation to eventually form the polymeric film (Siepmann et al., 2008). 

Upon spraying aqueous polymer dispersions, the polymer particles are deposited on the surfaces of 

the solid dosage forms. The colloidal particles come into direct contact with each other and form 

close-packed arrays due to water evaporation and the interfacial tension between polymer and water. 
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Capillary forces generated from the evaporation of water then drive the particles to coalesce together 

(Eckerseley and Rudin, 1990). In general, it is important to obtain products characterized by stable 

and reproducible release kinetics. A curing step consists of preserving, for a certain time, the coated 

cores at temperatures above the Tg of the membrane. Generally, when using the aqueous dispersions 

of the polymers, the adoption of such a step makes it possible to obtain a sufficient stabilization of 

the coated system during its validity period and, therefore, to keep the release characteristics under 

control (Pearnchob and Bodmeier, 2003). Curing of coated beads at elevated temperatures 

immediately after the coating process significantly changes the drug-release pattern.  

The release of drugs from modified-release coated dosage forms takes place by diffusion through the 

coating after their solubilization into the core. By increasing the amount of film deposited, the 

thickness of the coating is also increased and, consequently, the duration of the drug diffusion through 

the membrane.  

The coated structure is radically modified by increasing the amount of film deposited. Indeed: 

- for small amounts of coating applied, the membrane may have surface imperfections (e.g. 

pores), through which drugs could be released; 

- for higher amounts of coating applied, the pores will be sufficiently plugged for the film to be 

homogeneous/continuous and the release to take place according to a zero-order kinetics. 

The amount of coating from which the kinetics of release starts to be a zero-order is known as "the 

critical coating amount" (Singh et al., 2016). 

 
v Influence of the type and concentration of plasticizer  

 
Polymeric film coatings are frequently used to control the release of drug from a solid dosage form, 

whether they are applied in the form of an organic solution or an aqueous dispersion. Possible 

additives that may be included in the coating formulations are surfactants, anti-tacking agents, pore 

forming agents, pigments, and plasticizers (Porter, 1980).  

Plasticizers are incorporated (Lehmann,1982; Rowe, 1983; Heinämäki et al., 1994; Felton, 2007; 

Marcilla and Béltran, 2017; Wypych, 2017) to: 

- improve the mechanical properties (i.e. by reducing coating brittleness, increasing coating 

flexibility and its resistance to cracking, and decreasing the modulus of elasticity of the 

polymer); 

- promote film formation in the case of aqueous polymer dispersions or making it possible at a 

lower processing temperature. 
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Generally, the plasticizer is intercalated between the polymer chains, reducing their molecular 

interactions, which results in an increase in terms of free volume and, consequently, of chain mobility. 

A large number of plasticizers are available, both soluble and insoluble in water (Table 9). The choice 

depends mainly on their compatibility and their effectiveness with the polymeric system used 

(Lehmann,1982). The plasticizer efficacy is generally assessed on its impact on the Tg, the Ts, and 

the MFT (Rowe et al., 1984). The higher the decrease in these temperatures is as a function of the 

plasticizer concentration, the higher is the effectiveness of the plasticizer. The concentrations of 

plasticizer applied vary from 10 to 30% w/w relative to the concentration of the polymer used 

(Lehmann, 1982). A too-low concentration of plasticizer generally leads to the formation of a brittle 

and discontinuous film due to a failure to structure the film. On the other hand, a too-high amount 

leads to the formation of sticky products that can agglomerate during the coating process and/or 

storage. A sufficient quantity of plasticizer has to be up taken by the polymer particles to avoid a non-

homogeneous film and a consequent dose-dumping effect, especially with aqueous polymer 

dispersions. In this latter case, the plasticizer is dissolved and/or dispersed within the outer aqueous 

phase (depending on its water-solubility and the amount added). It subsequently diffuses into the 

polymer particles. Factors such as chemical structure and Mw of the plasticizer influence its diffusion 

in the polymeric structure. For insoluble or slightly water-soluble plasticizers, their distribution 

between the aqueous and the polymeric phases will depend on their aqueous solubility, their 

concentration, and the amount of solid material incorporated in the dispersion. 

Moreover, the aqueous solubility of the plasticizer influences the permeability of the active substance 

through the film due to the potential appearance of pores in the coating. Indeed, both the number and 

the diameter of these pores will depend on the concentration of the plasticizer (Bodmeier and 

Paeratakul, 1992; Bodmeier and Paeratakul, 1993; Bodmeier and Paeratakul, 1994). 

The use of polymer blends in the solid dosage-forms coating offers considerable advantages in 

comparison with the use of single polymer, such as the possibility to provide broad ranges of drug 

release patterns by simply varying the polymer blend ratio. The effects of the type of plasticizer on 

the properties of the coating obtained from a blend of polymers can be expected to be more 

complicated. For instance, in a binary mixture of polymers, if the plasticizer has different affinities 

for both polymers, its distribution within the coating dispersions and polymeric film cannot be 

homogeneous. In this case, the addition of more than one plasticizer may be mandatory (Sakellariou 

et al., 1987). 
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Table 9: Main plasticizers used for the coating of pharmaceutical forms. 

Phthalate esters 

(almost insoluble in water) 
 

Citrate Esters 

(moderate to low solubility 
in water) 
 

Phosphate esters 

(soluble in water) 
 

Dimethyl phthalate Triethyl citrate (TEC) Triethyl phosphate 

Diethyl phthalate (DEP) Tributyl citrate (TBC) Tricresyl phosphate 

Dibutyl phthalate Acetyl triethyl citrate (ATEC) Triphenyl phosphate 

Diisopropyl phthalate Acetyl tributyl citrate (ATBC)  

Dioctyl phthalate   

Oils 

(insoluble in water) 
 

Other esters 
 

Other plasticizers 

Mineral oils (purified) Butyl stearate 
(insoluble in water) 
 

Oleic acid 
(insoluble in water) 

Castor oil Dibutyl sebacate 
(low solubility in water) 
 

Stearic acid 
(insoluble in water) 

Corn oil Dibutyl tartrate 
(soluble in water) 
 

Cetyl alcohol 
(insoluble in water) 

Cotton oil Diisobutyl adipate 
(slightly soluble in water) 
 

Myristic alcohol 
(insoluble in water) 

Other oils Glycerol monostearate 
(insoluble in water) 
 

Propylene glycol 
(very soluble in water) 

 Triacetin (TAC, glycerol 
triacetate) 
(sparingly soluble in water) 
 

Glycerine 
(soluble in water) 

 Tributyrin 
(high solubility in water) 

PEG 4000, 6000 
(soluble in water, but the solubility 
decreases with increase in Mw) 
 

 

v Influence of the incorporation of insoluble substances 
 

Water-insoluble solid additives that can be added to polymer formulations are: 

- pigments or opacifying agents (e.g. titanium dioxide, food colourants, coloured lacquers, iron 

oxides), whose function is to provide a homogeneous colouring of the coated-particle surface, 

preventing interaction with environmental factors such as light, which can alter the stability of drug 
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(Porter, 1980; Rowe et al., 1984), and to improve the organoleptic characteristics of the final dosage 

form; 

- diluents and anti-tacking agents (e.g. talc, kaolin, magnesium stearate, GMS), whose function is to 

reduce the problems of agglomeration during the coating process and/or during storage (Ghebre- 

Sellassie et al., 1986; Ghebre- Sellassie et al., 1987, Porter and Ghebre- Sellassie, 1994); 

 - anticoagulants (e.g. xanthan gum, Avicel®, Carbomer®), whose function is to prevent the 

coagulation of solid particles in suspension. 

 

The presence of these additives influences the coating permeability. The higher the concentration of 

these substances is, the more the coating is permeable due to an increase in the film porosity (Parker 

et al., 1974; Van Bommel et al., 1989). With these additives, the properties that influence the coating 

porosity and therefore its integrity are their concentration, PSD, and water solubility/hydrophobicity. 

When these additives are added into the dispersion of polymers, it is important to underline that: 

- the addition of 5-50% w/w of additives in relation to the amount of dry polymer allows 

modified-release forms to be obtained; 

- a quantity exceeding 200% w/w in relation to the amount of dry polymer allows 

pharmaceutical forms with immediate release to be obtained (Ghebre- Sellassie and Nesbitt, 

1989). 

 

v Influence of the incorporation of hydrosoluble substances 
 

When formulating coated dosage forms with a modified release, it is often necessary to incorporate 

substances into the film that increase the permeability of the coating. The inclusion of additives 

promoting pore formation is necessary when the diffusion constant of the active substance through 

the film is low, the permeability of the membrane to water is low, or the size of substrate particles to 

be coated is large (low exchange surface). When the active substance is very sparingly soluble in 

water or diffuses with difficulty through the film, the incorporation of water-soluble additives into 

the membrane generally makes it possible to increase the percentage of film deposited in such a way 

and to reduce the risk of obtaining a non-uniform film around the cores without greatly affect the 

release characteristics. These additives are in a molecular state when present in the aqueous polymer 

dispersions and thus lead to the formation of pores of very small size (the diffusion coefficient of the 

active ingredient through the pores will be strongly dependent on the size of the molecules) (Gilligan 

and Li Wan Po, 1991; FDA CDER Guidelines, 1997). Instead, in coating systems using an organic 

polymer solution, the water-soluble additives are generally dispersed in a particulate state 
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(macroporous state). The influence of the additives on the mechanical properties of the coatings is 

potentially higher in the case of films prepared from aqueous polymer dispersions (Rodriguez et al., 

2015). In the case of aqueous dispersions of acrylic polymers, the addition of water-soluble 

substances or substances that swell in contact with water, such as sucrose, lactose, starch, colloidal 

MCC, PVP, polyvinyl alcohol, and, under certain conditions, cellulosic ethers (HPMC, HPC and 

methylcellulose (MC)), may be considered to increase and/or control the permeability of the films 

(Jantzen and Robinson, 2002; Deloose, 2012; Teramoto et al., 2014). The water-soluble additives 

(HPMC, PVP, etc.) can also be used as fast-dissolving isolating layers, and their dissolution can be 

achieved rapidly in both acidic and neutral pH values. Generally, these isolating coatings are added 

to avoid interactions between polymers (i.e. cationic and anionic polymers) or between incompatible 

substances (i.e. a drug sensitive to an acid environment and an acidic dispersions of polymers). 

 

1.3.2.8. Polymers used in oral dosage forms 

A polymer is a macromolecule made up of small units, called monomers, which are combined to form 

homopolymers (made of similar monomers) or heteropolymers (made of different monomers) (Sinko 

and Singh, 2011; Rodriguez et al., 2015). Polymers are used in various applications in biomedical 

fields such as drug-delivery systems, scaffolds (proteins are crucial regulators) in tissue engineering, 

implantation of medical devices, artificial organs, ophthalmology, prostheses (devices used to 

implant artificial body parts such as a heart, limb, breast), dentistry, bone repair and many other 

medical fields (Singh et al., 2016). In the pharmaceutical field related to oral dosage forms, polymers 

are commonly used in film coating to mask the unpleasant taste of a drug, increase drug stability and 

modify drug-release characteristics (Kadajji and Betageri, 2011; Priya et al., 2013).  

 

v Classification of polymers 
 

Pharmaceutical polymers are a class of “hydrocarbon” substances that contain the chemical elements 

carbon and hydrogen in combination (C and H bond) (Bovey and Winslow, 1979). Polymers can be 

classified based on the following categories (Table 10) (Priya et al., 2013). 
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Table 10: Classification of polymers used in pharmaceutical dosage forms. 

Based on source (occurrence)  

Natural Chitosan, alginate, gelatine, albumin, collagen, 
dextran, cellulose, starch, agar, shellac, etc. 
 

Semi synthetic HPC, MC, HPMC, cellulose acetate (CA), etc. 

Synthetic Polyesters, polyamides, polyethylene, 
polylactic acid, polyglycolic acid, acrylic resins 
(Eudragit®), PVP, etc. 
 

Based on interaction with water  

Hydrophobic polymer EC 

Hydrophilic polymer Cellulosic: MC, HPC, HPMC. 
Non-cellulosic: sodium alginate, xanthan gum, 
carrageenan, ceratonia, chitosan, pectin. 
 

 

The polymers used in film coatings for oral drug delivery are commonly classified in function of their 

solubility in GI fluids (soluble or gastro-soluble, enteric, and insoluble polymers). 

 
v Properties of polymers 

 
Polymers display different properties such as thermal, physical, mechanical, and viscoelastic 

properties, depending on their structure, molecular weight, linearity, intra-, and inter-molecular 

interactions. 

 

1. Physical properties: amorphous and crystalline polymer 

Amorphous polymers are solid materials which have their inner structure disposed in a non-

crystalline state. They do not have a specific melting point but soften over a wide range of 

temperatures above their Tg (Singh et al., 2016).  

Crystalline polymers manifest a specific melting point, durability and a solubility related to the grade 

of crystallite in the polymer. 

The methacrylic polymers used, sold under the trade name of Eudragit®, are amorphous polymers 

having a Tg between -8°C and > 150°C.  
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2. Thermal transition properties 

The volume of polymer can change with temperature. For instance: 

- When a crystal melts, the polymer volume is increased significantly as the solid turns into a 

liquid. The melting temperature (Tm) represents the first-order thermal transition in the 

polymer.  

- The volume of an amorphous polymer gradually changes over a wide temperature range 

(which corresponds to Tg) (Singh et al., 2016). 

 

3. Molecular weight properties 

A polymer batch may contain polymer chains with different lengths and, hence, different molecular 

weight distributions. The molecular weight should be averaged to have a more realistic figure for a 

given polymer. Indeed, the most common ways to refer to molecular weight are the number (Mn) (Eq 

4) and the weight (Mw) (Eq 5) average molecular weight calculations. If all the polymer chains are 

similar in size, the Mn will be equivalent to the Mw; if the chains have different sizes, the Mw will be 

distinguished from the Mn (Singh et al., 2016).  

The term polydispersity (PD) indicates by how much the Mw can be distinguished from the Mn. If the 

PD value is close to 1, the system is considered monodisperse and all the polymer chains are similar 

in size; in contrast, for PD values far from 1, the system is polydisperse and chains are different in 

size (Rodriguez et al., 2015a; Singh et al., 2016). 

 

Eq 4: 𝑀$ =
%&!	!!
%&!

	

Eq 5: 𝑀( =
%&!	!!

"

%&!	!!
	

  	

Where: 

𝑀$= number average molecular weight 

𝑀) = molecular weight of a chain 

𝑁) 	= number of chains of molecular weight (𝑀)) 

𝑀(= weight average molecular weight 
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4. Mechanical properties  

Depending on their structure, molecular weight, and intermolecular forces, polymer coatings resist 

differently when they are stressed. They can resist against stretching (tensile strength), compression 

(compressive strength), bending flexural strength, sudden stress (impact strength), and dynamic 

loading (fatigue). By increasing the molecular weight of polymer films and, hence, the level of 

intermolecular forces, such films display superior properties under applied stress (Singh et al., 2016). 

Mechanical properties have an important impact on the characteristics of the film formed. With 

Eudragit® polymers, as well as other kinds of polymers, the thermal and physical-mechanical 

properties can be modified by the application of plasticizers. 

In the pharmaceutical field, the most widely used polymers are cellulosic derivatives, povidones, and 

methacrylic acid derivatives. 

1.3.2.8.1. Examples of polymers used in oral dosage forms 

v Cellulosic derivatives 

Cellulose is a fibrous polysaccharide consisting of repeating glucose units linked with 1-4 ß. It is 

characterized by a high degree of crystallinity due to the formation of intermolecular hydrogen bonds 

between the numerous hydroxyls present along the polysaccharide fibres, which make the material 

insoluble in water. Each monomeric unit has hydroxyl groups that can be substituted, giving rise to a 

wide range of derivatives with different chemical-physical, mechanical, and biological properties. 

Among the most commonly used pharmaceutical cellulosic derivatives are:  

- MCC 

- EC 

- MC 

- HPMC 

- Hypromellose phthalate. 

 

MCC is an excipient of first choice in the preparation of traditional pharmaceutical forms (i.e. tablets). 

It does not have good film-forming properties and is generally used as a bulk agent. It can be 

considered a multifunctional excipient as it possesses lubricating, binding, and disintegrating 

characteristics.  
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EC is insoluble in water when the degree of ethylation of the hydroxyl groups is higher than 40%. 

EC, dissolved in an organic solvent or solvent mixture, can be used on its own to produce water-

insoluble films. Higher-viscosity EC grades tend to produce stronger and more stable films. In oral 

formulations, EC is mainly used as a hydrophobic coating agent for tablets and granules. EC coatings 

are used to modify the release of a drug (Lin and Yang, 1987; Porter,1989; Goracinova et al., 1996; 

Sadeghi et al., 2001), to mask an unpleasant taste, or to improve the stability of a formulation (e.g. 

granules coated with EC to inhibit oxidation). Modified-release tablet formulations may also be 

produced using EC as an inert matrix former (Klinger et al., 1990; Katikaneni et al, 1995; Pollock 

and Sheskey, 1996; Kulvanich et al, 2002). Drug release through EC-coated dosage forms can be 

controlled by diffusion through the barrier film coating. This can be a slow process unless a large 

surface area (e.g. pellets or granules, compared with tablets) is used. In those instances, aqueous EC 

dispersions are generally used to coat granules or pellets. 

MC has a greater degree of solubility in water than EC. MC with a degree of methylation below 30% 

forms highly viscous solutions in cold water while it gels in hot water. In tablet formulations, low- or 

medium-viscosity grades of MC are used as binding agents, added either as a dry powder or in 

solution (Wan and Prasad, 1989; Funck et al., 1991; Itiola and Pilpel, 1991). High-viscosity grades 

of MC may also be incorporated in tablet formulations as a disintegrant (Esezobo, 1989). MC may be 

added to a tablet formulation as a hydrophilic matrix agent to produce sustained-release preparations 

(Sanghavi et al., 2008). Low-viscosity grades MC coatings are also used to seal tablet cores prior to 

sugar coating.  

In oral products, HPMC, is primarily used as a tablet binder (Chowhan, 1980), in film-coating (Rowe, 

1977; Rowe, 1980; Banker at al., 1981; Okhamafe, 1982), and as a matrix in extended-release tablet 

formulations (Hardy et al., 1982; Hogan, 1989). Concentrations between 2% and 5% w/w may be 

used as a binder in either wet- or dry-granulation processes. High-viscosity grades may be used to 

retard the release of drugs from a matrix at levels of 10–80% w/w in tablets and capsules. HPMC is 

also used in liquid oral dosage forms as a suspending and/or thickening agent at concentrations of 

0.25-5.0% (Rowe et al., 2009). Depending upon the viscosity grade, concentrations of 2-20% w/w are 

used for film-forming solutions to film-coat tablets. Lower-viscosity grades are used in aqueous film-

coating, while higher-viscosity grades are used with organic solvents. Examples of film-coating 

materials that are commercially available include AnyCoat-C®, Spectracel®, Pharmacoat®, and the 

Methocel® E Premium LV series.  
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Hypromellose phthalate is widely used in oral pharmaceutical formulations as an enteric coating 

material for tablets or granules (Delporte and Jaminet, 1976; Stafford and Sandoz Ag, 1982; Takada 

et al., 1989). Hypromellose phthalate is insoluble in gastric fluid but will swell and dissolve rapidly 

in the upper intestine. Hypromellose phthalate can normally be applied to tablets and granules without 

the addition of a plasticizer or other film formers. However, the addition of a small amount of 

plasticizer or water can avoid film-cracking problems. Hypromellose phthalate can be applied to 

tablet surfaces when used as a micronized powder in an aqueous dispersion of a suitable plasticizer 

(e.g. TAC, TEC, or diethyl tartrate) together with a wetting agent (Muhammad et al., 1992). It may 

be used alone or in combination with other soluble or insoluble binders in the preparation of granules 

with sustained drug-release properties with a pH-dependent release rate. Since hypromellose 

phthalate is tasteless and insoluble in saliva, it can also be used as a coating to mask the unpleasant 

taste of some tablet formulations. It has also been co-precipitated with a poorly soluble drug to 

improve dissolution characteristics (Sertsou et al., 2002). 

v Povidone  

Although PVP is used in a variety of pharmaceutical formulations, it is primarily used in solid dosage 

forms. In tableting, PVP solutions are used as binders in wet-granulation processes (Stubberud et al., 

1996; Becker et al., 1997). It is also added to powder blends in the dry form and granulated in situ by 

the addition of water, alcohol, or hydroalcoholic solutions. It is used as a solubilizer in oral 

formulations and has been shown to enhance dissolution of poorly soluble drugs from solid dosage 

forms (Chowdary and Ramesh, 1995; Iwata and Ueda, 1996; Rowe et al., 2009a). PVP solutions 

may also be used as coating agents or as binders when coating active pharmaceutical ingredients 

(APIs) on a support such as sugar beads. It is additionally used as a suspending, stabilizing, or 

viscosity-increasing agent in a number of oral suspensions and solutions. 

v Polymethacrylic acid derivatives  
 

In this work, the main polymers used in the modified-release coating layers belong to the group of 

polymethacrylate derivatives marketed in the pharmaceutical sector under the trade name Eudragit®. 

The backbone consists of an alkyl central chain substituted with methyl groups and esterified side 

chains, which provide considerable stability to hydrolysis (Fukumori et al., 1988). Indeed, these 

polymers are obtained starting from acrylic monomers such as methyl methacrylate (MMA), ethyl 

acrylate (EA) and methacrylic acid (MAc) (Lehmann, 1993). Eudragit® polymers are available in a 

wide range of different physical forms (aqueous dispersions, organic solutions, granules, and 
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powders). The flexibility to combine the different polymers allows the achievement of the desired 

drug-release profile by releasing the drug at the right place, at the right time, and, if necessary, over 

a desired period of time. The structural formula of this group of polymers can be schematized as in 

Figure 13. Polymethacrylates are also used as binders in both aqueous and organic wet-granulation 

processes. Larger quantities (5-20%) of dry polymer are used to control the release of an active 

substance from a tablet matrix. Solid polymers may be used in direct compression processes in 

quantities of 10-50%. 

 

Where: 
 
For Eudragit® E:  For Eudragit® L100:  
R1, R3, R5, R6

 = CH3 R1, R3, R4 = CH3 
R2 = C4H9 R2 = H 
R4 = CH2CH2N(CH3)2 n1=1; n2=1 
n1=1; n2=2; n3=1  

  
For Eudragit L®100-55: For Eudragit® S100: 
R1

 = CH3 R1, R3, R4 = CH3 
R2, R3 = H R2 = H 
R4 = C2H5 n1=1; n2=2 
n1=1; n2=1  
  
For Eudragit® FS: For Eudragit® NE and NM: 
R1, R6 = H R1 = H 
R2, R3, R4, R5 = CH3 R2 = C2H5 
n1=7; n2=3; n3=1 R3, R4 = CH3 
 n1=2; n2=1 

  
For Eudragit® RS:  For Eudragit® RL:  
R1 = H R1 = H 
R2 = C2H5 R2 = C2H5 
R3, R4, R5

 = CH3 R3, R4, R5
 = CH3 

R6 = CH2CH2N(CH3)3
+ CL- R6 = CH2CH2N(CH3)3

+ CL- 
n1=1; n2=2; n3=0.1 n1=1; n2=2; n3=0.2 
  

 
Figure 13: Structural formula of polymethacrylic acid derivatives (Adapted from Gupta et al., 2015). 
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A further classification of methacrylic polymers can be done on the basis of their solubility in the 

different parts of the GIT: 

 

1. Gastro-soluble polymers  

These polymers help sensitive drugs to be protected from moisture and increase patient compliance 

by masking taste and odour. An example is Eudragit® E, a cationic copolymer based on 

dimethylaminoethyl methacrylate, butyl methacrylate, and methyl methacrylate with a ratio of 2:1:1 

(Figure 13). It is soluble in gastric fluids up to pH 5.0 (target drug release area: stomach) and 

insoluble at pH higher than 5.0. It forms a film that is swellable and permeable above pH 5.0 

(Lehmann, 1993). It is available in the form of granules (Eudragit® E100), powder (Eudragit® E PO), 

or organic solution (Eudragit® E12.5).  

 

2. Entero-soluble polymers 

These polymers protect the active ingredient from the gastric fluid, preventing the drug degradation 

and preserving its activity. This resistance to the gastric fluid avoids contact between the gastric 

mucosa and irritating active ingredients. Passing unchanged through the stomach, the active 

ingredient can be released in the intestine. These polymers require the aid of a plasticizer in the 

formulation equal to 10-25% w/w related to the total amount of polymer. 

Polymers belonging to this group are Eudragit® L, S, and FS 30D. 

Eudragit® L, which can be distinguished as L100 and L100-55 (Figure 13), contains an anionic 

copolymer based on methacrylic acid and methacrylate (i.e. Eudragit® L100) or ethyl acrylate (i.e. 

Eudragit® L100-55) with a ratio of 1:1. It provides effective and stable enteric coatings with a fast 

dissolution in the upper bowel, e.g. the duodenum, where the pH is above 5.5. These polymers are 

available in the form of powder (Eudragit® L100-55, which dissolves at pH > 5.5, and Eudragit® 

L100, which dissolves at pH > 6), organic solution ((Eudragit® L12.5), or aqueous dispersion 

(Eudragit® L30 D-55).  

 

Eudragit® S is an anionic copolymer based on methacrylic acid and methyl methacrylate with a ratio 

of 1:2 (Figure 13). It dissolves at pH around 7.0. It could be used to release the drug in distal area of 

the intestine such as the colon. It is available in the form of powder (Eudragit® S100) or organic 

solution (Eudragit® S12.5).  

Eudragit® FS 30D is an anionic copolymer based on methyl acrylate, methyl methacrylate, and 

methacrylic acid with a ratio 7:3:1 (Figure 13). It is insoluble in acidic media but dissolved by salt 
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formation above pH 7.0 (e.g. pH 7.5). Apart from its enteric properties, its dissolution at higher pH 

values allows targeted colon delivery. It is available only in the form of aqueous dispersion. 

3. Polymers insoluble at any pH 

The use of these polymrs is related to their capability to sustain the release of drug. Drug delivery can 

be controlled throughout the entire GIT for a prolonged period of time following administration, 

increasing patient compliance. These polymers constitute reservoir systems, in which the rate at 

which the drug is released is determined by its diffusion through the insoluble polymer film. The 

buffer medium enters through the chains of polymers and brings the drug into solution; the gradient 

of concentration created promotes release of the active ingredient (Bindschaedler et al., 1983).  

Polymers belonging to this group are Eudragit® NE 30D/40D, NM 30D, RS, and RL. 

Eudragit® NE 30D and 40D are aqueous dispersions, at 30% (30D) and 40% (40D) w/v of dry 

materials respectively, of a neutral copolymer based on ethyl acrylate and methyl methacrylate in the 

ratio 2:1 (Figure 13). Eudragit® NM 30D is an aqueous dispersion, at 30% of dry materials w/v 

respectively, of a neutral copolymer based on ethyl acrylate and methyl methacrylate in the ratio 2:1 

with a lower molecular weight in comparison to Eudragit® NE 30D (600 000 g/mol of NM 30D vs 

750 000 g/mol of NE 30D). 
 

Eudragit® RS and RL are copolymer of ethyl acrylate, methyl methacrylate, and a low content of 

methacrylic acid ester with quaternary ammonium groups (1:2:0.1 for RS and 1:2:0.2 for RL, 

respectively) (Figure 13). The ammonium groups are present as salts and make the polymer films 

permeable. They are insoluble, with pH-independent swelling. Due to the different content of esters 

groups, the two polymers have different permeabilities and, due to these properties, can be combined 

in different ratios to obtain a pH-independent time-controlled release. They are available as aqueous 

dispersions (Eudragit® RS 30D and RL 30D), organic solutions (Eudragit® RS 12.5 and RL 12.5), 

dry powder (Eudragit® RS PO and RL PO) and granules (Eudragit® RS 100 and RL 100) soluble in 

organic solvents. Unlike the first two mentioned polymers, Eudragit® RS and RL require the aid of a 

plasticizer in the formulation, equal to 10-20% w/w related to the total amount of polymer, to increase 

the flexibility of the polymer chains (Bodmeier and Paeratakul, 1993). Thus, addition of plasticizers 

into the film materials improves the functional properties of films by increasing their extensibility, 

dispensability, flexibility, elasticity, and rigidity (Suderman et al., 2018). 
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1.4. Liquid oral dosage forms 

Liquid dosage forms constitute a valid alternative to solid forms for the oral administration route. 

Indeed, the ability to take oral medicines, especially tablets and capsules, could be affected by 

swallowing difficulties, common in older people and paediatric patients (this group may include 

neonates, newborns, toddlers, young children, and adolescents) with a predominance in women (Nunn 

and Williams, 2005; Schiele et al., 2013; Liu et al., 2016). Swallowing impairments in women and 

younger patients have been explained by physiological-process and anatomical differences with 

regard to the dimensions and function of mouth, pharynx, upper oesophageal sphincter, and 

oesophagus. Additionally, women are more prone to depression and anxiety disorders, which may 

influence the frequency of swallowing problems. In general, dysphagia is expected to be more 

frequent in the elderly patients because of impaired control and delivery of the ingested bolus, delayed 

initiation of pharyngeal and laryngeal events, and cricopharyngeal muscle dysfunction. Swallowing 

difficulties have been described as drugs getting stuck in the throat, an uncomfortable feeling, the 

need for repeated swallowing attempts, gagging, choking, coughing while swallowing, or vomiting 

(Schiele et al., 2013).  

Because of all these disadvantages and because many uncontrolled factors related to solid dosage 

forms have an impact on the GRT, liquid dosage forms have been studied as an alternative to solid 

ones to improve the compliance of the patients. These pharmaceutical dosage forms can be classified 

into different groups: solution, emulsion, and suspension.  

Generally, all liquid dosage forms designed for the oral route have to be sweetened, coloured and 

flavoured to make the administration more pleasant. Aqueous vehicles should contain suitable 

antimicrobial preservatives to preserve them from the proliferation of bacteria, yeasts, and moulds 

(Fadda and Sinico, 2015). Emulsions and suspensions can undergo to a phase separation but are 

easily reconstituted by simple shaking. In order to keep their homogeneity, these systems have to be 

shaken before administration (Fadda and Sinico, 2015). 

 

v Solutions 
 

Solutions consist of a molecular dispersion of chemicals in one or more solvents in which they are 

soluble. They can be formulated as such or after dilution. Dilution with water of concentrated oral 

solutions containing cosolvents can lead to the precipitation of some components. Generally, if the 

drugs are not stable in solution, it is possible to resort to powder or granulate formulations containing 

the drug and excipients, which are chosen to facilitate drug dissolution in the selected vehicle for the 

extemporaneous preparation of solutions (Fadda and Sinico, 2015). These types of systems offer the 
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possibility to obtain immediate-release formulations. Examples of marketed products are Lactulose® 

3.3g/5mL oral solution, Monuril® granules for oral solution, and Haldol® 2mg/mL oral solution.  

 

v Emulsions 
 

An emulsion is an heterogenous system composed of two non-miscible liquids, where one of the two 

is dispersed in the other one in the form of tiny droplets. If the dispersed phase (or small droplets) is 

a fat phase and the dispersing phase (or external phase) is an aqueous liquid, the emulsion is called 

an oil-in-water emulsion (o/w). The inverse systems are called water-in-oil emulsions (w/o). 

Emulsified systems are thermodynamically unstable and require the use of emulsifying agents able 

to reduce the interfacial tension, making possible the obtaining of a homogeneous and long-lasting 

dispersion of both liquid phases and preventing the coalescence of small droplets (Fadda and Sinico, 

2015). These types of systems offer the possibility to obtain immediate-release formulations (e.g. 

Simethicone® oral emulsion). Numerous studies have been carried out to develop emulsions (o/w or 

oil-in-silicon) for different drugs (e.g. tacrolimus, insulin, sodium salicylate) to be administered by 

the enteral route for a modified release (Berthod et al., 1988; Uno et al., 1999; Jaitely et al., 2004). 

However, these studies have indicated no oral liquid pharmaceutical dosage forms able to provide 

such a modified release while guaranteeing the stability of the drug during prolonged storage. 

 
v Suspensions  

 
Suspensions are heterogenous systems where a solid phase is dispersed in a liquid. Solid particles 

tend to sediment and settle on the bottom of the container over time. This phenomenon may lead to 

the formation of a compact sediment, known as "cake", which is difficult to disperse homogeneously 

in the aqueous vehicle by simple shaking. To prevent this inconvenience, excipients are added to 

increase the viscosity of the vehicle and give it a gel structure. In this manner, a support, is provided 

to the particles during the sedimentation phase (Fadda and Sinico, 2015). Generally, if the drugs are 

not stable in suspension, it is possible to resort to powder or granulate formulations containing the 

drug and excipients, which are chosen to facilitate dispersion of the drug in the selected vehicle for 

the extemporaneous preparation of suspensions. These types of systems offer the possibility of 

obtaining extemporaneous immediate-release dosage forms (e.g. Viramune® 125 mg/5 mL oral, 

Azithromycin® 200 mg/5 mL powder for oral suspension, Clarithromycin® 125 mg/5 mL granules 

for oral suspension, Macladin® 125 mg/5 mL granules for oral suspension). To our knowledge, no 

oral liquid pharmaceutical dosage forms able to provide a modified release while guaranteeing the 

stability of the drug during prolonged storage are available on the market. 
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v Syrups  
 
Syrups are watery preparations characterized by a sweet taste and a viscous consistency. They consist 

of a solution or a suspension and, generally, contain sugar or polyols (e.g. sorbitol) at concentrations 

of at least 45% w/w. They are suitable for masking the salty, bitter, or unpleasant taste of many drugs. 

For this reason, these preparations are the pharmaceutical forms of choice for children, the elderly, 

and those who have difficulty of swallowing. Nowadays, syrups are employed only as effective 

sweetener vehicles for the preparation of medicated syrups, potions, and infusions. They are mostly 

used as extemporaneous preparations, to be reconstituted before their use in the case of antibiotics 

(examples of marketed products are Augmentin®, Clamoxyl®, Co-Amoxiclav®, and Floxapen®). 

The high sugar concentration of the syrup gives the solution a very high density and a high osmotic 

pressure, which are not suitable for the development of microorganisms and so ensure a long shelf 

life. If the dilution increases, the syrup becomes an excellent medium for microbial fermentation. It 

is therefore necessary to add preservatives (e.g. ascorbic acid, benzoic acid) to prevent this (Fadda 

and Sinico, 2015). 

These kinds of liquid preparation, thanks to their intrinsic properties (i.e. viscosity, density, osmotic 

pressure), are a suitable vehicle to maintain particles in a homogeneous suspension as multi-unit 

systems. In this work, syrups have been used as a liquid vehicle in which multi-layered pellets are 

suspended. Indeed, the liquid state and the sweet taste improve patient compliance with the treatment 

undertaken, avoid swallowing impairments, and, due to the high viscosity, prevent the fast 

sedimentation of pellets at the bottom of the bottle, assuring drug uniformity in the dispensed doses. 
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2. Approach retained for our research 
 

Although oral administration is the preferred route of drug delivery, many factors affecting drug 

absorption following oral intake make this process complex. In order to overcome physiological 

variabilities of the GIT, various designs including the use of polymeric excipients in the fabrication 

of solid oral forms, superior to the conventional system, has been widespread. These modified-release 

oral dosage forms are commonly used in pharmaceutical formulations to delay or sustain the release 

of drugs. They are mostly available on the market as capsules or tablets. The ability to take oral 

medicines, especially tablets and capsules, could be affected by swallowing difficulties, common in 

older people and paediatric patients. The common practice for such patients consists, when possible, 

of “modifying” the existing modified-release dosage forms (for example by dispersing the contents 

of a capsule in water or in food) just before its administration. 

  

Therefore, the development of a new technology platform constituted of a liquid oral dosage form 

with modified-release properties is highly awaited to increase the compliance of the above-described 

group of patients. To our knowledge, no oral liquid pharmaceutical dosage forms able to provide such 

a modified release while guaranteeing the stability of the drug during storage are available on the 

market. To overcome this problem, this work was aimed at the development of a stable liquid oral 

dosage form, e.g. a syrup, in which multi-layered particles responsible for the modified release 

properties (e.g. delayed release, colon targeting, sustained release), were dispersed extemporaneously 

in a homogeneous way while keeping the modified release properties for the whole treatment period 

(at least 10 days). The choice of MUDF as the form to disperse into the syrup included different 

advantages, such as a lower susceptibility to dose dumping as well as a faster gastric emptying. 

Indeed, MUDF may pass through a closed pylorus which allow them to avoid an all-or-nothing 

process, leading to a lower inter- and intra-subject variability. Moreover, the ease of swallowing and 

the flexible dose fractionation improve patient compliance. The manufacturing process of MUDF is 

complex due to several factors that have an impact on the final product properties and to the small 

range in which the balance among all these parameters has to be kept. To be able to handle a process 

with a small particle size and great number of coatings (multicoated pellets), a bottom-spray fluid bed 

coater with a Wurster insert was employed (SLFLL-3, Lleal S.A., Spain). This equipment was a 

prototype and further structural modifications were necessary for the development of multi-layered 

particle technology through a reproducible coating process in terms of yield, PSD, residual solvent, 

and particle agglomeration. The number of coatings to spray for each formulation depends on the 

characteristics of the active ingredient loaded (interactions with other compounds present in adjacent 
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coating layers, sensitivity to moisture and light, etc.) and to the physicochemical properties of 

polymers employed (e.g. interactions with other polymers present in adjacent coatings).  

 

The first model drug chosen was omeprazole, which represented the worst situation because of its 

sensitivity to light, heat, moisture, solvents, and exposure to various salts and metal ions. Its stability 

also decreases upon contact with acidic media, leading to significant degradation of the drug in the 

stomach and hence reduced bioavailability. pH-sensitive enteric coatings, commonly used to deliver 

drugs to the small intestine, are awaited for the model drug selected. The technology developed for 

this model drug is constituted of small pellets coated with five successive coating layers: 1) a drug 

layer; 2) an isolating layer to protect omeprazole from light; 3) an enteric polymer layer to protect 

omeprazole from gastric acid medium; 4) an isolating layer to avoid interaction between layers 3 and 

5; 5) and a gastro-soluble polymer layer to avoid drug release in the neutral pH syrup during the 

storage. It has to be underlined that the developed multi-layered pellets are based on the use of two 

protective layers, an enteric polymer layer to protect omeprazole from gastric acid medium and an 

external gastro-soluble polymer layer to avoid drug release in the syrup at neutral pHs. The 

compositions of the drug layer and both the isolating layers are based on the use of a fast-dissolving 

polymer (i.e. PVP) that could be dissolved rapidly in both acidic and neutral pH values if the 

protective layers are previously dissolved in the appropriate medium. As recommended by the 

European Pharmacopoeia for delayed-release formulations, a maximum percentage of 10% w/w of 

drug released in acidic medium after 2 hours and a minimum of 85% w/w of drug released at pH 6.8 

within 45 min has to be obtained from the dissolution tests on dry multi-layered pellets, but also from 

multi-layered pellets dispersed in the syrup. Moreover, the syrup developed has to keep a sufficient 

viscosity to obtain a good dispersion of the coated pellets, avoiding their rapid sedimentation or the 

separation between the internal and the external phases and ensuring a correct dispensed unit dose at 

each administration (i.e. 20 mg of omeprazole or 3 mg of BUD/10 mL of syrup).  

  

Once the results expected for this model drug were obtained, other polymers were employed to verify 

the feasibility of this technology in terms of kind of release (e.g. colon-targeting and sustained 

release). For this goal, BUD, a potent corticosteroid used in the treatment of IBD was used as a second 

model drug. With BUD, one of the aims was a colon-targeted formulation in order to have available 

site-specific dosage forms that are sufficiently selective to treat local colonic inflammatory disease. 

Moreover, BUD, despite not being the most appropriate drug for developing a sustained-release 

formulation due to its low water solubility, was employed also for this goal. It was also important to 

apply this kind of technology to reduce the high number of daily administrations that is usually needed 
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in the treatment of chronic diseases, improving the compliance of patients. To provide a colonic 

release, the pellets were coated with four successive coating layers: 1) a drug layer; 2) a colon-

targeting polymer layer to prevent the early release of BUD in the upper part of the GIT; 3) an 

isolating layer to avoid interaction between layers 2 and 4; 4) a gastro-soluble polymer layer to avoid 

drug release in the neutral pH syrup. To provide a sustained release, the pellets were coated with three 

successive coating layers: 1) a drug layer; 2) a sustained-release layer including two insoluble 

polymers in a ratio to obtain a progressive release of BUD over a prolonged period of time; 3) a 

gastro-soluble polymer layer to avoid drug release into the neutral pH syrup. The release 

characteristics previously sought for omeprazole also had to be obtained for these dry-coated pellets. 

Indeed, for BUD colon-targeted formulations, the requirements imposed by the European 

Pharmacopoeia allow a maximum of 10% w/w of API to be released during the 2-hour acidic step 

and a minimum of 85% w/w of API to be released during the 45-minute buffer step. In contrast, for 

the sustained-release formulation, the dissolution tests had to be performed over a prolonged period 

that took into account the whole GITT (in this case, 24 hours: 2 hours in acidic medium and 22 hours 

in buffer medium) even though the residence in the colon after the transit in the stomach and in the 

small intestine is within a variable period of time (between 7 and 48 hours). Indeed, it seemed 

reasonable to consider a mean release duration of 24 hours. A progressive release of drug had to be 

obtained in this case. In both cases, the BUD multi-layered particles, once dispersed in the developed 

syrup, had to maintain the modified-release properties for the whole dosing period (at least 10 days). 
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3. Materials and methods 
 
Most of the materials and methods were taken from the patent and the two articles published: 

1. Ronchi, F., Goole, J., Amighi, K., Guillaume, G., Stéphenne, V, 2017, Multi-layered 
pharmaceutically active compound- releasing microparticles in a liquid dosage forms, EP 3, 
117, 824. 
 

2. Ronchi, F., Sereno, A., Paide, M., Sacré, P., Guillaume, G., Stéphenne, V., Goole, J., Amighi, 
K., 2019, Development and evaluation of an omeprazole-based delayed-release liquid oral 
dosage form, Int J Pharm, 567, https://doi.org/10.1016/j.ijpharm.2019.06.007. 
 

3. Ronchi, F., Sereno, A., Paide, M., Sacré, P., Guillaume, G., Stéphenne, V., Goole, J., Amighi, 
K., 2019, Development and evaluation of budesonide-based modified-release liquid oral 
dosage forms, J. Drug Deliv. Sci. Technol., 54, https://doi.org/10.1016/j.jddst.2019.101273. 
 

3.1. Materials  

MCC pellets (Cellets®, IPC Process-Center GMBH & Co, Dresden, Germany) with two different 

sizes, Cellets® 1000 with a median diameter D(50) in a range of 1000-1400 µm and  Cellets® 263 

with a median diameter D(50) in a range of 200-300 µm, were used as neutral cores. Omeprazole 

(Aurobindo Pharma Limited, Hyderabad, India), micronized esomeprazole magnesium trihydrate 

(Minakem, Dunkerque, France) and BUD (Sterling Spa, Corciano, Italy) were used as model drugs.  

 

In the omeprazole formulation, Eudragit® L100-55 (anionic copolymer based on methacrylic acid 

and ethyl acrylate in the ratio 1:1) was used as an entero-soluble polymer in the form of powder, able 

to be dissolved in organic solvents (Evonik Industries, Essen, Germany). Other enteric polymers were 

also studied: Eudragit® L30 D-55 (Evonik Industries, Essen, Germany), chemically similar to 

Eudragit® L100-55 in as much as it is poly(methacrylic acid-co-ethyl acrylate) (1:1), but in the form 

of an aqueous dispersion at 30% w/v of dry materials, and hypromellose phthalate (HP-55S) (Shin-

Etsu Chemical Co. Ltd., Tokyo, Japan). 

Eudragit® E100 (a cationic copolymer based on dimethylaminoethyl methacrylate, butyl 

methacrylate, and methyl methacrylate in the ratio 1:2:1) was used as a gastro-soluble polymer in the 

form of granules (Evonik Industries, Essen, Germany) in both omeprazole and BUD formulations.  

When BUD was used as a model drug, different polymers were employed to target different kinds of 

release. Indeed, Eudragit® S100, an anionic copolymer based on methacrylic acid and methyl 

methacrylate (1:2), present in the form of white powder and soluble in organic solvent, was used as 

a colon-targeting polymer. Eudragit® RS PO and RL 100 are insoluble copolymers of ethyl acrylate, 
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methyl methacrylate, and a low content of a methacrylic acid ester with quaternary ammonium groups 

(1:2:0.1 for RS PO and 1:2:0.2 for RL 100). These were applied for the sustained-release, in form of 

powder and granules respectively, present in different proportions and responsible for the different 

permeability of the polymer films. 

 

Povidone (Kollidon® K30, D-BASF, Ludwigshafen am Rhein, Germany) and talc (micronized talc 

10 µm, Sigma Aldrich, St. Louis, USA) were used as a coating agent/binder and an anti-tacking agent, 

respectively. Ascorbyl palmitate (6-o-palmitoyl-L-ascorbic acid, Sigma Aldrich, St. Louis, USA) was 

added as antioxidant to stabilize omeprazole during the coating process. Disodium phosphate 

hydrogen dihydrate (Emsure-Merck, Darmstadt, Germany), silicon (simethicone emulsion 30% USP, 

Dow Corning, Midland, USA), and titanium dioxide (titanium (IV) oxyde, Emsure, Darmstadt, 

Germany) were used as buffering, antifoam, and opacifying agents, respectively. Polysorbate 80 

(Tween 80, Merck, Darmstadt, Germany) was used as an emulsifier. 

ATEC (Sigma Aldrich, St. Louis, USA) and TEC (Alfa Aesar, Haverhill, USA) were used as 

plasticizers. Aluminium oxide (Sigma Aldrich, St. Louis, USA) and GMS (D-BASF, Ludwigshafen 

am Rhein, Germany) were employed as bulk agent with an anti-electrostatic property and as 

hydrophobic substance able to strenghten the external protection layer against water, respectively. 

Other hydrophobic substances were evaluated: magnesium stearate (Sigma Aldrich, St. Louis, USA), 

stearic acid (Sigma Aldrich, St. Louis, USA), ethylcellulose (EthocelTM, Dow chemicals, Midland, 

USA) and glyceryl behenate (Compritol® 888 ATO, Gattefossé, Saint- Priest, France). Microfine 

lactose (Lactochem® Microfine 201, Borculo Domo, Netherlands) was used in the sustained-release 

formulations as a hydrophilic filler to modulate the release profile of BUD.  

Two marketed products, Losec® 40 mg (Astra Zeneca s.p.a., Cambridge, UK) and SyrSpend® SF alka 

dry (Fagron, Rotterdam, Netherlands), were used to compare the dissolution profiles with that of the 

developed omeprazole multicoated pellets. 

 

In the syrup preparation, different components were employed: Neosorb® sorbitol (Roquette, 

Lestrem, France) was used to increase the osmotic pressure of the aqueous vehicle, Kollidon® 30 

(PVP, D-BASF, Ludwigshafen am Rhein, Germany) and Avicel® RC-591 (colloidal MCC and 

sodium carboxymethylcellulose, FMC, Philadelphia, USA) were used as viscosifying agents, 

methylparaben (methyl 4 hydroxybenzoate, VWR, Radnor, USA) and potassium sorbate (Sigma 

Aldrich, St. Louis, USA) as preservatives, di-sodium hydrogen phosphate dihydrate (Merck, 

Darmstadt, Germany) as a pH controller, sodium carbonate anhydrous (Sigma Aldrich, St. Louis, 

USA) as an alkalinizing agent, cochenillum E124 (Fagron, Rotterdam, Netherlands) and strawberry 
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flavour TGDA ATO (Robertet, Grasse Cedex, France) as a colourant and flavouring agent, 

respectively, to improve the organoleptic characteristics of the syrup. 

 

3.2. Active ingredients 

Oral administration of pharmaceutically active compounds improves the quality of life of patients by 

increasing the ease of administration, patient compliance, and cost-effectiveness. The flexibility of 

designing a broad variety of different pharmaceutical compositions further makes oral administration 

attractive for formulating a large variety of active ingredients. 

A large number of pharmaceutically active compounds can achieve maximal pharmacological effect 

or limit unwanted side effects when they are released from the pharmaceutical composition in the 

intestine (i.e. proximal or distal intestinal region).  

In particular, many pharmaceutically active ‘fragile’ compounds (i.e. acid-labile compounds) lack 

stability in the acidic environment of the stomach. Examples of acid-labile compounds are PPIs such 

as omeprazole, lansoprazole, tenatoprazole, esomeprazole, rabeprazole, pantoprazole. Acid-labile 

compounds delivered in the acidic environment of the stomach are susceptible to degradation prior 

to reaching the enteric region, where they can be absorbed in the systemic circulation. In this 

manuscript, the technology developed was applied to omeprazole and to esomeprazole magnesium 

trihydrate. 

 

v Omeprazole and esomeprazole magnesium trihydrate 

  
Figure 14: Omeprazole chemical structure (European Pharmacopoeia, 2016). 

 

Omeprazole (Figure 14) is presented as a white or almost white powder, very slightly soluble in 

water, soluble in methylene chloride, sparingly soluble in ethanol (96% v/v) and in methanol.  

It dissolves in diluted solutions of alkali hydroxides (European Pharmacopoeia, 2016). It belongs to 

the PPIs class. Moisture, heat, solvents, light and acidic compounds have deleterious effects on the 

stability of omeprazole. The degradation of the PPI manifests itself in decreasing drug concentrations 

and increasing amounts of degradation products. Omeprazole is stable in alkaline media (pH around 
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11) (Mathew et al., 1995; Albanez et al., 2013). In the acidic compartment of parietal 

cells, omeprazole is protonated and converted into the active achiral sulphenamide. The active 

sulphenamide forms one or more covalent disulphide bonds with the proton pump hydrogen-

potassium adenosine triphosphatase (H+/K+ ATPase), thereby inhibiting its activity and the parietal 

cell secretion of H+ ions into the gastric lumen, the final step in gastric acid production. H+/K+ 

ATPase is an integral membrane protein of the gastric parietal cell (Lindeberg et al., 1987; Sagar et 

al., 2000; Aihara et al., 2003; Brunton et al., 2012). Omeprazole is widely used in the treatment of 

active duodenal ulcer, active benign gastric ulcer, gastro-oesophageal reflux disease, erosive 

oesophagitis, and other pathological hypersecretory conditions, such as Zollinger-Ellison syndrome 

(Boparai et al., 2008; Sanduleanu, 2001; Nagel and Shields, 2006; Celotti, 2013).  

 

In this manuscript, esomeprazole magnesium trihydrate (Figure 15) was also employed as an active 

ingredient in the manufacturing process of multi-layered pellets. It is the magnesium salt 

of esomeprazole, the S-isomer of omeprazole, with gastric PPI activity. This S-isomer has similar 

chemical-physical properties (i.e. appearance, solubility, sensitivity to environmental factors) and 

mechanism of action as omeprazole, but its magnesium salt results more stable. For this reason, it 

was evaluated as a possible alternative to omeprazole. 

 

 

 

 

 

Figure 15: Esomeprazole magnesium trihydrate chemical structure (European Pharmacopoeia, 2016). 

Other orally delivered pharmaceutically active compounds need to specifically target a section of the 

GIT other than the stomach, such as the colon or the intestine. This is the case for chemotherapeutic 

agents for (colon) cancer treatment or for treatments of intestinal bowel diseases such as ulcerative 

colitis or Crohn's disease, such as anti-inflammatory drugs or oral corticosteroids (e.g. BUD, 

beclomethasone).  In this manuscript, the technology developed was applied to BUD. Additionally, 

this active ingredient was used to demonstrate that some orally delivered pharmaceutically active 

compounds have an improved or prolonged therapeutic efficacy due to a sustained-release 

pharmaceutical composition. 
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v Budesonide 

  
 

 

 

 

 

 

Figure 16: BUD chemical structure (European Pharmacopoeia, 2016). 

 
BUD (Figure 16) is presented as a white or almost white powder. 

The epimeric mixture (22R, 22S) is insoluble in water and heptane, soluble in ethanol, and very 

soluble in chloroform (European Pharmacopoeia, 2016). It is a non-halogenated glucocorticoid with 

the acetal group in 16∂, 17∂, which reduces mineralocorticoid activity. In receptor affinity studies, 

the epimer R has shown a double activity in comparison to the epimer S (Lemke et al., 2010). 

Corticosteroids act towards different types of cells involved in the mechanism of inflammation 

(eosinophils, neutrophils, mast cells, macrophages, and lymphocytes) and towards inflammation 

mediators (histamine, eicosanoids, leukotrienes, and cytokines). They bind to specific cytoplasmic 

receptors after passing through the cell membrane, and act on protein synthesis. The anti-

inflammatory activity of corticosteroids involves lipocortin, a molecule that controls the biosynthesis 

of prostaglandins and leukotrienes by inhibiting the release of their molecular precursor, arachidonic 

acid, thanks to its action on the phospholipase A2. At therapeutic doses, BUD was found to inhibit 

the expression of cyclooxygenase 2 (COX-2) induced by cytokines. It seems that corticosteroids also 

decrease the synthesis of IgE and increase the number of beta-adrenergic receptors on leukocytes 

(Celotti, 2013). BUD has important applications in the management of asthma and allergic rhinitis, 

in the treatment of various skin disorders, and in treatment of IBD, such as ulcerative colitis and 

Crohn’s disease, depending on the administration route selected (Kuo et al., 2010; Skin Diseases and 

Conditions - Lichen Planus, 2017;, The Regents of the University of California, 2015; Łodyga et al., 

2015, Yehia et al., 2009). 
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3.3. Coating procedure  

v Equipment 

A lab-scale fluidized bed coater fitted with a bottom-spray Wurster insert, the most suitable apparatus 

for the coating procedure of small cores such as the Cellets® with a polymeric film, was used 

(Dewettinck and Huyghebaert, 1999). Two different items of equipment were evaluated: STREA-

1TM (Aeromatic, GEA, USA), for the procedure for coating Cellets® 1000, and SLFLL-3 (Lleal S.A., 

Spain), for the procedure for coating Cellets® 263. The process chamber is designed truncated-

conically and is made of stainless steel with a view port of transparent acrylic resin. The cylindrical 

Wurster tube is positioned concentrically in the expansion chamber at an adjustable height. The 

starting materials that were transferred into the fluidized bed coater were nude cores (0.5 kg for 

Cellets® 1000 and 1.0-1.5 kg for Cellets® 263). The gap between the Wurster tube and the holed 

distributor plate, positioned as the basis of the expansion chamber, allows the movement of particles 

from the bottom of the bed into the Wurster tube, where a higher velocity of air stream prevails, 

creating a steady circulatory flow of particles (Hampel et al., 2013). A flow chart of the experimental 

plant is shown in Figure 17. 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Flow chart of the experimental plant (Ge et al., 2016).  

Pre- dried air, conditioned before entering the plant, is used as fluidization gas. To achieve the desired 

inlet temperature, the fluidization air passes an electrical heater before entering the expansion 

chamber. At the fluid bed coater outlet, the air is cleaned of dust, fines and particles in a filter.  
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The temperature of the air is measured with thermocouples at the inlet, the outlet and inside the bed. 

The coating dispersions are fed via a peristaltic-pump and injected using a 1-mm hole nozzle in a 

bottom spray configuration with adjustments for a homogenously dispersed fine spray (Hampel et 

al., 2013; Figure 18).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 18: Internal structure of a fluid bed coater with a Wurster insert (Frey, 2014). 

 

The coating dispersion was sprayed as small droplets (average diameter 10-30 µm) due to the passage 

in the nozzle and the applied air pressure. All newly formed droplets, transported through the air flow, 

hit the MCC-core with enough solvent left to ensure that they spread over the core surface and 

transformed into a film. Liquid bridges were promoted due to the capillary forces between droplets 

on the substrate surface. The drying of the film began when the solvent evaporated from the coating 

droplets that adhered to the MCC-core, transforming the liquid bridges into solid ones. The pellets 

were dried when they passed into the expansion chamber, where they lost their acceleration and fell 

onto the holed plate. Afterwards, the particles flowed downward in the spraying zone and re-entered 

the insert. This coating cycle was repeated until the desired amount of coating was deposited on the 

pellets (Shelukar et al., 2000; Albanez et al., 2015).  

 A homogenous formation of solid bridges guaranteed the formation of a homogenous layer 

surrounding the core at the end of the coating procedure. To prevent adherence between the individual 

particles, the core was continuously dried during the coating. This step was also necessary to remove 

residual solvent from the film. After the coating step and once the cores were dried, the substrate was 

cooled at room temperature (Figure 19) (Teunou and Poncelet, 2002). 
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Figure 19: Coating process steps in a fluid bed coater (myschlick.com). 

 

The process variables that influence the coating efficiency include the inlet drying-air temperature 

and humidity, the air pressure used for the nebulization, the flow rate of the sprayed coating 

suspensions and the drying air, and the curing process (Dewettinck and Huyghebaert,1999; Yang et 

al., 1992; Lorck et al., 1997). Coating parameters were set to avoid agglomeration issues (insufficient 

drying), spray drying (excessive drying), and occlusion of the spraying nozzle or the filter located on 

the top of the main chamber, and to homogenously apply the sprayed droplets. The right parameters 

were selected starting from a bibliographic research followed by a univariate modification of single 

parameter, until the issues over described were limited as much as possible. The applied parameters 

for all formulations of omeprazole, esomeprazole, and BUD during each layer application are shown 

in Tables 11-14. The different batch productions were stopped at the end of the 2nd, 3rd and 5th 

coating steps, moment at which the equipment undergoes to a cleaning procedure. 

 
Table 11: Coating parameters for the 1-mm-size-Cellets® omeprazole enteric formulations in the STREA-
1TMAeromatic fluid bed coater. 
 

Coating 
parameters 

First 
coating: 

drug layer 

Second 
coating: 

isolating layer 
 

Third coating: 
delayed- 

release layer 
 

Fourth coating: 
isolating layer 

 

Fifth coating: 
protective layer 

Inlet air 
temperature (°C) 

40 40 55 50 40 

Air flow 
(m3/h) 

39.6 41.4 43.2 43.2 45.0 

Spraying rate 
(g/min) 

8 8 8 8 8 

Air pressure 
(bars) 

2 2 2 2 2 
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In the chapter 5.2.5. Evaluation of an ethylcellulose layer surrounding the MCC-core as an 

intermediate coating, an intermediate layer between the MCC- core and the omeprazole-loaded 

coating was added to verify whether such an additional layer could further contribute to limiting the 

water diffusion from the surrounding aqueous medium into the core of the particles. This additional 

“sealing” layer was added setting the same parameters planned for the first coating (i.e. drug layer). 

Table 12: Coating parameters for the 263-µm-Cellets® omeprazole and esomeprazole magnesium enteric 
formulations in the SLFLL-3 fluid bed coater. 
 

Coating 
parameters 

First coating: 
drug layer 

Second coating: 
isolating layer 

 

Third coating: 
delayed-

release layer 
 

Fourth coating: 
isolating layer 

 

Fifth coating: 
protective 

layer 

Inlet air 
temperature (°C) 

52-54 27-30 38-40 27-30 27-30 

Outlet air 
temperature (°C) 

33-35 24-27 34-36 24-26 24-26 

Product 
temperature (°C) 

34-36 25-28 34-36 25-28 25-28 

Air flow 
(m3/h) 

20-26 55-60 115-145 125-130 95-125 

Spraying rate 
(g/min) 

10-12 11-13 9-10 11-13 10-12 

Air pressure 
(bars) 

1.6 -1.8 1.6-1.8 1.9-2.1 1.6-1.8 1.8-2.0 

  

N.B. The higher inlet temperature set up for the first coating was due to the use of a greater amount of water 
in the suspension preparation. 
 
Table 13: Coating parameters for the BUD colonic-targeted formulation in the SLFLL-3 fluid bed coater. 

Coating parameters First coating:   
drug layer 

Second coating: 
isolating layer 

Third coating: 
delayed-release 

layer 

Fourth coating: 
protective layer 

Inlet air 
temperature (°C) 

35-37 40-42 33-35 33-35 

Outlet air 
temperature (°C) 

28-30 32-34 26-28 26-28 

Product 
temperature (°C) 

30-32 35-37 28-30 28-30 

Air flow 
(m3/h) 

15-25 90-95 90-95 70-85 

Spraying rate 
(g/min) 

10-12 10-12 10-12 10-12 

Air pressure 
(bar) 

1.5-1.7 1.7-1.9 1.6-1.8 1.6-1.8 
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Table 14: Coating parameters for the BUD sustained-release formulation in the SLFLL-3 fluid bed coater. 

Coating parameters First coating: 
drug layer 

 

Second coating: 
controlled-release layer 

Third coating: 
protective layer 

Inlet air temperature 
(°C) 

33-35 28-30 33-35 

Outlet air 
temperature (°C) 

25-27 25-27 26-28 

Product 
temperature (°C) 

26-28 26-28 28-30 

Air flow 
(m3/h) 

15-25 70-85 70-85 

Spraying rate 
(g/min) 

10-12 10-12 10-12 

Air pressure 
(bar) 

1.5-1.7 1.7-1.9 1.6-1.8 

 

The SLFLL-3 fluid bed coater, Lleal S.A. (Appendix 1, Figure 20) was a prototype as some major 

structural modifications were necessary to obtain a good quality of batch produced from small pellets 

(i.e. Cellets® 263), compared to standard design.  

  

Figure 20: The SLFLL-3 fluid bed coater, Lleal S.A.. 
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The new design of coater was necessary due to the smaller dimension of neutral cores used (i.e. 200-

300 µm) as a starting point and to the high number and thick layers of coatings that have to be sprayed 

around these cores. In particular, the air-distribution plate design, the height of Wurster insert, the 

height of the expansion chamber above the spraying nozzle, and the material and structure of the filter 

above the chamber were studied. It was observed from the multiple-coating procedures that the hole 

distribution (composed of 8 concentric circumferences with holes of different diameters, 

corresponding to 4 mm, 0.8 mm and 1.8 mm, in sequence respectively: Appendix 2), the position of 

the cylinder (placed 3 cm away from the perforated plate), and the structure of the main chamber 

(with a height of 96 cm) had an important repercussion on the flow of particles and consequently on 

the distribution of coating on the particle surface (Wan and Lai, 1991, Dreu et al., 2012). 

 

v  Preparation of coating suspensions 

1. Omeprazole enteric-release formulation: coating suspensions for 1000-µm Cellets® 

For the preparation of the first coating dispersion, PVP and ascorbyl palmitate were dissolved in 

ethanol using a blade stirrer (Janke & Kunkel, model RW20, Ika Labortechnik, Germany). Then, talc 

and omeprazole were added using the blade stirrer at 300 and 500 rpm, respectively, until a 

homogeneous dispersion was obtained. As the dispersion was viscous and foamy, silicon emulsion 

30% (w/w) was added dropwise (maximum 1 g) until the complete elimination of the foam. 

The second dispersion was an ethanolic solution of PVP in which talc and titanium dioxide were 

dispersed at 300 rpm using the blade stirrer. 

The third dispersion was prepared as follows. Eudragit® L30 D-55 was left for 30 minutes in contact 

with ATEC using a magnetic stirrer (Corning stirrer, model PC-353, USA) to facilitate the interaction 

between the polymer and the plasticizer. Then Tween 80 and talc were dissolved or dispersed, 

respectively. The fourth dispersion was an ethanolic solution of PVP in which talc was dispersed at 

300 rpm using the blade stirrer. The fifth dispersion was prepared by solubilizing the Eudragit® E100 

granules in an isopropanol-acetone mixture (60:40) at 500 rpm using the blade stirrer. After its 

complete solubilization, GMS was dispersed with a T25 Ultra-Turrax (IKA®, Staufen, Germany) at 

13 500 rpm. Then, talc was added to the suspension at 300 rpm using the blade stirrer.  

During the coating process, the dispersions were continuously stirred to prevent sedimentation of 

insoluble particles. The entire procedure – suspensions preparation and coating process – was 

performed in a dark room to avoid degradation of the omeprazole. The composition of the different 

coating dispersions is shown in Table 17. 
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In the chapter 5.2.5. Evaluation of an ethylcellulose layer surrounding the MCC-core as an 

intermediate coating, an additional “sealing” layer was added between the core and the omeprazole-

loaded coating. For the preparation of this sealing layer dispersion, Ethocel® was dissolved in 

ethanol using a blade stirrer at 300 rpm. The ethanolic solution was then mixed with TEC. Talc and 

titanium dioxide were subsequently dispersed at 300 rpm using the blade stirrer. 
 

2. Omeprazole enteric-release formulation: coating suspensions for 263-µm Cellets® 

In comparison to the previous formulation (i.e. Omeprazole enteric-release formulation: coating 

suspensions for 1000-µm Cellets®), some modifications were made to avoid loss of omeprazole 

stability. Indeed, a buffer was added in the first coating dispersion to stabilize the pH at alkaline 

values (i.e. pH around 8) without fluctuations during the manufacturing process, which was longer 

due to the greater amount of suspension to spray. Furthermore, the preparation of an ethanol-water 

mixture (25:75) instead of ethanol in the first coating dispersion was necessary to keep the buffer in 

solution, which otherwise could not exercise its action on the pH. Another change was the choice of 

the gastro-resistant polymer. Eudragit® L30 D-55 (i.e. an aqueous dispersion at 30% of dry materials) 

was replaced by Eudragit® L100-55 (i.e. a polymer powder soluble in organic solvents) to avoid all 

the drawbacks related to the use of water (e.g. increased inlet temperature to evaporate the solvent, 

increased product temperature close to that of the omeprazole degradation, higher humidity inside 

the main chamber). Finally, a change of solvent mixture in the last coating dispersion was made in 

order to avoid all complications related to the use of acetone (e.g. high inflammability, toxicity). 
 

Considering the aforementioned, for the preparation of the first coating dispersion, the soluble 

compounds were dissolved first in an ethanol-water mixture (25:75). Di-sodium hydrogen phosphate 

dihydrate was dissolved using a magnetic stirrer, and PVP and ascorbyl palmitate with a blade stirrer 

that is able to rapidly dissolve and disperse dry materials. Omeprazole was finally suspended in the 

mixture, using the blade stirrer (500 rpm). As the dispersion was viscous and foamy, a 30% silicon 

emulsion (w/w) was added dropwise (maximum 1 g) until the complete elimination of the foam. 

Then, talc was added using the blade stirrer at 300 rpm. The second coating dispersion was composed 

of an ethanolic solution of PVP in which talc and titanium dioxide were suspended at 300 rpm using 

the blade stirrer. The third dispersion was prepared as follows. Eudragit® L100-55 was solubilized in 

ethanol at 500 rpm for 3 hours, using the blade stirrer. Then ATEC was added and talc dispersed into 

the ethanolic solution of polymer while maintaining the stirring conditions. The fourth coating 

dispersion was composed of an ethanolic solution of PVP in which talc was suspended at 300 rpm 

using the blade stirrer. 
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The outermost layer dispersion was prepared by solubilizing the Eudragit® E100 granules in an 

ethanol-water mixture (94:6) at 500 rpm. After its complete solubilization, GMS and aluminium 

oxide were dispersed with a T25 Ultra-Turrax at 13 500 rpm. Then, talc was added to the suspension 

at 500 rpm using the blade stirrer.  

The coating dispersions were sieved through a 200 µm sieve before the coating processes. During the 

coating process, the dispersions were continuously stirred to prevent sedimentation of insoluble 

particles. The entire procedure – suspension preparation and coating process – was performed in a 

dark room to avoid the degradation of omeprazole, which is sensitive to light. The composition of the 

different coating dispersions is shown in Table 23. 

 

3. Esomeprazole magnesium trihydrate enteric-release formulation: coating suspensions for 

263-µm Cellets® 

The coating suspensions for esomeprazole magnesium were prepared as for the omeprazole. 

Exceptions were only in the first coating: these were the higher quantity of solvents (water-ethanol 

mixture) added due to the lower hydro solubility of esomeprazole (equal to 0.353 mg/mL vs 0.5 

mg/mL of omeprazole) and the replacement of talc with titanium dioxide to avoid its interaction with 

the salt magnesium. All the other coatings were made in the same manner in terms of qualitative-

quantitative composition and preparation method. The composition of the different coating 

dispersions is shown in Table 29. 

 

4. Budesonide colon-targeting formulation: coating suspensions for 263-µm Cellets® 

For the preparation of the first coating dispersion, BUD and PVP were dissolved in ethanol using the 

blade stirrer. Then, talc was added using the blade stirrer at 300 rpm. The second coating dispersion 

was prepared as follows. Eudragit® S100 was solubilized in an isopropanol/water mixture (85:15) at 

500 rpm for 2 hours, using the blade stirrer. Then, TEC and talc were dissolved and dispersed into 

the mixture, respectively. The third coating suspension was an ethanolic solution composed of PVP 

in which talc was dispersed at 300 rpm using the blade stirrer. The last dispersion was prepared by 

solubilizing the granules of Eudragit® E100 in an ethanol-water mixture (94:6) at 500 rpm. After its 

complete solubilization, GMS and aluminium oxide were dispersed with the T25 Ultra-Turrax at 13 

500 rpm. Then, talc was added to the suspension at 500 rpm using the blade stirrer. The coating 

dispersions were sieved through a 200-µm sieve before the coating processes. During the coating 

process, the dispersions were continuously stirred to prevent sedimentation of insoluble particles. The 

composition of the different coating dispersions is shown in Table 36. 
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5. Budesonide sustained-release formulation: coating suspensions for 263-µm Cellets® 

For the preparation of the first coating dispersion, the soluble compounds were dissolved first in 

ethanol. BUD and PVP were dissolved with the blade stirrer, which is able to rapidly disperse and 

dissolve dry materials. Microfine lactose was dispersed using the T25 Ultra-Turrax at 13 500 rpm. 

Then talc was added using the blade stirrer at 300 rpm. The second coating dispersion was prepared 

as follows. Eudragit® RS PO and RL 100 were solubilized in an isopropanol/water mixture (87:13) 

at 500 rpm for 2 hours, using the blade stirrer. Then, TEC and talc were respectively dissolved and 

dispersed into the polymer solution. The last dispersion was prepared by solubilizing the Eudragit® 

E100 granules in an ethanol-water mixture (94:6) at 500 rpm. After its complete solubilization, GMS 

and aluminium oxide were dispersed with the T25 Ultra-Turrax at 13 500 rpm. Then talc was added 

to the suspension at 500 rpm using the blade stirrer. The coating dispersions were sieved through a 

200-µm sieve before the coating processes. During the coating process, the dispersions were 

continuously stirred to prevent sedimentation of insoluble particles. The composition of the different 

coating dispersions is shown in Table 37. 

 

3.4. Characterization of multicoated particles 

v Coated-pellet sieving and agglomerates 

To determine the amount of coated-pellet agglomerates and to discard any potential agglomerates, 

the coated pellets obtained after each coating step were sieved (i.e. after the 2nd, 3rd, and 5th coatings 

for the omeprazole formulation; after the 1st, 2nd, and 4th coatings for the BUD colon-targeted 

formulation; after the 1st, 2nd, and 3rd coatings for the BUD sustained-release formulation). This step 

avoids multiple coating or the presence of broken agglomerates during the next steps in the coating 

procedure. The sieving was done at 30 Hz for 5 min, using a 1 800-µm sieve for coated omeprazole 

1-mm pellets and a 500-µm sieve for coated omeprazole and BUD 263-µm pellets (Rhewum vibrating 

apparatus, Germany). The percentage of agglomerates was calculated as a ratio between the weight 

of coated pellets retained from the sieve and the total weight of the batch analysed. From the sieved 

pellets obtained from the previous step, 1 kg was then used as a starting point for the next coating 

step. 
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v Thermogravimetric analysis  
 
Thermogravimetric analysis (TGA) (Q500, TA Instruments, USA) was performed to evaluate the 

residual amount of solvent in the produced batch, after the coating steps (2nd, 3rd, and 5th for the 

omeprazole formulation; 1st, 2nd, 3rd, and 4th for the BUD formulations). An exact amount of 

approximately 10 mg of intact coated sample was loaded in platinum pans and heated from 30°C to 

170°C at a heating rate of 10°C/min. The moisture level was determined by the weight loss obtained 

in the temperature range between 30°C and 150°C. The manufacturing process could be considered 

satisfactory if the residual amount of solvents remained lower than 5% w/w to avoid further stability 

problems from storage in the syrup.  

 

v Particle-size distribution 

The particle-size distribution of the multicoated pellets was evaluated after withdrawing the 

agglomerates by sieving. This evaluation was made by laser diffraction (Mastersizer® 3000, Malvern 

Instruments, UK), using a dry-sample dispersion accessory (Aero S). The standard operating 

procedure (SOP) used for the analysis included: Fraunhofer scattering, a dispersive air pressure of 

0.5 bar, a vibrating rate of 50%, a measurement time of 10 s.  

The statistical parameter used to evaluate the PSD was the median value D(50), which is the size in 

microns at which 50% of the sample is smaller and 50% is larger.  

 

v Measurement of flow properties 

The Carr index was used to evaluate the flow properties of dry solids at the end of the manufacturing 

process. The values obtained were also compared to those of uncoated cores. A Carr index greater 

than 25 is considered to be an indication of poor flowability, and lower than 15 of good flowability 

(Ku, 2010). 

 

v Characterization of the film structure  

The morphology of the external surfaces and of the inner structure of multicoated pellets was 

evaluated using scanning electron microscopy (SEM). It produces images by scanning the surface 

with a focused beam of electrons that interact with atoms in the sample, producing various signals. 

These signals contain information about the surface topography and composition of the sample 
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(Bettini et al., 2015). For the analysis of external surface, samples were fixed to the surface of an Al 

sample holder, with gold sputtered onto them for 90 s under argon atmosphere, and observed with a 

high-resolution field-emission scanning electron microscope (5 kV; Hitachi S-4100; Hitachi High-

technologies Europe GmbH, Krefeld, Germany). The coated pellets were observed at different 

magnifications: at 100×, 200×, and 500× for omeprazole multi-layered pellets and at 250×, 500×, and 

1000× for BUD multi-layered pellets. For the cross-section analysis, pellets were embedded in a light 

curing resin (Heraeus Technovit 2200 light cure). After hardening (≈ 2 minutes) the embedding was 

cooled in liquid nitrogen. Then the embedding was fractured using a sharpened plier and dried before 

sputtering with gold/palladium to obtain an electrically conductive surface. Then a high-resolution 

field emission scanning electron microscope (10 kV, Jeol JSM-IT 300, Tokyo, Japan) was used. The 

coated pellets were observed at different magnifications: at 100× for omeprazole multi-layered pellets 

and at 500× and 1000× for BUD multi-layered pellets. 

 

v Assay of drug content 

The drug content was determined after grinding coated pellets in a mortar, protecting from the light, 

and weighing a quantity of powder containing a theoretical content equivalent to 20 mg of 

omeprazole/esomeprazole or 3 mg of BUD. Omeprazole and esomeprazole were dissolved using an 

ethanol-phosphate buffer [0.05M], pH 6.8 mixture (7:93) under sonication for 20 minutes in an ice 

bath. The samples were stabilized using an aqueous solution of NaOH 0.25N (5:1), increasing the pH 

to above 11, before quantification. BUD was dissolved using an ethanol-water-methanol mixture in 

the ratio 7.0-37.2-55.8 under sonication. The samples were stable enough to not require additional 

stabilization before injection of the samples into a high-performance liquid chromatography (HPLC) 

system. An HPLC system (Agilent technologies, series 1200, USA), equipped with a single pump, 

an autosampler, and a diode array UV detector was used to quantify the drug content. The column 

used for omeprazole and esomeprazole was a Nucleosil C8 125 mm x 4.6 mm (Macherey-Nagel 

GmbH & Co, Germany). The mobile phase was constituted of an ammonium acetate-acetonitrile 

filtered solution (73:27). The chromatographic conditions were set as follows: wavelength 305 nm; 

flow rate 1 mL/min; temperature 25°C; injection volume 20 µL; run time 20 min. For both PPIs, the 

LOQ (limit of quantification) of this method coincided with 1 µg/mL; the LOD (limit of detection) 

coincided with 0.45 µg/mL. The column used for BUD was an end-capped RP-18 (Purospher® STAR, 

Germany). The mobile phase employed was constituted of phosphate buffer [0.03M] at pH 5.2-

acetonitrile filtered solution (68:32). The chromatographic conditions were set as follows: 

wavelength 225 nm; flow rate 1.5 mL/min; temperature 30°C; injection volume 100 µL; run time 8 
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min (Adapted from Sebti and Amighi, 2006). The injected volume was doubled in comparison to the 

original HPLC method in order to decrease the LOQ and the LOD, that otherwise coincided with 0.5 

µg/mL and  0.2 µg/mL, respectively, with the risk to not detect the release of BUD at the beginning 

of the dissolution test. All data were the means of five determinations. The coating process efficiency 

was determined by expressing the mean drug content as a percentage of the theoretical drug loading. 

 

v Dissolution test 

A Distek 2100C USP 29 dissolution apparatus (Distek Inc., North Brunswick, NJ, USA), Type II 

(paddle method), with a rotational speed of 100 rpm and a temperature set at 37°C, was used for the 

dissolution tests. For omeprazole batch, produced from 1000-µm Cellets®, drug release testing was 

carried out for 2 hours in 1 000 mL of acid medium pH 1.2 (HCl 0.1N) and for 45 minutes in 

phosphate buffer medium [0.05M], pH 6.8, according to the method described in the European 

Pharmacopea for enteric-coated dosage forms (European Pharmacopoeia, 9th edition, 2016). At the 

end of the acidic step, the vessel content was filtered thanks to a 500-µm sieve with the recovery of 

the pellets which, then, were re-transferred in the vessel with the new buffered solution. 

For omeprazole and esomeprazole magnesium trihydrate batches, produced from 263-µm Cellets®, 

the dissolution test was carried out for 2 hours in 750 mL of acid medium (HCl 0.1N, pH 1.2) and for 

45 minutes in 1 000 mL of phosphate buffered saline medium (PBS [0.05M], pH 6.8). Indeed 250 

mL of tri-sodium phosphate dodecahydrate was added to the acidic medium to obtain the desired 

buffer concentration and pH. This replacement of dissolution test method was necessary to retrieve 

all the small pellets from the acidic medium and to transfer them quantitatively to the intestinal 

medium. In both methods, the vessels were protected from light during the entire test. The amount of 

drug released was detected by HPLC (Agilent, USA), in both acid and phosphate buffer medium. 

Samples of 12 mL were withdrawn and stabilized with 2 mL of NaOH 0.25N (5:1) and then filtered 

before injection into the HPLC system. The volume of samples withdrawn were not replaced by blank 

medium, but this volume difference was taken into account in the calculations. The percentages of 

drug released were quantified at predetermined times and averaged (n=6). The test was performed on 

samples of dry multi-layered pellets containing 20 mg of omeprazole and on the multi-layered pellets 

dispersed in the syrup (only for omeprazole). The syrup was an aqueous buffered suspension (pH 7.5) 

at a drug concentration of 20 mg/10 ml.  

 

To evaluate the influence of the pH (i.e. to simulate pH variabilities in stomach and intestine) on the 

dissolution profiles of omeprazole from the developed coated pellets, dissolution tests in other pH 
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conditions than those recommended by the European Pharmacopoeia  for enteric-coated dosage forms 

were also carried out for 2 hours in 1 000 mL of acid medium at pHs 3.0, 4.0, 5.0, and 6.0 (gastric 

medium), and for 45 minutes in phosphate buffer [0.05M] at pHs 6.5, 6.8, and 7.5 (intestinal medium). 

The tests were performed at different acidic pH conditions to evaluate the robustness of our new 

delivery system to variabilities brought by food (pH change from 1-3 for the fasted state to 2-5 for 

the fed state) or some pathologies and/or medications that affect the gastric pH (e.g. chronic IBD, 

AIDS, pernicious anaemia, and gastric cancer or H2-receptor-blocker administration) and the 

subsequent dissolution of both the fifth and third layers (Abuhelwa et al., 2017). Moreover, the use 

of different buffer pH values permitted evaluation of the sensitivity of drug release to pH values met 

in the intestine, characterized by inter-subject variabilities.  

Moreover, considering that the final dosage form is composed of small particles (D(50) less than 

500 µm) dispersed in a liquid syrup, it could accomodate shorter GET (< 2 hours) than a single-unit 

delayed-release dosage form. Different step times were therefore evaluated, exposing coated pellets 

to the acidic step for 15 and 30 minutes and 1 hour (simulating the fasted state), succeeded by the 

proposed European-Pharmacopoeia buffer step of 45 minutes (Newton, 2010).  

 

The dissolution profiles obtained from the multi-layered pellets dispersed in a “conventional” 

developed syrup were also compared to the marketed products Losec® 40 mg (Astra Zeneca s.p.a., 

UK) and SyrSpend® SF Alka dry (Fagron, Netherlands). Losec® 40 mg is composed of multicoated 

omeprazole pellets filled into hard capsules. The starting material is constituted of sugar spheres 

(sucrose and maize starch). These spheres are coated with two successive coating layers: a drug layer 

and an enteric polymer layer to protect omeprazole from gastric acid medium. The polymer used is a 

methacrylic acid-ethylacrylate copolymer (1:1) (i.e. Eudragit® L30 D-55) at 30% of total solids in 

aqueous dispersion. The formed coated pellets are filled into hard gelatine capsules with an opaque 

reddish-brown body. Losec® 40 mg was employed as a reference for an enteric dosage form.  

SyrSpend® SF Alka dry is a sugar- and preservative-free suspending vehicle that provides an alkaline 

environment (i.e. pH > 7) for acid-labile drugs. It offers a palatable omeprazole suspension that is 

designed to supply a liquid dosage form with an immediate release. It is mainly constituted of calcium 

carbonate (> 50% w/w of total solids) and food starch; the remaining qualitative formulation is 

confidential. 

 

The paddle method, with a rotational speed of 100 rpm and a temperature set at 37°C, was also used 

for the BUD dissolution tests. For the BUD colonic-release formulation, the dissolution test was 

carried out for 2 hours in 750 mL of acid medium (HCl 0.1N, pH 1.2) and for 45 minutes in 1 000 
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mL of phosphate buffered saline medium (PBS [0.05M], pH 7.5), as required by the European 

Pharmacopoeia for oral dosage forms with delayed releases. Indeed, to mimic the distal intestine pH 

value (pH 7.5), 250 mL of tri-sodium phosphate dodecahydrate was added to the acidic medium to 

obtain the desired buffer concentration and pH. The dissolution tests on the sustained-release BUD 

multi-layered pellets were performed in one of two different manners, depending on the coating step 

at which the test was done. When the dissolution test was performed on the pellets obtained after the 

modified-release coating (2nd coating), 1 000 mL of PBS [0.05 M] at pH 7.5 was employed as a 

buffer medium and 6 mL of sample was withdrawn after 1, 2, 4, 6, 8, and 24 hours and filtered before 

injection in HPLC. The withdrawn volumes were replaced with equal volumes of blank medium to 

maintain the volume of the dissolution medium constant during the whole test. When the dissolution 

test was performed after the protective-coating layer (3rd coating), the test involved 750 mL of acid 

medium pH 1.2 (HCl 0.1N) for 2 hours followed by 22 hours in PBS [0.05 M] at pH 7.5. As before, 

6 mL of sample was withdrawn after 1 and 2 hours in the acidic medium, and 1, 2, 4, 6, 8, and 22 

hours in the buffer medium, and replaced with an equal volume of blank medium. A maximum 

dissolution test duration of 24 hours was selected because for a liquid dosage form based on a 

suspension of small particles, GITT are shorter than those of solid dosage forms. 

The amount of drug released was detected by HPLC (Agilent, USA) in both acid and phosphate buffer 

medium, after filtration of the withdrawn samples. The dissolution tests were performed on dry multi-

layered pellets and on multi-layered pellets dispersed extemporaneously in the reconstituted syrup. 

In both cases, the syrup was prepared at a drug concentration of 3 mg of BUD/10 mL of syrup. The 

percentages of drug released were quantified at the predetermined times and averaged (n=6). 

 

v Statistical evaluation: Student’s t-test and similarity factor (f2) 

The Student’s t-test was used to determine whether the means of two sets of data were significantly 

different from each other. In this work, the test was done on the amount of BUD released at time zero 

from the colon-targeted formulation, compared to the amount obtained after 1 and 2 weeks of storage. 

If the p value is higher than 0.05, no significant differences are present between the two sets of data 

(Fleury, 1987). In contrast, for modified release products with a dissolution test that include different 

time points, the advice given by FDA’s Guidance for Industry is to use the similarity factor (f2) to 

determine the similarity of dissolution profiles (FDA’s Guidance for Industry, 1997). 
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f2 is calculated as shown in the following equation (Eq 6): 

Eq 6: 

 

 

 

where: 

n = number of time points 

R(t) = mean percent reference drug dissolved at time t after initiation of the study 

T(t) = mean percent test drug dissolved at time t after initiation of the study 

For both the reference and test formulations, the percent dissolution should be determined. 

 

In particular, the evaluation of the similarity factor is based on the following conditions: 

- a minimum of three points (zero excluded); 

- the time points should be the same for the two formulations;  

- twelve individual values for every time point for each formulation; 

- not more than one mean value of > 85% dissolved for any of the formulations; 

- the relative standard deviation or coefficient of variation (CV) of any product should be less 

than 20% for the first point and less than 10% from the second to the last time point. 

 

Dissolution profiles are considered similar if this value is included in a range between 50 and 100 

(Shah et al., 1998). This test is used to verify the similarity of dissolution profiles between our 

developed technology and marketed products but also between the drug release profiles from our 

developed technology at different time points of the storage-stability period. 

 

3.5.  Preparation of the syrup and stability of dispersed pellets 

At the beginning of this work, to evaluate the possibility of developing modified-release multi-layered 

pellets dispersed in a liquid oral dosage form, the multi-coated pellets with a starting size of 1 mm 

were dispersed in a volume of 100 ml of purified water and stored at 4°C to mimic their storage after 

dispersion in the syrup. The following step was to develop a “conventional” syrup in which the 

multicoated pellets could be dispersed. For this reason, K30 (10% w/w), sorbitol (60% w/w), the pH 

controller (disodium hydrogen phosphate dihydrate, 0.18% w/w) and the preservatives (potassium 

sorbate, 0.2% w/w and methyl 4-hydroxybenzoate, 0.18% w/w) were dissolved in water at 60°C ± 
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5°C using a blade stirrer (rotational speed 500 rpm, Janke & Kunkel, model RW20, Ika 

Labortechnik). Then, Avicel® RC-591 (2% w/w) was dispersed with the blade stirrer (400 rpm).  

The aqueous dispersion obtained was cooled at room temperature, and a flavouring agent and a 

colourant were added. Water was poured to reach 100 mL and the pH was adjusted to 7.5 ± 0.2 with 

sodium carbonate (0.20% w/w). The multi-coated pellets were then suspended to reach the right drug 

concentration (i.e. 20 mg of omeprazole/10 mL or 3 mg of BUD/10 mL) and the syrup was poured 

into closed 150-mL amber glass bottles. The final preparation was stored at 25°C ± 2°C/50% ± 5 RH 

for storage stability evaluation. Both drug content and dissolution profiles were evaluated at time 

zero, after 1 week, 10 days, and 2 weeks using the HPLC methods described before (see section 3.4. 

Characterization of multicoated pellets: assay of drug content). 

For drug content, 10 mL of samples were withdrawn using a measuring cup, after shaking the bottle 

to homogenize the syrup. Sampling was carried out to reproduce the conditions of administration and 

samples were quantified on alternate days (i.e. days 1, 3, 5, 7, and 9). To quantify the omeprazole 

content in the syrup, 10 mL of sample were dispersed in a mixture made of 20 mL of purified water 

and 40 mL of ethanol before being sonicated for 20 minutes in an ice bath. Then, 30 mL of ethanol 

was transferred into a 100-mL amber volumetric flask to be sonicated for one hour. After an 

appropriate dilution (1:10) with PBS [0.05 M] pH 6.8, the filtered solutions were stabilized with an 

aqueous solution of NaOH 0.25N (5:1) before quantification. In contrast, to quantify the amount of 

BUD in the syrup, 10 mL of sample were dispersed in a mixture made of 20 mL purified water and 

40 mL ethanol before being sonicated for 20 minutes. Then, another 30 mL of ethanol were 

transferred into a 100-mL volumetric flask to be sonicated for another 30 minutes. Samples obtained 

from an appropriate dilution (1:10) of the filtered solutions with the dilution phase (methanol-water 

60:40) were injected into the HPLC system to be quantified. The determination of drug diffused from 

the pellets into the syrup during the storage was also investigated (same procedure for omeprazole 

and BUD). An amount of 5 mL of sample were dispersed in 10 mL of ethanol before being centrifuged 

for 5 minutes at 2 000 rpm and 20°C (Haerus Multifuge X1R centrifuge, Thermo Scientific, USA). 

After an appropriate dilution (1:150) with PBS [0.05 M], pH 6.8 for omeprazole, and, a methanol-

water mixture (60:40) for BUD,  the filtered solutions were directly injected into the HPLC in the 

case of BUD and stabilized with an aqueous solution of NaOH 0.25N (5:1) before quantification in 

the case of omeprazole. As no chromatographic method was used to determine the degradation 

products, the difference between the drug content inside and outside the coated pellets, was 

considered as an indicator of the amount of drug that degraded during the storage period.  
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3.6. Characterization of syrup 

 

v Viscosity and osmotic pressure evaluation  

Rheological properties of the syrup were evaluated with a DVE viscometer (Brookfield, Middleboro, 

USA). The temperature was set at 20°C and an S18 spindle was used. The viscosity of the syrup was 

evaluated at a spindle rotational speed of 10 rpm. 

The impact of the different amounts of sorbitol added into the syrup on the osmotic pressure was also 

evaluated and determined using an osmometer (Osmomat 3000 basic, Gonotec GmbH, Germany). 

v Sedimentation time 

 

Around 2.7g (equivalent to 10 doses of 20 mg of omeprazole) and 3.5 g (equivalent to 10 doses of 

3 mg of BUD) of multicoated pellets were added to 100 mL of syrup. The liquid dosage forms 

prepared extemporaneously were manually shaken and spilled off into a 100 mL graduated cylinder. 

The time of sedimentation was visually evaluated based on the range of time between the complete 

filling of the cylinder and the sedimentation of the most of coated pellets at the bottom of this cylinder. 

 

v Uniformity of dose 

Once the final liquid dosage form with the suspended coated pellets was prepared, the uniformity in 

terms of drug content in the different dispensed doses was evaluated. Over a period of 10 days, unit 

doses of syrup (10 mL corresponding of 20 mg of omeprazole) were withdrawn using a measuring 

cup. They were then quantified on alternative days (i.e. days 1, 3, 5, 7, and 9), following the same 

procedure previously described (see chapter 3.4.  Characterization of multicoated particles: assay of 

drug content). 
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4. Experimental approach 
 
This work was focussed on the development of a liquid oral dosage form based on multi-layered 

modified-release pellets which could be extemporaneously and homogenously dispersed in a syrup 

just before delivery. To manufacture the multi-coated pellets, a bottom-spray fluid bed coater 

equipped with a Wurster insert was used. Although the multi-layered pellets were produced in a lab-

scale batch, a potential scaling up was always kept in mind. The entire scientific approach, including 

the structural modifications of the equipment and the fine tuning of set up parameters, was oriented 

towards this goal. 

 

Physical-chemical characteristics such as median diameter, PSD, yield of coating process, and 

residual solvent were evaluated with particular attention to avoid creating swallowing issues in 

patients affected by dysphagia (i.e. keeping the particle size below a certain limit) as well as to avoid 

compromising the stability of the pellets in the syrup during storage. Moreover, the modified-release 

properties of the formulations had to be preserved for a minimum storage period of 10 days after the 

reconstitution of the suspension. For these multicoated pellets dispersed in the developed liquid 

vehicle, the drug content was increased as much as possible to reduce the number of units to be 

administered per dose.  

 

The chronology of the work performed during the development and the evaluation of the multi-coated 

pellets was divided into successive phases. The first part of the development, feasibility, concerned   

multi-layered pellets obtained starting from MCC neutral cores with a particle size between 1 and 1.4 

mm. These pellets, compared to particles with smaller diameter (the purpose of the thesis project), 

were characterized by a lower surface area. Due to the shorter time required for the coating procedure, 

numerous preliminary evaluations with different formulations were carried out. The model drug was 

omeprazole as it should be protected from the acid environment of stomach to avoid early degradation 

and a subsequent decrease in its activity. Dissolution studies were used to evaluate the robustness of 

these multicoated pellets in preventing the early release of omeprazole at acidic pHs in both 

conditions: dry and when dispersed in a liquid. Then, the flexibility of the technology was evaluated 

with neutral pellets characterized by a smaller median diameter (with range 200-300 µm). The fluid 

bed coater that was employed (SLFLL_3, Lleal S.A., Spain) was a prototype which was adapted to 

allow the coating of such small particles. Indeed, some major structural modifications were necessary 

to obtain a good quality of batch produced compared to conventional design. Multiple coating 

procedures were carried out to identify the range of optimal parameters to avoid issues such as spray 

drying, over-wetting, agglomeration of pellets, drug degradation, or low process yield. The adaptation 
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of the formulation to the small particle size was also fundamental to obtain the desired release profile. 

The possibility to replace omeprazole with esomeprazole magnesium trihydrate was also investigated 

to try to increase the stability of the dosage form. The use of BUD as a second model of drug, as well 

as the use of other polymers, allowed evaluation of the adaptability of the technology to other drug 

substances and the obtention of different types of release in accordance with the selected polymer in 

the modifying-release coating layer (i.e. colon-targeting and sustained release). 

After the development of the multicoated modified-release pellets, the vehicle (i.e. syrup) had to be 

developed and characterized. For instance, the syrup should have a proper osmolarity and viscosity 

to allow the dispersed pellets to be stable during the storage (at least 10 days) as well as to prevent a 

too-fast sedimentation of pellets, guaranteeing the uniformity of the drug content in the dispensed 

doses. Moreover, the fine tuning of the composition of the last protective coating layer was necessary 

to guarantee the stability of the dosage form after reconstitution in the syrup. Finally, the reconstituted 

syrups were stored at 25°C/50% RH to perform the stability studies. Drug content and dissolution 

profiles were evaluated at predetermined time points (i.e. time zero, and after 1 week, 10 days and 2 

weeks). The similarity factor f2 was calculated to evaluate the similarity of the dissolution profiles at 

the predetermined storage times in comparison to that obtained at t0. 

 

In order to not be repetitive, the material and methods corresponding to each experimental part were 

grouped in the section described before. 
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5. FEASIBILITY EVALUATION OF THE DEVELOPMENT OF        
MODIFIED-RELEASE LIQUID ORAL DOSAGE FORMS:                                                     

1-mm MULTICOATED PELLETS 
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5.1 Introduction 
 
The oral administration of pharmaceutical dosage forms has always assumed a prominent role in 

therapy due to its well-established advantages, such as being cost-effective, suitable for various types 

of drug candidates, flexible in terms of the constituents, easy to transport and store, and ready to 

administer (Pinto, 2010). Modified-release dosages forms are designed to better control the release 

of a drug, circumventing all the potential bioavailability issues that may appear when a drug needs to 

be released in a specific region of the GIT or according to a particular dissolution profile (Rouge et 

al., 1996). Nowadays, there is still a need to formulate modified-release systems in the form of a 

liquid dosage form intended for oral administration that could be stable for a prolonged period of time 

(e.g. 2 weeks). Indeed, the ability to take oral medicines, especially tablets and capsules, could be 

affected by swallowing difficulties, which cause the sensation that the mouthful stops in the throat 

with a consequent patient inconsistency in following therapeutic regimes. Moreover, the need for 

modified-release properties is also relevant for drugs that should not be released in the stomach, such 

as acid-labile or gastric-mucosa-aggressive pharmaceutically active compounds.  

 

For this reason, a new technology based on multi-layered particles with modified-release properties 

has been developed. Due to this technology, it has been possible to circumvent the above limitations 

(e.g. degradation of acid-labile drug during the passage in the stomach or irritation of gastric mucosa 

due to irritating drug) by coating the pellets with an intermediate coating that will protect the drug 

from the acidic environment. Moreover, the use of an outermost coating layer will protect the particles 

from the deleterious effect of the aqueous liquid medium in which they were dispersed. Thanks to 

this layer, the early release of the drug in the syrup will be prevented before its ingestion, while 

maintaining the efficacy of the dosage form. This outermost coating layer should be insoluble in the 

syrup but soluble in the gastric fluid to recover the modified-release properties of the coated pellets 

in the stomach after oral administration.  

 

Therefore, the multi-coated pellets should: 

- be stable after reconstitution in the syrup for at least 10 days, or more preferably two weeks, when 

stored at ambient temperature (20-25°C); 

- have modified-release characteristics after administration to release the drug in a specific part of 

the intestine (e.g. small intestine, colon) or to sustain its release throughout the GIT.   

 

The main goal of this chapter was to perform preliminary evaluation using “conventional”-size pellets 

(i.e. bigger pellets of around 1 mm). This was done to see whether the multicoated technology can be 
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applied to a model drug such as omeprazole, to potentially develop a liquid syrup formulation with 

smaller pellets. Indeed, with the bigger pellets, the coating process is less critical, needing lower 

weight gain and having more limited risk of pellet agglomeration during the coating process. 

Moreover, such big pellets are commonly coated in conventional fluid bed coaters, i.e. without 

requiring modifications to the typical structure of the machines. Accordingly, the need to start with 

bigger pellets, before transposing the technology to the small pellets that will be used in the final 

product, was clear. 

 

After their production, the multi-coated pellets were dispersed in water to mimic their storage after 

dispersion in the syrup. Water corresponds to the worst-case scenario because it has a faster 

penetration into the dosage form compared to a viscous and high-osmotic-pressure syrup. Also, in 

this case, the water permeation property compensates for the bigger size of the pellets in comparison 

to those that will be used in the final product (Cellets® 1000 vs Cellets® 263) and gives an idea of 

their future stability in syrup. Omeprazole, which is very unstable in acidic environments, was 

selected as an excellent candidate to develop suitable multicoated pellets, that are able to bypass 

physiological constraints from the heterogeneity of the GIT and to release the drug not immediately 

after administration but in the small intestine (e.g. enteric release) (Dressman et al., 1993; Rouge et 

al., 1996; Albanez et al., 2013).   

 

5.2. Results and discussion 

5.2.1. Development of the omeprazole-loaded enteric coated pellets 

The development of this new technology started with the achievement of the targeted goals with 

pellets characterized by a median diameter D(50) ranged between 1000-1400 µm, due to their lower 

surface area, the shorter time of the coating process and the easier processing in comparison to small 

particles. Omeprazole was selected as the model drug because its physicochemical stability decreases 

upon contact with acidic media, leading to significant degradation of the drug in the stomach and, 

hence, reduced bioavailability. The multi-layered pellets had an “onion-like” structure (Figure 21), 

prepared according to stepwise or continuous coating steps, using a lab-scale bottom-spray fluid bed 

coater with a Wurster column (STREA-1TM, Aeromatic, USA). The core was made of MCC, as lactose 

and sugar cores were preferably avoided to enable the administration of our system to diabetic patients 

and to reduce the osmotic pressure that can be generated from hydrosoluble components of the core 

when dispersed in aqueous fluids. In addition, lipid and wax cores were not selected due to the 
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difficulty in providing these with the appropriate size characteristics. The selected neutral cores were 

available under the trade name Cellets® in different particle sizes (e.g. Cellets® 1000, 700, 500, 350, 

263, and 100) with a narrow size distribution. 

 

 

 

 

 

 

 

 

 

 

   

Figure 21: Graphical representation of the omeprazole-loaded multi-coated pellets that can be potentially 
dispersed in a liquid syrup for an enteric release of the drug. 
 

The composition of each coating layer is shown in Table 17. The first layer containing omeprazole, 

which surrounded the MCC- core, also contained a binder, an antioxidant, and an anti-tacking agent, 

i.e. PVP, ascorbyl palmitate, and talc, respectively. In order to evaluate the possibility to better protect 

omeprazole by decreasing the entrance of water into the pellets during storage in the syrup, the 

hypothesis to include another isolating layer between the neutral core and the drug layer was also 

evaluated (see below, section 5.2.5. Evaluation of an ethylcellulose layer as an intermediate coating). 

 

Then, the pellets were coated with a modified-release intermediate coating layer. This layer was 

designed to provide an enteric release of the drug due to the addition of a gastro-resistant film-forming 

polymer. Such a modified-release layer could comprise a filler or anti-tacking agent (e.g. talc or 

titanium dioxide), a surfactant, an antifoam agent, and a plasticizer, such as TAC, TEC, or ATEC, to 

obtain the desired mechanical properties in terms of flexibility and hardness.  

The enteric coating layer comprised an anionic copolymer based on methacrylic acid and ethyl 

acrylate (Eudragit® L30 D-55), talc, polysorbate 80, silicon emulsion, and ATEC. The modified-

release layer could either be directly applied onto the drug layer or other intermediary layers could 

be included between the drug and the modified-release layers.  

In this study, an intermediate coating had to be placed between the first layer containing omeprazole 

and the third layer, which allowed the enteric release of the drug. Indeed, a hydrophilic polymer was 
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used to protect omeprazole from potential early degradation due to the components contained in the 

third layer. In the case of acid-labile drugs such as omeprazole, direct contact with enteric polymers 

containing acidic groups in their chemical structure could promote its degradation. Different 

protective materials can be used in the separating layer(s) such as sugars, polyethylene glycol, PVP, 

MC, EC, and HPMC, employed alone or in mixture. Additives such as plasticizers, colourants, 

pigments, fillers, and anti-tacking and anti-static agents, such as magnesium stearate, titanium 

dioxide, talc, and other additives may also be included into the separating or protective layer(s).  

On the basis of some considerations (see chapter 6.2.1. Fine tuning of the coating procedure), PVP 

was selected as the hydrophilic compound in this intermediate coating to limit the swelling of the 

isolating layer during storage in the syrup. Swelling, which can be met with gel-forming polymers 

such as HPMC, can potentially compromise the protection capability of the modified-release coating 

over time. Moreover, to avoid the degradation of omeprazole upon contact with light during 

subsequent coating steps, dioxide titanium was added into the second layer as an opacifying agent. 

A similar isolating layer was also used to avoid potential interactions/incompatibilities between the 

third and the fifth layers. Indeed, the acidic behaviour of Eudragit® L30 D-55 (anionic polymer), 

which was included in the third layer, is known to be incompatible with the cationic nature of 

Eudragit® E, which was the main polymer present in the fifth coating. Indeed, the use of such a 

protective layer could be avoided and the fifth coating placed just on top of the modified-release 

intermediate coating layer if there was no risk of an interaction between the polymers included 

therein.  

 

In any case, this outermost external protection coating layer will be the only layer of the multicoated 

particles in direct contact with the liquid medium, which has a pH > 6, when particles are dispersed 

in it to form the liquid pharmaceutical dosage form. As described above, the fifth coating had barrier 

properties. Indeed, it protected the incorporated drug from degradation mediated by water-, solvent-, 

or other liquid-phase components in the liquid medium and it avoided the early diffusion/release of 

the drug from the particles into the liquid medium during its storage prior to its administration. This 

outermost external protection layer was also susceptible to being quickly dissolved in the acidic 

environment of the GIT (i.e. in the stomach), within a few minutes and at most 2 hours of contact. 

Therefore, shortly after reaching the gastric environment, the multicoated particles became as if the 

outermost external protective layer was never present and recovered their modified-release properties. 

The particles recovered the same characteristics (including, e.g., drug-release profiles) as those 

administered orally in the form of a solid pharmaceutical dosage form (ingestion of a microparticle-

containing tablets or capsules, such as MUPs) without the outermost external protective coating layer. 



 
 
 

 99 

Finally, the outermost external protective layer also had to help the particles to stay in suspension in 

the pH > 6 liquid medium in which they were dispersed. This should be done to avoid their 

aggregation and settlement. To obtain these characteristics, the outermost protection layer needed to 

contain a mixture of two components: 

1. a hydrophilic gastro-soluble component that is insoluble in aqueous media at a pH of 7.5      

(i.e. the selected pH value for the liquid syrup);  

2. a hydrophobic and/or insoluble component.  

 

Component 1) protected the multi-coated particles dispersed in the liquid medium with a pH > 6 

against premature drug release. It was also responsible for the “degradation” of the external coating 

layer of the particles in the stomach to recover quickly their delayed-release properties. Component 

2) was responsible for the reinforced liquid barrier properties of the external protection coating layer, 

allowing an appropriate storage time of the multi-coated pellets in the liquid medium.  

The hydrophilic gastro-soluble component could be a cationic synthetic polymer such as a 

methacrylic copolymer based on dimethylaminoethyl methacrylate, or chitosan and chitin. In this 

case, it was a cationic copolymer based on dimethylaminoethyl methacrylate, butyl methacrylate, and 

methyl methacrylate in a ratio of 2:1:1 that is available on the market under the trade name of 

Eudragit® E100. The hydrophobic component could be a water-insoluble substance chosen from EC, 

Eudragit® RS, stearic acid, Compritol® 888 ATO, magnesium stearate, or GMS. GMS, thanks to its 

ability to better hinder the swelling of the polymer, was chosen to be applied in this study. The 

outermost external protective coating layer of the particles contained other excipients, in particular, 

an anti-tacking agent such as talc.  

 

5.2.2. Fine tuning of the coating procedure 

The thickness and the uniformity of the coating play a crucial role when the aim of the coating is to 

provide protection for the drug (e.g. from light, moisture) and/or a modified release.  

For the first coating, the main issue was the stability of omeprazole during the coating procedure. 

Omeprazole is unstable upon contact with light, heat, moisture, organic solvents, acidic pH, and 

exposure to various salts and metal ions. Therefore, it was necessary to protect omeprazole during 

the manufacturing process (i.e. keeping it in amber glass surrounded by aluminium paper) to avoid 

any contact with light. Given the low amount of dry materials to spray for the drug layer, the coating 

procedure was relatively short (around 2 hours) and no problems of omeprazole instability were met 

during the manufacturing process. Ethanol was selected as the solvent rather than water due to the 
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reduced inlet temperature to be applied for its evaporation, which can decrease the potential risk of 

agglomeration phenomenon. However, the use of water in the first coating dispersion did not show 

any drug degradation issues during the coating process (data not shown).  

 

Another strategy that was adopted to avoid the degradation of omeprazole under light during the other 

coating steps and the storage of the coated pellets was the introduction of an isolating layer containing 

titanium dioxide as an opacifying agent.  

 

For the third coating, the main problem was linked to the achievement of the enteric release in terms 

of greater amount of suspension to spray with the selected polymer. Additional water was added to 

the initial aqueous dispersion of Eudragit® L30 D-55 (aqueous dispersion with 30% w/v of dry 

materials) to reduce the viscosity of the suspension to spray, which allowed the formation of 

agglomerates to be avoided. However, to get adequate water evaporation, the aqueous dispersion of 

Eudragit® L30 D-55 required a higher inlet temperature (around 52-54°C vs the 40°C required with 

organic solvents such as ethanol or isopropanol, see Table 11). This higher inlet temperature, 

associated with the much longer coating step required for the modified coating layer, appeared to be 

critical. It was shown that omeprazole started to be thermally degraded around 45°C, with the 

appearance of the typical brown/purple/dark red colour corresponding to the presence of omeprazole 

degradation products (Senn-Bilfinger et al., 1987; Tabata et al., 2008; Mathew et al., 1995; Davidson 

and McCallum, 1996; Eger et al., 1999). Moreover, it was not possible to decrease the inlet 

temperature below 52°C when using an aqueous polymer dispersion as an increase in humidity inside 

the chamber could cause an over-wetting of pellets, increasing the percentage of agglomerates found 

at the end of the coating step procedure (Teunou and Poncelet, 2002). Different percentages of coating 

for the third layer (i.e. 9.5-18.3% w/w of total solids, equivalent to 7.1-13.3% w/w of dry enteric 

polymer) were evaluated to determine the appropriate coating layer for proper protection in an acid 

gastric medium.  

 

The selected formulation was composed of 18.3% w/w of total solids and equivalent to 13.3% w/w 

of dry enteric polymer (i.e. Eudragit® L30 D-55). The results obtained during a dissolution test made 

on pellets coated up to the third layer (see in Figure 22), showed that this formulation was able to 

provide gastro-resistance (drug release < LOD of the HPLC method) and a release of omeprazole 

higher than 85% in the PBS [0.05M] at pH 6.8 (e.g. 101.9% ± 2.3), as recommended by the European 

Pharmacopoeia. 
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The fourth coating was essential to avoid potential interaction between the anionic (Eudragit® L30 

D-55) and the cationic (Eudragit® E100) polymers present in the third and the fifth coatings 

respectively. This coating was based on an ethanolic dispersion of PVP and talc. The coating step 

was not critical in terms of selection of the coating parameters. The composition is similar to that 

used for coating layer 2 (where titanium dioxide is in addition to talc), and the coating has a very 

short coating time and a low suspension viscosity, which reduced the risk of the spray-drying effect 

and agglomeration phenomenon.  

 

For the fifth coating, the main issue was the integrity of the protective film, which was based on the 

cationic polymer Eudragit® E100. Although this cationic polymer is known to be insoluble in media 

with a pH > 5.5, it swells in contact with aqueous neutral pH solution, which increases drastically the 

permeability of the protective film layer (Patra et al., 2017). To achieve the appropriate protection 

of the coated pellets after reconstitution in the syrup, it was thus necessary to add a hydrophobic 

component to increase the strength of the protective film as a barrier against the liquid vehicle. A 

screening was done with different hydrophobic components: EC (0.44% and 0.75% w/w), Eudragit® 

RS (8.44% and 15.56% w/w), stearic acid (0.44%, 4.24% and 7.13%w/w), Compritol® 888 ATO 

(0.91% and 2.17% w/w), magnesium stearate (3.94% w/w), and GMS (3.94% w/w), with all the 

contents related to the total dry solids in the protective coating layer (Table 15).  
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Table 15: Composition (g) of the outermost external protective layer deposited on top of the multi-coated 
omeprazole particles. 
 

Batch n° 

Composition (g) 

1 2 3 4 5 6 7 8 9 10 11 

Eudragit® E 31.25 31.25 31.25 31.25 31.25 31.25 31.25 62.5 62.5 62.5 62.5 

Talc 10.0 2.60 2.60 2.60 2.60 2.60 2.60 5.20 5.20 13.5 13.5 

Ethylcellulose 0.31 0.15          

Eudragit® RS   3.12 6.24        

Stearic acid     0.15 1.50   5.20   

Compritol® 888 

ATO  

      0.31 1.50    

Mg stearate          3.12  

GMS           3.12 

Isopropanol 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0 300.0 

Acetone 195.3 195.3 195.3 195.3 195.3 195.3 195.3 195.3 195.3 195.3 195.3 

Dry residue (g) 41.56 34.00 36.97 40.09 34.00 35.35 34.16 69.2 72.9 79.12 79.12 

 
 
The higher quantity of polymer used in the batches 8, 9, 10 and 11, was tested as a potential backup 

of the formulation. In addition, the different ratio between the polymer and the different hydrophobic 

substances were decided on the basis of examples, available from providers of these compounds.  
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To rapidly screen the effect of each hydrophobic component on the strength of the protective coating 

layer, multi-coated pellet batches composed of only the 1st and 2nd layers were directly coated with 

the different compositions of the 5th coating layer, thus avoiding the 3rd and 4th coating layers. The 

batches produced were then left for 3 days in water, stored in a fridge at 4°C, to evaluate the diffusion 

of water inside the multi-coated pellets. At the end of this predetermined storage time, drug 

quantification was made from both the inner structure of pellets and the supernatant to evaluate which 

hydrophobic component is most able to prevent the early release of omeprazole during storage. The 

pH in the supernatant aqueous phase was regularly measured during the storage as an easy way to 

assess possible swelling/solubilization of the outermost external layer due to a modification of the 

pH value. The drug content and pH values of the aqueous medium surrounding the microparticles of 

the 11 batches after 3 days of storage at 4°C are given in Table 16.  

 
Table 16: Amount of released and unreleased omeprazole (% weight) from multi-layered particles, coated 
with the outermost external layers (batches 1 to 11) of Table 15, after 3 days of storage at 4°C. The table also 
shows the pH values of the aqueous solution after the whole storage period (mean value, n=3). 
 

Batch n° 1 2 3 4 5 6 7 8 9 10 11 

Amount of omeprazole within the 

pellet  

(weight %) 

> 93 82 90 83 > 98 95 70 > 98 66.9 95 > 93 

Amount of omeprazole in water  

(weight %) 

7 18 10 3 2.5 3 13.5 1.5 2.6 1.5 < LOQ 

pH 6.02 5.84 5.92 6.04 6.04 5.78 5.94 6.06 6.01 6.07 6.1 

 

All the tested compositions based on the use of Eudragit® E (cationic polymer) with a hydrophobic 

compound provided stronger barrier properties to the coated pellets than in the absence of the 

hydrophobic component. They reduced the water penetration and the omeprazole release in the 

external aqueous medium. The batches providing the lowest amount of omeprazole in the supernatant 

aqueous medium with the highest amount inside the coated pellets were those produced with stearic 

acid at 0.44% w/w (batch 5: 2.5% w/w in water and > 98% w/w inside the pellets), magnesium 

stearate at 3.94% w/w (batch 10: 1.5% w/w in water and around 95% w/w inside the pellets), and 

GMS at 3.94% w/w (batch 11: < LOQ in water and around 93% w/w inside the pellets). Stearic acid 

is a lipidic excipient that is difficult to disperse in water with the other excipients formulation due to 

its lower solubility and its tendency to float. Therefore, GMS and magnesium stearate were the most 

relevant compounds to select as the hydrophobic material of the outermost external protection layer. 

Magnesium stearate is a micronized powder that is distributed homogeneously in the polymeric 

matrix, while GMS has an auto-emulsifying capability and can be dispersed in a uniform manner in 
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aqueous, organic, and water-ethanolic mixtures. Among all the substances tested, GMS was selected 

for the formulation due to its ability to maintain omeprazole release from the dispersed pellets into a 

buffered aqueous phase under LOQ over 3 days of storage at 4°C.  

 

Based on the previous results, the composition of the formulation for the omeprazole multi-coated 1-

mm pellets based on the use of five successive layers was selected (batch 1-1000). It is shown in 

Table 17. 

 
Table 17: The quantitative composition (%w/w, dried material) of the selected formulation of omeprazole 
multicoated 1-mm pellets and the percentage of each coating layer (batch 1-1000). 
 

Ingredients 
 

Neutral 
core 

First layer 
 

Second 
layer 

 

Third layer 
 

Fourth 
layer 

 

Fifth 
layer 

 
Cellets® 1000 51.167      
Omeprazole  8.474     
Ascorbyl palmitate  0.004     
PVP  3.390 1.639  1.304  
Talc  3.390 0.820 2.677 1.304 1.595 
Titanium dioxide   0.820    
ATEC    2.008   
Eudragit® L30 D-55    13.386   
Silicon    0.134   
Polysorbate 80    0.134   
Eudragit® E100      7.385 
GMS      0.369 
Water    √   
Ethanol  √ √  √ √ 
       
% of coating  15.26 3.28 18.34 2.61 9.35 
% dry materials 
dispersed in solvent 

 18.37 11.76 16.36 11.76 13.77 

 

5.2.3. Physicochemical characterization of coated pellets 

After the five coating steps, the delayed-release properties of the multi-coated pellets had to be 

evaluated.  Indeed, the formation of agglomerates as well as spray-drying issues may potentially alter 

the homogeneity of the coating. The coated pellets obtained after each coating step (i.e. after the 2nd, 

3rd and 5th coating) were sieved to discard potential agglomerates. This avoids repetitive particle-

particle sticking or the breaking of the agglomerates, which could lead to non-uniform coating during 
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the further steps. The cut-off of the sieve selected to discard agglomerates formed during the coating 

procedure was 1800 µm.  

 

The critical coating parameters (i.e. height of expansion chamber, spraying and drying conditions) in 

the case of the use of a polymeric aqueous dispersion, were properly identified and fine-tuned to avoid 

the generation of electrostatic charges, agglomeration, and spray-drying issues. Indeed, the height of 

the expansion chamber above the spraying zone has a considerable influence on the flow of particles 

and consequently on the distribution of coating on particle surfaces, particle agglomeration, and 

process yield. It was limited (< 50 cm) in the STREA-1TM fluid bed coater and it did not allow the 

correct flow of particles during the coating/drying phases. A decrease in the air flow and suspension 

flow rate and an increase of air pressure were therefore necessary to ensure the proper movement of 

the particles without prolonging the coating procedure too much. The longer the coating process is, the 

higher is the risk of omeprazole degradation due to the temperature effect. Another drawback to be 

controlled was the use of water as coating-dispersion vehicle for the modified-release layer. The water 

can potentially increase problems related to the coating procedure: a higher possibility to form 

agglomerates, a higher temperature required for the evaporation of the solvent, which may induce 

omeprazole degradation, and a higher humidity inside the coating equipment with a higher possibility 

of filter occlusion. A narrow balance between the coating parameters (e.g. inlet temperature, air 

pressure, flow rate of suspension, and air flow) had to be found. With the use of a polymeric aqueous 

dispersion, the same problem could arise; indeed, a higher coating product temperature is necessary 

for adequate water evaporation.  

 

Another issue was the generation of electrostatic charges during the coating procedure. This is 

especially so for the last coating, where Eudragit® E100 is present, and for which this effect is higher 

in comparison to the other polymers. The right balance between the coating-spray rate, drying-air flow, 

and temperature was taken in consideration to increase the humidity inside the coating chamber, which 

decreases the electrostatic charges.  

 

The produced multicoated pellets showed a good flowability after each step of the manufacturing 

process (i.e. Carr index equal to 5.0, 6.0, and 7.0 after the 2nd, 3rd, and 5th coating, respectively). 

Moreover, the formulations were evaluated and fine-tuned according to the process yield and to the 

dissolution profiles of omeprazole. At the end of the whole coating process, 91.9 ± 0.5% w/w of the 

omeprazole were recovered from the coated pellets (Table 18). The aim of the coating procedure was 

to increase the yield of the process, reducing the dry material losses and the time necessary for a whole 
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coating procedure. Indeed, at this step of the project, it was important to develop the experimental 

conditions to set up to be able to later coat smaller particles. For these particles, the increased amount 

of coating suspension to spray and the longer coating procedure could affect the final stability of the 

drug and its physicochemical characteristics. 

 

The size of the particles increased during the coating procedure due to the dry material deposited on 

the surface (from 1250 μm for the uncoated pellets to 1453 μm for the multi-layered pellets). Indeed 

the average of the median diameter calculated on a triplicate samples was included in the range 

between 1350 and 1500 with a narrow standard deviation. The residual solvent in the structure of the 

intact pellets was also evaluated at the end of the coating procedure in order to limit this solvent as 

much as possible. This parameter allowed the right inlet temperature to be identified: a lack of drying 

due to a low inlet temperature resulted in higher residual solvent and consequently a higher risk of 

agglomeration. This could have a further impact on the long-term stability of the drug once the coated 

pellets are suspended in the syrup. Therefore, to keep the residual solvent under 5% w/w, it was 

necessary to set up the right inlet temperature and, consequently, the right product temperature during 

the whole coating procedure, and to do a short curing “in situ” by leaving the heating on for 10 

minutes at the end of the spraying. 

Table 18: Percentage of agglomerates, median diameter D(50), yield (%), and percentage of residual solvent 
at the end of the whole coating procedure for a representative batch (batch 1-1000), obtained by setting the 
parameters described in Table 11. 
 

Sample % of agglomerates 
(n=1) 

median diameter D(50) 
(μm) 

(n=3, mean ± s.d) 

yield (%) 
(n=5, mean ± s.d) 

% residual solvent 
(n=1) 

Batch 1-1000  8.6 1 453 ± 20 91.9 ± 0.5 9.2 

 

5.2.4. Dissolution test 

In order to verify whether the recommendations of the European Pharmacopoeia 9th edition for 

delayed-release formulations were respected, the gastro-resistance properties of the formulation were 

first determined on the dry pellets coated until the third layer, which is responsible for the modified 

release. It was demonstrated that the omeprazole release from the formulation coated with the 3rd 

layer in dry state after 2 hours in acidic medium was below the LOD of the HPLC quantification 

method. This demonstrated a good resistance of the dosage form to the gastric step and, more 
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particularly, appropriate protection by the third gastro-resistant layer. Moreover, around 100% w/w 

of omeprazole was released at pH 6.8 within 45 min. This demonstrated that the enteric layer 

remained undamaged in acidic medium during the first 2 hours and, once the pH changed from 1.2 

to 6.8, it was properly dissolved, releasing the total amount of omeprazole.  

Dissolution studies were then performed on the dry pellets coated up to the 5th coating to evaluate 

the ability of the fifth coating to be dissolved at pH 1.2. For the fifth coating, the main problem met 

was the integrity of the protective film based on the cationic polymer Eudragit® E100. The presence 

of Eudragit® E100, a gastro-soluble polymer, in the fifth coating allowed the avoidance of early 

release of omeprazole in the syrup and thus its degradation once in contact with acidic medium (e.g. 

gastric fluids). The necessity to add a hydrophobic component to increase the strength of the 

protective film as a barrier against the liquid vehicle was demonstrated. This barrier achieved the 

appropriate protection of the coated pellets after reconstitution in the syrup.  

According to the results presented in Tables 15 and 16, GMS seemed to be the most suitable 

component for guaranteeing the barrier properties of the external protective layer. Indeed, its presence 

permitted a decrease in the fifth coating swelling properties caused when pellets are in prolonged 

contact with neutral aqueous media and thus the syrup during storage (Patra et al., 2017). Due to the 

chemical properties of Eudragit® E100 (i.e. presence of high proportion of hydrophilic tertiary amine 

groups), a film coating based on this undergoes swelling and becomes permeable at pH over 5.0. As 

with the dissolution test made on the 3rd coating, it was demonstrated that the omeprazole released 

after 2 hours in acidic medium was below the LOD of the HPLC quantification method. This result 

showed a good gastro-resistance of the dosage form. Moreover, around 100% w/w of omeprazole 

was released at pH 6.8 within 45 min. This demonstrated that the protective external layer was 

dissolved within the gastric acid step and the enteric layer remained undissolved in acidic medium 

during the first 2 hours. Once the pH changed from 1.2 to 6.8, it was properly dissolved, releasing the 

total amount of omeprazole (Figure 22).  
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Figure 22: Dissolution profiles of omeprazole-loaded enteric-release pellets coated up to the 3rd and 5th 
coatings (compositions according to Table 17), made over 2 hours in acidic medium pH 1.2 and 45 minutes in 
buffer medium pH 6.8. 
 

Another preliminary dissolution test was performed to quickly simulate both a short storage of the 

multicoated pellets in an aqueous liquid (as would be the case when the pellets are dispersed in a 

syrup) and the dissolution test for a delayed-release formulation. For this purpose, pellets coated up 

to the 5th coating step were first introduced into a dissolution medium containing Milli-Q water for 

4 h using the same experimental conditions. Then, the dissolution test was pursued using the 

conventional test described before for enteric-release dosage forms (i.e. 2 h in the acidic step and 45 

min in buffer medium pH 6.8).   

It was demonstrated that the last protective layer maintained the integrity and the stability of the 

multi-layered particles at pHs higher than 5 (i.e., when the pellets are suspended in water) for at least 

4 h. At the same time, the layer was able to dissolve quickly at acidic pH (pH = 1.2), exposing the 

third layer, which is responsible for the enteric release, to the aqueous buffer medium. This quick 

evaluation permitted the beneficial effect of GMS as hydrophobic component to be demonstrated, as 

it avoided the external protective layer swelling in contact with aqueous media. Moreover, the enteric 

coating was resistant enough to not undergo swelling or dissolution phenomena during the acidic 

step. However, once the pH was increased to 6.8, the coating dissolved to release the drug.  

The release of omeprazole from the final formulation in dry state at pH 6.8 was around 100% w/w, 

demonstrating that the third coating was robust enough to ensure the enteric release (Table 19).  
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Table 19: Dissolution test results of the multi-coated pellets from the batch developed (batch 1-1000), left for 
4 hours in Milli-Q water, using the conventional test described before for enteric-release dosage forms (i.e. 2 
h in the acidic step and 45 min. in buffer medium pH 6.8).    
 

Samples % drug release in water 
(4 h) 

% drug released in 
acidic medium pH 1.2 
(2 h) 

% drug released in 
buffered medium pH 6.8 
(45 min) 

1 < LOD  < LOD 100.68  
2 < LOD < LOD 100.35  
3 < LOD < LOD 104.55  
4 < LOD < LOD 103.33  
5 < LOD < LOD 102.70  
6 < LOD < LOD 103.15  
Average ± Dev. St. < LOD < LOD 102.46 ± 1.63 

 

5.2.5. Evaluation of an ethylcellulose layer surrounding the core as an intermediate coating  

The use of cores characterized by a low water solubility, such as those made of corn starch or wax, 

cause a decrease in the release of the drug compared to those that are water soluble (e.g. lactose, 

sugar) or hydrophilic (e.g. microcrystalline cellulose) (Nitz et al., 2008).  

In this study, the starting seeds were made from microcrystalline cellulose. Once coated, the pellets 

were dispersed in a syrup. The liquid vehicle had the tendency to diffuse into the inner structure of 

the pellets according to its hygroscopicity and the osmotic pressure generated inside the pellets. To 

avoid an early release of the active ingredient in the syrup during storage, two strategies could be 

adopted apart from the choice of the most appropriate neutral pellets.  

The first strategy involved the syrup formulation. The water diffusion through the coated pellets was 

decreased by using a high concentration of sugar or polyol, which was able to increase the osmotic 

pressure of the external aqueous phase, and by adding viscosifying agents, which were able to 

increase the viscosity of the syrup. The second strategy involved the number and the type of 

isolating/protecting layers used for the preparation of the coated pellets. In particular, an intermediate 

layer between the MCC-core and the omeprazole-loaded coating was added to verify whether such 

an additional layer could further contribute to limiting the water diffusion from the surrounding 

aqueous medium into the core of the particles. A new batch, to which this additional “sealing” layer 

was added, was therefore evaluated to see whether it was another potential strategy to increase the 

resistance of the multicoated pellets when dispersed in a syrup. 
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Such a layer could comprise a hydrophobic highly impermeable polymer such as EC (e.g. Ethocel® 

EP), which was associated with TEC, talc, and titanium dioxide. The composition of the other five 

coatings was kept comparable to those in the previous formulation. The composition for the batch 

composed of six coating layers (batch 2-1000), using an additional sealing layer, is shown in the 

Table 20. 

 
Table 20: The quantitative composition (% w/w, dried material) of the 6-layer formulation of omeprazole 
multicoated pellets (batch 2-1000) and percentage of each coating layer. 
 

 
*Isopropanol-acetone ratios of 60:40 for the suspensions used for the 5th coatings  

  

Ingredients 
 

Cellulose 
cores 

First layer Second 
layer 

Third  
layer 

Fourth 
layer 

Fifth  
layer 

Sixth  
layer 

Neutral core 30.831       
Ethocel®  6.173      
TEC  1.235      
Titanium 
dioxide 

 0.882  0.739 0.515   

Talc  3.527 3.044 0.739 4.948 1.010 2.404 
Omeprazole   7.610     
Ascorbyl 
palmitate 

  0.004     

PVP   3.044 1.477 2.371 1.010  
ATEC     1.546   
Eudragit® 
L30 D-55 

    20.618   

Silicon     0.103   
Tween 80     0.103   
Eudragit® 
E100 

      5.778 

GMS       0.289 
Aluminium 
oxide 

       

Water     √   
Ethanol  √ √ √  √  
Isopropanol       √ 
Acetone       √ 
% of coating  11.8 13.7 2.96 30.2 2.02 8.47 
% dry 
materials 
dispersed in 
solvent 

 10.04 18.37 11.76 33.18 11.76 13.77 
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A batch of 500 g Cellets® 1000 was placed, as in the previous case, inside the fluid bed apparatus 

(STREA-1TM, Aeromatic, GEA, USA). The coating parameters adopted are described in the 

“Materials and methods” section (3.3. Coating procedure: Equipment). In the formulation of the 6-

layers coated pellets (batch 2-1000) the quantity of Eudragit® L30 D-55 polymer was increased (from 

13.39% to 20.62% w/w) to verify the effect of polymer concentration on the quality of the final 

product. Once the batch was produced, a physicochemical characterization of the 6-layer coated 

pellets (batch 2-1000) was made and compared with the characterization made on the 5-layer coated 

pellets (batch 1-1000) (Table 21). 

Table 21: Percentage of agglomerates, median diameter D(50), yield (%), and percentage of residual solvent 
at the end of a coating procedure for omeprazole multi-coated pellets, constituted of 5 (batch 1-1000) and 6 
layers (batch 2-1000). 

Sample 
% of coating 

added 
 

% of 
agglomerates 

(n=1) 

median diameter 
D(50) (μm) 

(n=3, mean ± s.d) 

yield (%) 
(n=5, mean ± s.d) 

% residual 
solvent 
(n=1) 

Batch 1-1000 48.8 8.6 1 453 ± 20 91.9 ± 0.5 9.2 

Batch 2-1000 69.2 12.6 1 506 ± 12 95.6 ± 1.8 5.1 

 

As shown, a longer coating procedure can increase some problems linked with the chemical physical 

characteristics of the final product, such as a higher percentage of agglomerates and higher median 

diameter due to the higher amount of dry materials applied. The aim of the coating procedure was to 

increase the yield of the process, and to reduce the dry material losses as well as the time necessary 

for a whole coating procedure.  

The results presented in Table 21 showed that the yield was around 95% after all six coatings, which 

can be considered satisfactory for small-scale coating equipment.  

The residual solvent content of the coated pellets was evaluated by TGA at temperatures ranged 

between 30°C and 150°C. This range permits a good removal of ethanol, water, acetone, and 

isopropanol, which are the solvents used in the preparation of coating suspensions. The removal is 

based on their boiling temperatures (78.4°C for ethanol, 100°C for water, 56.05°C for acetone, and 

82.6°C for isopropanol). The manufacturing process could be considered satisfactory if the residual 

amount of solvents remained lower than 5% w/w to avoid further stability problems from storage in 

the syrup.  
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After their production, the multi-coated pellets were dispersed in a volume of 100 ml of purified water 

and stored at 4°C to mimic their storage after dispersion in the syrup. Water corresponds to the worst-

case scenario because it has a faster penetration compared to a viscous and high-osmotic-pressure 

syrup.  

 

After 8 days of storage, with daily shaking, the retention of non-degraded omeprazole within the 

coated pellets and those released in the aqueous medium were measured by HPLC. These results were 

also compared to those obtained by the batch composed of 5 coatings (batch 1-1000) (Figure 23).  
 

 
 
Figure 23: Omeprazole percentage found inside and outside the multicoated pellets after 8 days of storage 
(with daily shaking) in water at 4°C from the following samples: multicoated pellets with 5 layers (batch 1- 
1000) and 6 layers (batch 2-1000) (n=1).  
 
The level of unreleased omeprazole in samples of multicoated pellets after an 8-day storage period in 

water (4°C) were 73% and 85%, respectively.  

Both batches of multi-layered particles were able to limit the release of omeprazole during storage to 

around 3% after 8 days (Figure 23). The increase from 73% (batch 1-1000) to 85% (batch 2-1000) 

showed the additional barrier-effect of the EC layer deposited on top of the Cellets®, which reinforces 

the role of the outermost external layer in increasing the level of non-degraded omeprazole within the 

particles. 

 

Then, a comparison between batches 1-1000 and 2-1000 in terms of a dissolution test was made. This 

was done to verify whether all the drawbacks met with a longer coating procedure were compensated 

by improved protection of omeprazole from an acidic environment. Data are shown in Table 22. 
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Table 22: Dissolution test results of the dry multi-coated pellets (i.e. not dispersed in the syrup) from the two 
different batches developed: batch 1-1000 and batch 2-1000 (mean values, n=6). 
 

Samples 
 

Gastric acid medium: 
% drug release after 2 hours 

Phosphate buffer medium: 
% drug released after 45 minutes 

Batch with 5 coatings < LOD 99.5 ± 1.3 

Batch with 6 coatings < LOD 92.8 ± 0.9 

  

It was shown that the release of omeprazole from both dry multicoated formulations after 2 hours in 

acidic medium was below the LOD of the HPLC quantification method. This demonstrated a good 

resistance of the dosage form to the gastric step and, in particular, appropriate protection from the 

third gastro-resistant layer. Moreover, more than 85% w/w of omeprazole was released at pH 6.8 

after 45 min, demonstrating that the last protective layer was dissolved in acidic medium during the 

first two hours in acidic medium and that the enteric layer was properly dissolved at pH 6.8, as 

required by the European Pharmacopoeia for delayed-release formulations. Around 99.5% of 

omeprazole were released in the buffer medium from batch 1-1000 and around 92.8% from batch 2-

1000.  

Despite better protection during the storage period in water, the formulation with 6-layers coatings 

provide a slower release of omeprazole during the dissolution test in buffer medium. Considering the 

balance between all the drawbacks and the advantages in the addition of the intermediate coating 

surrounding the neutral core, results from the 5-layers multi-coated formulation were more 

compatible with a future scaling-up in an industry. For this reason, it was selected. Nevertheless, 

attention must be paid during the further development of this technology to reinforce the resistance 

of the multi-coated pellets to the liquid syrup medium by adjusting the composition and thickness of 

the external protective layer and that of the liquid syrup.    

 

 

 

 

 

 

 



 
 
 

 114 

5.3. Conclusion 

The multi-layered particles obtained thanks to a coating procedure in a conventional-bottom spray 

fluid bed coater allowed the achievement of the targeted release at the end of the process. This 

preliminary evaluation demonstrated the ability to produce a modified-release system with enteric 

drug release for pellets with a starting size of 1 mm. Indeed, omeprazole was able to maintain its 

physicochemical stability, which normally decreases upon contact with acidic media in the 

environment reproducing the stomach, avoiding its significant degradation and hence its reduced 

bioavailability. The robustness of the selected formulation (batch 1-1000) was tested and compared 

with other developed formulations, including those with additional coatings or different quali-

quantitative compositions. The dry batch 1-1000 pellets were then dispersed in water in order to 

mimic their storage after dispersion in the syrup. Water was selected due to its permeation property, 

which is higher in comparison to a viscous and high-osmotic-pressure syrup. This higher permeation 

compensates for the bigger size of the pellets (Cellets® 1000 vs Cellets® 263) and quickly provides 

preliminary data that can give an estimation of the product behaviour for smaller pellets. 

Consequently, considering the good results obtained for this particle size, such a modified-release 

dosage form could be tested with a smaller particle size to evaluate the flexibility of the manufacturing 

process and the applicability of our technology to the desired pellet size. 
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6. DEVELOPMENT AND EVALUATION OF AN OMEPRAZOLE-BASED 
DELAYED-RELEASE LIQUID ORAL DOSAGE FORM 
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6.1. Introduction 
 
The oral administration of pharmaceutical dosage forms has always assumed a prominent role in 

therapy due to its well-established advantages. Oral dosage forms are generally convenient to 

swallow, cost-effective, suitable for various types of drug candidates, flexible in terms of the 

constituents, easy to transport and store, and ready to administer. Above all, the oral route improves 

patient compliance (Pinto, 2010). However, oral administration faces some physiological constraints 

due to the heterogeneity of the GI system (e.g. pH, the commensal flora, GITT, enzymatic activity, 

and surface area) (Dressman et al., 1993). Conventional dosage forms do not allow all the potential 

issues imposed by the physiology of GIT to be overcome or to provide controlled release of the drug. 

In contrast, modified-release dosages forms are designed to better control the release of a drug to 

bypass the inherent physiological variabilities of the GIT (Rouge et al., 1996). The use of various 

polymers has become widespread in recent years to obtain modified-release oral dosage forms 

(Tanaka et al., 2005; El- Badry et al., 2009). Controlling the release of drug makes possible to obtain 

more reproducible absorption and to maintain the drug concentration within the therapeutic window. 

Two major types of modified-release oral dosage forms have been reported: sustained-release dosage 

forms, which allow the dosing frequency to be reduced compared to the conventional forms and 

delayed-release dosage forms, where the drug is not released immediately after administration but in 

the small intestine (e.g. enteric release) or in the colon (e.g. colonic release) (Nitz and Taranto, 2008). 

They are commonly developed as solid dosage forms such as tablets or capsules. The control of drug 

release is obtained using a polymeric film, i.e. by coating a solid substrate (El-Badry et al., 2009). 

Moreover, modified-release systems can be classified into SUDF and MUDF (Pilbrant and 

Cederberg, 1985). Dispersing these MUDFs throughout the GIT decreases the risk of dose-dumping 

phenomena and of irritation in the GIT, resulting in more reproducible drug absorption. To our 

knowledge, no oral liquid pharmaceutical dosage forms able to provide such a modified release while 

guaranteeing the stability of the drug during storage are available on the market.  

 

The ability to take oral medicines, especially tablets and capsules, could be affected by swallowing 

difficulties, common in older people and paediatric patients (this group may include: neonates, 

newborns, toddlers, young children, and adolescents), with a predominance in women (Nunn and 

Williams, 2005; Schiele et al., 2013; Liu et al., 2016). Swallowing impairments in older and younger 

patients are explained by physiological-process and anatomical differences with regard to the 

dimensions and function of mouth, pharynx, upper oesophageal sphincter, and oesophagus. 

Additionally, women are more prone to depression and anxiety disorders, which may influence the 

frequency of swallowing problems (Schiele et al., 2013). In general, dysphagia is expected to be more 
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frequent in older patients because of impaired control and delivery of the ingested bolus, delayed 

initiation of pharyngeal and laryngeal events, and cricopharyngeal muscle dysfunction. Swallowing 

difficulties have been described as drugs getting stuck in the throat, an uncomfortable feeling, the 

need for repeated swallowing attempts, gagging, choking, coughing while swallowing, or vomiting 

(Schiele et al., 2013). The characteristics of a pharmaceutical dosage form, such as the size, shape, 

flavour, and surface texture of a tablet, have an impact on how easily a solid oral medicine can be 

swallowed and pass through the pharynx and oesophagus (Liu et al., 2015; Liu et al., 2016). The 

reported mean size of tablets and capsules that caused swallowing difficulties are: for round tablets, 

8.7 mm ± 2.0; for oval tablets, 7.4 mm ± 1.8; for oblong tablets, 7.3 mm ± 1.6; for irregular shaped 

tablets, 9.4 mm ± 1.1; for hard capsules, 6.8 mm ± 1.4; and for soft capsules, 8.6 ± 1.7 (Schiele et al., 

2013). 

 

Multi-particulate dosage forms could be an alternative to modified-release single-unit tablets and 

capsules (Pilbrant and Cederberg, 1985). They are versatile in use because they can be employed 

with different APIs and different kinds of release, such as specific-site-targeting or sustained-release 

formulations. They are suitable for use in children from birth and provide flexible methods of 

administration, such as reconstitution into a drink or as “sprinkles” onto food. One risk associated 

with multi-particulates is chewing. This is particularly critical for modified-release dosage forms. 

Particle size may be a “trigger” factor to initiate a chewing response (Liu et al., 2015). 

The relationship between particle size and the risk of chewing is the starting point of this research. 

 

In this work, a new technology using omeprazole as a model drug was developed. Omeprazole, a 

substituted benzimidazole derivative, causes potent and long-lasting inhibition of gastric acid 

secretion by selectively interacting with the gastric proton pump (H+, K+ -ATPase) of the parietal cell 

located in the secretory membrane of the stomach (Pilbrant and Cederberg, 1985; Choudhury et al., 

2010). It is widely used in the treatment of active duodenal ulcer, active benign gastric ulcer, gastro-

oesophageal reflux disease, erosive oesophagitis, and other pathological hypersecretory conditions, 

such as Zollinger-Ellison syndrome (Lindeberg et al., 1987; Boparai et al., 2008;). The 

physicochemical stability of omeprazole decreases upon contact with acidic media, leading to 

significant degradation of the drug in the stomach and hence reduced bioavailability (Mathew et al., 

1995). pH-sensitive enteric coatings, commonly used to deliver drugs to the small intestine, are 

expected for the model drug selected. Omeprazole is also very sensitive to light, heat, moisture, 

solvents, and exposure to various salts and metal ions, which make it an excellent candidate as a 

worst-case study to develop multiple-coated particles (Albanez et al., 2013).  
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A newly developed technology based on multi-layered particles suspended in syrup, for which there 

is an unmet need among patients with swallowing impairment such as newborns, older or critically 

ill patients, was studied. The aim of this study was to develop a new enteric-release liquid oral dosage 

form that is stable after reconstitution in the syrup and is able to protect omeprazole from gastric 

fluids, reduce gastric distress caused by stomach irritating drugs, or allow upper-GI transit in an 

unchanged form for drugs that are better absorbed in the intestine (Mathew et al., 1995).  

 

6.2. Results and discussion 

The formulations and experimental process adopted in this section were adapted on the base of the 

preliminary evaluation study made on 1-mm size pellets using this new technology (see chapter 5. 

Feasibility evaluation of the development of modified-release liquid oral dosage forms: 1-mm 

multicoated pellets). The “conventional” fluid bed equipment was also modified in its structure in 

order to optimize the manufacturing process for the new smaller size pellets (see chapter 3.3. Coating 

procedure: Equipment).  

 
6.2.1. Fine tuning of the coating procedure 

When the aim of the coating layer is to provide protection for the active ingredient (e.g. from light, 

moisture) and/or modified release, the thickness and the uniformity of the coating play a crucial role. 

In fluid bed coaters, three elementary configurations are commonly used to coat pellets, namely top-

spray, bottom-spray (appropriate for the Wurster insert), and tangential-spray. The fluid bed coater 

with a Wurster insert is the most suitable apparatus for coating small particles with a polymeric film 

(Albanez et al., 2015).   

The fluid bed coater used (SLFLL_3, Lleal S.A., Spain) was a prototype adapted to the coating of 

small particles. This was done because major structural modifications were necessary to obtain a good 

quality of produced batch compared to that produced with a conventional design. The new design of 

coater was necessary due to the smaller dimension of the neutral cores (i.e. 200-300 µm) that were 

used as a starting point and to the high number and thick layers of coatings that had to be sprayed 

around the cores. In particular, the air-distribution plate design, the height of Wurster insert, the height 

of the expansion chamber above the spraying nozzle, and the material and structure of the filter above 

the chamber were studied. It was observed from multiple coating procedures that the hole distribution 

(composed of 8 concentric circumferences with holes of different diameters, corresponding to 4 mm, 

0.8 mm, and 1.8 mm, in sequence respectively), the position of cylinder (placed 3 cm away from the 
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perforated plate), and the structure of the main chamber (with a height of 96 cm) had an important 

repercussion on the flow of small particles. The adapted flow consequently influenced the distribution 

of coating on the particle surface, particle agglomeration, and the yield of the coating process. Indeed, 

several batches were produced testing different combinations among all the parameters to set up in 

the fluid bed coater to find the ones best able to increase the yield of the process, to reduce 

agglomeration and spray drying phenomena, and to avoid occlusion of filter. For the first coating, the 

main issue was the stability of omeprazole during the coating procedure. Indeed, omeprazole is 

unstable upon contact with light, heat, moisture, organic solvents, acidic pH, and exposure to various 

salts and metal ions.  

Therefore, it was necessary to stabilize the first coating suspension at pH around 8 using phosphate 

buffer to guarantee that the long time required for the coating procedure had no impact on omeprazole 

degradation. Experiments were therefore also done to evaluate the buffer concentration (e.g. 

0.0015M, 0.002M, 0.005M, 0.01M, 0.02M) necessary to obtain the right pH and maintain the drug 

stabilization during the coating process. The different buffer molarities were tested but when they 

were too high or too low, the yield of the process at the end of the coating procedure was less than 

90% (e.g. in the range 80-89% after only two coatings). Another parameter evaluated was the 

determination of the composition of the vehicle used to prepare the coating suspension. Indeed, due 

to the insolubility of phosphate salts in organic solvents, water is the appropriate vehicle for 

solubilizing the buffer. On the other hand, the use of water can potentially increase problems linked 

with the coating procedure, e.g. a higher possibility to form agglomerates, a higher temperature 

required for the evaporation of solvent, which may induce omeprazole degradation, and higher 

humidity inside the chamber, with a higher possibility of occlusion of the filter. As an alternative to 

water, an organic solvent, such as ethanol, was tested. Considering the above described coating-

procedure problems linked to the use of water, the suspension of the first coating was composed of a 

mixture of water-ethanol in a 75:25 ratio, which was necessary to maintain the buffer in solution 

while avoiding its precipitation after the addition of ethanol. It was shown that the yield of the process 

was improved from 76% to 95% w/w when the buffer was in a water-ethanol solution in comparison 

to ethanol alone. This demonstrated that the buffer was necessary to maintain the omeprazole stability 

and that the buffer in ethanol suspension provided the same results as formulations without buffer. 

To avoid the degradation of omeprazole upon contact with light during subsequent coating steps, 

dioxide titanium was added to the second layer as an opacifying agent. Although the conditions in 

the fluid bed coater did not represent a risk and the coating procedure was paused after this step, a 

homogeneous light-protecting layer on the particles was required to avoid contact with light. After 
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the second coating, any agglomerates formed during the coating procedures were eliminated by 

sieving (500-µm sieve) before the next coating step to avoid multiple-particle coating or broken 

agglomerates during the further coating steps. Due to the coating strategy used for the two first layers, 

the omeprazole was kept stable during the entire coating procedure, with a yield of around 95% w/w 

in comparison to the theoretical value.  

To improve the manufacturing process, alternative coating techniques that may be more advantageous 

with regard to process times and yields, especially in view of a future scaling up, could be considered 

(Foppoli et al., 2020). The powder layering is one of this alternative coating technique which involves 

the stratification of the powder coating materials on the substrate surface by the simultaneous or 

alternate nebulization of binding liquids. The coating layer is consolidated during the drying of the 

solvent used in the binder solution (Cerea and Vecchio, 2015). In this technique, the adequate motion 

of the cores inside the equipment and the adequate selection of inlet temperature allowed feasible 

processing by preventing sticking or clogging. In addition, the coating powders should show good 

flow properties for consistent dosing into the process chamber and for uniform distribution onto the 

substrate (Foppoli et al., 2020). 

 

For the third coating, the main problem was linked to the achievement of the delayed release in terms 

of the kind of polymer that was selected and the weight gain. The polymers studied were Eudragit® 

L30 D-55 (aqueous dispersion with 30% of dry materials), hypromellose phthalate 55, and Eudragit® 

L100-55, the last two of which are soluble in organic solvents. The aqueous dispersion of Eudragit® 

L30 D-55 required a higher coating product temperature of 40°C (compared to 34-36°C for Eudragit® 

L100-55) for adequate water evaporation and a longer time for the coating procedure. Both of these 

factors compromise the omeprazole stability, with a yield below 80% w/w in comparison to the 

theoretical omeprazole value. Instead, hypromellose 55S, which was soluble in organic solvent 

characterized by a lower vapour pressure than water, was used to decrease the coating temperature. 

However, it was characterized by a lower strength than Eudragit® L30 D-55 in terms of gastro-

resistance, resulting in higher amount of coating suspension to add and a longer coating time (more 

than 12 hours).  

As such a thick coating layer is incompatible with a future scaling up in industry, Eudragit® L100-55 

was chosen. This polymer was combined to ATEC, used as a plasticizer, and talc, used as an anti-

tacking agent. Moreover, the addition of hydrophobic substances such as magnesium stearate and 

GMS was also evaluated at low percentages. However, these did not strengthen the gastric protection 

properties of the polymer. Different percentages of coating for the third layer (i.e. 19.1-24.3% total 
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solids, equivalent to 14.0-17.7% Eudragit® L100-55) were evaluated to determine the appropriate 

coating layer for good protection in acid gastric medium and fast drug release in intestinal buffer 

medium. The results presented in this chapter demonstrate that the formulation selected for the third 

coating was able to provide gastro-resistance and a high release of API in the buffer medium at pH 

6.8 during the dissolution test. 

 

The fourth coating was an ethanolic dispersion of PVP and talc. This coating was especially important 

to avoid potential interaction between the anionic and the cationic polymer present in the third and 

the fifth coating, respectively. PVP was used rather than other polymers with high viscosity, such as 

HPMC, to limit the swelling of the fourth layer during the storage in the syrup. Such swelling can 

potentially compromise the protection capability of the third and the fifth coating over time. Indeed, 

in the case of PVP, the swelling of pellets is quite limited. Appropriate stability was obtained after 

the dispersion of the coated pellets in the syrup (see chapter 6.2.8. Storage-stability test).  

For the fifth coating, the main problems met were the integrity of the protective film based on the 

cationic polymer Eudragit® E100 and the generation of electrostatic charges during the coating 

process. The presence of Eudragit® E100, a gastro-soluble polymer, in the fifth coating allows the 

avoidance of early release of omeprazole in the syrup. To achieve the appropriate protection of the 

coated pellets after reconstitution in the syrup, it was necessary to add a hydrophobic component to 

increase the strength of the protective film as a barrier against the liquid vehicle. This permitted a 

decrease in the gel-forming properties of the fifth coating, caused when pellets are in prolonged 

contact with the syrup during storage (Patra et al., 2017). In fact, Eudragit® E100, due to its chemical 

properties, undergoes swelling and becomes permeable at pH over 5.0. This phenomenon also 

happens when the film is in contact with liquids that have neutral pHs (Patra et al., 2017). 

To increase the strength of the film against water, a screening, on the basis on preliminary tests, was 

done among hydrophobic substances: ethylcellulose (0.44% and 0.75% w/w, in comparison to the 

concentration of polymers), Eudragit® RS (8.44% and 15.56% w/w), stearic acid (0.44% and 7.13% 

w/w), Compritol® 888 ATO (0.91% and 2.17% w/w), magnesium stearate (3.94% w/w), and GMS 

(3.94% w/w). GMS was selected for the formulation for its ease of dispersion in the coating 

suspension and due to its ability to maintain omeprazole release from the dispersed pellets into a 

buffered aqueous phase under LOQ over three storage days at 4°C (see chapter 5.2.2. Fine tuning of 

the coating procedure).  

Aluminium oxide was then used to decrease the high electrostatic charge produced during this coating 
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step. Indeed, Aluminium powders is used to increase the electrical conductivity. Other precautions 

were taken to reduce electrostatic charge generation and to assure a homogeneous dispersion of the 

coating on the particles. Among such steps there was the addition of around 6% w/w of water to the 

ethanol, used as a solvent for this suspension. In fact, all precautions associated with a good balance 

between the coating spray rate and the drying air flow during the coating process should be taken in 

consideration to increase the humidity inside the coating chamber, which has a positive impact on the 

decreasing of electrostatic charges.  

The formulation selected (batch 1-263) is shown in Table 23.
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Table 23: The quantitative composition (%w/w, dried material) of batch 1-263 of omeprazole multicoated 
pellets and the percentage of each coating layer. 
 

Ingredients 
 

Cellulose 
cores 

First layer 
 

Second 
layer 

 

Third layer 
 

Fourth 
layer 

 

Fifth layer 
 

Neutral core 25.52      
Omeprazole  7.67     
Ascorbyl 
palmitate 

 
0.15 

    

PVP  3.06 1.02  1.97  
Talc  3.06 0.51 4.10 1.97 6.84 
Disodium 
phosphate 
dihydrate 

 

0.26 

    

Silicon  0.02     
Titanium dioxide   0.51    
ATEC    2.34   
Eudragit®  
L100-55 

   17.60   

Eudragit® E100      21.30 
GMS      1.05 
Aluminium 
oxide 

     1.05 

Water  √    √ 
Ethanol  √ √ √ √ √ 
% of coating  14.22 2.04 24.04 3.94 30.24 
% dry materials 
dispersed in 
solvent 

 27.8 26.67 16.41 17.14 17.97 

 

*Water:ethanol ratios of 75:25 and 6:94 for the suspensions used for coatings 1 and 5, respectively.   

 

6.2.2. Physicochemical characterization of coated pellets 

To optimize the fluid bed coater parameters in terms of drying air temperature and ventilation, flow 

rate of suspension sprayed, and air pressure, the PSD of the coated pellets was evaluated at the end 

of each coating step. Adequate ventilation guarantees a homogeneous flow of particles, circulating 

from the centre of the air-distribution plate into the Wurster cylinder until reaching the position of 

the maximum acceleration in the spraying zone, repeated a number of times until the desired weight 

of coating is deposited on the particles. The flow rate of the sprayed suspension and the air pressure 

defined the spray frequency and the size of droplets sprayed, which can have an impact on the 

formation of agglomerates. Agglomerates can potentially alter the homogeneity of the coating 

sprayed onto the particle surfaces. Over-wetting of pellets due to different factors, such as a higher 
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suspension flow rate, higher humidity, or lower drying temperature in comparison to the optimal 

values, can be one possible cause of agglomerate formation. Another important parameter to consider 

is the electrostatic charges. This parameter is particularly critical during the fifth coating procedure 

as the generation of electrostatic charges is particularly strong in the presence of Eudragit® E100, in 

comparison to the other polymers used. With this polymer, particles remained attached at the wall of 

the main chamber. Such particles do not receive the sprayed coating suspension, which flows away 

through the filter if the humidity in the coating chamber is too low and/or the pellets are over-dried. 

Close control of the coating parameters (Table 12) and of the humidity inside the chamber during the 

coating process allowed this problem to be solved. 

 

The size of the particles increased during the coating procedure but remained low enough to not create 

swallowing impairment in patients (D(50) < 500 µm) (Schiele et al., 2013). To evaluate the 

homogeneity of the coating sprayed onto the particles, the particle-size analysis was made on a 

triplicate sample. The average of median values obtained for coated pellets after the second, third, 

and fifth coating layers (Table 24), demonstrated a good dispersion of the coating sprayed on the 

particles. At the end of the coating process, the mean drug content inside the pellets was around 95% 

w/w in comparison to the theoretical drug loading (Table 24). The aim of the coating procedure is to 

increase the yield of the process, reducing the dry material losses and the time necessary for a whole 

coating procedure. The results presented in Table 24 showed that the yield was around 95% w/w 

after the second, third, and fifth coatings, which can be considered satisfactory for small-scale coating 

equipment. The residual solvent content of the coated pellets was analysed, thanks to the 

thermogravimetric analysis, for temperatures between 30°C and 150°C. This range permits the 

complete removal of ethanol and water, which are the solvents that were used in the preparation of 

coating suspensions, based on their boiling temperatures (78.4°C for ethanol and 100°C for water). 

The production process can be considered as satisfactory as the residual solvent is limited after the 

entire coating process and remained below 5% w/w. A high level of residual solvent could 

compromise the long-term stability of omeprazole during storage. During the fine tuning of the fluid 

bed coater parameters, the residual solvent was also used as an indication of the agglomeration 

phenomenon. This was because high residual amounts in the coated pellets were generated from a 

lack of drying during the coating process. When the inlet temperature was too low, the pellets were 

not completely dried, resulting in higher residual solvent and a higher risk of agglomerates.  

Representative data from the results of a coating production for each step are shown in Table 24. 

Residual solvent was low, around 2% w/w, and the maximum percentage of agglomerates was around 

2% w/w for the most critical coating steps. Specific solvent determination methods should be used 
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(i.e. Karl Fisher and gas chromatography) to determine precisely the content of each residual solvent 

(i.e. water and ethanol) in the coated pellets.   

Table 24: Percentage of agglomerates, median diameter D(50), yield (%), and percentage of residual solvent 
for a representative omeprazole multi-layered particles batch (batch 1-263), after each step of a coating 
procedure. 
 

Sample 
% of 

agglomerates 
(n=1) 

Median diameter 
D(50) (μm) 

(n=3, mean ± s.d) 

yield (%) 
(n=5, mean ± s.d) 

% residual 
solvent 
(n=1) 

Carr index 
(n=1) 

Omeprazole  
2nd coating 0.2 324.2 ± 1.6 95.4 ± 0.0 2.3 5.0 

Omeprazole  
3rd coating 1.9 379.7 ± 1.9 94.6 ± 0.5 2.1 6.0 

Omeprazole  
5th coating 2.1 446.1 ± 1.3 94.5 ± 1.2 1.9 7.0 

 

The coating procedure was repeated eight times to verify the reproducibility of the characteristics of 

the produced batches after the whole coating procedure. Similar physicochemical characteristics 

(Table 25) were found, regardless the batch. 

Table 25: Percentage of agglomerates, PSD, yield, and TGA results for eight omeprazole multi-layered 
particle batches produced with the final formulation (i.e. batches: 2-263, 3-263, 4-263, 5-263, 6-263, 7-263, 
8-263, and 9-263), at the end of the coating procedure. 
 

Samples 

% of agglomerates 
at the end of the 

coating procedure 
(n=1) 

median diameter 
D(50)(μm)  

yield (%) 
(n=5, mean ± s.d) 

% residual solvent 
(n=1) 

Batch 2-263 8.3 558.6  92.3 ± 0.4 6.2 

Batch 3-263 6.6 466.2  92.5 ± 1.1 3.6 

Batch 4-263 6.4 431.4  92.8 ± 1.0 3.6 

Batch 5-263 4.9 446.1  90.5 ± 0.9 1.9 

Batch 6-263 6.3 455.0  90.0 ± 0.8 3.3 

Batch 7-263 5.4 468.1  94.6 ± 1.7 3.1 

Batch 8-263 6.2 463.5  91.0 ± 0.5 3.0 

Batch 9-263 7.9 505.7  90.2 ± 0.3 4.6 

 

Table 25 shows that there was a correlation between the residual solvent and the PSD. With an 

increased percentage of residual solvent, the resulting particles were over-wetted and therefore 
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heavier. Such particles (e.g. batches 2-263 and 9-263) were more subject to gravity acceleration and 

so pass more frequently through the spray zone. As a result, they had a thicker coating layer and a 

bigger particle size. Experimentally, it was demonstrated that values close to, or higher, than 5% w/w 

resulted in PSD above 500 µm. 

6.2.3. Microstructure evaluation of coating layers  

At the end of the coating procedure, the surface and the inner structure of coated pellets were 

evaluated by SEM after the different steps of the coating process (after the 2nd, 3rd and 5th coating) 

(Figure 24). The uncoated pellets generally presented a rough irregular surface and inner structure. 

When the polymer coated the spheres, their surface was smoothened and rounded with no marked 

cracks (Wan and Lai, 1991). 

 
Figure 24: SEM pictures of pellet surfaces after the different coating steps (2nd, 3rd, and 5th coating) using 
the coating formulations and procedures presented in Tables 23 and 12, respectively. The coated pellets were 
analysed at different magnifications: 100x, 200x, and 500x.  
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Among other factors, the morphology of the surface of drug-loaded pellets coated with different 

modified-release polymer-film layers plays an important role in the release of the incorporated drug. 

This is especially so for the polymeric coatings, for which the surface must be smooth, homogeneous, 

and without imperfections to maintain the controlled release of the drug (Wan and Lai, 1991; Perfetti 

et al., 2011). Different coating procedures performed demonstrated that non-optimized set-up 

parameters caused the formation of surface imperfections (Figure 25) and a thin coating layer, both 

of which allowed the diffusion of water through the system and the early release of omeprazole during 

storage in the reconstituted syrup. 

 

Figure 25: SEM pictures of surface imperfections that could be observed at the end of a coating procedure. 
The 5-layer multicoated batch was analysed at 200x and at 500x magnification. The imperfections can be the 
result of pellet-sticking (left image) or of the spray-drying phenomenon (right image). 
 

In the first picture (left), the imperfections resulted from pellet-sticking, followed by breaking of 

agglomerates during the coating process, which resulted in the formation of irregular film surfaces. 

For the latter phenomenon, the causes could be different: an over-wetting of pellets, due to higher 

suspension-spraying rates, or the formation of a sticky film due to a set-up temperature that was 

higher than the Tg of the polymers used in the film.  

In the second picture (right), a porous film could have been formed as a result of the spray-drying 

phenomenon when the inlet temperature was too high and an almost-dried coating suspension adhered 

to the surface of the pellets (Figure 25). Structural imperfections such as porosity, discontinuity of 

the coating layer thickness, or lower layer thickness can also be observed from SEM images on the 

cutting of pellets. These parameters could consequently be used as references for the fine tuning of 

the coating procedures. 

 

A temperature higher than 40°C during the first coating experiments led to spray-drying issues that 

made the final aspect of the coating rough and non-homogenous (Figure 25). In addition, in this range 
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of temperature, there is the appearance of a purple / brown / yellow colour, index of the presence of 

degradation products. 

The second and fourth suspensions presented lower initial viscosity in comparison to the first, third 

and fifth ones. Consequently, agglomeration phenomena were not encountered when spraying the 

suspension in the fluidized bed equipment, providing a smooth film on the particle surfaces (i.e. 

Figure 24, 2nd coating).  

 

In contrast, the difficulty of spraying of the first coating suspension, due to the high amount of 

omeprazole added that remained in suspension, and the third coating, due to the characteristics of the 

enteric polymers used, increased the risk in achieving a non- homogeneous layer on particles. 

Consequently, there was a higher probability of agglomerated particles and the formation of cracks 

in the structure of the film (i.e. Figure 26). 

 
 
Figure 26: SEM pictures of the inner structure after the different steps of a coating procedure. The 2nd, 3rd, 
and 5th layers of the multicoated batch were analysed at 100x magnification. Imperfections such as film 
porosity are shown. 
 

The problems related to the 5th coating were mainly caused by the generation of electrostatic charges 

and probably due to the sticky properties of the gastro-soluble polymer used. During the coating 

procedure, the pellets tended to remain attached to the walls of the central chamber. This tendency 

prevented the homogeneous deposition of the coating spray onto the surface of the pellets and 

increased the spray-drying effect and loss of coating suspension. 

 

As described above, the size of the particles increased during the coating procedure due to the higher 

amount of dry materials deposited. This was evident from the SEM images on cutting the pellets, in 

which a thicker layer was formed from the 2nd to the 5th coating (Figure 26). Imperfections such as 

film porosity, resulting from the spray-drying phenomenon, and cracks, resulting from multiple 
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particle-particle and particle-wall collisions or from the formation of repetitive particle-particle 

sticking and detachment (Perfetti et al., 2011), could be observed (Figure 26). 

 

For the final formulation (batch 1-263), coated pellets were analysed at the end of the three different 

coating steps (the 2nd, 3rd, and 5th). As can be seen in Figure 24, smooth surfaces, with only limited 

small imperfections (porosity or cracks), could be observed on the pellet surfaces at the end of each 

coating step. The presence of these limited coating imperfections could probably explain the results 

obtained during the dissolution test for delayed-release dosage forms. The release of omeprazole in 

the buffer medium was around 94% w/w, which satisfied the regulatory and European Pharmacopoeia 

recommendations for such dosage forms.  

The remaining omeprazole percentage of 6% w/w could be released during the acidic step due to 

these small surface imperfections, bringing about omeprazole degradation. Indeed, the very small 

particles used in this study (i.e. Cellets® 263 with a median diameter of 200-300 µm) presented a 

huge surface area to be covered by the polymer coating in comparison to bigger pellets (1000 µm) or 

SUDFs (i.e. tablets). For these small particles, the presence of very small imperfections could 

potentially make the protective film much more sensitive to the dissolution medium.  

 
 

6.2.4. Dissolution test 

It is important to remind that the developed multi-layered pellets were based on the use of two 

protective layers, an enteric polymer layer to protect omeprazole from gastric-acid medium and an 

external gastro-soluble polymer layer to avoid drug release in the syrup at neutral pHs. The 

compositions of the drug layer and both the isolating layers were based on the use of a fast-dissolving 

polymer (i.e. PVP) that could be dissolved rapidly in both acidic and neutral pH values if the 

protective layers were previously dissolved in the appropriate medium.    

 

The recommendations of the European Pharmacopoeia for delayed-release formulations admit a 

maximum percentage of 10% w/w of drug released in acidic medium after 2 hours and a minimum 

of 85% w/w of drug released at pH 6.8 within 45 min (European Pharmacopoeia, 2016). It was 

demonstrated that the release of omeprazole from the final formulation in dry state after 2 hours in 

acidic medium was below the LOD of the HPLC quantification method. Being under the 10% w/w 

of drug released, it demonstrated a good resistance of the dosage form to the gastric step and more 

particularly appropriate protection from the third gastro-resistant layer. Moreover, more than 85% 
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w/w of omeprazole was released at pH 6.8 after 45 min, demonstrating that the last protective layer 

was dissolved in acidic medium during the first two hours and that the enteric layer was properly 

dissolved at pH 6.8 (Figure 27).  

 

Indeed, the last protective layer had to maintain the integrity and the stability of the multi-layered 

particles at pHs higher than 5 (i.e. when the pellets are suspended in the syrup). At the same time, it 

had to be dissolved quickly at acidic pH, exposing the third layer, which was responsible for the 

enteric release in the aqueous buffer medium. Moreover, the enteric coating had to be resistant enough 

to not undergo swelling or dissolution phenomena during the acidic step but, once the pH increased 

to 6.8, had to dissolve and to release the drug. From the final formulation (batch 1-263) in dry state, 

the release of omeprazole at pH 6.8 was around 94% w/w, demonstrating that the third coating was 

robust enough to ensure the enteric release. To verify the reproducibility of data obtained, all nine 

batches (i.e. batches: 1-263, 2-263, 3-263, 4-263, 5-263, 6-263, 7-263, 8-263, 9-263) produced with 

the same formulation were analysed in terms of a dissolution test (Table 26). 
 

Table 26: Dissolution test data for the dry multicoated pellets (i.e. not dispersed in the syrup), from the 9 
different batches produced, kept for 2 hours in an acidic pH conditions (acidic stage at pH 1.2) and for 45 
minutes in a buffered pH conditions (buffer stage at pH 6.8) (n=6, mean ± s.d.). 
 

Samples % of omeprazole released in acidic 
medium pH 1.2 after 2 h 

% of omeprazole released in buffer 
medium pH 6.8 after 45 mins 

Batch 1-263 < LOD 93.9 ± 2.1 

Batch 2-263 0.55 ± 0.02 88.4 ± 2.8 

Batch 3-263 < LOD 89.5 ± 1.5 

Batch 4-263 0.39 ± 0.00 89.4 ± 3.7 

Batch 5-263 < LOD 90.4 ± 0.9 

Batch 6-263 0.92 ± 0.00 90.2 ± 3.0 

Batch 7-263 < LOD 94.1 ± 4.3 

Batch 8-263 0.36 ± 0.00 93.7 ± 0.8 

Batch 9-263 < LOD 91.7 ± 4.5 

 

The formulation was compared to a reference marketed product Losec® 40 mg under the same test 

conditions to evaluate the efficacy of the multicoated pellets as a delayed-release dosage form (Figure 

27). A similar percentage of omeprazole was released when the test was performed from the multi-

layered pellets dispersed in the syrup, immediately after its reconstitution (Figure 26). The amounts 
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of drug released in both acid and phosphate buffer medium were in accordance with the results 

obtained for dry omeprazole multi-layered particles, demonstrating that the fifth coating was an 

appropriate barrier against the external aqueous vehicle. No significant modification of the delayed-

release properties of the third coating was observed after dispersion in a neutral-pH aqueous medium 

(% of omeprazole released in the buffered medium from dry pellets of batch 1-263: 93.9 ± 2.1; from 

pellets dispersed in the syrup: 94.5 ± 7.1). In contrast, the marketed product SyrSpend® SF alka dry 

showed a very fast degradation of omeprazole upon contact with acidic medium (immediate 

appearance of a brown/purple/dark red colour corresponding to degradation products) (Senn- 

Bilfinger et al., 1987; Mathew et al., 1995; Riedel and Leopold, 2005). As soon as the buffer pH was 

brought to 6.8, the concentration of omeprazole that was released was shown to be under the LOQ, 

probably because all the omeprazole was already degraded during the 2-hour acidic stage (Figure 

27). The current alternative of using Syrspend® SF as a vehicle for omeprazole administration to 

young, older or critically ill patients appears to be inadequate in contrast to our new dosage form. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: Dissolution profiles of the dry multi-layered pellets (batch 1-263) before and after dispersion in a 
conventional syrup after 2 hours in the acidic stage and 45 minutes in the buffer stage (mean values, n=6). The 
dissolution test was also done with the marketed products Losec® 40 mg and SyrSpend® SF to make a 
comparison. 
 

To evaluate the potential sensitivity of the multi-layered pellets to gastro-intestinal variations (i.e. pH 

and step time), the dissolution profiles of omeprazole were also evaluated at different acidic pH values 
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to simulate gastric pH in fasted and fed conditions (pH 1.2, 3.0, 4.0, 5.0, 6.0) and at different buffer 

pH values (6.5, 6.8, and 7.5) to simulate inter-subject variabilities in terms of intestinal pH values. 

As shown in Table 27, it was possible to avoid an early release of omeprazole in the acidic step and 

to reach the targeted release in the buffer step, demonstrating that the fasted condition is suitable for 

the dosage form administration. Indeed, acceptable omeprazole release profiles were observed when 

the pH of the gastric medium was increased from 1.2 (European Pharmacopeia recommendation) to 

3.0. Nevertheless, a drastic decrease in omeprazole release in intestinal medium was observed when 

the gastric pH was increased from 3.0 to 4.0, 5.0, and 6.0 (i.e. fed-state pH values). The release in 

intestinal medium decreased from 94% to 33% and 15%, when the gastric pH was increased from 3.0 

to 4.0 and 6.0, respectively (Table 27). This drastic reduction probably resulted from the increase in 

the solubility of the fifth layer and in the permeability of the third layer at higher gastric pH values. 

This increased permeability could consequently increase the degradation of omeprazole due to the 

penetration of the gastric medium inside the pellets or could promote its early release in the gastric 

medium. This should be confirmed using an appropriate method for the determination of the degraded 

products inside the pellets and/or in the dissolution medium.  

Another difference in omeprazole release was observed when the pH of the intestinal medium was 

set at 6.5 and 7.5. The release in intestinal medium decreased from 93% w/w for the highest pHs (i.e. 

6.8 and 7.5) to 87% w/w for the lowest pH (i.e. 6.5). This reduction probably resulted as the medium 

pH approached the minimum dissolution pH value of the polymer (i.e. Eudragit® L100-55). As a 

consequence, the slower dissolution of the modified release coating caused a slower release of 

omeprazole from the multi-layered pellets. 

Table 27: Dissolution test data for the dry multicoated pellets (i.e. multicoated pellets of batch 1-263, not 
dispersed in the syrup) at different pH acidic conditions (acidic stage at pH 1.2, 3.0, 4.0, 5.0, and 6.0, followed 
by buffer stage at pH 6.8) and at different pH buffer conditions (acidic stage at pH 1.2 followed by buffer stage 
at pH 6.5 and 7.5) (n=6, mean ± s.d.).  
 
 

Dissolution test at different pH 
Acid/Buffer 

 

Acid medium: 
% omeprazole release after 

2 hours 

Phosphate buffer medium: 
% omeprazole released after 

45 mins 
Acid pH = 1.2/Buffer pH = 6.8 < LOD 93.9 ± 2.1 
Acid pH = 3.0/Buffer pH = 6.8 0.41 ± 0.00 94.0 ± 3.1 
Acid pH = 4.0/Buffer pH = 6.8 0.66 ± 0.40 33.3 ± 3.2 
Acid pH = 5.0/Buffer pH = 6.8 0.89 ± 0.72 18.2 ± 2.4 
Acid pH = 6.0/Buffer pH = 6.8 0.91 ± 1.23 15.3 ± 3.2 
Acid pH = 1.2/Buffer pH = 6.5 0.11 ± 0.00 87.2 ± 3.1 
Acid pH = 1.2/Buffer pH = 7.5 0.11 ± 0.00 93.3 ± 2.5 
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The dissolution profiles of omeprazole were also evaluated at different durations of the acidic step 

(15 and 30 minutes, and 1 hour). This was because the residence of solid dosage form in the stomach 

could be subjected to variabilities. In the fed and fasted state, gastric emptying is governed by antral 

motility in conjunction with the pyloric resistance and duodenal feedback mechanisms. In the fed 

state, the MMC is largely abolished (Higaki et al., 2008). In both states the gastric emptying of small 

solid particles through the pylorus is facilitated by low-amplitude contractions. Indeed, the GET of 

orally administered dosage form can be highly dependent on the size of particles (i.e. small pellets vs 

conventional pellets, pellets vs non-disintegrating tablets). In the pharmaceutical literature there is a 

limiting size of particles that can empty from the stomach in the fed state. This size is 0.7 mm, based 

on the pharmacokinetics of drug absorption. Particles with greater size empty predominantly 

following the onset of Phase 2 and 3 of the fasted state (Higaki et al. 2008). For this reason, different 

gastric residence times, which may produce different times during which the gastro-soluble layer is 

able to dissolve once in contact with the acidic medium, were investigated.  

 

It was assumed that the gastric emptying of small particles could be faster than for solid dosage forms 

(Abrahamsson at al., 1996), even in suspension in liquid. As shown in Table 28, the contact with the 

acidic medium in a range of time between 15 minutes and 2 hours allowed the complete solubilization 

of the fifth coating layer while preserving the delayed release properties of the coated pellets. Indeed, 

after the appropriate dissolution of the external layer, the third layer was ready to be dissolved as soon 

as the pH of the medium was modified from gastric to intestinal values, demonstrating that the dosage 

form is also suitable for different conditions of gastric emptying. 

 

Table 28: Dissolution test data for the dry multicoated pellets (i.e. not dispersed in the syrup) at different step 
times. Tests were performed with different time durations of acidic stage (e.g. 15 and 30 minutes, and 1 and 2 
hours), followed by a typical buffer stage of 45 minutes (n=6, mean ± s.d.). 
 

Dissolution test at different step 
times 

Acid medium: 
% omeprazole released  

 

Phosphate buffer medium: 
% omeprazole released  

Acid step: 15’/Buffer step: 45’ 0.69 ± 0.00 99.6 ± 1.6 
Acid step: 30’/Buffer step: 45’ < LOD 100.9 ± 1.3 
Acid step: 1h /Buffer step: 45’ < LOD 99.1 ± 2.3 
Acid step: 2h /Buffer step: 45’ < LOD 93.9 ± 2.1 
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6.2.5. Evaluation of using esomeprazole magnesium trihydrate instead of omeprazole (unpublished 

data) 

Another approach tested was the possibility to replace omeprazole with one of its enantiomer salts, 

esomeprazole magnesium trihydrate, to try to increase the stability of the formulation during the 

coating procedure and when dispersed in the syrup. Indeed, in comparison to omeprazole, it resulted 

in less sensitivity to environmental factors such as light, heat, moisture, solvents, and exposure to 

various salts and metal ions (Mathew et al., 1995; Albanez et al., 2013). The formulation, shown in 

Table 29, with the five different coating layers, was used to prepare a new batch involving this new 

drug, as described in section 3: Materials and methods.  

Table 29: The quantitative composition (%w/w, dried material) of the selected formulation of esomeprazole 
magnesium trihydrate multicoated pellets and percentage of each coating layer. 

 
Ingredients 
 

Cellulose 
cores 

First layer 
 

Second 
layer 

 

Third layer 
 

Fourth 
layer 

 

Fifth layer 
 

Neutral core 25.52      
Esomeprazole 
magnesium 
trihydrate 

 

7.67 

    

Ascorbyl 
palmitate 

 
0.15 

    

PVP  3.06 1.02  1.97  
Talc   0.51 4.10 1.97 6.84 
Disodium 
phosphate 
dihydrate 

 

0.26 

    

Silicon  0.02     
Titanium dioxide  3.06 0.51    
ATEC    2.34   
Eudragit®  
L100-55 

   17.60   

Eudragit® E100      21.30 
GMS      1.05 
Aluminium 
oxide 

     1.05 

Water  √    √ 
Ethanol  √ √ √ √ √ 
% of coating  14.22 2.04 24.04 3.94 30.24 
% dry materials 
dispersed in 
solvent 

 19.44 26.67 16.41 17.14 17.97 

 

*Water:ethanol ratios of 75:25 and 6:94 for the suspensions used for the coatings 1 and 5, respectively.   
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Some modifications were made in comparison to the procedure for the omeprazole formulation due 

to the different properties of esomeprazole. Considering the lower water solubility of esomeprazole 

magnesium, it was necessary to increase the total amount of solvents (the water-ethanol mixture) in 

the first coating suspension to have a less viscous suspension that was able to be sprayed.  

Moreover, the magnesium present in this salt could interact with the silica of the talc. For this reason, 

the talc was replaced with titanium dioxide. It was demonstrated that, due to these changes, the 

formation of foam and the viscosity of suspension were decreased in a manner that was very 

advantageous for the coating spraying during the manufacturing process. As for formulations based 

on omeprazole, a physicochemical characterization of the batch produced was made (Table 30).  

Table 30: Percentage of agglomerates, median diameter D(50), yield (%), and percentage of residual solvent 
for a representative esomeprazole magnesium trihydrate multi-layered particle batch produced with the final 
formulation, after the whole coating procedure. 
 

Sample 

% of agglomerates at 
the end of the coating 

procedure 
(n=1) 

median diameter D(50) 
(μm) 

(n=3, mean ± s.d) 

yield (%) 
(n=5, mean ± s.d) 

% residual solvent 
(n=1) 

Esomeprazole 
magnesium trihydrate 

5th layer 
15.8 538.3 ± 24.7 92.5 ± 0.5 6.2 

 

Table 30 showed that results for the residual solvent were higher than 5% w/w. For the reason 

explained in detail in chapter 6.2.2. Physicochemical characterization of coated pellets, the PSD 

obtained was higher than 500 µm. Due to this higher percentage of residual solvent, the over-wetted 

pellets showed more tendency to form agglomerates in comparison to omeprazole. This behaviour 

could be attributed to the most critical step of the manufacturing process, the first coating, due to the 

lower solubility of esomeprazole. The lower solubility required higher solvent volume to decrease 

the suspension viscosity and, consequently, longer spraying time. All these factors had a negative 

impact on the physicochemical characterization of coated pellets. 

A comparison in terms of a dissolution test was also performed to evaluate whether both formulations 

(omeprazole and esomeprazole magnesium trihydrate batches) were able to provide similar results 

(Table 31).  
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Table 31: Dissolution test data for the dry multicoated pellets (i.e. not dispersed in the syrup) from two 
different batches, produced with omeprazole and esomeprazole magnesium trihydrate. 
 

Dissolution test of samples: 
 

Acid medium: 
% drug released after 2 h 

Phosphate buffer medium: 
% drug released after 45 mins 

Omeprazole 5th layer  
 

< LOD 93.9 ± 2.1 

Esomeprazole magnesium 
trihydrate 5th layer 

0.41 ± 0.00 61.6 ± 6.7 

  

From the data obtained, it was clear that replacement with the esomeprazole was not possible for the 

omeprazole formulation. In this case, the European Pharmacopeia recommendations for delayed-

release formulations were not respected. Indeed, it was demonstrated that, from the dry formulation, 

the release of esomeprazole magnesium trihydrate after 2 hours in acidic medium was around 0.41% 

w/w. Once the pH was increased from 1.2 to 6.8, only 62% w/w of esomeprazole magnesium 

trihydrate was released at pH 6.8 after 45 min, demonstrating that the last protective layer was 

dissolved in acidic medium during the first 2 hours but also that the enteric layer was not strong 

enough to not be altered during this acidic step. For this reason, it was not properly dissolved at pH 

6.8. The dissolution test was also prolonged until the second hour in the buffered medium to evaluate 

whether the lower release was due to the too-high weight gain for this drug. After the next 2 hours, a 

maximum of 55% was found in the vessel. This was probably because esomeprazole was degraded 

during this prolonged period of time. Due to the lack of the development of the HPLC method to 

quantify the esomeprazole degraded products, it was not possible to confirm this hypothesis. 

 

6.2.6. Development of the syrup 

The technology of multi-layered particles also concerns a pharmaceutical liquid composition intended 

for oral administration. This composition comprises coated pellets homogeneously dispersed in a 

liquid medium with a pH of 7.5 to avoid the last protective polymer swelling or increasing its 

permeability, which happens at pH lower than 5.0 or when the film is in contact with liquids that have 

neutral pHs.  

 

Oral liquids are traditionally appraised as the first formulation of choice for children and people who 

cannot swallow tablets and capsules, due to these dosage forms’ unique advantages, such as dose 

flexibility, ease of administration (usually no manipulation is required), and ease of ingestion. In 
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recent years, the shortcomings of liquids have been recognized as mainly challenges in taste-masking, 

stability issues, and the use of numerous excipients, particularly preservatives.  

 

The challenge was to apply innovative ideas to overcome the shortcomings of oral liquids and to 

optimize various characteristics of liquid formulations to improve their acceptability. The liquid 

vehicle could be an aqueous-organic solvent mixture (e.g. aqueous-ethanol mixture) or an aqueous 

medium but, in the case of this study, an aqueous liquid medium was selected to limit the more 

problematic effects of solvents in terms of toxicity. The liquid composition selected was a suspension, 

constituted of a syrup with thixotropic behaviour (Table 32). 

The liquid medium was composed of purified/deionized water as a liquid phase and comprised other 

components, such as viscosifying agents, osmotic agents, buffering agents, sweeteners, colourants, 

thixotropic agents, stabilizers, and preservative agents. In this study, the syrup developed was 

constituted of a viscosifying agent chosen from the group consisting of MCC, CMC-Na, and PVP.  

PVP was selected, in an amount of 10% w/w based on the total weight of the composition, due to its 

lower interaction with the dispersed multicoated pellets. It was observed that the effect of increasing 

of viscosity was improved when it was added in association with a spray-dried blend of MCC and 

CMC-Na, such as Avicel® RC-591, present in an amount of 2% w/w based on the total dry weight of 

the composition. Previous studies in adult populations and patients with dysphagia showed that 

viscosity was associated with a patient’s perception of palatability of liquids. Thick liquids were 

deemed unpleasant. However, these could improve swallowing safety in dysphagia patients. The 

texture of a liquid, especially the grittiness and mouthfeel of suspensions, has been linked to particle 

size (Liu et al., 2015). 

Also included was an osmotic agent selected from the polyols, such as mannitol, sorbitol, or xylitol. 

In this work, sorbitol was selected, in an amount of 60% w/w based on the total weight of the mixture, 

due to its lower laxative effect in comparison to xylitol and to its ease of dispersion. This amount of 

sorbitol is included in the acceptable range, imposed by FDA, for this dosage form, in the inactive 

ingredients database. 

 

Moreover, the buffering agent was selected from a group consisting of glycine, borate, phosphate, 

citrate, and carbonate buffer at the concentrations of 0.0015M, 0.002M, 0.005M, 0.01M and 0.02M. 

Disodium hydrogen phosphate dihydrate was selected as a pH controller at the concentration of 

0.01M because of its lack of toxicity and its ability to avoid pH fluctuations and to keep the 

multicoated pellets stable during the storage period. The addition of an alkalinizing agent was also 
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necessary to reach the right value of pH, equal to 7.5 for the developed suspension. This was selected 

from among calcium carbonate, calcium phosphate, guar gum, sodium bicarbonate and carbonate, 

and diethanolamine. Sodium carbonate, in a percentage of 0.2% w/w, was used due to its ability to 

reach the right pH once added in a small quantity.  

 

As the liquid medium comprised water as the liquid phase, preservatives were mandatory to prevent, 

or limit, microbial growth and proliferation. During the research, chlorocresol, benzethonium 

chloride, cetrimide, chlorobutanol, phenylmercuric salts (borate, nitrate, and citrate), phenylethyl 

alcohol, and benzalkonium chloride were excluded from the formulation due to their incompatibility 

with the oral route. Potassium sorbate, sorbic acid, sodium benzoate, and sodium propionate were not 

used alone due to the decrease in their action at pH higher than 6. Chlorhexidine and benzyl alcohol 

were excluded due to their incompatibility with the other compounds present in the formulation. 

Propylparaben and methylparaben are the typical preservatives used in the stabilization of alkaline 

solutions/suspensions. In this study, potassium sorbate was selected as preservative, in association 

with methylparaben, in an amount of 0.2% and 0.18% w/w, respectively.  

 

As the liquid medium has to be taken orally, adequate organoleptic characteristics have to be 

maintained to make the administration of the drug pleasant, increasing patient compliance in 

maintaining the therapy undertaken. The taste is fundamentally important to the acceptability of liquid 

medicines in patients. The smell of a liquid has been associated to its flavour and could contribute to 

the palatability of liquid medicines. The flavours usually used in an aqueous medium are: orange, 

banana, and strawberry. Strawberry was chosen. To improve the visual effect, a red colourant was 

added, Cochenillum E124.  

 
Table 32: Qualitative and quantitative compositions (% w/w) of the developed syrup. 

Substances W/w of the total weight of the composition 
Sorbitol 60.00 
Kollidon® 30 10.00 
Avicel® RC-951 2.00 
Disodium hydrogen phosphate dihydrate 0.18 
Sodium carbonate 0.20 
Methyl 4-hydroxybenzoate 0.18 
Potassium sorbate 0.20 
Strawberry flavour 0.50 
Colorant E124 0.01 
Purified water Up to 100 
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The suspension containing the dispersed coated pellets had to be stable for at least 30 seconds after 

homogenization by gentle mixing before being taken by the patient to avoid too-fast sedimentation, 

phase separation, aggregation, or the formation of layered structures of aggregated particles.  

The drug contained in the coated pellets dispersed in the syrup had to be chemically stable (i.e. 

keeping unaltered the chemical structure, dissolution profile, crystallinity/amorphous structure, and 

pharmacological activity) for at least 10 days when stored at room temperature (20-25°C). Therefore, 

the level of non-degraded pharmaceutically active compound incorporated in the particles had to 

remain higher than 85% w/w. The particles and the liquid medium could be contained in separate 

containers and should be mixed together prior to use.  

 

 
6.2.7. Physical and chemical syrup properties  
 
During the development of the syrup, the difficulty was to maintain the impermeability (or integrity) 

of the multi-layered pellets by preventing swelling of the last external coating. This was done to avoid 

the early release of drug from pellets during the storage period. To increase the stability of the last 

coating, water diffusion through the coated pellets was decreased by using a high concentration of 

sorbitol, which was able to increase the osmotic pressure of the external aqueous phase, and by adding 

both PVP and Avicel® RC-591, which were able to increase the viscosity of the syrup. Tests to 

evaluate the effect of an increase in osmotic pressure on the stability of multicoated pellets dispersed 

in the reconstitutable syrup were performed using omeprazole quantification in the supernatant and 

in the inner structure of pellets after 7 days of storage at ambient temperature (Table 33). 
    
Table 33: Osmolarity values (mOsmol/kg) of the syrup with different percentages of sorbitol and quantitative 
determinations of omeprazole (%) obtained from the multicoated pellets dispersed in reconstitutable syrups 
after 7 days of storage at ambient temperature (n=5, mean ± s.d.). 
 

Syrups with different %  
of sorbitol 

Osmolarity 
(mOsmol/kg) 

% omeprazole released in the 
supernatant after  
7 days of storage 

% omeprazole kept inside 
the pellets after  

7 days of storage 

Sorbitol 20% w/w 
 

1 640 0.24 ± 0.02 72.9 ± 0.4 

Sorbitol 30% w/w 
 

2 100 0.34 ± 0.03 77.1 ± 1.4 

Sorbitol 40% w/w 
 

3 210 0.38 ± 0.04 79.6 ± 1.2 

Sorbitol 60% w/w 
 

3 840 0.24 ± 0.02 96.9 ± 1.7 
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Quantitative determinations of omeprazole in syrups prepared with different sorbitol concentrations 

demonstrated that the presence of sorbitol allowed the early release of omeprazole in the external 

phase of the syrup to be decreased and the stability of the pellets to be increased. Indeed, there was a 

significant increase in the amount of omeprazole present inside the pellets after 7 days of storage in 

the syrup (from 73% to 97% w/w) when the concentration of sorbitol in the syrup was increased from 

20% to 60% w/w. In absence of sorbitol, polymer swelling and a change in pellet colour were 

observed from the 3rd day of storage. Furthermore, the presence of Avicel® RC-591, in association 

with PVP, sufficiently increased the viscosity to obtain a good dispersion of the coated pellets in the 

syrup, avoiding their rapid sedimentation. Therefore, increasing the concentrations of sorbitol and 

Avicel® RC-591 was critical to keep multicoated pellets in suspension, once the bottle was shaken 

for a sufficient period of time (> 30 seconds), to avoid separation between the internal and the external 

phases and to guarantee a correct dispensed unit dose at each administration (i.e. 20 mg of 

omeprazole/10 mL of syrup). Once dispersed in the syrup, the multicoated pellets started to sediment 

within 2 minutes, which was enough to ensure reproducible and accurate withdrawing by the patient. 

Another important component that proved to be fundamental in terms of the multicoated pellets’ 

stability in the syrup was the qualitative as well as the quantitative composition of the buffer. This 

buffer was able to stabilize the pH of the external phase for the whole stability period (10 days) at 

7.5, without fluctuations.  

 

From a quantification of the drug in the inner structure of pellets in the different dispensed doses (i.e. 

inside the pellets and in the external syrup), it seemed clear that the syrup constituted a stable system 

for multi-layered pellets as it permitted delivery of a defined dose of omeprazole for 10 days, when 

they were stored in a well-closed bottle under controlled conditions (T = 25°C ± 2, R.H. = 50% ± 5). 

Indeed, a minimum of 95% w/w and a maximum of 105% of omeprazole’s nominal dose was found 

in the 10 taken volumes of 10 mL when the uniformity of dosage was evaluated for a period of 10 

days (i.e. corresponding to a dose varying between 19 and 21 mg of omeprazole). The quantification 

of the drug in the supernatant, done after the centrifugation step, showed a nominal dose of 

omeprazole under the LOQ. This means that the quantified doses in each taken dose of 10 mL mainly 

corresponded to the amount of omeprazole inside the multicoated pellets. A complete characterization 

of the reconstitutable syrup is shown in Table 34. 
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Table 34: Characterization of the selected reconstitutable syrup.  
 

 Osmolarity 
(mOsmol/kg)  

Viscosity (cp) at 
10 rpm 

Time of 
sedimentation (s) 

Range of syrup 
pH during 

storage  

Range of drug 
assay (%) in 10 

doses  

Syrup 3 840 691 > 30 7.2-7.5 95-105  

 

6.2.8. Storage-stability test 

The results of dissolution tests confirmed the ability of reconstitutable syrup to provide an enteric 

release of omeprazole after at least 10 days, reaching the target required by regulatory authorities for 

such dosage forms. Indeed, a minimum of 85% w/w of omeprazole’s nominal dose was released in 

the buffer step from coated pellets dispersed in the reconstitutable syrup after a storage period of 10 

days, as shown in Table 35. The f2 calculated between the dissolution profiles at time zero and those 

at the predetermined stability time points (one week and 10 days) demonstrated the similarity in terms 

of omeprazole release over time. The f2 values obtained were 89 and 77, after one week and 10 days 

respectively. 
 
Table 35: Dissolution profiles of multicoated pellets dispersed in the reconstitutable syrup at the 
predetermined stability time points (time zero, 1 week, and 10 days: acidic stage with duration of 2 hours, 
followed by a typical buffer stage of 45 minutes (n=6, mean ± s.d.). During the storage, samples were kept 
under controlled conditions (T = 25°C ± 2, R.H. = 50% ± 5). 
 

Dissolution test of multicoated 

pellets dispersed in the 

reconstitutable syrup 

Acid medium: 
% omeprazole release  

Phosphate buffer medium: 
% omeprazole released  

Time zero < LOD 94.5 ± 7.1 
 1 week of storage 0.33 ± 0.00 87.4 ± 2.1 
10 days of storage 0.00 ± 0.00 85.0 ± 3.0 
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6.3. Conclusion 

The oral delayed-release system based on a multi-layered particle technology, as described in the 

present study, has shown an innovative process that permitted a reconstitutable omeprazole liquid 

dosage form with modified-release properties to be obtained. 

 

At the end of the process, the multi-layered particles obtained from a coating procedure in a bottom-

spray fluid bed coater provided a particle size that was low enough (D(50) < 500 μm) to not create 

swallowing impairment. Thanks to this advantage, such a modified-release dosage form could be 

used for patients with swallowing issues such as paediatric, older or critically ill patients, improving 

patient compliance and consequently the effectiveness of the therapy. The particles’ ability to provide 

a modified system with an enteric drug release was demonstrated. Their robustness under varying 

pHs or acid exposure times was also demonstrated. 

 

Once suspended in a syrup and stored at ambient temperature, these pellets remained stable for the 

whole predetermined limited administration time (10 days). The technology of multi-layered particles 

is a flexible manufacturing process that can be developed and adapted for other drugs with different 

kinds of release. 
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7. DEVELOPMENT AND EVALUATION OF BUDESONIDE-BASED 
MODIFIED-RELEASE LIQUID ORAL DOSAGE FORMS 
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7.1. Introduction 
 
Among the different routes of administration, the oral route is still the most commonly used due to 

its ease of administration (Pinto, 2010). Oral dosage forms can be classified into immediate- and 

modified-release systems. Although immediate-release oral dosage forms may provide a rapid onset 

of therapeutic response, they are not able to control the release of a drug (Gaur et al., 2014). Such 

dosage forms have to be administered several times per day to maintain the drug concentration within 

the therapeutically effective range for the whole duration of the treatment. This can result in 

fluctuating drug levels in the bloodstream and in a decrease in compliance by patients (Gaur et al., 

2014a; Gaur et al., 2014b). Currently, modified-release formulations, such as sustained-release 

systems, are being used to treat chronic illness (Chien and Lin, 2007; Gaur et al., 2014b). Advantages 

of modified-release dosage forms include their ability to provide temporal or spatial control of the 

release thanks to the use of suitable polymeric excipients (Maroni et al., 2013; Debotton and Dahan, 

2017). For bioavailability, efficacy, or safety reasons, the selective delivery of drugs to specific GI 

sites is pursued. This is done to protect the loaded drugs from biological fluids or potential issues 

imposed by the physiological variabilities of the GIT (e.g. pH, the commensal flora, enzymatic 

activity, surface area, and GITT). It also prevents delivery of the drug outside the so-called absorption 

window, ensuring its release in the target site as extensively as possible (Dressman et al., 1993). An 

example of this latter case is colon delivery, for which it is necessary to prevent the release of active 

ingredients in the entire gastric residence and the small-intestinal transit. Site-selective release is to 

be sought based on environmental differences between the small and the large intestine, such as the 

quali-quantitative composition of the microbiota, the pH of fluids, the intraluminal pressure, and the 

transit time (Gazzaniga et al., 1994; Gazzaniga et al., 2006; Maroni et al., 2013). 

 

Solid dosage forms are the most frequently used DDS for oral administration (Debotton and Dahan, 

2017). They differ in both size and the number of units administered as a single dose, including SUDF 

and MUDF (Aleksovski et al., 2014). The most important characteristic of MUDFs in comparison to 

SUDFs is their lower susceptibility to dose dumping and to a faster gastric emptying. This is because 

the subunits of a MUDF may be distributed more evenly throughout the GIT (Newton, 2010; Zhu et 

al., 2014). Such advantages result in fewer adverse effects, better bioavailability, lower variability in 

the drug release and, consequently, better patient compliance (Chen et al., 2017).  

 

However, the ability to take such solid dosage forms may be compromised in patients with 

swallowing impairments (dysphagia), especially paediatric, older, or critically ill patients (Nunn and 

Williams, 2005; Strachan and Greener, 2005; Liu et al., 2015; Liu et al., 2016). Swallowing issues 
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have been described as dosage forms getting stuck in the throat, an uncomfortable feeling, the need 

for repeated swallowing attempts, gagging, choking, coughing while swallowing, or vomiting 

(Schiele et al., 2013). They may result in alteration of the dosage form, omission of doses, or 

discontinuation of medications (Wright, 2002; Strachan and Greener, 2005; Mc Gillicuddy et al., 

2016). Therefore, a modified-release liquid oral dosage form, has been highly awaited for patients 

with swallowing impairment.  

In a previous study, as described in chapter 6. Development and evaluation of an omeprazole-based 

delayed-release liquid oral dosage form, a new technology based on gastro-resistant small 

omeprazole-loaded multi-layered pellets dispersed in syrup was developed. In this chapter, 

budesonide (BUD), a potent corticosteroid used in the management of asthma and allergic rhinitis, 

the treatment of various skin disorders, and the treatment of IBD (e.g. ulcerative colitis, Crohn’s 

disease), was used as a model drug (Kuo et al., 2010; Łodyga et al., 2015; The Regents of the 

University of California, 2015; Skin Diseases and Conditions - Lichen Planus, 2017). BUD is 

commercially available in the form of pH-dependent enteric-coated preparations, mainly for the local 

treatment of Crohn’s disease, a chronic inflammatory bowel disorder of unknown aetiology that may 

affect any part of the GIT in both children and adults. However, the most common sites of 

inflammation are the distal ileum and the ascending colon (Langholz, 1997). BUD was used to verify 

the feasibility of this new technology. The technology was constituted of multi-layered particles with 

diverse kinds of release (i.e. colon-targeting and sustained release), dispersed in a liquid vehicle.  

 

Therefore, the aim of this work was to demonstrate the feasibility of the new technology by 

developing BUD-based modified-release oral dosage forms that presented a delayed release of the 

drug in the colon or a sustained release in the entire GIT and to verify the short-term stability of drug 

release after dispersion of the multicoated particles in a syrup. 

 

7.2. Results and discussion 
 
7.2.1. Fine tuning of the coating procedure 

The lab-scale bottom-spray fluid bed coater used to produce both BUD formulations was a prototype 

adapted for coating small particles with polymeric films (see chapter 3.3. Coating procedure: 

Equipment). It had the following structural components: a hole distribution plate composed of eight 

concentric circumferences with holes of different diameters, 4.0 mm, 0.8 mm, and 1.8 mm, in 

sequence respectively; a main chamber with a height of 96 cm; and a metal filter structure with a size 
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aperture of 250 µm. Also, the position of the cylinder (placed 3 cm away from the perforated plate) 

was adjusted to improve the particle flow and the distribution of coating on the particle surfaces. 

v Budesonide-loaded colonic-release multicoated pellets 

During the first coating, the main issue was shown to be the spray drying of the ethanolic dispersion 

when the inlet temperature was too high. It was demonstrated that the yield of the process was 

improved from 80% to 95% w/w when the inlet temperature was set and limited to a 35-37°C range, 

with a corresponding product temperature of 30-32°C.  

 

The pH in the caecum and in the ascending colon drops to slightly acidic values because of an 

anaerobic bacterial metabolism that results in a local accumulation of short-chain fatty acids. 

However, the traverse and descending branches are restored to a neutral to slightly alkaline 

environment due to the absorption of fermentation products. In vivo pH variabilities in the intestine 

do not permit a specific drug release to be predicted at the entry to the colon. However, such changes 

in the pH have been studied to achieve colon-targeting of drugs through the application of pH-

sensitive coatings (Edwards, 1997; Nugent et al., 2001). To avoid an early release of drug in the 

upper part of the GIT and to attempt to release it at the correct site of the colon, Eudragit® S100 was 

used in the second coating as the pH-sensitive colonic polymer. Different amount of coating applied 

were evaluated, from 17% to 25% w/w of total solids, which corresponded to 12.4% to 18.1% w/w 

of Eudragit® S100. The aim was to evaluate the appropriate amount of coating to allow a good 

protection in acidic gastric medium as well as a fast drug release in colonic buffer medium at around 

pH 7.5, which corresponds to that of the ileum (i.e. the last section of the small intestine before 

entering to the ascending colon).  

The results obtained in this work demonstrated that the formulation selected for the second coating 

was able to provide gastro-resistance and a high release of BUD in the buffer medium at pH 7.5 

during the dissolution test. Since Eudragit® S100 has different chemical properties in comparison to 

the enteric polymer Eudragit® L100-55 used for omeprazole, different solvents (i.e. isopropanol/water 

in a 85:15 ratio for Eudragit® S100 vs ethanol for Eudragit® L100-55) were used to dissolve them. In 

addition, Eudragit® S100 needed a plasticizer in order to increase the flexibility of its molecular 

chains and to decrease the Tg.  

 

The problem related to the use of pH sensitive polymers, such as Eudragit S for colon targeting, is 

the possibility to release the drug or too early or too late. An alternative approach is the employment 

of amylose. Amylose is an essential linear 𝛼- glucan containing 𝛼- (1,4) bonds (Biliaderis, 1998).  
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It can be made resistant to pancreatic enzymes through the formation of an amorphous structure 

(amorphous amylose) and can be degraded by colonic bacteria (Miles et al., 1985). This form of 

amylose has been utilized as a carrier for drug delivery to the colon (Milojevic et al., 1996). Amylose 

has the ability to form films through gelation, which in combination with insoluble polymers (e.g. 

ethylcellulose) or polymers soluble at pH>7 (e.g. Eudragit S) provides the basis for film coatings 

suitable for application to solid dosage forms (Milojevic et al., 1996; Siew et al., 2000; Leong et al., 

2002; Wilson and Basit, 2005). 

These coatings have been routinely been applied to multi-unit systems such as pellets. Numerous 

studies, conducted both in vitro and in vivo (Milojevic et al., 1996; Cummings et al., 1996; Siew et 

al., 2000a; Siew et al., 2004; Basit et al., 2004), have confirmed that coated pellets, due to their small 

size, provide a large surface area for enzymatic attack, which leads to rapid and consistent drug 

release. Thanks to its mechanism of action, amylose could be combined with Eudragit S, to achieve 

colonic targeting of budesonide. 

 

The last and the second-to-last coatings, used for the BUD colon-targeting formulation, were 

equivalent to the correspondent ones of the omeprazole enteric formulation. The quali-quantitative 

composition and relative function of the layers were the same in both formulations. For this purpose, 

the third coating was an ethanolic dispersion of PVP and talc. This coating aimed to avoid potential 

interaction between the anionic and the cationic polymers present in the second and in the fourth 

coating, respectively.  

 

For the fourth coating, the main issue was the difficulty in reaching sufficient integrity of the 

protective film based on Eudragit® E100, a cationic polymer. The addition of hydrophobic substances 

to the polymer was able to increase the strength of the protective film as a barrier against the liquid 

vehicle in the reconstituted syrup (see chapter 5.2.2. Fine tuning of the coating procedure). This 

barrier prevented, or at least decreased, the liquid’s swelling and gel-forming properties, which are 

normally activated after prolonged contact with neutral pH media (Patra et al., 2017).  

The composition of the selected formulation is shown in Table 36.  
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Table 36: Qualitative and quantitative compositions (% w/w) of each layer present in the selected BUD-loaded 
colonic-release multi-layered pellets.  
 

Ingredients 
 

Core First coating: 
drug layer 

Second 
coating: 
delayed-

release layer 

Third coating: 
isolating layer 

Fourth 
coating: 

protective 
coating layer 

Neutral core 48.56     
BUD  0.73    
PVP  0.24  2.01  
Talc  0.24 3.04 2.01 6.57 
Eudragit® S100   12.44   
TEC   1.69   
Eudragit® E100     20.45 
GMS     1.01 
Aluminium oxide     1.01 
Ethanol  √  √ √ 
Isopropanol   √   
Water   √*  √* 
% coating  1.21 17.17 4.02 29.04 
% dry materials 
dispersed in solvent 

 5.00 15.47 13.33 17.97 

 
* The percentages of water in the coating dispersions were 15% and 6% for the second and fourth coating layers, 
respectively.   
 

v Budesonide-loaded sustained-release multicoated pellets 

In addition to the spray-drying issue already encountered with the colonic-release multi-layered 

pellets, the poor solubility of BUD in water (10.7 mg/ L at 25°C) (Mohammadian et al., 2019) was 

another issue to solve when developing a sustained-release dosage form. Therefore, it was decided to 

add lactose as a hydrophilic and water-soluble compound to increase the hydrophilic environment 

around the drug upon contact with aqueous fluids. As ethanol was used as a solvent to dissolve BUD 

and PVP for the first coating, micronized lactose and talc were used to obtain a homogeneous coating 

suspension.   

 

The second coating was made of water-insoluble polymers to obtain a sustained release of BUD. 

Eudragit® RS PO and RL 100 were selected as they were compatible with each other, allowing the 

use of different ratios to modulate the release profiles of BUD from the developed sustained-release 

multi-layered pellets. Two batches produced with 100% w/w of each polymer were used as references 

for high-permeability (RL) and low-permeability (RS) barrier films to control the drug release. Three 

polymer ratios were also evaluated, namely RS-RL 50:50, 70:30, and 30:70 to obtain coatings with 

intermediate permeabilities between the low- and high-permeability barrier films.  
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The results obtained in this work demonstrated that the formulation selected for the second coating 

was able to provide a sustained release of BUD during the 24-hour dissolution test done in a PBS 

[0.05M] buffer medium pH 7.5. 

 

After the second coating, the outermost coating was based on Eudragit® E100. This coating was 

similar to that used for the colon-targeted coated pellets and was applied to avoid the early release of 

the drug in the reconstituted syrup during storage (Table 37).  
 
Table 37: Qualitative and quantitative compositions (% w/w) of the selected formulation for BUD sustained-
release pellets. 
 

Ingredients Core First coating: drug 
layer 

Second coating: 
sustained-release 

layer 

Third coating: 
protective coating 

layer 

Neutral core 57.83    
BUD  0.87   
Lactose   1.74   
PVP  0.29   
Talc  0.29 2.14 7.22 
Eudragit® RS PO   1.28  
Eudragit® RL 100   2.99  
TEC   0.64  
Eudragit® E100    22.49 
GMS    1.11 
Aluminium oxide    1.11 
Ethanol  √  √ 
Isopropanol   √  
Water   √* √* 
% of coating  3.19 7.05 31.93 
% dry materials 
dispersed in 
solvent 

 11.00 19.15 17.97 

 
* The percentages of water in the coating dispersions were 13% and 6% for the second and third coating layers, 
respectively. 
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It is important to underline that the coating process used to produce the multi-layered sustained-

release pellets is much easier and faster than that used in the previous chapter for obtaining 

omeprazole delayed-release pellets (3 coating layers versus 5 coating layers). This is because, in this 

case, there is no need to apply two additional isolating layers to protect the active ingredient from the 

enteric polymer (which contains acidic groups) or to avoid interaction between the modified-release 

and protective-coating layers (both are cationic polymers, in contrast to the anionic and cationic 

polymers used for omeprazole).   

 
7.2.2. Physicochemical characterization of coated pellets 

The particle-size distribution of both BUD formulations was evaluated at the end of each coating 

step. Film coating is a complex process because many variables are involved, and the altering of these 

parameters is generally restricted (Albanez et al., 2013). The critical process variables that influence 

the coating efficiency include the following: the inlet air temperature and humidity; the air pressure 

used for the nebulization; the flow rate of coating suspension sprayed and of the drying air; the 

possible subsequent curing process (Yang, 1992; Lorck at al., 1997; Dewettinck and Huyghebaert, 

1999).  

 

Coating experiments were performed to find the right balance among all these parameters to avoid 

some common issues met during the coating of small particles. Such problems may be agglomeration 

phenomena, spray-drying effects, occlusion of the nozzle or filter, and the non-uniform application 

of coating dispersion droplets. The flow rate of the coating suspension and the air pressure defined 

the spray frequency and the size of droplets sprayed. Moreover, good ventilation guaranteed a 

homogeneous flow of particles into the Wurster insert over several applications until the desired 

coating weight was deposited. The generation of electrostatic charges during the coating process is 

another critical parameter that may alter the formation of a homogeneous layer on the particles. This 

is because the particles remain attached at the wall of the main chamber and so avoid receiving the 

sprayed coating suspension, which dries and flows away through the filter.  

 

The generation of electrostatic charges was particularly high with the outermost protective coating, 

which contained Eudragit® E100. This effect has most influence on this polymer in comparison to 

the other polymers. However, as it can be observed from the data, the particle size increased during 

the coating procedure (Tables 38 and 39) from 277 µm for the neutral pellets to 350 µm and 370 µm 

for the sustained-release and colon-targeted multi-layered pellets respectively (vs 446 µm obtained 
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previously for the enteric-release omeprazole multi-layered pellets). These increases were due to the 

coating deposited. However, the size remained low enough to not create a swallowing impairment 

for patients (D(50) < 500 µm) (Schiele at al., 2013).   

 

At the end of the whole coating process, the mean BUD content inside the coated pellets of both 

formulations was around 90% w/w in comparison to the theoretical loaded drug percentage. This 

relatively low drug content was probably due to the loss of a fraction of the sprayed suspension by 

spray-drying. The results presented in Tables 38 and 39 showed that the production could be 

considered satisfactory for lab-scale coating equipment for such small particles.  

 

High levels of residual solvent in the inner structure of coated pellets may compromise their stability 

over time during storage. The production process could be considered as satisfactory as the value of 

residual solvent reached was limited after the entire coating process and remained below 5% w/w.  

 

The coated pellets were analysed by TGA by heating them to temperatures in the range of between 

30°C and 150°C, at which solvents used in the preparation of the coating suspensions were fully 

removed, considering their boiling temperatures (78.4°C for ethanol, 100°C for water and 82.5°C for 

isopropanol) (Table 38 and 39). The obtained results for the residual solvent content (i.e. between 

2.4% and 4.5% w/w) demonstrated that these values can be limited once the right parameters are set 

during the whole coating process, reducing the possibility of poor stability of the multi-layered pellets 

during storage in the reconstitutable syrup. 
 

Table 38: Percentage of agglomerates, PSD, yield, and residual solvent content results obtained after each step 
of the coating procedure for a representative BUD colon-targeted multi-layered particle batch produced with 
the selected formulation (D(50) of uncoated pellets: 277.2 ± 1.8). 

 
Colon-targeted 

formulation 
% of agglomerate 

(n=1) 

Median diameter D(50) 
(μm)  

(n=3, mean ± s.d)  

% of yield 
(n=5, mean ± s.d) 

% residual solvent 
(n=1) 

BUD 1st coating 0.0 278.2 ± 0.6 95.2 ± 1.0 4.5 

BUD 2nd coating 0.2 315.6 ± 0.3 91.2 ± 2.6 2.4 

    BUD 4th coating 0.5 371.0 ± 1.5 90.1 ± 4.9 2.9 
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Table 39: Percentage of agglomerates, PSD, yield, and residual solvent content results obtained after each step 
of the coating procedure for a representative BUD sustained-release multi-layered particle batch produced with 
the selected formulation (D(50) of uncoated pellets®: 277.2 ± 1.8). 

Sustained-release 
formulation  

% of agglomerates 
(n=1)   

Median diameter 
D(50) (μm)  

% of yield 
(n=5, mean ± s.d) 

% residual solvent 
(n=1) 

BUD 1st coating 0.0 281.1 ± 0.3 92.2 ± 2.2 4.5 

BUD 2nd coating 0.4 291.2 ± 0.5 91.9 ± 4.2 4.4 

BUD 3rd coating 0.6 350.5 ± 6.8 91.8 ± 1.8 2.8 

 

7.2.3. Microstructure evaluation of coating layers 

Usually, uncoated pellets presented a rough and irregular surface (Albanez et al., 2013). From 

observation, the uncoated surfaces (Figure 28) were smooth but irregular and became more rounded, 

with no visible cracks, when coating polymers were applied to the surface of the particle using 

appropriate experimental parameters. Structural imperfections, such as porosity or discontinuity of 

the coating layer and lower layer thickness, could be observed from the cutting of pellets. Such 

imperfections should be avoided by optimizing the coating procedures to obtain a modified release 

of the drug with good reproducibility. The surfaces and inner structures of the coated pellets were 

evaluated by SEM after the whole coating procedure for both formulations (Figures 28 and 29).  

 

As can be seen in Figure 28, the neutral pellets used presented quite smooth surfaces. The multi-

layered pellets obtained at the end of each coating step maintained their regular aspect with no 

apparent porosity or defects, which indicated that the coating processes were performed 

appropriately. Moreover, it should be pointed out that the film-formation process in organic solvent-

based systems is fundamentally easier in comparison to that with aqueous-based systems. The 

polymer solutions undergo a sol-to-gel transition upon solvent evaporation to eventually form the 

polymeric film (Siepmann et al., 2008). Once the solutions are sprayed onto the pellet surfaces, the 

organic solvent evaporates and the polymer chains approach each other to form a thin homogeneous 

film. As a consequence of the easier film formation and low initial viscosity presented by the coating 

dispersions, a smooth film on particles was provided. Indeed, all the sprayed suspensions presented 

relatively low initial viscosities. The surface of the film coated pellets was not porous and the 

agglomeration phenomena were very limited when spraying the suspension in the fluidized bed 

equipment (Figure 28; Tables 38 and 39, agglomeration lower than 1% w/w). The low amount of 

suspension sprayed on and the low amount of drug loaded reduced the whole coating procedure time 
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(< 10 hours). Indeed, the coating time was much shorter to that used for the preparation of omeprazole 

pellets (i.e. 5 coating layers, coating time around 24 hours) (see chapter 6.2.1. Fine tuning of the 

coating procedure). This reduction limited the number of particle-particle and particle-wall 

collisions, which are normally responsible for small cracks on the particle surface (Perfetti et al., 

2011).  

The most considerable problem related to the coating process was the generation of electrostatic 

charges when the polymer employed was Eudragit® E100. These charges were mainly critical for the 

external protective-coating layer. During this step, pellets tended to remain attached to the walls of 

the central chamber. Therefore, they avoided the appropriate application of the coating droplets onto 

their surface and their size increased, both of which facilitated the spray drying effect. The generation 

of electrostatic charges was partially solved thanks to the addition of water in the coating dispersions, 

which increased the humidity inside the main chamber. Imperfections such as film porosity, resulting 

from spray drying phenomenon, and cracks, resulting from multiple particle-particle and particle-

wall collisions or from the formation of repetitive particle-particle sticking and detachment (Perfetti 

et al., 2011), could be observed (Figure 29).  For these small particles, the presence of very small 

imperfections could make the protective film much more sensitive to the liquid vehicle during 

storage, which may alter the release profiles during the dissolution test.   
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Figure 28: SEM pictures of BUD colon-targeted and sustained-release batch surfaces at the end of a coating 
procedure, taken following the formulation and coating parameters presented in Tables 36-37 and 13-14, 
respectively. The microstructure of the coated pellets was compared with that of the neutral pellets (Cellets® 

263), and analysed at different magnification (250x, 500x, 1000x). 
 

Figure 29: SEM pictures of 
the cross section of BUD 
colon-targeted and sustained-
release batches at the end of a 
coating procedure, taken 
following the formulation and 
coating parameters presented 
in Tables 36-37 and 13-14, 
respectively. The coated 
pellets were analysed at 
different magnification (500x, 
1000x). Imperfections such as 
porosity and small cracks are 
shown. 
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7.2.4. Dissolution test 

Dissolution tests were performed on both BUD formulations to demonstrate the achievement of both 

delayed and sustained release of the drug from multicoated pellets. 

 

v Budesonide colon targeted formulation 

The requirements imposed by European Pharmacopoeia for solid delayed-release formulations allow 

a maximum of 10% w/w of drug to be released during the 2-hours acidic step and a minimum of 85% 

w/w of drug to be released during the 45-minute buffer step (European Pharmacopoeia, 2016).   

Eudragit® S100 was used in the modified release coating as the pH-sensitive colonic polymer to allow 

good protection in acidic gastric medium as well as fast drug release in intestinal medium. For this 

purpose, a 7.5 pH buffer (which corresponds to the pH in the ileum) was selected (see chapter 3.4. 

Characterization of multicoated particles: Dissolution test). This pH was fine-tuned according to the 

final target of the formulation. In fact, for omeprazole, which targets the small intestine, the buffer 

solution was stabilized at pH 6.8. Therefore, the polymer to be used in the enteric-release coating was 

Eudragit® L100-55, which dissolves at lower pH compared to Eudragit® S100. 

As can be seen in Figure 30, the release of BUD from the colon-targeted formulation after 2 hours 

in acidic medium was below the LOQ of the HPLC method, demonstrating that the gastro-resistance 

of the coating was preserved at pH 1.2. Moreover, around 95% w/w of BUD was released at pH 7.5 

after 45 min (Figure 30). This demonstrated that the last protective layer was dissolved in acid 

medium during the first 2-hours acidic step and that the colonic layer was properly dissolved at pH 

7.5. Indeed, the last protective layer maintained the stability of the multi-layered microparticles once 

suspended in the syrup at pH higher than 5. However, it dissolved quickly at acidic pH values. This 

exposed the layer responsible for the colonic release, which, once the pH was brought to 7.5, 

dissolved and released the active substance.  

 

As described above, the pH of the buffer medium was selected to allow the dissolution of the polymer 

selected for the colonic targeting, which happens at pH higher than 7.0. The same colon-targeted 

formulation with two different percentages of second coating (17.2% w/w and 24.9% w/w total solids, 

equivalent to 12.4% w/w and to 18.1% w/w of Eudragit® S100) was evaluated to verify the influence 

of the coating thickness on the release. In both cases, the targeted release was reached with similar 

results (% BUD released < LOQ in the acidic step and around 95% w/w in the buffer step). However, 
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the formulation with the lower percentage of sprayed coating was selected due to its lower processing 

time, which is more compatible with a future scaling up.  

 

Moreover, similar percentages of released BUD were obtained when the dissolution test was 

performed from the multi-layered pellets dispersed in the syrup, immediately after its reconstitution 

(Figure 30). The amount of drug released, in both acidic and phosphate buffer medium, corresponded 

to the results obtained for dry BUD multi-layered particles (% BUD released < LOQ in the acidic 

step and around 95% w/w in the buffer step). This demonstrated that the fourth protective coating 

layer presented an appropriate barrier against the external aqueous vehicle.  

 

Figure 30: Dissolution profiles of the colon-targeted multi-layered pellets (17.2% w/w of 2nd-coating total 
solids, equivalent to 12.4% w/w of Eudragit® S100) before and after dispersion in a conventional syrup, after 
2 hours in the acidic stage and after 45 minutes in the pH 7.5 buffer stage (mean values +/- s.d., n=6).  
 
 

v Budesonide sustained-release formulation  

For the sustained-release formulation, the aim was to evaluate the ability of such small coated pellets 

to sustain the release of the drug and to modulate the dissolution profile. Modifications would be due 

to different ratios of the two insoluble polymers (Eudragit® RS and RL), as the polymers have 

different permeability characteristics. As a first step, different batches were produced up to the second 

coating, which is responsible for the sustained release. This was done to determine the appropriate 

RS-RL ratio to control the BUD release up to around 24 hours, by which time most of the drug would 

be released (Figure 31).  
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Maximal percentages (100%) of both RS PO and RL100 were used to evaluate the two extreme 

dissolution profiles to obtain the lowest and the highest amounts of drug released within 24h. To 

determine the suitable polymer ratio from the ones produced, dissolution tests were done at a constant 

buffered pH of 7.5. This avoided the starting acidic step, as the permeability of both insoluble 

polymers is pH-independent and there was no protective coating layer. The dissolution tests were 

performed over 24 hours even though the residence in the colon after the transit in the stomach and 

in the small intestine is described to be ranged between 7 and 48 hours (Davis, 1985). Indeed, it 

seemed reasonable to consider a mean release duration of 24 hours.  

 

The examination of the dissolution results obtained in Figure 31 showed that the drug release was 

very low when the pellets were coated with Eudragit® RS alone (around 5% release within 24 h, 

showing that the film permeability was too low). On the other hand, the BUD release was around 

80% w/w within 24 h for the pellets coated with Eudragit® RL alone. As expected, when the ratio of 

the high-permeability polymer RL was increased in the polymer blends, the drug release profiles 

increased from around 40% w/w (RS:RL 70:30) to around 78% w/w (RS:RL 30:70) of drug released 

within a 24-h dissolution test. When the polymers were present in an equal blend ratio (RS:RL 50:50), 

the drug release was around 55% w/w within 24 h. 
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Figure 31: Influence of the different ratios of insoluble polymers (Eudragit® RS:RL) in the modified-release 
layer on the dissolution profiles of BUD, done in a pH 7.5 buffered medium. The test was performed on the 
dry sustained-release pellets coated up to the second layer, which consisted of 7.1% of total solids, equivalent 
to 4.3% w/w of insoluble polymer blends (mean values +/- s.d., n=6).   
 
The RS:RL 30:70 ratio was selected because its ability to release the drug was similar to the target of 

reaching around 80% of drug release in 24h dissolution test. Moreover, the presence in this ratio of 

30% w/w of the low-permeability polymer (RS), in comparison to the high permeability polymer 

alone (RL 100%), guaranteed a better protection of multicoated pellets once dispersed in the syrup, 

during storage.  

 

Two different percentages of the second coating layer (7.1% w/w and 9.5% w/w total solids, 

equivalent to 4.3% w/w and to 5.8% w/w of polymer blend), using a RS:RL ratio of 30:70, were then 

evaluated to verify the influence of the coating thickness on the drug release. It was demonstrated 

that the increase in the thickness of the second coating layer from 7.1% w/w to 9.5% w/w led to a 

decrease in the release of BUD within the 24-h dissolution test from 78% w/w to 68% w/w  

(Figure 32).  
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Figure 32: Influence of the different percentages of second coating, constituted of the insoluble polymers 
(Eudragit® RS:RL), on the dissolution profiles of BUD, done in a pH 7.5 buffered medium. The test was 
performed on the dry sustained-release pellets coated up to the second layer, which consisted of 7.1% and of 
9.5% of total solids, equivalent to 4.3% w/w and to 5.8% of insoluble polymer blends, respectively (mean 
values +/- s.d., n=6).   
 

Consequently, two batches with the two different percentages of the second coating (i.e. 7.1% w/w 

and 9.5% w/w of total solids) were produced until the last protective coating layer. These were 

analysed in terms of dissolution profile and stability after dispersion in the syrup. Once the final 

batches were produced, dissolution tests involving 2 hours of acidic step at pH 1.2 (with withdrawals 

after each hour) and 22 hours of buffer step at pH 7.5 (with withdrawals after 1, 2, 4, 6, 8, and 22 

hours from the beginning of the buffer step) were performed. 

 

In both cases, as the progressive release of the drug was effective from the beginning of the 

dissolution test, the outermost layer was quickly dissolved without an initial lag time within the first 

2 hours of the acidic step. As soon as the last coating was dissolved, the sustained-release layer started 

to control the release of BUD (Figure 33).  

 

The comparison of the release profiles obtained from the multi-layered pellets before (dry) and after 

dispersion in the syrup allowed the observation that slightly higher percentages of BUD were released 

when the dissolution test was performed on the multi-layered pellets dispersed in the syrup, 

immediately after its reconstitution (Figure 33). This result demonstrated that the fourth coating was 
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an appropriate barrier against the external aqueous vehicle in both cases. As such a thick coating layer 

is more compatible with a future scaling up in industry, the formulation with a lower weight gain 

(2nd coating equal to 7.1%) was selected.  

 

The amount of drug released from the formulation with the two different coating percentages (2nd 

coating equal to 7.1% w/w and 9.5% w/w) occurred in similar quantities, reaching values higher than 

90% w/w in 24 hours.  

 

 
Figure 33: Dissolution profiles of the dry sustained-release multi-layered pellets before and after dispersion 
in a conventional syrup after 2 hours in the acidic stage pH 1.2 and 22 hours in a pH 7.5 buffer medium 
(mean values, n=6). The coated pellets tested were constituted of the same formulation as shown in Table 37 
but with two different percentages of 2nd coating layer: 7.1% and 9.5% of total solids, equivalent to 4.3% 
and to 5.8% of polymer blends using an RS/RL ratio of 30:70. 
 

7.2.5. Storage-stability test 

The syrup developed in the previous chapter (see 6.2.6. Development of the syrup) was able to keep 

multicoated pellets in suspension, once the bottle was shaken. It was used as a dispersing agent for 

multi-layered pellets to avoid separation between the internal and the external phases and to guarantee 

a correct dispensed unit dose at each administration. The properties of such syrup (i.e. viscosity and 

osmotic pressure) were considered to be suitable for this purpose and, therefore, reproduced in the 

storage-stability test of both BUD formulations.  
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The reconstitutable syrup exhibited its capability to provide a stable system for at least 2 weeks at 

ambient temperature for both formulations of BUD multi-layered particles. As shown in Table 40, 

after a storage period of 2 weeks in the syrup, a minimum of 89% w/w of the BUD nominal dose was 

released from the colon-targeted coated pellets in the 45 minutes of buffer stage. Indeed, it was 

observed that the release of BUD in the buffer medium decreased slightly during the storage. Release 

went from 97.8% w/w immediately after dispersion to 89.3% w/w after 2 weeks of storage at 25°C.  

To verify the reason for the decrease in BUD release after storage, the dissolution test was prolonged 

to 4 hours in the buffer medium. From this analysis, it was clear that the drug release was not 

completed within 45 min in the buffer stage when the storage time was increased. This could be due 

to the progressive swelling of the polymers used and diffusion in the different coating layers when 

the pellets were dispersed in the reconstituted syrup. Indeed, an interaction between the cationic and 

the anionic polymers (E100 and S100) could occur during storage, forming a less permeable coating 

that could alter the diffusion of the dissolved drug. The results in Table 40 showed that the decreasing 

effect observed during storage in the reconstituted syrup was higher after 2 weeks of storage and that 

there was a greater release of the drug after 4 h dissolution in the buffer stage.   

 

The p value was calculated between the average of the dissolution points after 45 minutes of buffer 

step, (the point to be considered in accordance with the European Pharmacopoeia 9th Edition) at time 

zero and the stability at 1 week, using the Student t-test. The results demonstrated that the two sets of 

data were not significantly different from each other (p = 0.07). When the p was calculated between 

the average of dissolution points, after 45 minutes in the buffer step, at time zero, and the stability at 

2 weeks, the results showed a significant difference between the two sets of data (p = 0.003). 

Nevertheless, the drug release values obtained for up to 2 weeks’ storage satisfied the common 

requirements for delayed-release dosage forms. Less than 10% w/w of BUD was released in the 2 

hours of the acidic stage and more than 85% w/w of BUD was released in the first 45 minutes of the 

buffer stage, for all the storage periods up to 2 weeks.  
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Table 40: Percentages of BUD released from colon-targeted multicoated pellets dispersed in the reconstituted 
syrup at the predetermined time points of storage at 25°C (time zero, and 1 and 2 weeks): 2-hour acidic stage 
(pH 1.2), followed by a pH 7.5 buffer stage at different time points: 45 minutes, and 2 and 4 hours  
(n=6, mean ± s.d.).  
 

Time points: % BUD released 
after 2 h in the 

acidic stage  

% BUD released  
after 45 min in the 

buffer stage 

% BUD released 
after 2 h in the 

buffer stage  

% BUD released  
after 4 h in the 

buffer stage 

Time zero 0.96 ± 0.11 97.8 ± 1.8 101.3 ± 1.2 100.5 ± 1.5 
 1 week of storage 2.81 ± 0.24 95.5 ± 4.2 101.8 ± 5.0 101.6 ± 3.6 
2 weeks of storage 4.25 ± 0.37 89.3 ± 4.2 90.8 ± 3.7 96.5 ± 3.6 

 
 
In the case of the sustained-release formulation, the reconstituted syrup also exhibited its ability to 

provide a stable system for BUD multi-layered particles with the selected formulation, with a 7.1% 

w/w second sprayed coating layer. Indeed, after a storage period of 2 weeks in the syrup, the drug 

release obtained at the end of the dissolution test in the buffer medium was limited and decreased 

from 90.2% w/w to 87.2% w/w of the BUD nominal dose (Table 41).  

 

A deeper evaluation of the dissolution results obtained during storage showed that the decrease in 

drug released was higher during the first hours of the dissolution test (e.g. BUD release values of 

60.0% w/w, 52.9% w/w, and 49.7% w/w after 2 h in the buffer medium for the coated pellets 

immediately after reconstitution, and after 1 and 2 weeks of storage, respectively). These slight 

modifications in the release profiles could be explained by the potential diffusion of the aqueous 

medium through the different coating layers and their progressive swelling during the storage in the 

syrup. Both the compositions of the protective layer (i.e. addition of hydrophobic compounds) and 

the syrup (i.e. addition of high concentrations of sorbitol and of viscosifying agents) were selected to 

try to limit the penetration of water into the pellets and to guarantee the stability of the pellets after 

reconstitution. The similarity factor (f2) was calculated for all the dissolution results generated to 

verify the similarity of the dissolution profiles. The f2 values obtained were 65% and 60% (in 

comparison to the initial dissolution profiles) after 1 week and 2 weeks, respectively. Therefore, the 

dissolution profiles obtained during the 2-weeks storage at 25°C could be considered similar to that 

at time zero.  
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Table 41: Percentages of BUD released from sustained-release multicoated pellets with 7.1% second-coating 
total solids (equivalent to 4.3% of polymer blend), dispersed in the reconstituted syrup at predetermined time 
points of storage at 25°C (time zero, and 1 and 2 weeks): 2-hour acidic stage, followed by a 22-hour pH 7.5 
buffer stage (n=6, mean ± s.d.).  
 

 
Samples 

% drug release 

Time zero 1 week of storage 2 weeks of storage 

    
1 h acid pH 1.2 35.0 ± 1.8 27.6 ± 0.7 24.9 ± 0.7 
2 h acid pH 1.2 48.4 ± 2.7 39.6 ± 1.7 36.8 ± 1.9 
1 h buffer pH 7.5 51.7 ± 1.9 40.3 ± 2.5 37.2 ± 1.9 
2 h buffer pH 7.5 60.0 ± 1.9 52.9 ± 0.9 49.7 ± 1.4 
4 h buffer pH 7.5 70.9 ± 2.6 62.0 ± 3.3 56.6 ± 0.9 
6 h buffer pH 7.5 78.3 ± 3.2 64.0 ± 1.6 61.3 ± 1.8 
8 h buffer pH 7.5 81.9 ± 3.1 72.7 ± 1.5 69.5 ± 1.5 
22 h buffer pH 7.5 90.2 ± 4.2 89.4 ± 2.9 87.2 ± 2.1 

 

The stability of the dissolution was also tested for the multi-layered batch with the higher percentage 

of second coating (9.5% w/w). In this case, a good stability of the coated pellets was provided after 

their dispersion in the syrup for the 2 weeks of storage, although with a lower percentage of BUD 

released in a 24-h dissolution test (Table 42, maximum release in the 24 h of buffer step equal to 91.0 

± 1.4 at time 0, 89.1 ± 1.7 at 1 week, and 81.4 ± 1.1 at 2 weeks).  

 
Table 42: Percentages of BUD release from sustained-release multicoated pellets with a 9.5% second-coating, 
dispersed in the reconstituted syrup at the predetermined time points of storage at 25°C (time zero, and 1 and 
2 weeks): 2-hour acidic stage, followed by a 22-hour pH 7.5 buffer stage (n=6, mean ± s.d.).  
 

 
Samples 

 % drug release 
 

 

Time zero 1 week of storage 2 weeks of storage 

    
1 h acid pH 1.2 24.8 ± 1.3 17.4 ± 0.8 25.6 ± 0.8 
2 h acid pH 1.2 32.0 ± 3.1 24.9 ± 1.1 27.2 ± 2.1 
1 h buffer pH 7.5 37.8 ± 2.1 30.9 ± 1.1 37.5 ± 0.6 
2 h buffer pH 7.5 40.2 ± 0.8 39.2 ± 0.8 43.9 ± 0.6 
4 h buffer pH 7.5 44.4 ± 2.2 47.2 ± 1.1 47.8 ± 0.9 
6 h buffer pH 7.5 49.9 ± 1.4 55.6 ± 1.4 51.4 ± 0.5 
8 h buffer pH 7.5 55.0 ± 1.3 65.2 ± 1.4 52.4 ± 1.1 
22 h buffer pH 7.5 91.0 ± 1.4 89.1 ± 1.7 81.4 ± 1.1 
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A deeper evaluation of the dissolution results obtained during storage showed that the decrease in 

drug released was higher in comparison to the previous formulation with the lower coating level (e.g. 

BUD release values of 87.2 vs 81.4 after 2 weeks of storage, respectively). A possible explanation 

could be the swelling of the sustained-release polymer, which was present in higher quantities and 

during the storage period could hinder more the release of the low-solubility drug from the 

multicoated pellets dispersed in the syrup. For this reason, the selected formulation was that with the 

lowest percentage of second coating (i.e. 7.1% w/w of second-coating total solids). 
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7.3. Conclusion 

In this work, the oral system based on a multi-layered particle technology showed an innovative 

process that will permit the production of reconstitutable liquid dosage forms with modified-release 

properties. The multi-layered microparticles obtained using a coating procedure in a bottom-spray 

fluid-bed coater maintained, at the end of the process, the smaller size that has been highly awaited 

to address the needs of patients with swallowing impairment, such as paediatric, older, or critically 

ill patients. Such small particles dispersed in a syrup could improve patients’ compliance and 

consequently the effectiveness of their therapy.  

 

In this chapter, it was demonstrated that the multi-layered particle technology is a flexible 

manufacturing process that is suitable for different kinds of release, such as colon-targeted or 

sustained release. In both the developed formulations, the multicoated pellets were able to provide an 

appropriate control of the drug release in both dry and liquid dispersed states. Moreover, this new 

approach showed a good stability of the drug release profiles for at least 2 weeks when the multi-

layered pellets were suspended in a syrup and stored at ambient temperature. Further improvements 

could be made to increase the multi-layered pellets’ stability over time (up to 3 or 4 weeks). From an 

industrial perspective, it could be interesting to apply this kind of technology to other drugs. 
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8. General conclusions 
 

In order to solve problems of variability in terms of GITT, drug absorption, and bioavailability 

following the oral administration of monolithic dosage forms, multi-particulate systems have been 

developed as a good alternative to tablets and capsules. As a reminder, our goal was to design a new 

technology consisting of a stable liquid dosage form including multi-layered small particles 

suspended extemporaneously in a syrup for a predetermined period of time, while ensuring the 

modified release of the active ingredient over time. These multi-layered particles have to provide the 

desired physicochemical characteristics and targeted-release capability for all the active ingredients 

employed. Moreover, critical points in this study were: the increased particle size due to the addition 

of dry materials sprayed on during the coating procedure, and the length of the successive coating 

steps. Indeed, the ability to take oral medicines, especially tablets and capsules, could be affected by 

swallowing difficulties, common in older people and paediatric patients (this group may include 

neonates, newborns, toddlers, young children, and adolescents). Therefore, the development of a 

liquid oral dosage form with modified-release properties was highly awaited to increase the 

compliance of patients with swallowing impairment.  

A lab-scale fluid bed coater fitted with a bottom-spray Wurster insert, the most suitable apparatus for 

coating a polymeric film onto small cores such as pellets, was used in the multicoating manufacturing 

process. The fluid bed coater (SLFLL_3, Lleal S.A.) employed was a prototype as some major 

structural modifications to the standard design were necessary to obtain a good quality of batch 

produced with small particles (i.e. Cellets® 263). The formulation of the multi-layered pellets could 

be constituted of a different number of layers, characterized by different properties and functions and 

selected on the basis of the active drug and polymers employed.  

Omeprazole, a substituted benzimidazole derivative widely used in the treatment of active duodenal 

ulcers, active benign gastric ulcers, gastro-oesophageal reflux disease, erosive oesophagitis, and other 

pathological hypersecretory conditions, was selected as a first model drug. Its physicochemical 

stability decreases upon contact with acidic media, leading to significant degradation of the drug in 

the stomach and hence reduced bioavailability. Due to its sensitivity to light, heat, moisture, solvents, 

and exposure to various salts and metal ions, it was an excellent candidate as a worst-case study to 

develop multiple-coated pellets. Enteric coatings, commonly used to deliver drugs to the small 

intestine, were used to protect omeprazole from potential early degradation in the acidic environment 

of the stomach.  
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In order to evaluate the feasibility of the proposed new technology, it has been employed a first 

bigger-size neutral pellets (Cellets® 1000) with a median diameter of around 1 mm as neutral cores 

to be covered with the successive layers. These were coated with five successive coating layers using 

a conventional bottom-spray fluid bed coater: 1) a drug layer; 2) an isolating layer to protect 

omeprazole from light and from interaction with the next coating; 3) an enteric polymer layer to 

protect omeprazole from gastric acid medium: 4) an isolating layer to avoid interaction between layers 

3 and 5; and, finally, 5) a gastro-soluble polymer layer (i.e. Eudragit® E100) to avoid drug release in 

the syrup. To achieve the appropriate protection of the coated pellets after reconstitution in the syrup, 

it was necessary to add a hydrophobic component to increase the strength of the external protective 

film as a barrier against the liquid vehicle. This permitted a decrease in the swelling of the fifth 

coating, caused when pellets are in prolonged contact with the syrup during storage. Therefore, the 

most critical steps in this formulation were: the obtaining of gastro-resistance, targeted in the third 

coating, and the multicoated pellet stability in the reconstitutable syrup during the storage, targeted 

in the fifth coating. The results presented in this manuscript demonstrate that the release of 

omeprazole from the final formulation in dry state after 2 hours in acidic medium was below the LOD 

of the HPLC quantification method, showing a good resistance of the dosage form to the gastric step 

and, more particularly, appropriate protection from the third gastro-resistant layer. Moreover, more 

than 85% w/w of omeprazole was released at pH 6.8 after 45 min, demonstrating that the last 

protective layer was dissolved in acidic medium during the first 2 hours and that the enteric layer was 

properly dissolved at pH 6.8.   

Following the good results obtained from the preliminary evaluation with 1-mm size pellets, the 

developed technology was transferred to smaller-size pellets using a lab-scale bottom-spray fluid bed 

coater (SLFLL_3, Lleal S.A., Spain) fitted with a Wurster insert. Cellets® 263, with a particle size in 

the range 200-300 µm, were employed as starting neutral cores. Some modifications of the coating 

equipment and formulation were made to adapt the process to the increased surface area of smaller 

neutral cores. Therefore, for the first coating, it was necessary to stabilize the drug suspension at pH 

around 8 using phosphate buffer to guarantee that the longer time required for the coating procedure 

had no impact on omeprazole degradation. For the third coating, it was possible to reproduce the 

gastro-resistance, previously obtained, thanks to the use of Eudragit® L100-55, selected because of 

its ability to provide a resistant coating layer and its compatibility with a future scaling up in industry. 

The addition of a sufficient amount of water in the fifth coating suspension, with a consequent 

increase in humidity inside the coating chamber, had a positive impact on the decreasing of 

electrostatic charges during the coating process. This issue was particularly critical with the use of 
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Eudragit® E100, for which this effect was higher in comparison to the other polymers used. The 

reduction of electrostatic charges due to the addition of water ensured a homogeneous coating on 

particles, with a low spray-drying effect. It was demonstrated that the release of omeprazole from the 

final formulation in dry state respected the European Pharmacopoeia and regulatory requirements: 

the omeprazole released was low (below the LOD of the HPLC quantification method) after 2 hours 

in acidic medium and higher than 85% w/w after 45 min in buffered medium at pH 6.8. The 

formulation’s robustness in providing a modified system with an enteric drug release under varying 

pHs (e.g. pHs equal to 3.0, 4.0, 5.0, and 6.0 for the gastric medium and pHs equal to 6.5, 6.8, and 7.5 

for the intestinal medium) or acid exposure times (e.g. for 15 and 30 minutes, and 1 hour) was also 

demonstrated. 

 

A similar percentage of omeprazole was released when the dissolution test was performed from the 

multi-layered pellets dispersed in the syrup, immediately after its reconstitution. The amount of drug 

released in both acid and phosphate buffer medium was in accordance with the results obtained for 

dry omeprazole multi-layered particles, demonstrating that the fifth coating was an appropriate barrier 

against the external aqueous vehicle. Similar results were also obtained with the reference marketed 

product Losec® 40 mg under the same test conditions when evaluating the efficacy of the multicoated 

pellets as a delayed-release dosage form.  

 

A second active ingredient was then used to verify that the technology of multi-layered particles 

dispersed in a liquid vehicle was a flexible manufacturing process adapted for different kinds of 

release, such as colon-targeted or sustained releases. BUD, a potent corticosteroid used in the 

treatment of IBD (e.g. ulcerative colitis, Crohn’s disease), was employed to verify the feasibility of 

this new technology with other kinds of drug and release. As before, neutral MCC pellets 

(Cellets® 263) were transferred into a lab-scale bottom-spray fluid bed coater (SLFLL_3, Lleal S.A., 

Spain) fitted with a Wurster insert and coated.  

In order to provide a colonic-release, the pellets were coated with four successive coating layers: 1) 

a drug layer; 2) a colon-targeting polymer (i.e. Eudragit® S100) layer to prevent the early release of 

BUD in the upper part of GIT; 3) an isolating layer to avoid interaction between layers 2 and 4; and 

4) a gastro-soluble polymer (i.e. Eudragit® E100) layer to avoid drug release in the syrup. To provide 

a sustained release, the pellets were coated with three successive coating layers: 1) a drug layer; 2) a 

sustained-release layer including a ratio of two insoluble polymers (i.e. Eudragit® RS PO and RL 

100) to obtain a progressive release of BUD over a prolonged period of time; and 3) a gastro-soluble 

polymer layer to avoid drug release in the syrup. For both formulations, the main issues were the 
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spray drying of the coating dispersions and the poor BUD solubility in water, which were overcome 

once the optimal parameters for the coating procedure were set up.  

As required by the European Pharmacopoeia for solid delayed-release formulations, the release of 

BUD from the colon-targeted formulation after 2 hours in acidic medium was limited (below the 

LOQ), demonstrating that the gastro-resistance of the coating was preserved at pH 1.2 by the 

properties of the polymer applied (Eudragit® S100). Then, around 95% of BUD was released at 

pH 7.5 after 45 min, demonstrating that the last protective layer was dissolved in acid medium during 

the first 2-hour acidic step and that the colonic layer was properly dissolved at pH 7.5. Moreover, a 

similar percentage of released BUD was obtained when the dissolution test was performed from the 

multi-layered pellets dispersed in the syrup, immediately after its reconstitution.  

 

For the sustained-release formulation, the aim was to evaluate the ability of such small coated pellets 

to sustain the release of the drug and to modulate the dissolution profile due to different ratios between 

the two insoluble polymers (Eudragit® RS and RL), which have different permeability characteristics. 

The ratio between the two insoluble polymers (RS/RL 30:70 ratio) was selected due to its ability to 

release the most quantity of drug within 24 hours while ensuring a better protection of multicoated 

pellets once dispersed in the syrup during the storage. As the progressive release of the drug was 

effective from the beginning of the dissolution test, the outermost protective layer was quickly 

dissolved without initial lag time within the first 2 hours of the acidic step at pH 1.2. As soon as the 

last coating was dissolved, the sustained-release layer started to control the release of BUD. 

Moreover, the release of the drug also continued after the pH was changed (from 1.2 to 7.5) following 

the 2-hour acidic step. This continued release was due to the fact that the release of BUD, which 

presented a pH-independent aqueous solubility from the coating consisting of two insoluble 

polymers, was pH-independent. The release profiles obtained permitted the observation that slightly 

higher percentages of BUD were released when the dissolution test was performed on the multi-

layered pellets dispersed in the syrup, immediately after its reconstitution.  

 

A large part of this work involved the development of a standard syrup able to provide a stable system 

for all the multi-layered pellets studied during the whole pre-determined treatment period (at least 10 

days). It was clear that an increased concentration of osmotic and viscosifying agents was critical to 

keep the multicoated pellets in suspension once the bottle was shaken for a sufficient period of time 

(> 30 seconds). This increased concentration prevented separation between the internal and the 

external phases and ensured an appropriate dispensed unit dose at each administration (i.e. 20 mg of 

omeprazole or 3 mg of BUD/10 mL of syrup). Another important component that proved to be 
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fundamental in terms of the multicoated pellets’ stability in the syrup was the buffer, which was able 

to stabilize the pH of the external phase for the whole stability period (10 days) at 7.5, without 

fluctuations. The reconstituted syrups with the multi-layered pellets were stored at 25°C/50% ± 5 RH 

for storage stability evaluation. From a quantification of the drug in the different dispensed doses (i.e. 

inside the pellets and in the external syrup), it seemed clear that the syrup constituted a stable system 

for multi-layered pellets. Indeed, it permitted a defined dose of omeprazole to be delivered for 10 

days when they were stored in a well-closed bottle under controlled conditions (25°C and 50% RH). 

The results of dissolution tests confirmed the ability of reconstitutable syrup to provide an enteric 

release of omeprazole after at least 10 days, reaching the target required by regulatory authorities for 

such dosage forms and with similarity in terms of omeprazole release over time. In contrast, after a 

storage period of 2 weeks in the syrup under the same storage conditions, a minimum of 89% w/w of 

BUD’s nominal dose was released in the 45 minutes of buffer stage from the colon-targeted coated 

pellets, satisfying the common requirements for delayed release dosage forms. In the case of the 

sustained-release formulation, the reconstituted syrup also exhibited its ability to provide a stable 

system for BUD multi-layered particles. Indeed, after a storage period of 2 weeks in the syrup, the 

drug release obtained at the end of the dissolution test in the buffer medium was decreased from 

90.2% to 87.2% w/w of BUD’s nominal dose, showing similarity in terms of BUD release over time. 

 

In conclusion, the goal of this research was to design a new technology consisting of a stable liquid 

dosage form that includes multi-layered small particles suspended extemporaneously in a syrup for a 

predetermined period of time, while ensuring the modified release of the active ingredient over time. 

This goal has been achieved. In particular, the multi-layered particles in dry state were able to provide 

the desired physicochemical characteristics (e.g. PSD, residual solvent, and yield) and targeted-

release capability for all the active ingredients employed. All these factors would have a positive 

impact on patient compliance, as they avoid swallowing issues and the need for several 

administrations per day. The targeted release was also maintained once the multi-layered particles 

were extemporaneously dispersed in a syrup during a predetermined period of time (i.e. 10 days). 

The formulations should be improved to increase the stability time of multicoated pellets in the syrup 

during storage (i.e. to three or four weeks). From an industrial perspective, it could be interesting to 

apply this kind of technology to other active ingredients for the treatment of several pathologies (e.g. 

Parkinson disease) for which there is an unmet clinical need to have a liquid dosage form with a 

targeted release while avoiding swallowing impairments. It could be also important to proceed with 

the scaling up to be able to produce multicoated pellets in higher quantities (i.e. from 1.0-1.5 kg at 

lab scale to 50-100 kg at industrial scale).  
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10. Appendices: 

 

 

Appendix 1: Configuration of SLFLL_3 fluid bed coater. 
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Appendix 2: Hole-distribution design for the plate of the SLFLL_3 fluid bed coater. 


