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Summary and work novelty  

 

Orally disintegrating tablets (ODTs) or orally dispersible tablets are a new dosage that 

can degrade within less than 3 minutes once they contact the patients’ saliva in the 

mouth. ODTs are considered an effective dosage form in delivering the drug for 

patients suffering from swallowing difficulty known as dysphagia. The drug is released 

and absorbed through the mouth’s mucosal tissue, allowing a rapid onset of action 

because the tissue has a high blood supply. Besides, ease of ingestion made the 

ODTs popular among geriatrics and paediatrics. Nevertheless, administering multiple 

daily doses of medication for long-term conditions affects patient adherence and can 

lead to hospitalisation and health complications.  

Therefore, the use of modified-release formulations (prolonged and delayed-release 

dosage forms) offers several advantages over the immediate release formulations, 

including lowering drug-level fluctuations in plasma, minimising the local side effect of 

drug release reducing the dose frequency enhancing patient compliance. 

Indomethacin (IND) and propranolol hydrochloride (PRH) were applied as model drugs 

to evaluate their release profile. Both model drugs are widely used by many patients 

of different ages, elderly or young. However, IND use is associated with gastric side 

effects, including heartburn, gastric irritation, stomach pain, and vomiting (FDA, 2008). 

The side effect of immediate drug release associated with IND could influence patient 

compliance. On the other hand, as referred to earlier, reducing the dose frequency 

associated with chronic medication use such as propranolol is significantly essential. 

Propranolol is a widely used treatment for high blood pressure, irregular heartbeat, 

migraine, or angina 2-3 times a day, depending on the health issue (NHS, 2018). 

Therefore, in this thesis novel, approaches were applied to  

1. The delay indomethacin (IND) release reduces the gastric aside effect via 

multiparticulates (microparticles and pellets) using ODTs. 

2. The modification of propranolol hydrochloride (PRH) release reduces dose 

frequency and enhances patient adherence using pellets embedded in ODTs. 

                                                                                                                                               

Keywords: multiparticulates, indomethacin, propranolol, compaction, ODTs 
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 Abstract  

 

Background and Aim: Orally disintegrating tablets (ODTs) combined with 

multiparticulate formulations of modified-release (MR) properties are considered 

more efficient medicinal options than traditional immediate-release formulations. 

ODTs & MR multiparticulates provide ease of medicinal use for dysphagic patients 

allowing a modified drug release to reduce the undesirable side effects, and the 

frequent daily dose would be eliminated, thus enhancing patient compliance. 

Nevertheless, the compaction of multiparticulates is challenging, causing polymeric 

damage leading to a loss in integrity and a rapid drug release. This project aims to 

prepare ODTs-MR of indomethacin (IND) and propranolol hydrochloride (PRH) by 

enhancing mechanical properties and the parameters of ODTs and multiparticulates 

production.  

Methods: Two developed and validated HPLC methods (according to ICH 

guidelines) were utilized to detect and quantify indomethacin (IND) and propranolol 

hydrochloride (PRH) release from the prepared formulations. The direct 

compression method was used to prepare ODTs, extrusion spheronization and 

spray drying to prepare the multiparticulates. The mechanical properties of ODTs 

and multiparticulates were assessed using texture analysis and hardness testing. 

Through the project, all formulations were examined using disintegration time, 

dissolution studies (pH 1.2 and 6.8), thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), scanning electron microscopy (SEM) and 

stereomicroscope. 

Results and discussion: IND loaded microparticles of Eudragit L100 were 

successfully delayed IND release in pH 1.2 buffer using acetone as a solvent. The 

low value of YM, using the appropriate solvent type and setting feed concentration 

at 5% w/v, was appropriate for modifying IND release. Similarly, Eudragit L100 was 

used to prepare IND loaded pellets. Lactose and mannitol (63, 125 and 500 µm) 

ODTs comprised of IND loaded pellets disintegrated in less than 30 seconds with 

acceptable mechanical properties of less than 1.5 MPa and an adequate elastic 

profile. Also, ODTs-pellets from lactose and mannitol delayed IND release in acidic 

media to less than 1.07% at 120 minutes while released more than 93% at 120 

minutes in phosphate buffer (pH 6.8). Furthermore, the tensile strength of IND-

pellets of Eudragit L100 (45, 63 and 90 µm) was directly proportional to YM (p<0.05), 
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offering enough support to maintain their integrity under compression. In addition, 

the in vitro release study showed a delayed release of IND in the acidic media (pH 

1.2) and an immediate release in the buffer media (pH 6.8). On the other hand, the 

matrix system was unapplicable to delay PRH release from Eudragit RS based 

pellets despite changing the ratio and type of plasticisers. However, PRH pellets of 

reservoir system using Eudragit RS, Eudragit RL and combination of Eudragit RS: 

RL (1:1) w/w showed that the mechanical properties of the coated pellets differ 

significantly from the uncoated batch (p<0.05). Besides, ODTs reservoir-pellets 

were able to modify PRH release to ≤ 53.9% in acidic media and ≤ 47.2 % in 

phosphate buffer for 30 minutes, while the uncoated pellets released > 75% of PRH. 

Alongside, EDEM® successfully simulated the compaction process and showed that 

increasing compression force at the beginning of compression strengthens the 

interparticulate bonds at the surfaces resulting from the low surface roughness.  

Conclusion: Matrix system to sustain IND release was achieved using Eudragit L100 

microparticles and pellets embedded in the ODTs. The lowest percentage of 

propranolol release was attained from the reservoir system of Eudragit RS and RL 

pellets embedded in the ODTs. All formulations of ODTs disintegrated in less than 

30 seconds. A balance between Young’s modulus and tensile strength is essential 

to enhance the integrity of the multiparticulates and, eventually, drug release 

                                                                                                                                             

Keywords: multiparticulates, compaction, ODTs, pellets, IND, PRH
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1.1  Background  

 

Drug delivery through the oral route remains the desired drug administration route in 

today's market. The difficulty in swallowing, called dysphagia, was reported in patients 

of all age groups. Nevertheless, it was most widespread amongst children and older 

people (Sastry, Nyshadham and Joseph A. Fix, 2000). 

The clinical studies for 50 to 69 age proved that 35% of patients suffered from 

dysphagia (Lindgren and Janzon, 1991). Furthermore, studies showed that 20% of 

patients avoid taking their medicines due to swallowing difficulty (Lindgren and Janzon, 

1991; Krause and Breitkreutz, 2008)  

The solid dosage form of orally disintegrating tablets (ODTs) has recorded an impact 

of great extent on patient compliance(Alǧin Yapar, 2014). 

ODTs are defined by Food and Drug Administration (FDA) as solid formulations that 

disintegrate quickly within seconds when administered orally, releasing an active 

pharmaceutical ingredient (API) (Figure 1.1). The disintegration time is counted as the 

time required for an ODT to break down completely. The European Pharmacopoeia 

used the term Oro-dispersible tablet to disintegrate within 3 minutes in the oral cavity 

(Fu et al., 2004; Alǧin Yapar, 2014). Also, fast disintegrating tablets, mouth dissolving 

tablets, rapid dissolving tablets, porous tablets are other names for ODTs. However, 

oral disintegrating tablets was suggested and accepted over the other names by United 

States Pharmacopoeia (USP)(Hirani, Rathod and Vadalia, 2009; Hiraram Choudhary 

et al., 2012). 

The manufacturing technology ODTs considerably influences the quality of the 

prepared tablets. The main requirement for ODT is to dissolve rapidly in contact with 

saliva, which avoids water use.  

Generally, ODTs should possess unique characteristics, including the ability to 

disintegrate and dissolve in the oral cavity in seconds to minutes without the need to 

administer with water. Adequate strength is necessary for ODTs to tolerate handling 

after manufacturing. ODTs should be stable against conditions such as temperature 

and humidity. Besides, ODTs should allow high drug loading and be of pleasant taste 

and cost-efficient (Hirani, Rathod and Vadalia, 2009; Hiraram Choudhary et al., 2012). 
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Figure 1.1 Simplified administration of ODT with immediate disintegration in the oral cavity for dysphagic 

patients (Dentagama, 2020) 

 

1.2  Modified drug release particles via oral disintegrating tablets (MR-ODTs) 

 

The global ODTs market is growing around 11.4 billion US dollars in 2017 to an 

estimated 27 billion US dollars by the end of 2025. The high patient compliance was 

the main reason for this stipulated rise in the development of ODTs (Research, 2018). 

Combining ODTs with modified-release (MR) particulates (MR-ODTs) is another 

approach to developing ODTs of oral drug delivery (Figure 1.2). The MR system can 

be formulated as a multi-particulate system that can be prepared using several 

technologies. Technologies that could be utilised include micro or nanoparticles 

formation, pellets, or stimuli-responsive polymers to incorporate the API. These multi-

particulate systems can be compressed to form tablets. The MR-ODTs disintegrate in 

the oral cavity, completely releasing the active pharmaceutical ingredient (API) in a 

controlled/sustained release pattern. This revolutionary formulation would decrease 

dosing frequency, enhance patient compliance, and eventually improve the patient’s 

health state (Quinten et al., 2012; A. M. Elwerfalli et al., 2015a; Yassin et al., 2015). 
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Figure 1.2 Combination of ODT with different MR formulations(A. Elwerfalli et al., 2015) 

 

 

1.3  MR-formulations and the associated challenges  

 

Multiparticulates dosage forms (e.g., microparticles or pellets) are becoming 

increasingly essential in the pharmaceutical market. The multi-unit dosage forms offer 

several solutions compared to single units (e.g., tablets or capsules) (Asghar and 

Chandran, 2006). The multiparticulates dosage forms can be filled into hard gelatin 

capsules (Chopra et al., 2002; Varshosaz et al., 2012) or compacted forming tablets 

(Maganti and Çelik, 1994).   

 

Compaction of the multiparticulates without negatively affecting the particulates 

integrity is a major challenge in the production of MR-ODTs (Maganti and Çelik, 1994). 

Hence, the fragmentation of the particles under compaction has major issues with the 

drug release (Tunón, 2003).  

Therefore, the multiparticulate systems based on suitable polymers as monolithic or 

reservoir matrix systems can be a significant approach to achieving a delayed or 

extended-release system. However, the other significant factor to consider is 

investigating and observing the integrity of multiparticulates, including microparticles 

and pellets, after compaction of the ODT loaded multiparticulates by examining the 

used excipients mechanical properties and assessing the final drug release profiles.  
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1.3.1  Polymers used in the preparation of MR-ODTs 

 

Selecting suitable polymer and excipients is an essential step to achieve the study 

aims.  

Whether natural or synthetic, a polymer acts as a substance combined with API pre-

designed (Singh and SI, 2009). The selection of polymers to be employed should 

possess certain properties such as biocompatibility, biodegradability, and economical 

(Joshi, 2013). The frequently employed polymers in the formation of multiparticulate 

systems are cellulosic and acrylic polyvinyl acetate. Ethylcellulose, MCC and 

hydroxypropyl methylcellulose (HPMC) are examples of cellulosic polymers (KOO and 

HENG, 2001; Iglesias et al., 2020). 

Eudragit polymers are acrylic polymers that possess suitable mechanical properties 

and elongation values that retain the integrity of the prepared microcapsules and pellets 

under compression. Therefore, acrylic polymers are preferable to cellulosic polymers 

to modulate drug release (Maejima and McGinity, 2001; Al-Hashimi et al., 2018).  

Eudragit was initially marketed in Germany in the 1950s. Eudragit is prepared by 

polymerising acrylic and methacrylic acids or esters, e.g., butyl ester or dimethyl 

aminoethyl ester (Rowe, Raymond C., Paul Sheskey, 2009; Gupta, Kumar and 

Sachan, 2015a). Different examples of the commonly used Eudragit are available for 

the MR formulations, as illustrated in Table 1.1. 

 

Table 1.1 Examples of Eudragit polymers of MR properties, application, and chemical structures(Gupta, 

Kumar and Sachan, 2015a)(Thakral, Thakral and Majumdar, 2013a)(Rowe, Raymond C., Paul Sheskey, 

2009) 

Trade 
Name

 
 

Physical 
attributes   

Applications
 
 Chemical structure  

Eudragit E 
PO 

Yellow powder 
Soluble in gastric 
fluid- to pH 5  

Film coating 
and taste 
masking 

n

CH3

C

C

O

CH2

CH2 N

CH3

CH3

O

CH2 C

CH3

C O

O

CH3

CH2

 



6 
 

Eudragit 
NE 30 D  

Aqueous 
dispersion 
Swellable, 
permeable 

MR matrix and 
enteric coating  

n

H

C

C

O

O

CH2 C

CH3

C O

O

CH2

C2H5CH3  
Eudragit L 
100  

White powder 
Soluble in 
intestinal- fluid 
from pH 6  

Enteric 
coatings  

n

CH3

C

C

OH

O

CH2 C

CH3

C O

O

CH2

CH3
 

Eudragit 
RL PO  

High 
permeability-
time dependent   

MR  

n

CH3

C

C

O

CH2

CH2 N
+

CH3

CH3
CH3

O

CH2 CH2 C

H

C O

O

CH3

 
Eudragit 
RS PO  

Low permeability  
time-dependent   

MR  

n

CH3

C

C

O

CH2

CH2 N
+

CH3

CH3
CH3

O

CH2 CH2 C

CH3

C O

O

C2H5

 

 

 

 

1.3.2  Plasticisers and the enhancement of the formulation’s mechanical 
properties  

 

Plasticisers are the essential excipients utilised in a drug-polymer system to improve 

the elastic-plastic attributes of the polymers, such as reducing glass transition 

temperature and enhancing the flexibility of the polymeric molecules(Lim and Hoag, 

2013a).  
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In general, plasticisers produce formulations with enough strength to resist the applied 

pressure during tablets formation but deform elastically with no fragmentation. 

Therefore, toughness and flexibility are observed using plasticisers (Zhu et al., 2002; 

Rahman and Brazel, 2004). For instance, low concentrations plasticisers provide a 

softening effect rather than an increase in the rigidity of the formulations, which is called 

the anti-plasticisation effect. This effect can be applied differently in pharmaceutical 

systems, as it can change the drug permeability of polymers (Carvajal, Chamarthy and 

Pinal, 2006). 

Different studies have implemented plasticised polymers due to their vital properties in 

drug delivery (Snejdrova and Dittrich, 2012).  The plasticisers can be categorised into 

hydrophilic such as Glycerin/glycerol, polyethylene glycols, polyethylene glycol 

Monomethyl Ether, Sorbitol, and hydrophobic plasticisers such as  acetyl tributyl/ acetyl 

triethyl citrate, castor Oil, triacetin and tributyl/triethyl citrate (Kim et al., 2018). 

 

 

The prepared formulations using specific excipients: polymers, fillers, and plasticisers 

were explored in the literature review in detail and findings were employed in every 

chapter according to their properties to approach each study's main aim and 

objectives.  

 

1.4  Introduction to the literature review  

 

Conventional dosage forms of immediate-release (IR) require frequent daily dosing. 

In addition, the multi-daily dose treatment is suitable for a few days treating acute or 

short-term health conditions such as colds and migraines. However, frequent dosing 

is undesirable for treating chronic conditions requiring longer treatment periods that 

can be months or even years. Also, it can result in missed doses (Felton, 2013).  

High expenses reach billions of dollars are estimated to spend yearly due to patient 

noncompliance in the United States (US). Nevertheless, this surpasses the financial 

impact to cause a high mortality rate in patients with the worsened condition after 

ignoring taking their medicine or forgetting many doses.  

The yearly estimation of deaths is more than 120,000 due to patient noncompliance. 

A study conducted by Martin et al. placed patients suffering from high blood pressure 

on a three and one times daily dose treatment. The treatment of one-time dose 
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showed around 84% patient compliance while 59% of patients complied with the 

three times dose treatment (Martin et al., 2005; Walters-Salas, 2012). Therefore, the 

effectiveness of the oral MR dosage forms in enhancing patient compliance and 

treating chronic conditions is becoming increasingly popular as an alternative to solid 

oral formations of IR. The rationale for using the modified release (MR) dosage forms 

is to achieve a gradual or slow drug release. Therefore, MR dosage forms include an 

extended-release (ER) and sustained-release (SR) system (Siegel and Rathbone, 

2012).   

MR dosage formulations can be administered orally in single-unit dosage form (SUDF) 

or multiple-unit dosage form (MUDF). The multiparticulate dosage form is another 

name of MUDF. SUDF consists of a single tablet or capsule containing the drug. On 

the other hand, the MUDF consists of several discrete particles, including 

microparticles, nanoparticles, or pellets, as a single dosage system (Abdul, 

Chandewar and Jaiswal, 2010). 

 

Coating the multiparticulates with a polymeric layer can be an effective approach for 

modification the drug release. Hence, these coated multiparticulates can be included 

in capsules or compacted as tablets (Xu, Heng and Liew, 2016).  

Tablets are the most common solid oral dosage forms offering cost-efficient and high 

production speed. Tablets are mechanically stronger than hard gelatin capsules. 

However, both tablets and hard gelatin capsules correspond to swallowing issues 

impacting the elderly and geriatrics, eventually the patient compliance to medication 

(Cole, 1998). Combining MUDF with matrices of orally disintegrating tablets (ODTs) 

can offer an ingenious solution for many patients, especially dysphagia patients.  

 

1.5  Challenges of the compression of multiparticulates 

 

The combination of ODT with MR multiparticulates (micro/nanoparticles, 

uncoated pellets (matrix) or coated pellets (reservoir)) is expected to provide a rapid 

disintegration of the tablet after oral administration and release the particulates 

individually. The small size of the multiparticulates facilitates the spreading and the 

distribution of the particles over a large surface area along the gastrointestinal tract 

(GIT). This avoids high local drug concentrations and diminishes possible local 

irritation (especially with weak acids)(Meyer A.S. Hussain, 2005; Easterling and 
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Robbins, 2008; Kelly and Wright, 2009). The active pharmaceutical ingredient (API) 

is present in each particulate; thus, the total API is distributed into these subunits. 

This reduces the risk of side effects and the toxicity related to 'dose dumping' (Meyer 

A.S. Hussain, 2005).   

Nevertheless, during tablet manufacturing, the compression of the particulate systems 

can be challenging (A. Elwerfalli et al., 2015). The presented review aims to critically 

assess the previous studies that investigated the compression of multiparticulates into 

tablets and provide a comprehensive understanding for future improvements in this 

field. Three different types of multiparticulates (microparticles, nanoparticles and 

pellets) are assessed accordingly. Considerable formulation parameters are 

discussed, involving the type of polymer used in the coating (e.g., cellulosic or acrylic), 

the quantity of polymer coating used, the effect of excipients in addition to other 

process variables such as the effect of compression force on protecting the integrity 

of the polymer coat. Numerous compaction theories were also evaluated, 

summarising the compaction behaviour of the multiparticulate systems. 

 

1.6  Compaction process 

 

The compaction process of powders is influenced by the type of the materials 

and physical properties of the particles, including size, morphology, and compaction 

forces. The porosity of particles and powder blend can be another essential factor 

(Ghori, 2016). 

The volume and the amount of air between the particles decrease under compaction 

pressure over powder or granules, and this process requires energy uptake (Kuno 

and Okada, 1982; Ghori, 2016). The amount of pressure applied during compaction 

and the powder properties can affect the strength of the bond formation. The powder 

compaction reduces the distances between the particles leading to the formation of 

the interparticulate bond; hence, the compaction process is accompanied by heat 

release (Šantl et al., 2011; Ghori, 2016)   

On the other hand, pellets compaction consists of two stages. The rearrangement and 

deformation of pellets occur in the first stage. The pellets crushing is in the second 

stage. The second stage is influenced by the porosity and deformability of pellets 

(Mallick et al., 2011; Šantl et al., 2011).  
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1.7  Compaction of microparticulate systems into MR Tablets  

1.7.1  Microcapsules and Microspheres 

 

Microparticles, microcapsules and microspheres are multi-unit particles consisting of 

a polymeric system and API. Microparticles generally possess a size range of 1-1000 

µm consisting of a polymeric matrix with homogeneously distributed API. 

Microcapsules are coated microparticles of less than 800 µm size, containing API in 

the core and surrounded by the polymeric coat forming a reservoir system (Ju and 

Chu, 2019; Lengyel et al., 2019). Therefore, microspheres and microcapsules are 

considered microparticles with smaller sizes; hence each can be prepared according 

to the formulation type and route of administration, like orally or parenterally (Yang 

and Alexandridis, 2000)(Vhora, Khatri and Misra, 2021).  

The microparticles microspheres and microcapsules can also be compressed into 

tablets, similar to pellets, producing MR formulation. However, these multiparticulates 

are smaller than pellets in size; the typical diameter of microcapsules ranges between 

100–150 µm  (Bansode et al., 2010). In simple words, microcapsules are based on 

a polymeric reservoir system, while microspheres are polymeric matrix systems 

containing the dispersed API (Figure 1.3). 

 

 

Figure 1.3 Microspheres and microcapsules matrix and reservoir systems are drawn using Microsoft 

office 2018 (Al-Hashimi et al., 2018) 

 

 

1.7.2  Tablets of coated nanocapsules 
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The compressed polymeric nanoparticles (nanospheres and nanocapsules) into 

tablet forming MR multiparticulates is an interesting application in drug delivery 

development. The nanoparticles are particles of size <1 µm in which the drug either 

dispersed within the polymeric matrix making nanoparticles or exist in the core and 

is surrounded by a polymeric layer making nanocapsules, as shown in Figure 1.4. 

 

 

Figure 1.4  Nanospheres and nanocapsules loaded with API drawn using Microsoft office 2018 (Al-

Hashimi et al., 2018) 

 

Like microparticles, the use of nanoparticles as an MR system within ODTs 

should provide a short disintegration time without influencing drug release within the 

multiparticulate system upon oral administration.  

Hence, ODTs disintegrate in the mouth, causing the release of drug-loaded 

nanocapsules that distribute along with the GIT, providing a modified drug release. 

Compared to microparticles and pellets, the small size of nanoparticles provides 

wider distribution in the GIT, thus reducing the risk of local drug concentration and 

toxicity (A. M. Elwerfalli et al., 2015a). 

 

Friedrich et al. studied the effect of the coating layer on the compacted drug-loaded 

polymeric nanocapsules containing dexamethasone. Tablets were prepared to form 

nanocapsules (reservoir) to produce oral MR tablets and control tablets with no 

nanoparticles (Friedrich et al., 2010). The in vitro drug release studies showed that 
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nonencapsulated tablets slowly released the dexamethasone compared to the 

controlled tablets. This indicates that the drug released was reserved from coated 

nanoparticles, and the coating layer was strong enough to resist the applied pressure 

during compression (Friedrich et al., 2010). 

 

1.8  Microspheres & Microcapsules MR tablets  

1.8.1  The coating layers 

 

The rationale for applying a coating layer around the API in the microcapsules is 

to achieve a modified drug release profile. Similar to reservoir pellets, microcapsules 

must be coated with a polymer of good mechanical properties to promote enough 

support for the compact under compaction. 

In addition, the polymer should be chemically compatible with other microcapsule 

ingredients. The optimum coating layer provides a cohesive film with a suitable 

thickness around the microcapsule. Therefore, the ideal polymer coat should 

possess sufficient elastic-plastic properties to keep the compact undamaged after 

compaction(Bansode et al., 2010). 

 

One of the polymers that are widely used in particulate coating is alginate. This 

polymer possesses good mechanical properties; forming a thick solution and 

crosslinking it with calcium chloride can achieve modified drug release. Hence, 

alginates dissolve in alkaline media and precipitate at pH lower than its residues pKa 

values the mannuronic and guluronic acid 3.38 and 3.65, respectively. Therefore, 

alginate can easily be broken down in the intestinal but stable in gastric 

media(Chuang et al., 2017) 

Different studies prepared pellets and microparticles with a coating layer 

consisting of sodium alginates with other time or pH-dependent polymers 

(Abletshauser, Schneider and Rupprecht, 1993)(Gürsoy, Kalkan and Okar, 

1998)(Silva et al., 2006). However, using sodium alginate alone provides lower 

plastic properties than potassium alginate. Therefore, tablets with low rigidity can be 

prepared from sodium alginate (Rahim, Carter and Elkordy, 2015). 
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Compression of coated microcapsules was studied by Sawicki, Mazgalski and 

Jakubowska, using the hot tabletting method to modify tramadol hydrochloride 

release. The authors studied different mixtures of coating polymers using 

ethylcellulose (EC) and Eudragit® RS/Eudragit® RL. The drug-loaded 

microcapsules were coated by fluid bed coating. The polymeric films were evenly 

distributed, covering the drug. However, the aqueous dispersion of the Eudragit® 

RS/Eudragit® RL mixture was difficult to apply. 

Tablets of the microcapsules were prepared under low compression force 1kN and hot 

tabletting method (56⁰C). Also, tablets were prepared using the traditional method of 

compression under 10 kN and 25⁰C temperature. The results showed that hot 

tabletting microparticles had a sufficient coating layer to modify the drug release 

compared to the obtained tablets from the normal tabletting method. Hence, the hot 

tabletted microcapsules were comparable to the commercial brands(Sawicki, 

Mazgalski and Jakubowska, 2010). Therefore, the suitability of the compression 

method could depend on the polymeric mixture either in the matrix or coating layer of 

microparticles.  

 

1.8.2  The coating layer: thickness and polymeric quantity  

 

The other essential factor influencing the quality of microcapsules is the quantity 

and thickness of the polymeric membrane. The mechanical characteristics of the 

coated microcapsules can be influenced by the type and thickness of the coating 

layer upon compaction. A thicker coating layer could provide elastic-plastic 

behaviour. Therefore, elastic, and plastic deformation can be observed if the number 

of polymers increases. Hence, the high coating layer thickness makes the drug 

gradually diffuse through the thick coating layer over a long time, thus affecting the 

drug release. When the ODTs consist of coated microparticles of modified drug 

release, the tablets disintegrate after oral administration, and the individually coated 

microparticles should gradually release the drug over a longer time.  

Three tablet formulations of diclofenac sodium microcapsules were prepared by 

Naveed (2011) to modify the drug release. The EC was coating polymer in three 

ratios to the diclofenac sodium of 1:1, 1:2, and 1:3. The results showed that 

increasing the coating layer ratio from 1:1 to 1:3 of EC provided modified drug 

release. Hence, increasing the EC generated thicker coating layer withstand the 
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applied pressure under compaction(Naveed, 2011). Although EC has low 

mechanical properties, the increased EC effectively rendered the microcapsule 

protected from the dissolution media.  

 

On the other hand, Chourasia and Jain (2004) prepared a multiparticulate system of 

chitosan matrix-based microspheres coated with Eudragit L100 and Eudragit S100 for 

achieving colonic metronidazole delivery for amoebiasis treatment (Chourasia and 

Jain, 2004). Chitosan was crosslinked with glutaraldehyde to protect early degradation 

of microspheres protecting drug. The results showed that coated microspheres system 

successfully delayed metronidazole release until it reached the colon (Chourasia and 

Jain, 2004). Therefore, using Eudragit L100 effectively controlled drug release at low 

pH (1.2). 

 

 

1.8.3  Excipients: an additional role in enhancing the mechanical properties 
of the tablets  

 

The excipients promote different advantages during tablet preparation. The main 

purpose of using fillers is to add bulk to low-dose tablets forming a conveniently 

sized tablet. However, another essential purpose of using fillers is acting as a 

cushioning layer to protect the coating layer of the compressed microcapsules from 

rupturing upon compression (Bürki, 2016).  

The plastic deformation of the cushioning agent should occur during the 

compression process with no fragmentation, as discussed earlier. Therefore, elastic-

plastic deformation of the cushioning layer could provide enough support to protect 

coated microparticles; thus, modification of drug release can be achieved. The 

adequate mechanical strength of fillers could allow rapid disintegration upon oral 

administration without affecting the drug release (Habib, Augsburger and Shangraw, 

2002).  

On the other hand, lubricants can enhance particles flow by reducing inter-particle 

friction. The magnesium stearate as a lubricant is favoured in tablet manufacturing. 

However, the lubricant effect depends on the type of API used. Therefore, it should 

be added wisely. Zarmpi et al. found that the solubility of drugs (metformin, 

paracetamol, sulfamethoxazole, furosemide, carbamazepine, dipyridamole, 
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ibuprofen and itraconazole) decreased in the presence of magnesium stearate (2 

and 5%) significantly due to its hydrophobic nature (Zarmpi et al., 2020).  

 

1.8.4  The compaction forces 

 

Kim et al. (2010) also studied the mechanical characteristics of microcapsules 

prepared from alginate-chitosan protein. The elasticity modulus and the releasing 

rate of the protein were evaluated for the coated multiparticulates. Using a 

compression analysis, three ratios of chitosan coating layers, 1%, 2%, and 3%, were 

tested. The results indicated microcapsule elastic modulus increase with increasing 

the ratio of chitosan layer as the values were 11.8 ± 4.9, 32.6 ± 11.4, and 42.8 ± 

14.4 kPa of for 1%, 2%, and 3% of chitosan, respectively (Kim et al., 2010). Hence, 

the delayed protein release was associated with the increase in elasticity modulus. 

 

1.9  Multiparticulate Drug Delivery Systems: Pellets 

 

The pellets possess a typical size range between 0.5–2 mm (Yadav and Verma, 

2016). The pellet is loaded with API, and the total drug dose is distributed within the 

pellets (Muley, Nandgude and Poddar, 2016).  

Extrusion–spheronisation is the most common technique of multiple steps for 

preparing pellets, as shown in Figure 1.5 (Al-Hashimi et al., 2018). On the contrary, 

other used techniques of preparing pellets, such as hot melt extruder, are associated 

with long steps process, high energy required and expenses for storing low melting 

point binders(Bhairy et al., 2015; Yadav and Verma, 2016). 

 

The Extrusion- spheronisation process consists of mixing the powder blend of 

API and excipients with a granulation fluid. This wet mass is then transferred into an 

extruder, forming long extrudates. The last step is the formation of the pellets by 

breaking up the extrudates using the spheronizer. The drug-loaded pellets can then 

be used as a matrix system or coated with a polymer (Phale and Gothoskar, 2011; 

Šantl et al., 2011; Muley, Nandgude and Poddar, 2016). 
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  Figure 1.5 Diagram showing the extrusion spheronisation technique steps of pellets preparation are 

drawn using Microsoft office 2018 (Al-Hashimi et al., 2018) 

 

The matrix and the coated pellets, as shown in Figure 1.6, afterwards can be 

compressed into MR tablets (Kibria, Akhter and Ariful Islam, 2010; Phale and 

Gothoskar, 2011)(Al-Hashimi et al., 2018). 

 

 

   Figure 1.6 Diagram showing of matrix and reservoir pellet and ODT containing pellets from one of our 

formulations consisting of Eudragit L100, sorbitol and indomethacin hydrochloride (IND) using SEM, 

stereomicroscope, and Microsoft office 2018 (Al-Hashimi et al., 2018) 

 

 

 

 

Compressed pellets in 

ODT 
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1.9.1  Compression of pellets into tablets 

 

There are different factors to be considered during the compression of pellets into 

tablets, as discussed in the following sections.  

 

The choice of suitable coating layers 

 

The choice of coating material is essential to withstand the compressing pressure in 

pellet production. The coating polymers must have enough elasticity, plasticity, and 

thickness without rupturing under compression(Tunón, 2003). Aqueous or organic 

polymeric solutions can be used. Aqueous polymeric solution is preferred, as there 

are minimum toxicity hazards compared to organic solutions; also, these polymers are 

less costly (Sadeghi, Shahabi and Afrasiabi Garekani, 2011). However, organic 

polymeric solutions are widely used for methacrylic polymers to modify drug release 

in multiparticulates preparation (Sadeghi, Shahabi and Afrasiabi Garekani, 2011). 

Also, organic solvents evaporate in a shorter time with fewer facilities producing pellets 

with low moisture content compared to aqueous solvents. Hence, moisture can act as 

a plasticiser that influences pellets' mechanical properties and drug release profile. 

Therefore, it is necessary to consider a suitable solution depending on the polymer 

and the drug type  (Sadeghi, Shahabi and Afrasiabi Garekani, 2011).  

 

The coating layer mechanical properties  

 

The thickness of the coating layer is an essential parameter for retaining pellet shape 

during compression by protecting film integrity. As the coating layer thickness 

increases, the mechanical strength of the coated pellets improves. Hence, elastic and 

plastic properties of the pellets enhance, resulting in protecting the coating polymer 

from rupturing under compression, thus prolonging drug release (Murthy 

Dwibhashyam and Ratna, 2008). There are several semisynthetic and synthetic 

polymers used to prepare the MR system. These polymers differ in their mechanical 

properties. The common examples of these polymers are summarised along with their 

chemical structures in Table 1.2. 
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Table 1.2 Chemical structures of common pharmaceutical polymers used in coated multiparticulates 

and their elongation values (Al-Hashimi et al., 2018) 

 

 

Verapamil hydrochloride pellets (40mg) were produced by Sawicki and Lunio (2005), 

dispersion of polyvinyl acetate was used as coating polymer and propylene glycols as 

a plasticiser to improve the pellets flexibility.  

Correspondingly, the coating polymer was used to prepare two films A and B, with 

thicknesses 35 μm and 50 μm. The study found that pellets with film A (35 μm) could 

Polymer class Coating polymer  Chemical structure Elongation value 

Cellulosic 

Polymers 

EC 

 

<5% 

Acrylic 

polymers 

Eudragit NE 30 D 

 

≥365% 

Eudragit RS 30 D 

 

<50% 

Eudragit RL 30 D 

 

<50% 
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not resist the compression force during tablet compaction. Also, a rapid drug release 

was caused by the rupturing of the coated polymer. In contrast, it has been noticed 

that film B of polymer thickness 50 μm caused the slower release of verapamil 

hydrochloride. Therefore, the thicker coat resists the compression force during tablet 

preparation (Sawicki and Łunio, 2005). Therefore, the coating layer dimensions 

should be considered during pellet preparation.  

 

 

Examples of polymers used in the preparation of compacted pellets 

1.9.1.3.1 Cellulosic Polymers 

 

Cellulose is a natural polysaccharide polymer synthesised by plants (Ansell 

and Mwaikambo, 2009). Ethylcellulose polymers (EC) are semisynthetic, 

biodegradable, biodegradable and thermally stable polymers (Kraisit et al., 

2017)(EFSA, 2004). EC polymer is commonly used in the preparation of MR 

formulations. Nevertheless, this polymer is fragile with low elongation (<5%) thus 

low mechanical properties (Kraisit et al., 2017)(Łunio et al., 2008). 

Hosseini, Körber and Bodmeier, (2013) prepared pellets of propranolol hydrochloride 

coated with EC. The authors used a cushioning layer to absorb the compaction energy 

protecting the coating layer from destruction under compression. The cushion layer 

consisted of MCC, lactose and sorbitol, where these excipients covered the top of the 

pellets. It was noticed that the coating layer ruptured under compression, despite the 

cushioning layer's presence and the EC coat's integrity was affected along with drug 

release. Nevertheless, the addition of glidant (such as magnesium stearate) to the 

cushion layer enhanced the mechanical strength of the pellets leading to reduce the 

effect of the compression pressure on coating polymer (Łunio et al., 2008)(Hosseini, 

Körber and Bodmeier, 2013a)  

Microcrystalline cellulose (MCC) is another widely used cellulosic copolymer in pellets' 

preparation by extrusion spheronisation(Sadeghi, Shahabi and Afrasiabi Garekani, 

2011). MCC possesses plastic attributes supporting the prepared pellets and offering 

variation in drug release, particularly for drugs with low water solubility. However, MCC 

could be incompatible with some drugs  (Muley, Nandgude and Poddar, 2016)(Kranz 

et al., 2009). 
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On the other hand, hydroxypropyl methylcellulose (HPMC) is a water-soluble 

polymer used as a binder in coated pellets. Nguyen et al. showed that pellets were 

mechanically strong with the addition of HPMC. Hence, the higher the HPMC 

concentrations, the high resistance of the pellets for the applied compaction 

pressure. Moreover, the use of HPMC in the pellets provided a delayed glipizide 

release. Interestingly, glipizide was released through the pores within HPMC after 

water penetration into the pellets (Nguyen, Christensen and Ayres, 2014). 

 

1.9.1.3.2  Acrylic Polymers 

 

  These polymers are commonly used compared to cellule polymers because of their 

elastic properties, giving them a lower chance to deform under compression of the 

coated pellets. The elongation principles determine the elasticity of these polymers. 

An example of an aqueous copolymer is Eudragit NE 30 D as a dispersion of ethyl 

acrylate and methyl methacrylate in a ratio of 2:1 and an elongation rate of 

≥365%(Murthy Dwibhashyam and Ratna, 2008). These elongation values indicate 

that the polymer flexibility is relatively high. Therefore, it can withstand deformation 

under applied pressure during compression (Arno et al., 2002; Murthy Dwibhashyam 

and Ratna, 2008; Ragnarsson et al., 2008; Al-Hashimi et al., 2018). In this case, the 

plasticisers are less required to improve the film flexibility due to the high elasticity of 

polymers (Murthy Dwibhashyam and Ratna, 2008).  

 

 The flexibility of Eudragit NE 30 D is related to the missing of strong hydrogen bonds 

in its chemical structure, as in Table 1.2. On the contrary, plasticiser was necessary 

with Eudragit RS and RL30D. It was found that the elongation value was <50% in the 

absence of plasticiser or a little quantity added (10% w/w) for Eudragit® RS and RL 

30D. Nevertheless, when the plasticiser quantity reaches 20%, the elongation value 

elevated to 300%. This results in enhancing the ability of polymer's film to endure 

compressive forces during the manufacturing of the tablets (Murthy Dwibhashyam and 

Ratna, 2008; Abdul, Chandewar and Jaiswal, 2010) 

  

Three acrylic polymers were studied by Akhter and Kibria (2009), investigating their 

effect on drug release rate and its release kinetics. Eudragit RL 30 D, Eudragit RS 30 
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D and Eudragit NE 30 D coat ambroxol hydrochloride as MR pellets. In vitro dissolution 

tests of pH 1.2 and 6.8 mediums were used to test the prepared pellets from the three 

acrylic polymers. The drug release in acidic media from Eudragit RL 30 D, Eudragit 

RS 30 D, and Eudragit NE 30 D coated pellets was 35%, 13.75%, and 2.43%, 

respectively, at the first hour. The low drug release of Eudragit RS 30 D and Eudragit 

NE 30 D coated pellets could be associated with the low water permeability of both 

polymers (Akhter and Kibria, 2009). Hence, the high initial drug release from the 

Eudragit RL 30 D-coated pellets may be due to the high-water permeability of the film, 

causing the drug to dissolve and diffuse. 

Eudragit RS contains a low ratio of quaternary ammonium groups compared to 

Eudragit RL. On the other hand,  the carboxylic groups in Eudragit NE 30 D promoted 

a high water resistance(Akhter and Kibria, 2009). Therefore, it can be assumed that 

Eudragit NE 30 D and Eudragit RS 30D possess suitable retarding properties for the 

drug. 

 

It is critical to prepare pellets of uniform size and shape to provide a consistently 

accepted mechanical property. Matrix or reservoir-based pellets can be produced 

efficiently using the extrusion spheronisation technique to prepare pellets of uniform 

shape with narrow size distribution (Asghar and Chandran, 2006). However, the use 

of suitable excipients affects the quality of pellets, the pellets' physical or mechanical 

properties, and drug release profile(Issa et al., 2017). The widely used polymers to 

prepare multiparticulate systems are methacrylic acid copolymers, including Eudragit 

L100 and Eudragit S100 with dissolution above pH 6.0 (Khan, Prebeg and Kurjaković, 

1999). It was reported that the addition of Eudragit L100 to the Eudragit S100 based 

multiparticulates provides controlling the drug release efficiently more than using 

Eudragit s100 alone(Asghar and Chandran, 2006). 

The technique was utilised by Krogars et al. (2000) to make a matrix comprising 

ibuprofen, a commercially available anti-inflammatory drug (Krogars et al., 2000). The 

matrix consisted of Eudragit S100, then coated by an aqueous citric acid and 

hydroxypropyl methylcellulose (HPMC) layer. Eudragit S100 and citric acid were 

applied as pH controlling agents. The results showed that the physical properties of 

the pellets were influenced significantly by the ingredients; for instance, the pellets 

sphericity and size were enhanced using Eudragit S100 and citric acid (Krogars et al., 
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2000). Nevertheless, Eudragit S100 alone showed a limited effect on delaying drug 

release in the acidic media (pH 1.2) (Asghar and Chandran, 2006).  

 

 

 

 Pellet Composition  

 

Generally, pellets or granules undergo two types of deformation during the 

compression process: elastic and plastic deformation. When pellets possess elastic 

deformation, they deform temporary and return to their initial shape after removing 

the applied stress. In contrast, the permanent shape change refers to plastic 

deformation after removing the applied stress. 

 To avoid reversible deformation and manufacturing failure, the applied pressure 

should be high during tablet compaction, exceeding the elastic limit. Hence, when 

low pressure is applied, elastic deformation occurs. Also, if the applied pressure 

during the tablet’s compaction is low, the formed tablets could be brittle. Therefore, 

plastic deformation is necessary to manufacture mechanically resilient compacted 

pellets or tablets (Tunón, 2003; Murthy Dwibhashyam and Ratna, 2008). However, 

the compact with plastic properties should maintain its shape and mechanical 

properties with no fragmentation. Therefore, elastic-plastic equilibrium is necessary 

(Anbalagan, Liew and Heng, 2017).  In addition, for a successful MR formulation 

considering suitable excipients/components contained in the pellet’s matrix is 

essential. The inactive excipients should possess elastic-plastic deformation to 

assist in successful tabletted pellet formation (Anbalagan, Liew and Heng, 2017).  

The common excipients used in tablets manufacturing are MCC and lactose as 

fillers, hydroxypropyl methylcellulose (HPMC), and starch as binders. The excipients 

are incorporated with the API in the pellet preparation  (Tan and Hu, 2016b; Tank et 

al., 2018). On the other hand, stearic acid can be utilised in pellets preparation to 

eliminate the possible damage caused by the compression with no effect on the 

disintegration time of ODTs (Li et al., 2016). 

Chin, Chan, and Heng studied the effect of the lactose particle size and its use 

as a cushioning layer to support the compressed pellets' integrity. The coarse 

lactose particles showed high voids and offered weak protection, while micron-sized 

lactose with a median particle size of 2.3 µm supported by the pellet integrity with no 
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damage (Chin, Chan and Heng, 2016). However, the study used different grades of 

lactose that also possess without considering the shape factor of the particles. 

 

The plastic deformation of the MCC made it favourable during pellets 

compression. MCC also offers good binding properties rendering the pellets 

mechanically strong and cohesive, making them suitable for tablet compression. 

Therefore, the good rheological and mechanical properties considered MCC a gold 

standard for pellets manufacturing (Murthy Dwibhashyam and Ratna, 2008; Dukić-

Ott et al., 2009). It was found that using MCC and HPMC provides good compaction 

properties and produce MR tablets (Ghori and Conway, 2016). 

However, MCC has high plasticity and mixing it with other excipients can further 

enhance the compressibility of pellets and deform without fragmentation (Gómez-

Carracedo et al., 2008). 

Although MCC is considered the gold standard excipient in the pellet 

formulation, some API may be chemically incompatible with MCC(Gómez-

Carracedo et al., 2008; Wu et al., 2011). However, this varies with MCC grades and 

is also associated with other excipients. Therefore, consider this interaction when 

incorporating the API in pellet preparation (Gorain et al., 2018). 

 

Krueger et al. examined the extrusion spheronisation process variables, 

including spheronizer load, speed, and time on pellet properties, using two grades 

of MCC (I and II). The results showed that the spheronisation speed and time 

significantly affected the formed MCC II pellets' characteristics. The pellet weight 

and diameter increased while the pellet aspect ratio and porosity decreased during 

the spheronisation step. In contrast, MCC I pellets weight remained constant and 

decreased in diameter (Krueger, Thommes and Kleinebudde, 2013).  Besides, in 

the extrusion spheronisation other than MCC, chitosan, pectin acid, polyethene 

oxide, HPMC, and k-carrageenan can be used (Steckel and Mindermann-Nogly, 

2004)(Jess and Steckel, 2007).  

Three different types of commercial carrageenan (kappa, iota, and lambda) 

were examined by Bornhöft et al. as a potential alternative for MCC in pellets 

formation. The iota and lambda type of carrageenan failed to prepare uniformly 

shaped pellets and had good mechanical strength. The pellets were fragile with poor 
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plasticity, thus unsuitable to be compacted. On the other hand, pellets prepared from 

kappa-carrageenan demonstrated high mechanical strength and good plasticity. 

Therefore, kappa-carrageenan can be considered a another substitute for MCC 

(Bornhöft, Thommes and Kleinebudde, 2005)(Thommes and Kleinebudde, 2006). 

Yang et al. used Eudragit NE 30 D to prepare pellets with good mechanical 

properties and modified Metoprolol Succinate release. It was found that using a 

coating layer of talc to Eudragit NE 30D in a ratio of 1:4 was ideal for preventing 

coalescence and obtaining pellets with enhanced mechanical attributes. Hence, the 

coating film possesses enough elastic and plastic properties to withstand the 

compaction pressure during the tablet preparation (Yang et al., 2016). 

 

1.9.2  Role of the plasticisers 

 

Plasticisers are one of the pharmaceutical excipients that are used in solid 

dosage forms. When adding the plasticiser to compact, the flexibility enhances. In 

general, if the polymers are brittle at room temperature, they may damage under 

compaction leading to faster drug release from the tablets. Therefore, plasticisers 

enhance the polymeric film-forming attributes, leading to uniform distribution of the 

polymeric layer around the coated pellets (Chen et al., 2017).  

 

Osei-Yeboah et al. prepared pyridoxine-loaded pellets coated with EC aqueous 

dispersion. The pellets were further coated with an additional layer of plasticiser 

polyvinylpyrrolidone (PVP) (10%, 15%, and 20% w/w) as a protective layer 

prolonging the pyridoxine release over time. The prepared pellets were then 

compacted into tablets of multiple units. The results showed that dug release from 

compressed PVP coated pellets was maintained over 2 hrs from all coated pellets 

with PVP and EC, enhancing the polymer's flexibility to retain the intact pellets. This 

was not the case for coated pellets without the extra layer of PVP as rapid pyridoxine 

release was detected within the 2 hrs resulting from rupturing EC coat upon 

compaction (Osei-Yeboah, Lan and Sun, 2017). Also, Rajsharad and Kamble 

coated pellets with polyvinyl alcohol (PVA) in the aqueous polymeric suspension 

(Rajsharad and Kamble, 2006). The results showed that pellets were protected from 

cracking and damage after the film drying. Similarly, Laboulfie et al. found that the 
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elasticity of the HPMC coating layer was enhanced when adding polyethene glycol 

(PEG) (Laboulfie et al., 2013). 

 

1.9.3  Pellet size  

 

Pellet’s compaction /properties are influenced by pellets shape and size. Thus, 

coated pellets integrity and the drug release pattern from the compacted pellets can 

be changed(Murthy Dwibhashyam and Ratna, 2008). This was investigated by 

Dashevsky et al., assessing the effect of pellet size of coated pellets with polyvinyl 

acetate on propranolol HCl release. The results indicated that the smaller pellets 

provided a larger surface area and had a thinner coating. Therefore, the polymer 

coat was insufficiently coating the small pellets leading to their fragmentation and 

ruptured polymer coat. Moreover, the compromised polymer coat integrity 

influenced the drug release leading to a fast release pattern with no MR properties. 

However, the larger pellets resisted the compaction force preserving the polymer 

coat integrity and prolonging the drug release rate (Dashevsky, Kolter and 

Bodmeier, 2004)(Murthy Dwibhashyam and Ratna, 2008). 

 

1.9.4  Pellets' porosity  

 

Porosity as voids between pellets or within pellets affects the characteristics of 

the pellets, including mechanical properties, the polymer coat integrity and tablet 

tensile strength of the compressed pellets. The porous pellets tend to deform under 

compression, flattening with no fragmentation. However, the high porosity level 

could induce fragile pellets with low mechanical properties hence low contact points 

for interparticulate bonds (Choudhary and Avari, 2013). 

Tunón, Gråsjö and Alderborn (2003) prepared three batches of pellets with 

varying intragranular porosities (low, intermediate, and high porosity). The study 

examined the compression performance and the subsequent drug release rate for 

all batches. The different porosities were attained using different amounts of ethanol 

and water in the granulation fluid, then a thin layer of EC was applied to coat the 

pellets. The authors concluded that the compaction force minimally influenced the 

pellets of high porosity during tablet preparation, therefore maintaining the integrity 

of the polymeric coat and a modified drug release was not diminished. Pellets with 
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high porosity promoted the increment of deformation and densification upon 

compression. Consequently, the drug of MR properties was unaffected. While the 

low porosity pellets were only slightly deformed and densified, thus drug release was 

relatively high (Tunón, Gråsjö and Alderborn, 2003).  

 

1.10 Assessment of the compaction performance of multiparticulate systems 

 

The compaction process consists of three main stages for the pharmaceutical 

powder: powder filling, compression, and ejecting and collecting the final compact.  

Firstly, low pressure enables the particles-particle interaction and compresses 

with a reduced volume. The higher pressure applied to powder results in an 

additional reduction in volume and the particles' size. This process continues until 

the particles attain the final structure without further movement(Persson et al., 2016).  

The examination of particle behaviour in each phase provides a complete 

understanding of the powder mechanical properties. Examples of direct and indirect 

methods of pharmaceutical compact characterisation for testing powder's physical 

and mechanical properties (Table 1.3) (Samimi, Hassanpour and Ghadiri, 2005). 

However, the experimental data can be predicted using simulation analysis, such as 

the discrete element method (DEM). Samimi, Hassanpour and Ghadiri used the 

experimental data of yield pressure and Young's modulus for individual granules to 

simulate and analyse the bulk compression process by DEM. Hence, the obtained 

numerical data were compared with the experimental result (Samimi, Hassanpour 

and Ghadiri, 2005).  The DEM results showed the relationship between bulk 

compression and mechanical properties of individual granules. The experimental 

and simulated results agreed with the low ratio of the Heckel parameter to the yield 

pressure (<1), indicating the single granules softness result (Samimi, Hassanpour 

and Ghadiri, 2005).  
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Table 1.3 Direct and indirect method of pharmaceutical compact characterisation   

 Evaluation Method Characterization Reference(s) 
D

IR
E

C
T

 M
E

T
H

O
D

 Microscopic 
Evaluation 

Scanning 
Electron 
Microscopy 

Morphology and surface 
characteristics of 
multiparticulate and 
powders  

(Park et al., 
2016) 
(Hirjau et al., 
2020) 

Particle Size 
Analysis 

Sieve 
Analysis  

Size of multiparticulate and 
powders of pharmaceutical 
materials   

(Sarkar, Ang 
and Liew, 
2014a) 

IN
D

IR
E

C
T

 M
E

T
H

O
D

 

Analytical 
Procedures  

 Dissolution 
Studies 

Release profile(s) of API (Ghanam and 
Kleinebudde, 
2011) 

Texture 
Analysis 

 Texture 
Analyser  

 Elastic-plastic properties 
of multiparticulate and 
powders  

  The disintegration of 
compacts of rapid 
dissolving ingredients  

  Mucoadhesion 
properties of polymers 

 Hardness testing of 
pellets and tablets 

(Ahmat, Ugail 
and Castro, 
2011) 
(Abdelbary et 
al., 2005) 
(Cespi et al., 
2007) 

Compression 
Analysis 

Heckle 
Model 

 Powder compressibility -
porosity relationship 

 Elastic-plastic 
deformation 

(ElShaer et al., 
2017) 
(Khomane and 
Bansal, 2014) 

Compression 
Analysis 

Kawakita 
Equation 

 Flowability and 
cohesiveness of 
fluffy/smooth powders 

 Volume-compressibility 
relationship 

 Powder rearrangement 
at low pressure 

(Persson et 
al., 2016) 

Compression 
Analysis 

Partial 
Differential 
Equations 

 Prediction and appraisal 
of the variables 
influencing mechanical 
properties 

  Determine shape model 
of pharmaceutical tablets 

(Ahmat, Ugail 
and Castro, 
2011) 

Numerical 
Compression 
Analysis 

Finite 
Element 
Method 

 Assessment of tablets 
shape and their 
mechanical properties 

(Frenning, 
2010) 
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1.11 Aim and objectives  

 

This thesis aims to design new orally disintegrating tablets with modified-release 

capabilities. This approach will boost patient compliance by easing ingestion and 

reducing dosing frequency. Manufacturing a multiparticulate system (microparticles/ 

pellets) embedded within the matrix of an ODT was used to achieve this aim. The 

following objectives were set:  

 

1. To evaluate the mechanical characteristics of excipients such as sodium 

alginate, PVA, MC, PAA, and EudragitL100 and evaluate their use in developing 

compressible pellets and microparticles. 

2. To formulate and develop multiparticulate systems using optimised excipients, 

including polymers, plasticisers, and tablets fillers/bulking agents of sufficient 

mechanical and physical properties to maintain the integrity of the microparticles 

and pellets under compression when implemented in the formulation. 

3. To reduce the number of excipients to provide environmentally friendly 

preparation methods. 

4. To prepare ODTs with a short disintegration time using different fillers sizes.  

5. To maintain the properties of ODTs after incorporating the modified release 

microparticles/pellets in the ODTs matrices.  

6. To develop and validate two HPLC methods for quantifying IND and PRH 

release from the formulations.  

7. To prepare IND and PRH loaded multiparticulates independently. 

8. To optimise the preparation methods parameters achieving good mechanical 

properties of multiparticulates. 

9. To formulate a modified released system via embedding the multiparticulates 

within the ODT matrix.  

10. To maintain the integrity of pellets/microparticles under compression, protecting 

the drug release.  

11. To delay the release rate of IND and modify the PRH release using matrix and 

reservoir system via microparticles and pellets. 

12. To simulate the compaction behaviour of the multiparticulate loaded ODTs 

using simulation software to offer cost and time-efficient methods. 
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Chapter 2 Experimental: General materials and methods 
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2.1 Experimental 

 

The experimental part includes the materials and general experimental for formulation 

preparations and characterization.  

 

2.2 Materials 

 

The materials were purchased from different companies and suppliers, as indicated in 

this section. Also, other used materials were available in the university laboratory. 

According to the prepared formulation, detailed material use is illustrated in each 

chapter according to its specific application.  

In general, the ingredients used in our projects were as follow: 

For formulation preparation: Indomethacin (IND) and propranolol hydrochloride (PRH) 

(Tokyo Chemical Industry, Japan). Eudragit L100, Eudragit RS and Eudragit RL 

(Evonik Industries, Germany), sorbitol (Sigma-Aldrich, France). Triethyl Citrate (TEC) 

(Sigma-Aldrich, Germany), Acetyl Triethyl Citrate (ATEC) (Sigma-Aldrich, USA), 

Rhodamine B (Research Chemicals Ltd., UK). Low-substituted hydroxypropyl 

cellulose powder (LHPC) (Shin-Etsu Chemical Co., Japan). MCC (Avicel® PH-101) 

(Sigma-Aldrich, Japan). Magnesium Stearate (Fluka, Germany), Lactose 

monohydrate (Sigma-Aldrich, Netherlands) and d-Mannitol (Sigma-Aldrich, China). 

The following materials were used for HPLC and in vitro release studies: Acetic acid 

glacial (VWR International, France). Acetonitrile (HPLC – SUPER GRADIENT, VWR 

chemicals, France). Methanol (VWR chemicals, France). Disodium hydrogen 

phosphate (Alfa Aesar, Great Britain). 

 

Sodium hydroxide and sodium chloride (Fischer Scientific, UK). Hydrochloric Acid 

(VWR chemicals, France). Potassium phosphate monobasic (Honeywell Fluka, 

Spain).  

 

 

2.3 Methods  

 

The method and experimental of the prepared formulations were performed according 

to British, European, and the United States (US), pharmacopoeia (Pharmacopoeia, 
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2013)(USPC, 2014)(USP, 2014) FDA/CDER, 1997; Council of Europe, 2005; British 

Pharmacopoeia, 2017). 

 

2.3.1 Pellet’s preparation  

 

The extrusion spheronization was used to prepare the pellets using Caleva multi-lab 

instrument (Caleva process solutions Ltd, UK). 

 

Preparation of wet mass 

 

First, all the dry excipients were put into the mixer (Caleva Multi Lab, process solutions 

Ltd, UK). The powders were mixed for 10 minutes at a speed of 180 rpm before adding 

water. After adding water, the wet mass was mixed for 10 minutes simultaneously until 

the texture of the wet mass became like breadcrumbs. 

 

Extrusion of wet mass 

 

The wet mass was transferred to the extrusion platform that contains a single screw 

extruder set at 60 rpm. The wet mass was slowly poured into the extruder during the 

movement of the screw. The material was pushed towards the extruder screen, which 

is vertical to the screw. The screen contains holes of 1.0 mm x 1.0 mm in diameter 

and 26 holes in total. Cylinder-shaped rods called extrudates were formed and 

collected in a container at the end of the extrusion step.  

 

Spheronization of extrudates 

 

The collected extrudates were poured into the spheronizer to prepare pellets with 

spherical shapes. The spheronizer contains a metal die with a truncated pyramids 

disc. Once the disc rotates, friction is generated on the extrudates, and pellets form. 

The spheronization speed was set at 1200rpm for 10 minutes Figure 2.1.  
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Figure 2.1 The steps of pellets preparation extrusion and collecting the extrudates (A), spheronization 

(B) and pellets formation using the Caleva Multi Lab extrusion spheronization instrument  

 

Drying process 

 

The final stage of pellets preparation was drying the produced pellets. The pellets were 

collected in a glass petri dish, distributed as a monolayer, and then placed in the oven 

(Copley Termaks, Norway) at 40-50°C for 2 hours. After drying, the products were put 

in sealed vials and kept in dictators to prevent any possible interactions with the 

atmospheric moisture. 

 

2.3.2 Physical characterization  

 

The used expedients, pellets and tablets were examined comprehensively. The 

selective detail for each formulation characterization is included with each study 

individually.  

 

A B 
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Size and sphericity 

 

Pellet sphericity, shape and size were determined using a calliper (Carbon Fiber 

Composite Digital Caliper, China). Two diameters of 30 pellets from each batch were 

measured with the calliper, and the aspect ratio (AR) was then calculated as in Hence 

𝐴𝑅 =
𝑥

𝑌
                 Equation 2-1, x is the longest diameter, and y is the shortest (Saripella 

et al., 2016a)(Santos et al., 2005). 

 

𝐴𝑅 =
𝑥

𝑌
                 Equation 2-1 

 

 

Percentage yield 

 

The total yield of the obtained pellets was measured for each batch as in                  

Equation 2-2. The weight of the prepared pellets was measured then divided by the 

theoretical weights of all used excipients and drugs. 

 

% Yield =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑝𝑒𝑙𝑙𝑒𝑡𝑠

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑛𝑑 𝐸𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡𝑠  
 𝑥100                 Equation 2-2 

 

 

Bulk density 

 

Bulk density is an essential property of powders, pellets, and other particles like solid 

substances(Santos et al., 2005). Bulk density is the mass of a material divided by the 

volume occupied by that material (Šibanc et al., 2013)(Issa et al., 2017). The bulk 

density was measured for powders and the obtained pellets prepared from each batch 

as in                Equation 2-3. Using a 10 mL graduated cylinder and 3-5 g of the sample 

weight was used. 

 

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
weight of pellets or powder

bulk volume of pellets or powder
               Equation 2-3 
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Flowability 

 

Flow property is an important factor in assessing the properties of powders and pellets 

used in tablet preparations (Šibanc et al., 2013)(Issa et al., 2017). Flowability was 

measured by weighing 5 g of each sample using Erweka GTL Powder and granulate 

flow tester (Erweka, Germany). Results were recorded amount of poured sample (g) 

per second.  

 

Porosity 

 

The compressibility of the primary particles and the produced pellets is markedly 

affected by physical properties such as porosity. Porosimeter, Belsorp II (Belsrop mini, 

BEL Japan Inc., Japan) was used to evaluate the porosity of powders and the 

produced pellets(Santos et al., 2005). The pre-weighed sample was poured into the 

sample's cells to be tested. All samples were subjected to pre-treatment for 2 hrs at 

40°C to purge any form of moisture found within particles and interfere with the 

process of nitrogen adsorption in particles. The cells were purged by using helium gas 

due to the low molecular weight of helium compared to nitrogen(Zielinski and Kettle, 

2013). The samples were weighed following pre-treatment, the weight of the accurate 

sample was recorded. The samples cells were exposed to liquid nitrogen (77K). The 

adsorption-desorption curve was plotted at the end of the measurement by removing 

nitrogen. The isotherms of the produced data were collected using Belsrop software 

and applying Brunauer–Emmett–Teller equation to show the relationship between the 

adsorption volume and the relative pressure from nitrogen adsorption. The nitrogen 

adsorption temperature was constant, and gas pressure was specified to obtain 

consistent results according to the property of the samples (Santos et al., 2005; 

Particle Analytical - Analysis for the Pharmaceutical Industry, 2020)(Pharmacopoeia, 

2005). 

 

2.3.3 Mechanical properties 

 

The elasticity and hardness of the powders and the prepared compacts were 

measured as detailed in the following sections. 
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Elasticity and deformation 

 

The elasticity of powders and pellets was evaluated using the texture analyser (Stable 

Micro Systems, UK) and exponent software (Stable Micro Systems, UK). The elasticity 

was measured for each batch (n=3) by placing the sample into the die. The powder 

compaction rig- probe was selected. The parameters were set as the following strain 

height (20 mm), stress area (28.26 mm2) and die diameter (6 mm). The upper punch 

moves down at a 1.00 mm/second speed to compress the samples with force up to 

300 kg. The results were recorded as a graph of the applied stress (MPa) as force per 

unit area against deformation, the strain (%). Data were interpreted using the gradient 

value, Young's modulus (YM), as expressed in                 Equation 2-4 (Wang et al., 

1997). 

 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 =  
∆𝑆𝑡𝑟𝑒𝑠𝑠

∆𝑠𝑡𝑟𝑎𝑖𝑛
                Equation 2-4 

 

 

 

Pellet hardness 

 

The other property measured for all batches of pellets is hardness using the texture 

analyser (Stable Micro Systems, UK) and exponent software (Stable Micro Systems, 

UK). Pellets (n=25-30) were examined by placing each one on a flat base of stainless 

steel then subjected to 5 kg force at a rate of 0.5 mm/second by using stainless steel 

cylindrical probe of 35 mm diameter. Data were extrapolated as tensile strength, the 

maximum force the material can resist before breakage. According to Cespi et al., 

hardness was measured by detecting the first notch of the texture analysis graph as 

in Figure 2.2 (Cespi et al., 2007).                Equation 2-5  was applied for the pellets 

where crushing force is F (N), the radius of the pellets is r (mm) (C. Salas-Bringas1 et 

al., 2007; Bialleck and Rein, 2011; Šibanc et al., 2013; Podczeck and Newton, 2014; 

Issa et al., 2017).  

 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  
0.4𝐹

𝜋𝑟2                Equation 2-5  
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Figure 2.2 Texture analysis graph (extracted from the exponent software) after testing the hardness of 

one pellet from Eudragit L100 90 µm showing the first notch (hardness value) and maximum force 

applied 

 

2.3.4 Thermal analysis  

 

All materials were analysed according to their thermal behaviour as follow  

 

Differential Scanning Calorimeter (DSC) 

 
DSC system (Mettler Toledo, DSC822e, Switzerland) was used for detecting moisture 

content, glass transition temperature (Tg) and the melting point of all powders and 

pellets. An empty aluminium crucible was used as a reference. The pre-weighed 

samples were placed in an aluminium crucible (45 µm) then sealed with the 

corresponding lid using a manual sealing press. All samples were tested under the 

nitrogen atmosphere and temperatures between 25 to 300°C and 10°C/minute heating 

rate. The data were analysed using STARe software (Mettler Toledo, Switzerland). 
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Thermogravimetric analysis (TGA) 

 
The decomposition/ degradation temperature and moisture content of powders and 

pellets were measured using TGA (Mettler Toledo SDTA/TGA 851e, Switzerland). All 

samples were analysed at heat flow 10 °C/minute and temperature range 20°C to 

400°C under a nitrogen atmosphere by placing 5–10 mg of each sample in an open 

alumina crucible. Thermograms were collected using STARe software (Mettler Toledo, 

Switzerland). 

 

2.3.5 Preparation of ODTs 

 
Matrix of ODTs was prepared by using three fillers according to the formulation using 

different fillers Lactose monohydrate, mannitol, or microcrystalline cellulose. LHPC 

was used as a disintegrant, and 1% Mg-stearate lubricant during tablet compression. 

Each pellets batches were mixed with ODTs matrices by including 10% - 20 % pellets 

and 80% - 90% ODT excipients to achieve 500 mg. A Turbula® mixer (Willy A. 

Bachofen AG, Switzerland) was utilized to mix the ODTs matrices and the prepared 

pellets at 50 rpm for 10 minutes. Similarly, the control tablets were prepared yet without 

pellets, and the model drug only was added as powder. 

 

Tabletting 

 

The pellets and ODTs mixture were prepared in 500 mg from each batch. The pellets 

with ODTs mix were compressed using a manually controlled uniaxial hydraulic press 

(Specac tablet presser, UK). The mixture was poured into the die of a barrel to be 

compressed with a punch of 13 mm size and a one-ton compression force applied for 

10 seconds, which is approximately equal to 74 MPa pressure as in                 Equation 

2-6 (Sedlock and Engineering, 2016). All tablets were weighed after preparation to 

detect the final weight of 500 mg. The shape and morphology of tablets were evaluated 

using SEM and stereomicroscope, as mentioned previously in SEM. 

 

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =
𝐹𝑜𝑟𝑐𝑒

𝑎𝑟𝑒𝑎
                Equation 2-6 
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Mechanical properties 

 

The mechanical properties of ODTs containing pellets were evaluated by testing 

tablets hardness. The tablet's thickness and diameter were measured using a digital 

calliper. All tablets (n=3) were placed individually on a tablet hardness tester 

(Pharmatron AG, Switzerland), and results of crushing force were recorded for each 

tableted formulation (Juban et al., 2017)(Jarosz and Parrott, 1982). The values 

represent the applied force (N) to break a tablet. The hardness of tablets and the tablet 

dimensions were recorded to calculate tensile strength as in Equation 2-7 

 

Where F is the force, D and T are the diameter and thickness of the tablet.  

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  
2𝐹

𝜋𝐷𝑇
                Equation 2-7 

 
 

Disintegration test 

 

Disintegration time is defined as the time required for tablets to disintegrate entirely 

without leaving any solid residues. A disintegration tester (Erweka ZT3, Germany) was 

used to measure the disintegration time (n=3) in the deionised water of 500 mL.  The 

medium temperature was adjusted to 37 ± 0.5°C and kept constant during the test. 

Each tablet was placed in a specific position in a basket then covered with plastic disks 

to hold the tablets from floating. The disintegration time was measured for each 

formulation and the control tablets. 

 
 

2.3.6 Morphology, shape and size 

 

Evaluating the shape of the prepared pellets is an essential factor that affects the 

pellets' physical properties, such as porosity and compressibility. 

 

 

Stereomicroscope   

 

The microscope (Nikon Corporation, Japan) was used to assess the pellets (n= 30) 

shapes and sizes. The images were identified using a high and low-resolution imaging 

system (Nikon Digital Sight DS-Fi3, Nikon Corporation, Japan). The image acquisition 
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and measurements were applied using NIS-elements series software connected the 

microscope to the computer. The microscope was connected to a digital capturing 

system (Nikon Digital Sight, Japan) to examine and visualize the tested pellets and 

study the AR (n=25-30 pellets). The images were analysed via the installed software 

(NIS-Elements Viewer, Nikon Corporation, Japan). 

 

Scanning electron microscope (SEM) 

 

SEM (Zeiss Evo50- Oxford instrument, UK) was the other method to examine the 

morphology of raw materials and the prepared formulation. The method applied a 

beam of electrons that scans the sample going side-to-side and detecting all 

dimensions. In comparison to the light microscope, in which visible light is used, 

electrons provide the imaging in SEM. The low to high magnifications of greater than 

100,000X and high-resolution images provided a clear view of the samples. All 

samples were prepared by applying some of the samples on a clean stub then coating 

them with gold at a low vacuum for 3 minutes using the sputtering coater (Polaron 

Equipment, Watford, UK) in the presence of argon as a noble gas (Echlin, 2009). 

Micrographs were collected for powders, pellets, and tablets at high and low 

magnifications, showing all samples' morphology, surface, and particles size using 

SmartSEM software (Zeiss Evo50- Oxford instrument, UK). 

 

Laser diffraction   

Laser diffraction was one of the methods applied to assess particle size. The particles 

were assessed using laser diffraction type HELOS /BF, Rodos dispenser (Sympatec 

GmbH, Germany) with 0.5/0.9 to 175 µm particles size measuring range. The 

Sympatec WINDOX software was used with a primary pressure of 1.0 bar (Air).  

The following settings were applied; air pressure was set to 1.0 bar at a feeding rate 

of 20%. A specific amount of each polymer (0.2 - 0.5 g) was placed on the metal tray 

of (the VIBRI system) where the machine preceded the analysis. The particles were 

diffracted with the light beam directed by a lens over a photodetector (Babenko et al., 

2019). The particle size was assessed using average particle size, and volume means 

diameter (Keck and Müller, 2008). This calculation is based on fine particles scattering 

the laser beam, making larger angles and smaller angles with larger particles (Raval 
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et al., 2019)(Mlacker et al., 2016). The used software to analyse the data was 

WINDOX (HELOS/Sympatec, Germany). All the examinations were done in triplicate 

and represented as mean ± SD. 

 

2.3.7 High-performance liquid chromatography (HPLC) Analysis 

 

As detailed in the HPLC chapter. 

 

2.3.8 Dissolution tests  

 

Dissolution profiles were prepared according to British and US pharmacopoeia 

protocols using type II paddle apparatus for tablets and pellets (FDA/CDER, 1997; 

Council of Europe, 2005; British Pharmacopoeia, 2017). All samples were run with 50 

rpm speed in 900 mL of the used media at 37°C ± 0.5 °C.  

The drug quantified in ODTs the control and ODTs containing pellets. The in vitro 

release studies in acid media (pH 1.2) were performed, and samples were collected 

at five sequential times 5 minutes, 15 minutes, 30 minutes, 1 hour and 2 hours. 

Similarly, all formulations were tested in buffer media (pH 6.8), yet the samples were 

collected at 8 sequential times 5 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 4 

hours, 8 hours, and 24 hours. A volume of 5 mL was withdrawn from each sample, 

then replaced with the same volume from the in vitro release media. The samples were 

filtered using a 45 µm micropore filter into HPLC vials before the analysis. All the 

samples were analysed using the established HPLC method (n=3).  

 

2.3.9 Compressibility of powder batches  

 

According to the study aim and objectives, some powders were characterised 

according to flow and compressibility characteristics.  

Compressibility index, Hausner’s ratio and tapped density were used to assess the 

flowability and the ability of the particles to settle during pellets preparation and select 

the powder of good values to prepare the pellets. Compressibility index and Hausner’s 

ratio were calculated for the collected particles using a graduated measuring cylinder 

(100 mL) and around 10 g of powder. Also, tapped density was measured using 

Erweka tapped density tester (ERWEKA GmbH, Germany) applying 10, 500 and 1250 
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strokes according to the United States Pharmacopeia (USP) method 1 volume 

readings were recorded until no to little further volume change was noticed.  

The method was also used to select good-sized particles to prepare the final 

formulations. Compressibility index and Hausner ratio were calculated according to 

Equation 2-8 and Hausner ratio = Untapped apparent volume /Final Tapped volume                           

Equation 2-9, respectively. The results were compared to the referenced values in 

Table 2.1.  

 

 

Compressibility index =   100 ∗
 (untapped apparent volume− Final tapped volume)

untapped apparent volume
                Equation 2-8 

 

Hausner ratio = Untapped apparent volume /Final Tapped volume                           Equation 2-9 

 

Table 2.1 Compressibility index and Hausner ratio references (Kalal et al., 2018) 

Compressibility index (%) Flow character Hausner ratio 

less than or equal to 10 Excellent 1.00-1.11 

11-15 Good 1.12-1.18 

16-20 Fair 1.19-1.25 

21-25 Passable 1.26-1.34 

26-31 Poor 1.35-1.45 

32-37 Very poor 1.46-1.59 

> 38 Very, very poor > 1.60 

 

 

 

 

 

2.4  Statistical methods 

 

Results were analysed using Microsoft Excel software. Analyses of variance and t-test 

to compare the batches were applied at significance level 0.05. The statistical analysis 

results for all formulations are presented as Mean ± SD. All samples were run ≥3 times.  
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Chapter 3 Screening synthetic and natural polymers in the 
preparation of multiparticulates  
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 Scope of the study:  

 

This project evaluated polymers' mechanical properties to formulate modified-release 

multiparticulates embedded in orally disintegrating tablets (ODTs). The targeted 

polymer should have adequate elastic-plastic properties in a multiparticulate system 

during manufacturing. The good mechanical properties of the multiparticulate system 

can effectively aid in retaining the shape of the particles from being affected under 

applied compression pressure during the formulation process and tablets 

preparations. Therefore, the formulation should have good mechanical attains and 

drug release modification embedded in ODT. Five polymers, namely: sodium alginate, 

polyvinyl alcohol (PVA), methylcellulose (MC), polyacrylic acid (PAA) and Eudragit 

L100, were used. Polymers in raw form were characterised using different analysis 

techniques: Differential scanning calorimetry (DSC), Thermogravimetric analysis 

(TGA), Scanning electron microscopy (SEM), Tablet Hardness, Texture Analysis, 

Particle Size Analysis and Surface Area Analysis. PAA had the lowest Young's 

modulus of 5.375 MPa, and MC showed the highest value of 14.738 MPa. Polymers 

were spray-dried at a concentration of 5% w/v. The texture analysis data showed that 

Young's modulus was higher for the spray-dried powder of PAA 13.69 MPa. 

 

Keywords: DSC, ODTs, Microparticles, Compression pressure, Young's modulus 

  



44 
 

 

3.1  Introduction 

 

3.1.1 Polymers' suitability to modify the drug release 

 

In order to choose the compact ingredients optimally, it is necessary to examine the 

powders' elastic tendencies. Hence, if the compaction pressure is not enough to pass 

the material's elastic limit and has high elastic properties, the particles return to their 

shape after removing the applied pressure(Choudhary and Avari, 2013; Chen et al., 

2017). Therefore, it is essential to choose a good balance between elastic-plastic 

properties showing plastic deformation with no fragmentation to retain compact 

integrity. Also, applying an optimum compaction pressure achieves the final compact 

with the desired properties without affecting drug release. 

 

This study aims to evaluate different pharmaceutical polymers' physical and 

mechanical properties to test the suitability of combining them in the modified release 

system. The polymers used were as follow: water-soluble pharmaceutical polymers 

are sodium alginate, polyvinyl alcohol (PVA), methylcellulose (MC), polyacrylic acid 

(PAA) and non-water-soluble polymer Eudragit L100 (Appendix-Table 10.1). 

 

Sodium alginate 

 

Alginate is a polysaccharide with an ionic unbranched molecule(Malik et al., 2017). 

According to the extraction method, there are different types of alginates salt, such as 

sodium alginate with 216.12 g/mol molecular weight (Kusumawati, Basmal and Utomo, 

2018). It can be extracted from natural sources: brown algae such as Laminaria 

digitate (Gombotz and Wee, 2012). The extracted material endures a filtration process 

to precipitate alginate, followed by purifying powder, after which sodium alginate is 

obtained and can be used for commercial purposes in different types (Rinaudo, 2014).  

 

The chemical structure of alginate consists of G and M units. These units influence the 

polymer physical and chemical properties (Appendix-Table 10.1). Also, G and M ratio 

in the polymer impacts the intermolecular crosslinking tendency of alginate with 

divalent cations (Hay et al., 2010). The alginate's physical and mechanical properties 

are influenced by incrementing G block length and molecular weight (Lee and Mooney, 

2012). Sodium alginate is a vital polymer with different pharmaceutical applications 
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due to its properties, such as adherence to the biological tissue called bio-adhesive 

property. This property is widely used in the formulation of modified drug release 

dosage forms and biomedical application (Kassem et al., 2015).  

The pKa for M and G are 3.38 and 3.65, respectively(Meng et al., 2010).  Therefore, 

gel formation of the soluble polymer occurs at pH lower than its monomeric parts pKa. 

However, the high viscosity and gel formation properties could offer good mechanical 

properties to the compact and retain their integrity under pressure(Kassem et al., 

2015). Therefore, raw or spray-dried sodium alginate can be mixed with other pH 

dependent or time-dependent polymers to improve the polymeric system's mechanical 

attains.  

 

Polyvinyl alcohol (PVA) 

 

PVA is a synthetic, water-soluble, pH-independent polymer with biodegradable 

properties with 44.05 g/mol - 31,000 g/mol molecular weight (Umemoto et al., 2020). 

The polymer is highly stable with thermoplastic properties. Also, PVA holds the 

distinctive property of having hydrophilic and hydrophobic groups: hydroxyl and acetyl, 

respectively. As a biocompatible polymer and good mechanical properties, it is widely 

used in coating-based formulations(Deshmukh et al., 2017). It can be mixed with other 

ingredients to enhance formulation flexibility. The PVA excellent film-forming and 

adhesive properties have led to wide use in film coating in pharmaceutical applications 

(Seo et al., 2020). Also, it is commonly blended with other polymers. Additionally, PVA 

has been applied to improve the physical and mechanical properties and offer reduced 

coast formulation processes (Porter, Sackett and Liu, 2017). 

 

These PVA properties were applied in different studies, as in Morita, Honda and 

Takahashi’s study. The authors prepared controlled-release tablets consisting of drug-

loaded granules of PVA and swelling control agent in the matrix, then coated with a 

mixture of ethylcellulose and one of MC grades compressed eventually into tablets. 

The module drug was water soluble antihistamine emedastine difumarate. The results 

showed a controlled drug release over 6 hrs in pH 1.2 and 6.8. This finding occurred 

due to reducing the swelling ability of PVA by adding salt and using a coating layer of 

water-soluble and insoluble polymers (Seo et al., 2020). However, the study results 

show no data about the mechanical stability of PVA or the effect of compression 

pressure on the formulation (Morita, Honda and Takahashi, 2000).  
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Methylcellulose (MC) 

 

MC is a water-soluble cellulosic polymer with 658.7 g/mol (PubChem, 2021). It is 

stable at room temperature with suitable physical and mechanical properties (Nasatto 

et al., 2015). MC is highly viscous and shows a thermal behaviour at a temperature 

higher than 29 ± 2 °C forming an elastic gel, and its viscosity decreases below that 

temperature. MC has wide application in solid formulations as binder or stabiliser and 

thickener for film or coated formation(Hillier, 2007). In general, MC is a stable polymer 

that can be mixed with other polymers such as PVA. The polymer has stable viscosity 

at pH 3 to 11 and tends to reduce at very low or high pH of strong acids or base. MC 

can be applied in film-forming for coated formulations showing high stability and 

strength layers (Villetti et al., 2011)(Nasatto et al., 2015).  

It was reported by Nasatto et al. that elastic modulus for MC gel at high temperatures 

(more than its critical temperature of 29°C depends highly on the polymer 

concentration (Hillier, 2007). The polymer shows good flow and plastic tendencies 

(Brady et al., 2017).   

In a study conducted by Mitchell et al. (2003), there was a difference in compaction 

properties of tablets prepared from different medical compounds (carbamazepine, 

naproxen and nifedipine). The addition of hydroxypropyl methylcellulose (HPMC) 

improved the compaction properties of produced tablets. Also, this was noticed by 

using microcrystalline cellulose (MC) in the preparation of metronidazole tablets. It was 

concluded that HPMC and MC have good compaction properties  (Ghori and Conway, 

2016).  

 

Polyacrylic acid (PAA)  

 

PAA is a water-soluble natural and biodegradable polymer. It has pH-dependent 

properties affecting its swelling behaviour(Swift et al., 2016). PAA is liquid at pH 5 and 

gel at pH7 of 1800 - 5,100 g/mol molecular weight (Tseng et al., 2018)   (Kadajji and 

Betageri, 2011). This property made PAA a vehicle in ocular drug delivery to the 

corneal epithelium (Kadajji and Betageri, 2011). PAA is widely used in oral and 

mucosal contact formulations, such as controlled-release tablets and suspensions 

(Kadajji and Betageri, 2011). Also, it can be used as a thickening and stabilizing agent 

in emulsions for systems with little viscosity (Kadajji and Betageri, 2011). 
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This polymer can absorb or retain water and swell. PAA has wide pharmaceutical 

applications such as controlled release formulations (Ritthidej, 2011). 

The polymer's hygroscopic properties make it elastic and adsorb moisture 

(Tjipangandjara and Somasundaran, 1992). Therefore, blending PAA with other 

polymers could be applied to improve the mechanical properties. At low pH, PAA is 

responsible for the mucoadhesion since its pKa is 4.5 (Tjipangandjara and 

Somasundaran, 1992). PAA viscosity can increase the hydrogen bond between its –

COOH groups and glycoprotein sialic –COOH groups. Therefore, PAA combinations 

can also be used as hydrogels to treat ocular irritations (Soni et al., 2019)(Ritthidej, 

2011). 

 

Eudragit L100 

 

Eudragit® are polymers derived from acrylic and methacrylic acid esters. Functional 

groups in the polymers determine their physicochemical properties from pH to time-

dependent release(Singh et al., 2015). These polymers are widely used for coating 

pharmaceutical formulations to control the drug's release and protective layer with 

good mechanical properties (Pearnchob and Bodmeier, 2003). Eudragit L100 is used 

to protect the drug's effectiveness by modifying the drug release in gastric fluid and 

maintaining formulation integrity under compaction (Patra et al., 2017)(Singh et al., 

2015) 

 

The blend of Eudragit L100 with polymers to enhance compact mechanical properties 

could be applied to different formulations such as tablets, pellets and 

microparticles(Alotaibi et al., 2019). Eudragit L100 is compactable and can be used in 

ocular insertion, nanoparticles or coated pellets with other polymers such as sodium 

alginate, PAA, MC (Taghe et al., 2020)(Mohammadi et al., 2019)(Cetin, Atila and 

Kadioglu, 2010). Multiparticluates of polymeric matrix based on Eudragit L100 is time-

efficient, requiring fewer processing steps and low cost in modifying drug release. 

However, the polymer physical and elastic-plastic properties must be examined to 

achieve compact with the desired properties. Therefore, we aimed to examine and 

evaluate all suggested polymers' physical and mechanical properties to provide a 

comprehensive insight for future applications. Besides, our preliminary studies 

examined in-depth polymers properties to provide a clear view of the suitable 

polymers. 
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3.2  Aim and objectives  

 

Despite the significant advantages of dispersing particulate systems in an ODT matrix, 

particles might not withstand compression pressure during the manufacturing of ODTs. 

Therefore, the current chapter aims to: 

 

Screen 5 pharmaceutical polymers, namely sodium alginate, PVA, MC, PAA, and 

EudragitL100, to understand the tablet compression process and its effect on polymers 

mechanical properties. Our objectives are: 

• Evaluate the polymers particle size using laser diffraction and 

characterisation of the polymer's morphology using a Scanning Electron 

Microscope 

• Investigate the 5 polymers thermal behaviour with heating within specific 

heating rate and temperature by using Differential scanning calorimetry 

(DSC) thermogravimetric analysis (TGA)  

• Prepare microparticulate systems using the spray drying technique 

• Evaluate the mechanical properties of the raw and spray dried polymer by 

measuring Young's modulus  

• Measuring the tensile strength of the prepared tablets from both powder 

types  

• Shortlisting polymers with a desired elastic-plastic profile for future 

application in particulate systems  
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3.3  Experimental 

 

3.3.1 Materials 

 

Sodium alginate (5.0 − 40.0 cPs viscosity), PVA (average Mw 31,000) PAA (average 

Mw 5,100) were purchased from Sigma Aldrich (UK). Methylcellulose (viscosity 15 

cups) and Eudragit L100 (125000 g/mol) were purchased from Alfa Aesar (UK) and 

Evonik Industries (Germany), respectively. 

3.3.2 Methods 

Spray Drying  

 

This technique was used to produce a small particle size powder from raw polymers, 

with a particle diameter of about 5 to 100 μm microparticles (Jain et al., 

2012)(Malamatari et al., 2020). The Mini Spray Dryer Büchi®B-290 (Switzerland) was 

used with the following settings: inlet temperature at 120-130°C, outlet at 78°C, the 

aspiration at 100%, drying gas flow rate was 35 m³/h, and the pump set at 20%. 

Nitrogen was used as the inert drying gas (Gunjal, 2020). In the spray drying process, 

the polymers aqueous solutions were prepared at a concentration of 5% w/v, where 

the solution was sprayed through a nozzle into high-temperature vapour steam to be 

evaporated, leaving the solid particles to collect in a drum (Figure 3.1). Eudragit L100 

differed only with drying temperatures 85⁰C, outlet temperature 65-70⁰C and ethanol: 

water 9:1 (v/v). Other settings were identical to other powders. The yield was 

calculated for all the formulations working out the actual yield ratio to the theoretical 

yield percentage (               Equation 3-1) (Gunjal, 2020). The settings were obtained 

after different trials and optimised according to the literature (Babenko et al., 2019) 

(Jain et al., 2012)(Malamatari et al., 2020). 
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Figure 3.1 Büchi Mini Spray Dryer, B-290, Switzerland (1), function principle (2): hot inlet gas (A), droplet 

formation from the nozzle (B), gas-droplet drying chamber (C), particles collection (D), filter protecting 

user and environment, drying gas (D) 

 

%𝑌𝑖𝑒𝑙𝑑 =
𝐴𝑐𝑡𝑢𝑎𝑙 (𝑔)

𝑇ℎ𝑒𝑟𝑜𝑡𝑖𝑐𝑎𝑙 (𝑔)
∗ 100               Equation 3-1 

 

Characterisation of polymers (spray-dried and raw material) 

3.3.2.2.1  Scanning Electron Microscopy (SEM) 

 

The particles' shape and surface morphology of the five raw polymers and spray dried 

powders were examined using a scanning electron microscope (SEM, Zeiss Evo50-

Oxford instrument, UK). Adequate amount of each sample spread over surfaces of the 

specimen stubs made of aluminium. The samples were then coated with gold to 

facilitate the electrical conduction. This step was done using a sputter coater (Polaron 

SC7640, UK) (Figure 3.2). The detailed method is explained in the experimental 

chapter. 

1 2 
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Figure 3.2 Scanning electron microscopy apparatus (Zeiss Evo50, UK) 

 

3.3.2.2.2  Differential Scanning Calorimetry             

 

Samples were analysed using DSC (Mettler Toledo, Switzerland) to determine their 

thermal characteristics, such as glass transition, melting point, chemical reactions, and 

degradation(Mettler-Toledo, 2015). The method is detailed in the experimental 

chapter.  

 

3.3.2.2.3  Thermogravimetric Analysis 

 

TGA analysis (Mettler Toledo TGA 851e, UK) was applied to measure the samples' 

mass loss over time with temperature change for the 5 raw polymers and their spray-

dried powders(Mettler-Toledo, 2019). The method is detailed in the experimental 

chapter.  

 

3.3.2.2.4  Particle Size Examination 

 

Laser diffraction (HELOS/Sympatec, Germany) was used to study the polymers' 

particle size distribution and then spray dried powders. The method is detailed in the 

experimental chapter.  
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3.3.2.2.5  Surface Area Examination 

 

The porosity can be detected by measuring the specific surface area, pore size and 

pore size distribution(Amador and Martin de Juan, 2016). Hence, the measurement of 

specific surface area for material is applied by the physical adsorption using 

adsorption/desorption of a gas such as N2 (Amador and Martin de Juan, 2016). 

Nitrogen is widely used for the adsorption/desorption method since it can be used to 

detect the pore size accurately of the material with micropores (<2 nm) and mesopores 

(2–50 nm) (Fu, Lin and Xu, 2017). Also, it is cheaper than other costly gases used like 

Argon. Surface area analysis is determined using Brunauer-Emmett-Teller (BET) 

equation for mono and multilayer adsorption as reported by Brunauer et al., 1938 

(Amador and Martin de Juan, 2016; Fu, Lin and Xu, 2017). Depending on the relative 

pressure (partial to saturation pressure), the surface adsorption of gas changes for the 

material on a solid surface and under liquid nitrogen temperature. Hence, when the 

pressure increases, the adsorbed gas volume increases to an extent depending on 

the material porosity (Amador and Martin de Juan, 2016; Fu, Lin and Xu, 2017). 

 

Porosimeter (Belsrop mini, JAPAN) was used to study the total porosity and the 

powders' specific surface area in the raw and spray-dried form. An equal amount of all 

the samples were weighed (0.2-0.5 g). The process consisted of two stages, the pre-

treatment stage, where the samples were exposed to a temperature of 40-70°C for a 

60-minute vacuum around 5 kPa for two hours. The second stage measurement was 

based on N2 gas adsorption; this was for 5 hours with adsorption temperature 77 K 

and saturated vapour pressure 102.50 kPa. All the results were evaluated using the 

BET model as in                 Equation 3-2. BET graphs and the following equations were 

used to calculate the surface area of the samples: 

 

𝑎 =
𝑉𝑚

22414
 𝐿𝑇                Equation 3-2  

 

Avogadro constant is L, monolayer volume is Vm, and the cross-section area of the 

Adsorbate is T  (ElShaer et al., 2017)(Elsayed et al., 2017). 

 

The BET model principle depends on the relationship between adsorbed gas and the 

increase in relative pressure as in                 Equation 3-3. The equation shows the 

relationship between relative pressure and adsorbed gas amount (Lapham and 

Lapham, 2019). 
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)                Equation 3-3 

 

As n is the amount of the adsorbed gas at the relative pressure P/P0, nm is the 

monolayer adsorption capacity, C is a constant of BET affected by the monolayer 

adsorption energy.  

 

Tablet’s preparation 

 

Tablets were prepared from the spray-dried and raw polymers to study the powder's 

capacity to compact and its mechanical properties. A manual hydraulic presser 

(Specac tablet presser, UK) was used by applying different compression pressures 

36, 74, 148, 221, 295 and 443 MPa, equivalent to 0.5, 1, 2, 3, 4, 6 tons, respectively. 

The pressure was applied for 10 sec on each run. The tablets of 0.5 g weight were 

made from each compression pressure. The obtained tablet had ~13 mm diameter. 

All tablets were kept in a desiccator to protect the tablets from atmospheric moisture 

before characterisation.  

 

3.3.2.3.1  Tablet hardness  

 

All tablets were examined by measuring the maximum force that each tablet can 

withstand before breaking (USP37-NF32, 2014). The method is detailed in the 

experimental chapter. 

 

Texture analysis 

 

Raw and spray dried powders were analysed using texture analysis (TA-XTPlus stable 

microsystems, UK). The method is detailed in the experimental chapter.  

 

Statistical analysis 

 

All experiments were analysed in triplicate, and the data were expressed in mean and  

SD. One-way & two-way ANOVA and t-test at a significance level of p< 0.05 were 

applied to detect the difference between the results. 



 

ii 

 

3.4  Results and Discussion  

 

The selected pharmaceutical polymers were assessed for intensive manufacturing 

characterisation using different analyses to measure their mechanical and thermal 

characteristics regarding their tablets' formulation ability. The polymers are sodium 

alginate, PVA, MC, PAA and Eudragit L100. These polymers have hydrophilic and 

hydrophobic properties and are widely used in ODTs to achieve a desirable drug 

profile. Also, these biocompatible polymers are cost-effective (Prajapati, Krunal and 

Patel, 2010). The 5 polymers are biodegradable with minimum toxicity effect; they 

have been used in different pharmaceutical applications such as film coatings 

preparation, binders, and coating of modified-release tablets combined with other 

polymers, microencapsulation, and tissue engineering (Jones, 2004). Furthermore, 

these polymers have mechanical properties that can be used to prepare tablets to 

enhance tablet strength, such as elastic and plastic properties. 

The mechanical properties of the 5 polymers are essential and are characterised in 

their raw and spray-dried form. Also, the tablets are made of both forms were 

characterised. A suitable polymer would be applied for further studies depending on 

the mechanical properties and the drug modification effect.  

 

3.4.1 Raw polymers 

 

The raw powders were characterised using particle size analysis, scanning electron 

microscopy, surface area, and thermal analysis. The 5 polymers were then employed 

to prepare tablets under different compaction pressure. The tablets mechanical 

properties and morphological changes were also characterised. 

 

Particle size analysis 

 

 Particle size is an essential factor affecting the powder compaction properties during 

tablet manufacturing. The smaller the particle size, the larger the surface area provides 

many binding sites enhancing inter-particulates bonds. Almaya and Aburub reported 

that decreasing the initial particle size of MC improved the tablet tensile strength 

compared to larger particles, where the tablets of small particles had 2.31 MPa, and 

large particles had 1.93 MPa (Almaya and Aburub, 2008).  
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Moreover, the fine particles' large surface increases the material's capability to 

withstand the applied pressure during tablet manufacturing, as reported by ElShaer 

(A. Patel et al., 2015; Arvaniti et al., 2015; ElShaer et al., 2017) 

Determination of particles size was carried out using laser diffraction; this technique 

has examined the polymers particle size. The SEM images of the particles also 

provided size measurement results to work out the average particle size. The results 

showed the particle sizes ranging between 54.58 µm, the smallest Eudragit L100, and 

402.60 µm, the largest MC (Table 3.1). It was noticed that the rough surfaces of the 

particles and irregular shape affected the particles size measurement (Mühlenweg and 

Dan Hirleman, 1998). Hence, broad size distributions generated by irregular particle 

shape as particle’s width and length cause the signal scattering (Malvern Panalytical, 

2019). Therefore, several runs were necessary to take the average and minimize the 

error (n=3). Also, the results were supported by further measurements using SEM, as 

in the next section. 

 

Table 3.1 Particle size data (µm) for 5 raw pharmaceutical polymers sodium alginate, PVA, MC, PAA 

and Eudragit L100 (n=3, mean ± standard deviation)  

Polymer Particle size average (µm) 

Sodium alginate  146.88  ± 0.26 

PVA  402.60 ± 2.04 

MC  302.30 ± 2.51 

PAA  101.00 ± 1.51 

Eudragit L100   54.58  ± 0.74 

 

Scanning electron microscope (SEM) 

 

The SEM photomicrographs were taken to investigate the particles morphology, size 

and surface characteristic of the raw powder (Choudhary and Choudhary, 2017). It 

can be noticed that sodium alginate particles had irregular shapes with rough surfaces 

(Figure 3.3: A1 and A2). Smaller particles were also noticed, resulting in a wide range 

between 120 - 140 µm, in line with laser diffraction results. The surface roughness 

could provide enough surface area to enhance inter particulate bonding. Hence, a 
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rough surface provides particles interlocking and generating good compact (Morin and 

Briens, 2013; ElShaer et al., 2017).  
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The particles of PVA had coarse sizes with an asymmetrical surface. Similar 

irregularity was seen in sodium alginate. However, PVA showed smoother surfaces 

than sodium alginate, with a larger particle size around 400 µm (B1 and 2, Figure 3.3). 

Although particles of smooth surfaces provide fewer contact points for inter particulate 

bonds, particles could have higher adhesion strength with increasing the compaction 

pressure leading to fusing the particles and forming good compact. Nevertheless, this 

depends on the particles size and compaction pressure (Sun, 2017) as PVA showed 

poor compact strength, later in the discussion, influenced by the particle’s shape 

irregularity and smoothness of the surfaces. 

On the other hand, MC particles (Figure 3.3: C1and C2) were elongated with a rod-

like shape. It was noticed by Noronha et al. that film produced by MC showed smooth 

surface and good strength owing to the original powder properties (Noronha et al., 

2014). Also, MC particles were bigger than PAA. As mentioned earlier, the MC particle 

size was 302.3 µm ± 2.51. On the contrary, PAA showed spherical uniformly shaped 

particles of 101 µm ± 1.51. Also, PAA had a smoother surface than MC, with large 

pores that can be seen on the particle's shell (Figure 3.3: D1, D2). 

Conversely, Eudragit L100 particles (Figure 3.3: E1 and E2) had the smallest size 

among other polymers. The particles displayed a spherical shape with apparent 

uniformity, as confirmed in laser diffraction results. Powders with smooth surfaces 

could enhance the flowability by reducing the particles' adhesion to the surface, as 

reported in the literature (Morin and Briens, 2013). This finding can be explained by 

the compaction process that starts with placing powder in the die between the punches 

(upper and lower). Then particles start to form a compact by migrating and interlocking. 

Further increase in the compaction pressure causes first elastic, then plastic 

deformation depending on the material type (Paluch et al., 2013). However, further 

increment in the compaction pressure could cause cracking or crushing of the 

particles; thus, larger particles can form by merging smaller particles (Paluch et al., 

2013).  

Another examination of particles physical properties was required to assess the 

surface area and porosity of the particles.  
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Figure 3.3 SEM images top view for the raw powder of pharmaceutical polymers  at low magnification 

and high magnification 100 -10 µm sodium alginate (A), PVA (B), MC (C), PAA(D) and Eudragit L100 

(E) 

 

Surface Area Analysis 

 

The tablet formulation process consists of powders of particles of different sizes. The 

larger particles can be formed from the aggregation of smaller sized particles. 

However, granular particles or large particles tend to form porous compact. In general, 

the powders particles constitute different types of pores according to their location, 

located within the particles (intra-particulates) or between the particles (inter-

particulate) pores, which can be called voids (Nordström et al., 2013). The particles 

maintain their integrity under tablet compaction to keep limited fragmentation under 

compression(Tan and Hu, 2016b). Examination of powder properties before and after 

compression is critical to assess the degree of powder compression. Hence, 

compression strength is influenced by several processes, such as particle deformation 

and fragmentation (Tan and Hu, 2016b). Thus, particles shape, size and porosity can 

change during compression.  

It was reported that the primary particles porosity and the additional soft material such 

as lubricants influence the tablet properties during compression (Almaya and Aburub, 

2008; Morin and Briens, 2013). Also, pharmaceutical powders' surface area and 

porosity can influence the tablets hardness and mechanical strength (ElShaer et al., 

2017). Therefore, studying porosity is an essential factor affecting the initial particles' 

properties (Nordström et al., 2013). 

The gas adsorption method is frequently used to examine powder surface area and 

porosity (Gibson et al., 2020). The method comprises exposing powder particles to an 

inert gas then measuring the adsorbed volume of gas in the powder's sample using 

an adsorption/desorption isotherm. The data provided by this method illustrate the 

physical properties of the powder particles, such as surface area and total pore volume 

E1 E1 
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(De Lange et al., 2014). The suitable equation to measure powders surface and 

porosity, including single and multilayer adsorption, is Brunauer, Emmett and Teller 

(BET) (Bolis, 2013). The preferable gas is N2 to assess the physical adsorption; hence 

a low temperature of liquid nitrogen represents the gas's boiling point (77 Kelvin) 

(Zielinski and Kettle, 2013). This analysis offers a wide range of pore size distribution 

and surface area (Ambroz et al., 2018) (Sing, 2001). According to the BET method, 

the surface area is measured depending on the nitrogen-relative pressure and the 

adsorbed gas volume (De Lange et al., 2014) (Sing, 2001). Also, the results were 

further processed to detect the pore distribution using Barrett, Joyner and Halenda 

(BJH), applying numerical equation involving pore volume and radius (Bardestani, 

Patience and Kaliaguine, 2019)(Sing, 2001)(De Lange et al., 2014) (Appendix-Figure 

10.3). 

 

In general, five types of isotherm are commonly detected according to the adsorption 

of the gas. Type1 displays a monolayer of gas adsorption and narrow micropore (<2 

nm diameter). This result can be seen in the absorbance of nitrogen on charcoal at 

around 1800oC temperature(Sing, 2001). The graph of Type 2 displays a big draft from 

a model of gas adsorption demonstrating the non-porous materials of macropores 

(>50 nm diameter), as in the absorbance of nitrogen on iron (Bardestani, Patience and 

Kaliaguine, 2019). Type 3 graph shows low interaction between the surface and 

adsorbed gas, while Type 4 displays mesopores materials (2-50 nm diameter) with 

high affinity to adsorb gas (Figure 3.4). Type 5 isotherm is similar to Type 3, displays 

non-porous materials(Sing, 2001)(De Lange et al., 2014).  

The isotherms of N2 adsorption/desorption were collected for all raw powders 

(Appendix-  

Figure 10.2). Sodium alginate, PVA, MC and PAA isotherms displayed Type 3 

isotherm as they had a nonporous structure (Figure 3.4). This type of isotherm shows 

a low surface affinity to the adsorbed gas. (Sing, 2001) (Vlab.amrita.edu, 2017). While 

Eudragit L100 showed Type 4 isotherms indicating higher surface affinity to the gas 

(Bardestani, Patience and Kaliaguine, 2019) (Sing, 2001). 
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Figure 3.4 Adsorption/Desorption isotherm of the pharmaceutical polymers: Eudragit L100 (A), showing 

Type 4 isotherm, and MC (B) showing Type 3 isotherm at adsorption temperature 77 K and relative 

pressure <0.9 

 

 

The detected surface area from the lowest to the highest was as follow PVA, sodium 

alginate, PAA, MC and Eudragit L100. Also, Eudragit L100 had the highest total pore 

volume, 5.12x10-2 cm3 g -1 and the lowest values reported were for sodium alginate 

and PVA 1.75 x 103 cm3 g -1, and 2.15x10-3 cm3 g -1, respectively (Table 3.2). The SEM 

images of sodium alginate demonstrated irregular shape with smooth to rough 

surfaces while the low surface area and the low total pore volume was detected. 

Hence, this type of isotherm correlates with the pores' specific shape, as reported in 

the literature  (Zhang, 2016). Type 2 and 3 have narrow pores like ink-bottle and 

aggregate pores like long-narrow cuts, respectively (Zhang, 2016). Also, from the BJH 

data of detecting pore distribution, the pore diameter range is more than 2 nm (Ambroz 

et al., 2018). It can be assumed that the presence of shadow or slit-shaped pores for 

sodium alginate correlates with the effect of different pore shapes and distribution 

(Zhang, 2016) (Ambroz et al., 2018). Therefore, the mesopores sodium alginate 

showed weak interaction with adsorbed gas, offering a low surface area indicating 

almost low porosity (Zhang, 2016; Ambroz et al., 2018). A similar trend was correlated 

with PVA offering low porosity. However, SEM showed that particles had smooth 

surfaces and irregular shapes offering low surface area of BET. PAA surfaces showed 

similar results of a relatively high number of pores and surface roughness, while MC 

A B 
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was difficult to assess according to SEM. This could be related to the nature of 

cellulose with high water holding capacity, thus showing high porosity (Ramasamy, 

Gruppen and Kabel, 2015). Also, SEM showed MC had elongated shaped particles 

that offered higher surface area for adsorption (Ramasamy, Gruppen and Kabel, 

2015). It can be stated that the shape of the particle (regular or irregular) affects the 

surface area measurements and gas adsorption. PAA and Eudragit L100 particles 

appeared in a small spherical shape with porous surfaces. This could be related to the 

large surface area associated and a high number of pores with small particles(De 

Jesús et al., 2002) (ElShaer et al., 2017).   

On the contrary, PVA particles surface was less porous, of large irregular shape, and 

particle size was large compared to other polymers. Therefore, PVA had a low surface 

area of value 0.05 m2/g. The same trend was noticed in sodium alginate, which had a 

low surface area of 0.19 m2/g. It should take that into account during powder 

compressibility as the highly compressible powder owns low porosity due to a high 

number of bonging sites  (Ambroz et al., 2018) (ElShaer et al., 2017). The presence 

of voids in the porous powder could prevent powder compression resulting in obtaining 

brittle tablets (Ambroz et al., 2018)(ElShaer, Hanson and Mohammed, 2013).  

On the other hand, Eudragit L100 powder showed the highest surface area compared 

to the other powders. This was related to the small particles size that offered a high 

number of pores as detected using BET (De Jesús et al., 2002). Hence, the smallest 

the pores, the high surface area(De Jesús et al., 2002). However, this fact depends 

on the number of pores available in the tested sample. In our results, total pore volume 

demonstrated the highest value among other results. 

Therefore, the surface area of BET was high, as reported in Table 3.2. Although 

Eudragit L100 showed higher porosity and surface area of BET, their effect was still 

constrained on the tablet's final mechanical properties owing to other powder 

properties such as elastic deformity, particle shape and size (De Jesús et al., 2002). 

These findings could help us identify any defect during compactions of Eudragit L100 

combined with other powders to enhance final product properties. Therefore, the 

shape and size of the particles supported by the porosity alter the final compact attains. 

Although small particles powder improves the desired mechanical properties of the 

final compact by cohesive forces, large particles powder could reduce particles friction 

and improve flowability (De Jesús et al., 2002). 
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Table 3.2 Surface area analysis results of single run of raw powders sodium alginate, PVA, MC, PAA, 

and Eudragit L100 illustrating mean pore diameter (nm), surface area (m2/g) and total pore volume 

(cm3/g) in the range of 0.05–0.35 N2 relative pressure using BET model 

Polymer 
Mean pore 
diameter (nm) 

Surface area 
(m2/g) 

Total pore volume 
(cm3/g) 

Sodium alginate 36.36 0.19 1.76 x10-3 

PVA 23.88 0.05 2.15x10-3 

MC 21.26 0.91 4.81x10-3 

PAA 28.48 0.37 2.62x10-3 

Eudragit L100 8.97 2.28 5.12x10-2 

 

  

Moreover, according to some studies, spherical particles offer fewer adhesion forces 

with surfaces improving flowability (Brika et al., 2020)(Bodhmage, 2006). Also, 

considering surface properties and internal porosity is significant during compact 

manufacturing. Therefore, preparing compact with good mechanical properties could 

be approached using powder of different particles size. Moreover, the thermal 

behaviour, particles deformity according to elastic or plastic properties were necessary 

to be investigated, providing a comprehensive understanding of initial particles 

properties on the final compact. Further characterisation was accomplished to 

evaluate the powder thermal behaviour and the tablets mechanical properties. 

 

Thermal Analysis 

 

DSC analysis is used to characterise the material's thermal behaviour with 

temperature change; it can be used to determine the polymers' physical properties 

such as melting point and crystallisation and glass transition temperature (Tg) 

(Menczel, J. D., & Prime, 2009). The complementary examination information can be 

obtained from TGA, where this technique can measure the amount of mass change 

as a function of temperature mixtures (Pyramides, Robinson and William Zito, 1995). 

TGA analysis determines the moisture content from the sample's weight loss then 

decomposition. Therefore, it can be used to study the powders or tablet mixtures 

(Pyramides, Robinson and William Zito, 1995) (Menczel, J. D., & Prime, 2009). 

The thermal analysis of the polymers was essential to study the thermal behaviour of 

the 5 polymers. Water and moisture can influence hydrophilic polymers properties. 

Methylcellulose's mechanical properties are influenced by hydrogen bonding with 
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water, leading to plasticising the polymer and a good compacted tablet of high 

mechanical strength as suggested by Ford, J.L., 1999 (Ford, 1999). 

The correlation between tensile strength and moisture content could be explained by 

solid bridges increase with the absorbed water and particle-particle interaction 

enhances with absorbed water layers at particle surfaces (Lordi and Shiromani, 2008) 

(Thapa et al., 2017). Nevertheless, bulk water could also decrease the tablets' tensile 

strength by producing multiple layers of water at the particle's surface. Hence, the 

water layers may diminish intermolecular attraction forces, reducing the tablet's 

strength (Thapa et al., 2017).  

 

DSC results presented in Figure 3.5 (A) of sodium alginate showed dehydration peak 

around 100⁰C resulting from moisture loss. Also, the polymer's decomposition 

occurred at peak  240 - 260⁰C, represented by an exothermic peak, Soares et al.(2004) 

reported similar results (Soares et al., 2004). TGA (Figure 3.6) showed sodium 

alginate dehydration around 100°C related to a moisture content of 2.89%, and the 

decomposition of the polymer was occurring at 240-260°C (Tripathi and Mishra, 2012). 

Similar results were reported by Tripathi and Mishra (2012), indicating that the 

decomposition of carbonaceous material can also occur above 300°C (Tripathi and 

Mishra, 2012).  

The melting point was undetected in sodium alginate (Figure 3.5). According to the 

literature, this was also unclearly identified as Soares et al. suggested the melting point 

at different temperatures 185°C and 339°C while undetected in Tripathi and Mishra 

results (Soares et al., 2004; Tripathi and Mishra, 2012). This could be related to the 

fast decomposition of sodium alginate (Soares et al., 2004). Also, the moisture content 

and bounded water molecules may influence the detection (Menczel, J. D., & Prime, 

2009). PVA, Figure 3.5(B), displayed dehydration around 60˚C due to moisture loss of 

1.73 % from the sample shown by TGA. The presence of an endothermic peak around 

223°C indicated PVA partially melting then final melting point at 229°C similar trends 

was reported in the literature, indicating the semi crystallinity nature of the polymer  

(Thomas and Cebe, 2017). Also, degradation occurred at 280°C as in TGA (Figure 

3.6).  

MC (Figure 3.5, C) displayed a broad endothermic peak that appeared around 70°C, 

representing dehydration (Oliveira et al., 2015). This was correlated with TGA results 

(Figure 3.6), which showed a moisture content of 4.9%. It can be assumed around 

310°C the degradation occurred. Also, the results displayed that some water was 

detected in the dry state with the powder. Ford J.L (1999) reported the same results 
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(Ford, 1999). On the other hand, PAA (Figure 3.5, D) demonstrated an endothermic 

peak between 58 - 80°C related to dehydration. Besides, it was reported that the 

polymer Tg at 106⁰C (Eisenberg, Yokoyama and Sambalido, 1969). Therefore, the 

peak resolution was affected by the moisture content (Moharram and Allam, 2007). 

The results were correlated with TGA, where the dehydration occurred at a region 

around 80 -100°C, and moisture content was around 4.6%. However, accurate 

detection of moisture content was complicated with the nature of PAA. The polymer is 

highly hygroscopic and was required multiple runs that even showed different moisture 

level according to our preliminary studies(Eisenberg, Yokoyama and Sambalido, 

1969). It was reported that the polymer might display decomposition stages at 

temperature starting after 100⁰C (Moharram and Allam, 2007). Therefore, for the 

accuracy of the results, moisture content was only detected considering the free water 

molecules that evaporate quickly lower than 100⁰C.  

Eudragit L100 DSC (Figure 3.5, E) showed a broad endothermic peak at 216.2°C and 

the lowest moisture content due to the polymer's amorphous nature and the absence 

of melting point. According to TGA, moisture content was lower than 2.6%. Also, Tg in 

the literature was reported differently at 30 - 70°C  or 189 -200°C (Sharma, Sharma, 

A. K. Panda, et al., 2011)(Parikh et al., 2014)(Mudie et al., 2020). This finding could 

be related to two possibilities start of decomposition or moisture content of bounded 

water (Figure 3.6-E) at the same temperature range. 

 

Also, the sample colour in the crucible turned black at the end of the DSC analysis. 

This could be evidence of the degradation of Eudragit L100 over 300°C. The results 

and resolution may vary due to the difference in heating rate affected (Soares et al., 

2004) (Tripathi and Mishra, 2012). 
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Figure 3.5 DSC graph of 5 raw pharmaceutical polymers examined at (20 - 340) °C with 10 °C/min 

heating rate, (A) sodium alginate, (B) PVA, (C) methylcellulose, (D) PAA acid and (E) Eudragit L100 

 

Figure 3.6 TGA analysis results of 5 raw pharmaceutical polymers A sodium alginate, B PVA, C MC, D 

PAA and E Eudragit L100, from 20 to 400 ° c with 10 °c/ min heating rate under nitrogen atmosphere 
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Texture analysis for elasticity  

 

The modulus of elasticity is an essential parameter in determining the degree of 

hardness, flexibility and stiffness of the polymeric tablet. This parameter can be 

calculated from the slope of the straight line of the stress-strain curve. If the modulus 

of elasticity increases, the plasticity increases, which, in turn, indicates the hardness 

of the tablet. However, passing the elastic limit, the material is considered brittle 

(Salama et al., 2015). The elastic limit varies according to the material type (Tan and 

Hu, 2016b) (Sun, Kothari and Sun, 2018). 

The five powders were tested using Stable Micro Systems texture analyser to measure 

Young's modulus using the stress (force per unit area) / strain (material deformation) 

correlation (Faridmehr et al., 2014). A balance of elastic and plastic tendency in 

materials suffices to maintain particles integrity under compression, where the lowest 

Young's modulus's high elasticity (Tan and Hu, 2016b). According to One-way 

ANOVA, the results were significantly different between the powders (p<0.05). Further 

statical analysis was applied to show the difference between every two polymers using 

a t-test at a significant difference with p<0.05.  PAA and Eudragit L100 had the lowest 

Young's modulus of 5.37 ±0.22, 5.27 ± 0.19 MPa, respectively (Figure 3.7) with no 

significant difference (p>0.05). In comparison, MC showed that highest elasticity 

modulus of 14.73 ±0.23 MPa indicating the plasticity (Carnavas and Page, 1998). 

Similar trends were observed for the other two polymers. Young's modulus was 8.3 ± 

0.25 MPa, and 6.6 ± 0.23 MPa for sodium alginate and PVA, respectively. The results 

indicated that when Young’s modulus increases, the plastic deformation increases and 

elastic properties diminishes for sodium alginate, PVA and MC. On the contrary, as 

Young's modulus decreases, the elastic property of the material rises. Therefore, it 

can be suggested that PAA and Eudragit L100 demonstrated elastic tendency.  

The results were correlated with the previous analysis data. Hence the particles size 

of PAA and Eudragit L100 were the lowest compared to the other polymers 101 ± 

1.51µm and 54.58 ± 0.74 µm, respectively. Simultaneously, the particles' smooth 

surfaces (as in SEM analysis) resulted in the higher surface area providing high inter 

particulate bonding. Therefore, both polymers possess good compressibility, which 

can be seen in both polymers' texture analysis data (De Jesús et al., 2002) (Brika et 

al., 2020).  

On the other hand, high MC particle size 302 ± 2.51µm and elongated shape and 

surface roughness could provide an interlocking bonding mechanism. This correlates 

with high elasticity modulus. Although Carnavas and Page (1998) stated that the 
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particles size ranges 50 - 300 µm have the lowest impact on Young’s modulus, other 

factors should be considered, including surface roughness, particles shape and 

porosity (Carnavas and Page, 1998). It can be concluded that the surface roughness 

and particles shape irregularity affected the particle-particle interaction offering an 

interlocking mechanism as in sodium alginate, PVA and MC (Morin and Briens, 2013; 

ElShaer et al., 2017). Nevertheless, the irregular shape of PVA and smooth surfaces 

diminished the particles compatibility resulting in low tensile strength. Although 

Eudragit L100 and PAA had low Young’s modulus, the uniform shapes offered the 

lowest friction and cohesion forces, thus reducing the tensile strength (as in the next 

section) (De Jesús et al., 2002) (Brika et al., 2020). It can be stated that correlation 

between the Young’s modulus and tensile strength could be applicable when the 

particles possess balance in elastic and plastic properties.  

 

The initial powders mechanical properties could influence the final compact properties, 

i.e., tensile strength, as reported earlier by Mattsson, S. (2000). The materials' 

mechanical properties evaluated by measuring the plastic and elastic profile, which, in 

turn, can be affected by different features such as particles size, surface area, and 

porosity (Mattsson, 2000). The tabletability, which is the powder's ability to be 

compressed into a tablet under applied force and the tensile strength were discussed 

in the next section (ElShaer et al., 2017). 
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Figure 3.7 Young’s modulus (MPa) reflects the elasticity profile of raw polymers sodium alginate, PVA, 

MC, PAA and Eudragit L100, the results obtained from the texture analysis (TA-XT Plus stable micro 

systems) all data were presented as mean ± SD (n=3) 

                                                                   

Hardness test and Tensile strength 

 

The last step in tablets manufacturing is the powder compaction by applying 

compression pressure over the powder bed. The particles rearrange and compress, 

tending to form a tablet with increasing the applied pressure. The tablets’ inner 

structure and hardness can be assessed using tensile strength (Nordström et al., 

2013). 

The powder tabletability and compaction properties are important factors in studying 

a material's mechanical properties to cope with tablet manufacturing and packaging 

difficulties (Mattsson, 2000)(Ambroz et al., 2018). Therefore, the hardness of the tablet 

along with tensile strength was determined. The tablets obtained under 5 different 

compaction forces (0.5,1, 2, 3, 4, 6 ton equals to 74, 148, 221, 295 and 443 MPa 

accordingly) from each polymer. All tablets were tested for hardness and tensile 

strength, as in Figure 3.8.  

  

The tensile strength of tablets of 5 polymers proportionally increased with compaction 

pressure; this can be attributed to the reduction in the porosity of the obtained tablets 

with the rise of the applied pressure. Hence, the bonding area increases resulting in 

enhanced inter particulate bonds, as reported by ElShaer, Hanson and Mohammed 

(2013). It was reported that the tabletability of the powders enhances with addition 

applied pressure sites  (Ambroz et al., 2018)(ElShaer, Hanson and Mohammed, 2013).  
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Although sodium alginate and PVA had low porosity, particles surface, size, and shape 

were different, resulting in dissimilar behaviour under compression. PVA had poor 

tabletability with each compaction pressure, this can be attributed to smooth surfaces 

and irregular particles shape, decreasing the available binding sites for particles 

bonding resulting in poor compressibility sites  (Ambroz et al., 2018)(ElShaer, Hanson 

and Mohammed, 2013). Simultaneously, sodium alginate and MC had rough surfaces 

with smaller particles than PVA as detected in SEM and laser diffraction results. As 

explained earlier, the morphology of the particles influences the surface area. Thus, it 

can be assumed that the rough surfaces of sodium alginate and MC provided many 

binding sites for particles bonding, offering an interlocking mechanism. Therefore, 

these polymers showed consistent tensile strength increment with increasing the 

applied pressure (ElShaer et al., 2017) (Arvaniti et al., 2015). 

Although PAA had smaller particles than sodium alginate, PVA and MC, the tensile 

strength increased significantly with applied pressure. A similar trend was detected 

with Young’s modulus, as PAA had spherical particles with small size and noticeable 

surface roughness. These properties offered good particle-particle interaction (De 

Jesús et al., 2002) (Brika et al., 2020).  

The t-test analysis showed that tablets produced from low compaction pressure 36, 74 

and 148 MPa markedly deferred between every two polymers (p<0.05). However, at 

higher compaction pressure 221 MPa, the results showed similarity only between MC 

and PAA. Also, only sodium alginate and PAA increased the compaction pressure and 

showed no significant difference at 295 MPa and 443 MPa. This indicates a similar 

trend in particles behaviour for both sodium alginate and PAA at high pressure, and 

they remarkably differ at low pressure.  

Therefore, it can be concluded that particles' shape and size influenced the tablets 

mechanical properties. This effect could reduce by increasing the pressure depending 

on the properties of the initial particles. Further characterization was accomplished to 

study the morphological changes after tablet compression.  
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Figure 3.8 Tabletability results presenting in Tensile strength (MPa) against the compaction pressure 

(MPa) for tablets prepared in different compression pressure (36, 74, 148, 221, 295 and 443 MPa) of 

raw polymers:  sodium alginate, PVA, MC, PAA and Eudragit l100 

 

 

On the other hand, the tablets were examined to assess the morphological changes 

using SEM. The tabletability results were in accordance with SEM of the obtained 

tablets as in  

Figure 3.9, where Sodium alginate demonstrated well-compacted tablets with retaining 

the same rough surface of the initial particles. However, the shape of the particles 

changed and deformed as compared with powder particles before compression.  

 

Also, PVA tablets had a smooth surface with distinct voids within the tablet, indicating 

poor compact properties. On the other hand, MC  particles retained their rough surface 

and relatively the same rod-shaped particles after tablet compression, which was seen 

in the particles' SEM results (ElShaer et al., 2017) (Noronha et al., 2014). PAA 

displayed that the initial particles' elastic properties helped to maintain their shape after 

compression. However, particles also deformed and fragmented to a smaller size. 

Eudragit L100 tablets ( 

Figure 3.9- E) were very smooth with no distinctly retaining initial particle shape. These 

findings indicate that the high porosity and elastic properties caused low compact 

properties. 
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Figure 3.9 SEM images for the tablets of pharmaceutical polymers sodium alginate (A), PVA (B), MC 

(C), PAA (D) and Eudragit L100 (E) 20 and 200 -100 µm, high magnification and low magnification, 

respectively 
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3.4.2 Effect of spray-drying on polymers’ characteristics  

 

Spray drying consists of a continuous process based on a one-step contrary to other 

methods such as freeze-drying to prepare dry materials. This reduces preparation 

steps and time, which ultimately reduces costs (Zhou et al., 2018).  

Incorporating hydrophilic polymers in the spray-dried particles is an interesting 

approach to modifying the drug release profile. The hydrophilic polymer, such as 

cellulosic polymers MC or HPMC, enables fast gelation; thus, polymer hydrophilic 

tendency directly impacts the drug's encapsulation(Lee et al., 2003)(Roy, 2011). 

Slowing the drug release rate can be achieved. However, hydrophilic polymers can 

also enhance the solubility of poorly water-soluble drugs (Sareen, Joseph and 

Mathew, 2012). Therefore, hydrophilic polymers either chemically modified or 

combined with hydrophobic polymers can be used to achieve modification of drug 

release. It was found that combination HPMC, Eudragit RS 30D and chitosan with 

alginate-based microparticles prevented a rapid drug release in the intestinal media 

from alginate microparticles(Lee et al., 2003). Hence, sodium alginate microparticles 

could reduce the drug's burst effect as in hydrogels (Sosnik, 2014). 

Moreover, polymeric particle size and particles shape uniformity significantly impact 

the compact mechanical properties, which should be enough to form microparticles 

with the desired properties (Kuriyama and Ozaki, 2014). Thus, it is essential to 

consider polymers' elastic and plastic properties using spray and raw powder (Lengyel 

et al., 2019). Hence, both can be incorporated into the microparticulate system.  

 

The sodium alginate, PAA, MC, PVA were spray-dried with a ratio of 5% w/v in water 

and similarly 5% w/v of Eudragit L100 using organic solvent ethanol/water 9:1. Overall, 

the yield was acceptable 55-60%. The characterisation of the collected particles was 

carried out similarly to the raw powders. This was done to compare the raw and spray 

dried powder to determine the polymer with the desirable properties that can be used 

to prepare microparticles and later in ODTs. To provide a consistent comparison in the 

same preparation ratio (5% w/v) of all polymers were applied yet different drying 

temperature only for Eudragit L100 (85 ⁰C) from the other four polymers (120 ⁰C).  
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Particle size analysis  

 

The results showed that particle size significantly decreased compared with raw 

powders (Table 3.1) as in Table 3.3. This can be explained by the spray drying process 

that produced a smaller particle size of less than 100 µm (B. B. Patel et al., 2015; 

Thirugnanasambandham and Sivakumar, 2017). The setting parameters such as the 

feed concentration, aspiration rate, and drying temperature affect particle size (Jain et 

al., 2012; Santos et al., 2018). The higher the inlet air temperature, the rapid moisture 

evaporation and more energy are provided. Also, the high feed viscosity hinders the 

proper droplet formation. This is related to the low viscosity solution, and the low solid 

content requires less energy (Patel, Patel and Suthar, 2009).  

 

In general, the spray drying process produces hollow or solid spherical particles. There 

are different types of nozzles for atomisation of the feed solution, such as pressure 

nozzles, two-fluid nozzles, and rotary atomisers. Each nozzle produces particles with 

a specific size range. Two-fluid nozzles generally produce low particles sizes of 10 -

200 µm. In comparison, larger particle sizes produce by pressure nozzles up to 600 

µm (Patel, Patel and Suthar, 2009; Jain et al., 2012; B. B. Patel et al., 2015). 

 

According to one way-ANOVA, and t-test there is a significant difference between the 

polymers particle sizes before and after spray drying. Also, particle size may affect 

viscosity (Malvern Panalytical, 2015). The high solution viscosity was collected from 

Eudragit L100, PAA and sodium alginate.  It was reported that particle size variation 

influenced by feed viscosity and inlet temperature  (Mezhericher, Levy and Borde, 

2010; Pietiläinen, 2013; Hadi, 2015; Grosshans et al., 2016). Also, the impact of the 

inlet temperature was noticed while using the spray-dried Eudragit L100. Applying high 

temperature that similarly used for the other powders generated many filaments and 

sticky particles that agglomerated into larger particles. This could be related to the 

higher energy provided within a short time (Almeida e Sousa et al., 2015). Therefore, 

reducing the temperature to 85⁰C instead of 120⁰C, which was optimised according to 

our experimental data, was suitable for spray drying Eudragit L100 (Lee, Kim and Kim, 

1999; Pietiläinen, 2013). Although some of the particles showed collapsed shapes, 

generally, the collected particles had smooth surfaces and relative sphericity with 

fewer strands generated. Also, the low range of Tg of Eudragit L100 made selecting 

the suitable conditions critical to prepare uniform shaped microparticles, as reported 

earlier. Hence, particles of uniformed shapes are essential to prepare powder of good 
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flowability during tablet manufacturing (Amidon, Secreast and Mudie, 2009; Osei-

Yeboah, Chang and Sun, 2016). 

Similarly, Shepard et al. (2020) reported that reducing the inlet temperature from 

117⁰C to 80⁰C during spray drying Eudragit L100 generated smaller particles and 

fewer filaments (Shepard et al., 2020). This could be attributed to the fast-drying step 

that solidified the particles before droplet breaks up during the drying process. Hence, 

drying rate and atomisation should adequately be high to reduce rapid droplet breakup, 

which is polymer skinning. Therefore, considering the number of parameters to 

optimise spay drying settings: inlet temperature, polymer concentration, and solvent 

type as the slow evaporation solvent may generate the fewest filaments (Shepard et 

al., 2020). However, reducing polymer concentration while using high drying 

temperature can improve the quality of the microparticles, i.e., integrity, shape and 

flowability (Büchi, 2002; BÜCHI Labortechnik AG, 2016; Lechanteur and Evrard, 

2020). 

  

Table 3.3 Particle size results of spray-dried powder presenting VMD ± SD of PAA, MC, Sodium alginate 

and PVA obtained from laser diffraction (n=3) 

Polymer  Volume mean diameter (VMD) µm 

Sodium alginate 8.56 ± 0.03 

PVA 13.92 ± 0.02 

MC 17.54 ± 0.04 

PAA 7.26 ± 0.04 

Eudragit L100 34.58 ± 0.2 
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Scanning electron microscope (SEM) 

 

In spray-dried polymers' characterisation, all SEM images showed a reduction in 

particle sizes than the raw particles. Also, the results were correlated with particle size 

analysis. The sodium alginates particles showed hallow microparticles with different 

particles particle size; like PVA, the particles tend to agglomerate, forming larger 

particles (Figure 3.10-A and B). Simultaneously, MC particles had an irregular 

elongated shape structure and squashed surfaces (Figure 3.10-C). PAA particles 

displayed spherical shape and organised shaped structures (Figure 3.10-D). Eudragit 

L100 particles showed filaments generated (Figure 3.10-E). However, SEM also 

showed small-fine particles after spray drying. This could be attributed to the solution 

viscosity facilitated such finding. Hence, when the feed viscosity increases, the size of 

the produced particles increases. Also, using 5% solid concentration could be high 

influencing the particle size. The high concentration of ethanol (as an organic solvent) 

to solute reduced the feed concentration and eventually the particle size (Nolan et al., 

2011; Pietiläinen, 2013). Shepard et al. (2020) reported that particles sphericity 

enhanced at a higher drying temperature of 110 °C (Shepard et al., 2020). However, 

further increment in the drying temperature may increase the particles size 

(Lechanteur and Evrard, 2020)(Wang, Dufour and Zhou, 2015).  

 

Our preliminary studies showed similar findings applying other polymers parameters 

for Eudragit L100 produced a higher number of filaments with sticky particles. Although 

the yield increased using a lower inlet temperature, 85⁰C instead of 120⁰C, the yield is 

still low. This could be related to the particles' stickiness and low flowability during the 

drying process as detected during the spray drying process (Walton, 2000). Also, a 

higher evaporation rate may affect the yield  (Goula and Adamopoulos, 2008). 

Moreover, it was noticed by Wang, Dufour and Zhou (2015), high cohesive particles 

generated when the drying temperature reached 180°C, which can be associated with 

elastic deformation of the flowing particles (Wang, Dufour and Zhou, 2015).  

However, this finding varies depending on the solid content, type of the material, and 

the particles' drying energy, as discussed earlier. Therefore, shrinking, or hollow 

particles could be produced during the drying stage. It was also reported that spray-

drying hydrophilic materials might generate smaller particle sizes due to higher water 

content in the particles, leading to shrinkage and decreased particle sizes (Rodrigues 

et al., 2020).  
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Figure 3.10 SEM images spray-dried powder of pharmaceutical polymers sodium alginate(A), PVA (B), 

MC (C), PAA (D), Eudragit L100 (E) 

 

 

Surface area analysis  

 

One of the commonly used methods to influence the material porosity and 

manipulating particle characteristics is spray drying(Zhou et al., 2018). This can be 

directly related to the solvent evaporation and the adsorbed moisture at elevated 

temperature, leaving several inter and intra particles voids indicating high porosity 

(Chvatal et al., 2019). Spray-dried powders are usually porous, appealing surface 

properties and particles with reduced size (Pietiläinen, 2013)(Nežić et al., 2018).  
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It was reported that spray-dried powders enhance tablet compatibility due to the equal 

diameters of particles (Al-Zoubi et al., 2021). This aids in uniform particle 

rearrangement during tablet compaction (Al-Zoubi et al., 2021). 

The studies showed that spray-dried powder tablets had high plastic deformation 

compared to raw and non-porous powders (Al-Zoubi et al., 2021) (Zhou et al., 2018). 

Hence, the voids provide enough space for particles to compress and form intra-

particulate bonds resisting the applied pressure(Zhou et al., 2018). However, the large 

surface area provided by small particle size and homogeneous surface properties also 

critically supports the compact's strength (Nežić et al., 2018).  

Nevertheless, materials with high porosity could generate fragile compact (ElShaer et 

al., 2017) (Keleṣ et al., 2015). This was reported by Zhou et al. in preparing tablets 

with improved compressibility yet still low hardness, which made them suitable for fast 

disintegration (Zhou et al., 2018).  

Like the raw powder, the spray-dried powders were analysed to detect the particles' 

porosity and surface area using a porosimeter. The results (Table 3.4) showed a 

general increment in porosity compared to the raw powders (Table 3.2). However, the 

detected surface area is also relatively low. The difference with raw powder was 

remarkably noticed in the isotherms (Appendix Figure 10.1 and  

Figure 10.2). The adsorption-desorption isotherm of all samples exhibited Type IV 

curves, suggesting mesoporous structures. A similar trend was found by Jackcina 

Stobel Christy et al. (2020) in the isotherms of nanostructured polysaccharides, the 

inflation point was unclear, yet the results showed a mesopore structure with a Type 

IV curve (Zhou et al., 2018; Jackcina Stobel Christy et al., 2020).  

On the other hand, owing to some technical issues, the Eudragit L100 porosity was 

undetected. Nevertheless, according to preliminary results, the bulk density showed 

that all spray dried polymers had bulk density 0.5-0.3 g/cm3, while the raw powders 

showed a consistent 0.5 g/cm3.  

 

Similarly, the bulk density was low for spray-dried powder, indicating an increment in 

porosity. Hence higher the bulk density, the low porosity(Takeuchi et al., 1998).  Also, 

Shepard et al. found that Eudragit L100 bulk density was reduced after spray drying, 

indicating higher porosity (Shepard et al., 2020). However, their reported results 

showed lower bulk density (0.1 g/mL) than our results. This could be related to 

particles' shape and surface properties, yet our bulk density range is still acceptable 

since no high variation. Further optimisation is necessary for a future approach.  
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On the other hand, the general difference between the polymers porosity and surface 

area could be attributed to some particles’ shapes irregularity and the empty voids 

generated from the loss of water. A similar finding was reported by Paluch et al.  

(Paluch et al., 2013).  

 

Table 3.4 Surface area and porosity measurements for spray-dried powders using Belsrop  

Polymer Mean pore diameter 
(nm) 

Surface area 
(m2/g) 

Total pore volume 
(cm3/g) 

Sodium 
alginate 

7.84 1.34 2.631 x10-3 

PVA 8.10 2.12 4.296 x10-3 

MC 8.25 2.58 5.335 x10-3 

PAA 8.61 1.32 2.852 x10-3 

Eudragit L100 NA NA NA 

 

 

Thermal analysis  

 

DSC and TGA analysis were performed on the spray-dried polymers (sodium alginate, 

PVA, MC, PAA, Eudragit L100). This was applied to characterise the polymers' thermal 

properties to understand their physical and chemical stability during the preparation of 

microparticles and tablet manufacturing. The powders moisture content after spray 

drying was measured using TGA. Hence, the moisture content and humidity may have 

a plasticising effect altering the tablets tensile strength and elastic recovery 

(NOKHODCHI et al., 1996; Ghori and Conway, 2016).  

In general, the results showed high similarity with the raw polymers. However, slight 

variations in DSC results (Figure 3.11) were detected. This could be related to 

moisture content and degree of crystallinity (Mathkar et al., 2009). Hence, one of the 

spray drying effects is the formation of amorphous material (Nežić et al., 2018). For 

instance, a disappeared melting peak in PVA thermograms indicates the polymer 

change into an amorphous form from the semi-crystalline structure of the raw form 

(Sambasivam, White and Cutting, 2016; Deshmukh et al., 2017; Thomas et al., 2018).  

On the other hand, it was noticed peak shifting in sodium alginate, MC and Eudragit 

L100. This could be related to the slight increase in the heating rate from 10 to 20°C 

/min. This might be related to the influence of a faster heating rate on the sample's 

heat capacity leading to shifting Tg to a higher temperature  (Thomas, 2001).  
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Also, DSC results of spray-dried polymers (Figure 3.11) demonstrated sharper peaks 

compared to raw polymers (Figure 3.5). It can be assumed that the peaks sharpness 

resulted from the smaller particle sizes of the polymers obtained from spray drying, 

which was confirmed from the laser diffraction data (Mathkar et al., 2009). Also, the 

particles' rearrangement within the sample pan may slightly impact the DSC 

thermograms (Faroongsarng, Kadejinda and Sunthornpit, 2000). In addition, smaller 

particles of polymers powder might aggregate together; this agglomeration may affect 

the results (van Dooren and Müller, 1984). 

Consequently, particles size and agglomerates can cause sharper peaks; for instance, 

the sodium alginate (Figure 3.11- A) had a sharp exothermic peak around 240°C 

compare to the same raw powder polymer (Figure 3.5 - A). This may also be correlated 

with the polymers' hydrophilicity as the polymers showed an increment in the moisture 

content compared to the raw powder.  

 

TGA (Figure 3.12) showed that all the polymers had moisture content lower than 5%. 

This indicates that water molecules and the spray drying process did not remove all 

the bulk water, which surrounded the surfaces of the particles (Tiefenbacher, 2017). 

Moreover, it was reported by García Mir et al. that moisture content could vary 

according to the process parameters (García Mir et al., 2011). This was confirmed by 

the porosity results that showed higher porosity in spray-dried powder than the raw 

ones. Hence, this was related to the spray drying effect and evaporation of the water, 

leaving several voids among the particles. This also affects the tablets mechanical 

properties as in the next section (Young’s modulus and tensile strength analysis) 

(Crouter and Briens, 2014). 

Overall, spray-dried powders (Figure 3.12) agreed with the TGA results of raw 

powders showing similar degradation temperature. This confirms the limited effect on 

the chemical changes and the stability of the material's chemical properties. For 

instance, sodium alginate showed the same decomposition behaviour which was also 

reported by Soares et al. (Soares et al., 2004). 
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Figure 3.11 Thermal analysis DSC of 4 spray-dried pharmaceutical polymers sodium alginate (A), PVA 

(B), MC (C), PAA (D) and Eudragit L100 (E) from 20 to 300°C temperature and 20 °C/min heating rate 

using METTLER software 

 

 

Figure 3.12 TGA graph of the 4 spray-dried polymers (A) sodium alginate, (B) PVA, (C) MC, (D) PAA 

and (E) Eudragit L100 at heating range from 20 -350°C with 10°C/min heating rate in a nitrogen 

atmosphere using STARe software 
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Texture analysis for elasticity  

 

Young's modulus was measured for all the spray-dried particles using a texture 

analyser to detect the gradient of stress against the strain, representing the elasticity 

profile, i.e., Young’s modulus (Faridmehr et al., 2014)(Singaraju et al., 2016). 

In comparison to their raw form (Figure 3.7), Young's modulus for all spray dried 

polymers increased significantly (p<0.05), as illustrated in Figure 3.13.  

The elastic modulus values ranged between the lowest for Eudragit L100 9.72 MPa 

and the highest 23.71 MPa for MC. Young’s modulus for the spray-dried powders 

showed that the particles were significantly different in their elastic profile according to 

One-Way ANOVA and t-test (p<0.05). A similar trend was detected comparing raw 

powders together. This reflects the consistency of the difference in elastic profile 

between the powders before and after spray drying. However, only PAA and Eudragit 

L100 in raw form showed similar elastic tendencies with no significant difference. In 

contrast, that similarity disappeared after spray drying. 

Two facts can explain the findings. Firstly, particle size reduction after spraying for all 

polymers, as in the particle size analysis (Table 3.3), generated high surface area. 

This, in turn, offered a high number of bonding sites enhancing the inter-particulate 

bonds; thus, the particles showed higher plasticity (Hiremath, Nuguru and Agrahari, 

2019). However, as Young's modulus increases, the material's elasticity decreases 

and tablets become brittle (Salama et al., 2015). Young’s modulus' increment limit 

should provide a balance of elasticity and plasticity to be acceptable.  

Secondly, alongside reducing powders' particle size after the spray drying, 

homogeneous particles surfaces were generated (Callard Preedy and Prokopovich, 

2013). Therefore, the effect of particle size and shape dominated the high porosity 

associated with spray-dried powder.  

However, small particles can easily sit within the pores between big particles, 

enhancing the packing density and showing a relative increment in the particles' plastic 

deformation (Wiącek and Stasiak, 2018). It was found by Kováčik the finer particle 

possess high packing properties owing to the higher porosity level and Young’s 

modulus(Kováčik, 1999). Although in our results, porosity was relatively low even after 

spray drying, as discussed earlier, this could affect the final tablet compressibility and 

tensile strength, leading to a reduction in tensile strength and causing such variation 

in Young’s modulus. Therefore, it is essential to accurately select the powder of 
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adequate balance between elastic and plastic tendencies either in raw or spray-dried 

form. 

On the other hand, our results showed a significant effect of particles size after spray 

drying on Young’s modulus. As sodium alginate and PAA had the smallest particle 

size and lowest Young’s modulus and the opposite for PVA and MC. Kováčik (1999) 

reported that Young’s modulus increased when the particle size differed within small 

particle size 0.5 - 2 µm demonstrating smaller elastic modulus value than larger sizes 

2 - 4 µm. This could be attributed to the friction that could increase with decreasing 

particle size and deformation (Tanaka and Iizuka, 1991; Kováčik, 1999). Therefore, 

the particles size within slight variation could show a direct relationship with elastic 

modulus. 

 

 

Figure 3.13  Texture analysis results of spray-dried polymers illustrating Young's modulus under 300 

Kg force mean ± SD (n=3) 

 

 

Moreover, the moisture content increment could negatively affect the strength of the 

tablet. It was reported that water offered a lubrication effect with low moisture levels, 

thus improved particles flowability. However, the higher the moisture levels, the higher 

cohesion forces between the particles, thereby reducing particles flowability. As 

referred earlier, this was also detected in our preliminary data, showing acceptable 

flowability results (Sandler et al., 2010; Crouter and Briens, 2014).   

Therefore, compared to raw powders, the spray-dried powders showed a significant 

difference in elasticity profile with a general rise in all values. This showed the 
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correlation between the particles size reduction after spray drying and mechanical 

properties. As the smaller the particles, the higher the surface area available against 

the applied stress. Therefore, the particles showed plastic to brittle deformity. Further 

analysis for the tablets after compaction was necessary to provide comprehensive 

data. 

 

 

Tablets tensile strength and morphological characterization  

   

Tablets prepared from spray-dried polymers were examined for their hardness. All 

tablets prepared under 443 MPa compression pressure (Figure 3.14) as it was 

challenging to prepare tablets with the lowest compaction forces due to the tablets' 

friability.  

The tensile strength results changed significantly compared to the raw powders at 443 

MPa pressure according to One-way ANOVA and t-test (p<0.05). Also, tablets 

produced from spray-dried particles showed a significant difference (p<0.05), except 

sodium alginate and PVA showed similar tensile strength (p>0.05). It can be noticed 

that the results showed a similar trend with Young’s modulus for sodium alginate, PVA 

and MC increasingly. However, the results showed a reduction in all tablets' tensile 

strength after spray drying yet increased for Eudragit L100 tablets. For instance, MC 

was the highest 8 MPa among the four polymers (sodium alginate, PVA, PAA), while 

MC had a higher value in the raw form 10.07 MPa. It should be referred that the low 

Young’s modulus value of raw powder PAA offered good tensile strength tablet 

compared to spray-dried PAA. Also, sodium alginate and PVA results were 5.7 MPa 

and 6.1 MPa, respectively, between PAA and MC strength. 

SEM images of sodium alginate (Figure 3.15, image A) and PVA (image B) showed 

particles of tablets with change in shape and reduced size compared to tablets of raw 

powder. This explains the similar trend according to the statistical analyst between 

sodium alginate and PVA tensile strength (p>0.05), as referred to in the text earlier. 

The results were in harmony with MC tablets' shape after the hardness test showing 

elongated irregular particle (Figure 3.15- C). On the other hand, the lowest tensile 

strength was 1.1 MPa for PAA, which was noticed from the SEM (Figure 3.15, image 

D). The particles maintained their shape after compression with a reduction in particle 

size. However, cracks were detected in the image within the tablet matrix, indicating 

low hardness.  
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Overall, the moisture content for the spray-dried powder increased compared to raw 

powders. Mattsson (2000) suggested that high moisture content can enhance particle-

particle binding. However, this differs with material affinity to water and porosity 

(Mattsson, 2000; Almaya and Aburub, 2008; Wiącek and Stasiak, 2018). Although the 

applied pressure controls the impact of porosity, the particles' porosity influenced the 

tensile strength (Liu et al., 2014; Zhou et al., 2018). Therefore, it is necessary to 

consider particles porosity under the lowest compression pressure. According to the 

literature, 3-5% moisture content is an accepted value (Sun, 2008; Crouter and Briens, 

2014; Liu et al., 2014).  It was reported that that Young’s modulus and tensile strength 

primarily enhanced with increasing moisture content then reduced with further rises 

above 3.3% in moisture content (Sun, 2008). Therefore, moisture content could affect 

the particles' cohesion forces (Crouter and Briens, 2014). Also, it was reported that the 

tablets tensile strength was less affected by moisture content with a value of about 

lower than 5% (Amidon and Houghton, 1995). Nevertheless, the moisture effect could 

change according to materials type and the compaction pressure(Sun, 2008). It was 

reported that pellets of sodium alginate showed a high elastic profile compared to 

potassium alginate (Schmid and Picker-Freyer, 2009). Hence, this affected the drug 

release as plastic compact showed a higher release than more elastic alginates 

(Schmid and Picker-Freyer, 2009).  

 

In contrast, the results of Eudragit L100 was different, showing an increment in tensile 

strength along with elastic modulus compared to the raw form. The results could be 

correlated with the low moisture content owing to the used highly volatile organic 

solvent. Also, Eudragit L100 hydrophobic polymer retaining or adsorb moisture is low 

compared to other polymers that show high hydrophilicity (Hillier, 2007; Braia et al., 

2012; Sigma-Aldrich, 2021). SEM results showed that Eudragit L100 correlated with 

good mechanical properties retaining the particles shape under compression (Figure 

3.15- E).  

The results indicate that Young’s modulus below 9.7 MPa is desirable, and the low 

limit could vary depending on the physical structure and material types. Also, the 

desired moisture content is lower than 5 % (Sun, 2008; Crouter and Briens, 2014; Liu 

et al., 2014).  

Overall, the tablets showed sufficient tensile strength ranging from 1.12 – 14.01 MPa. 

Therefore, different formulations could be developed using the polymers such as 

pellets and microparticles to be compressed. However, the combination of the 
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polymers together could be applicable for future approach and require further 

investigation.  

 

 

 

Figure 3.14 Tensile strength values (MPa) for tablets of spray-dried polymers sodium alginate, PVA, 

MC, PAA and Eudragit L100 under the maximum compaction pressure 443 MPa 
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Figure 3.15 SEM images of tablets after hardness test the tablets of spray-dried polymers sodium 

alginate (A), PVA (B), MC (C), PAA (D) and Eudragit L100 (E)
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3.5 Conclusion 

 

The polymer properties were characterised in raw and spray dried status. Also, the 

tablets that obtained were analysed. Different analysis techniques have been used, 

including particle size characterisation, morphology examination using SEM, surface 

area analysis, thermal analysis, texture analysis, and hardness test. 

It can be concluded from the obtained results the polymer with elastic-plastic balance 

provides suitable compaction property. SEM and surface area results showed a 

correlation with the mechanical findings. Several factors generated a difference 

between the mechanical properties of the powders before and after spray drying, 

including particles size, shape irregularity, surface smoothness and porosity. Also, 

moisture content differently affected the polymers depending on the type of the 

material and the affinity to water. Hence, water molecules could move over each other 

providing low compatibility and less available contact points within the powder 

particles. In general, our results of raw and spray dried powder showed good moisture 

content within the acceptable range lower than 5% according to the literature. 

Compared to raw powders, the increment in moisture content produced higher 

Young’s modulus and tendency to fragility as confirmed from the low tensile strength 

values (lower than raw powders). 

 

The particles size is one factor that remarkably affects the powders' mechanical 

properties and the obtained tablets. The smallest particle size has less elasticity 

modulus. Besides, it influenced the tablet’s tensile strength differently and decreased 

the elastic recovery. Thus, PAA has more elasticity as compared to MC results of 

particle size analysis. Moreover, the spray drying process influenced the obtained 

powder properties. Also, there is a significant relationship between the particle’s 

hardness and the applied pressure. 

 

Moreover, the spray drying resulted in formation higher number of voids. The high 

number of voids caused reduction in tablets tensile strength. Eudragit L100 results 

showed lowest Young’s modulus and highest tensile strength compared with the 4 

hydrophilic spray dried polymers. As explained earlier owing to low affinity of the 

polymer to hold water and the possibility of intra-particle bonds provided adequately 

increment in Young’s modulus of spray dried Eudragit L100 (9.7 MPa) compared raw 
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Eudragit L100 powder (5.2 MPa). The high tensile strength indicated good balance 

offered by the values of Eudragit L100. Overall, the tensile strength is still acceptable 

as recorded by the literature ranging between 0.1-4 MPa which was achieved with 

spray dried powder. 

Therefore, Eudragit L100 was applied in the preparation of multiparticulate system as 

in the next chapters.  
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Chapter 4 Method development and validation for detection and 
quantification of indomethacin and propranolol hydrochloride  
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Scoop of HPLC methods  

 

A valid method is needed to analyse the samples of tablets containing drug pellets 

from the dissolution studies. The validated method should be in acceptance with the 

validation specifications and parameters set by ICH. According to ICH, the parameters 

used for dissolution studies include linearity, specificity, accuracy, range, and 

precision. The methods for both model drugs indomethacin (IND) and propranolol 

hydrochloride (PRH) were modified from reported methods by Elshaer et al. and Aqil 

et al., respectively. The HPLC system selected for the dissolution studies (Liquid 

Chromatograph Agilent technologies ll, USA) had a wavelength detector and fully 

functioned at room temperature. According to the ICH guideline, the methods were 

accurate and precise and were utilised to assess the drug release from the 

formulations with a low limit of quantification and detection. 

 

Keywords: HPLC, ICH, IND, PRH 
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4.1 Introduction  

 

4.1.1 Model drugs: indomethacin (IND) and propranolol hydrochloride (PRH) 

 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are considered the most used 

medications to treat pain and inflammatory diseases. The anti-inflammatory action of 

NSAIDs is based on inhibiting cyclooxygenase enzyme release, thereby inhibiting the 

synthesis of prostaglandin associated with undesired gastric side effects. According 

to their mechanism of action, NSAIDs are divided into nonselective NSAIDs that inhibit 

the release of both cyclooxygenase I & II and selective NSAIDs that inhibit 

cyclooxygenase II release only. (Savjani Ketan, Gajjar Anuradha and Savjani Jignasa, 

2012) 

IND is a nonselective NSAIDs that is widely used as a pain killer, antipyretic and anti-

inflammatory product (Nalamachu and Wortmann, 2014; Ho et al., 2018).  Recent 

studies showed that NSAIDs with cyclooxygenase 2 inhibitor have activity against 

colonic cancer and can be a potential treatment by its antagonistic and anti-

inflammatory effect (Ikawa et al., 2012; Emam Kassab, 2019) . Specifically, IND can 

be used as a cost efficient future anticancer drug owing to its chemotherapeutic effect 

and reducing the colon cancer risk (Ikawa et al., 2012; Seetha, Devaraj and 

Sudhandiran, 2020) According the Biopharmaceutics Classification System (Table 

4.1), IND is a class II drug with half-life of 4-5 h and pKa of 4.5. 

 

Table 4.1 pharmaceutical classification of drug showing solubility and permeability in the biological 

system(Savjani Ketan, Gajjar Anuradha and Savjani Jignasa, 2012; Shah and Amidon, 2014; Aulton 

and Taylor, 2018a) 

Class I:  
Drugs have high permeability and solubility leads 
to fast absorption and hence high bioavailability 

Class II:  
Drugs have high permeability and low solubility 
exhibiting limited absorption 
 

Class III: Drugs have low permeability and high 
solubility, leading to limited permeability.  
 

Class IV: Drugs have low permeability and low 
solubility leading to poor bioavailability.  
 

 

 

Similarly to NSAIDs, IND causes gastric side effects that could be reversed by taking 

antihistamine drugs such as famotidine (Taha et al., 1996; Assali et al., 2020). 

However, this can influence patient adherence rendering the therapy challenging for 

long term conditions. Therefore, delaying the release of IND to bypass the stomach 
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and immediately release it in the small intestine was one of the aims of this project. In 

order to achieve this, a pH dependent polymers were used to delay the IND release 

from a multiparticulate system (pellets and microparticles) embedded in an orally 

disintegrated tablet matrix (ODTs) (Assali et al., 2020). 

 

On the other hand, the beta-blocker agent, propranolol (pKa 9.45), was used as a 

second model drug. In general, beta-blockers are agents used to treat high blood 

pressure as they block the release of two hormones known as adrenalin and 

noradrenaline. This results in slowing the heart rate and lowering blood pressure 

(British Heart Foundation, 2020). Propranolol is prescribed as a treatment for 

hypertension and heart diseases treatments as well as in controlling abnormal heart 

rate and tremor associated with certain diseases. According to BCS, PRH belongs to 

class I, as it has high solubility profile, and it gets adsorbed rapidly across the 

GIT(Pretorius and Bouic, 2009; Srikanth et al., 2012; Papich and Martinez, 2015). 

There are different available dosage forms of PRH, including tablets, oral solutions, 

and syrups formulations. However, the frequency of dosing of PRH is a challenge, 

especially for patients with heart diseases that require long-term treatment or to 

combine more than one treatment regimen.  

In order to achieve a prolonged release of PRH using suitable and novel formulations, 

PRH pellets based on a time-dependent polymeric system were manufactured to be 

released through ODTs. This would enable a modified release of PRH while 

minimising the frequency of dosing, thereby improving patients compliance (Srikanth 

et al., 2012; Tanabe et al., 2019) 

 

4.2 Analytical methods  

 

Different analytical techniques such as ultraviolet (UV), mass spectrometry (MS) and 

chromatography can be used to detect and identify various components in 

pharmaceutical formulations (Shabir, 2011)(El-Badry, Fetih and Fathy, 2009). One of 

the most common chromatographic techniques used to detect and quantify active 

pharmaceutical ingredient (API) is high-performance liquid chromatography ( HPLC) 

(Coskun, 2016).  

The high accuracy in detecting the analyte and the impurities is one of the main 

advantages of this technique. It is necessary to run the drug with excipients to detect 
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any influence on the drug quantification or method validation as different ingredients 

were used to prepare the formulation that may interfere with the detection of the 

analyte in the samples. HPLC with reversed-phase is a commonly used method for 

analysing the drugs and similarly applied in our HPLC methods (Coskun, 2016). 

This chapter highlights the different characteristics and parameters investigated during 

HPLC method development and validation. The methods for the two active ingredients 

under analysis, the model drugs IND and propranolol hydrochloride (PRH), were 

established separately to allow for independent analysis in terms of drug release from 

the produced formulations for each drug.  

The literature studied numerous methods that have previously been established to 

quantify IND and PRH (Nokhodchi et al., 2005; Srikanth et al., 2012). Although many 

methods were reported to detect IND and PRH release, our presented methods were 

developed and validated in detecting the drug incompatibility or interference with all 

excipients used in the prepared formulations.  

Moreover, the methods were developed to quantify the low amount of drug by 

assessing LOD and LOQ in the formulation. Also, the methods were specifically 

detecting the drug combined with all the added excipients. 

 

4.2.1 High-performance liquid chromatography (HPLC) 

 

HPLC is an analytical procedure by which separation of the solutes is achieved. HPLC 

is a favoured analysis process amongst other analyses techniques as it offers high 

sensitivity, good resolution, accurate and reproducible data. The system consists of a 

mobile phase (mixed solutions) that is pumped through the stationary phase carrying 

the spiked analyte where separation occurs; then the spiked sample elutes out. The 

sample is then detected by UV/Vis detector that presents the data as a plot of 

absorbance against the elution time (Harshad V. Paithankar, 2013). 

Depending on the affinity of the solute to the stationary phase, the separation occurs. 

Hence, the lower the affinity, the faster the elution (Harshad V. Paithankar, 2013). 

Therefore, the elution order of the components in a sample is influenced by their 

polarity; for example, the material with low polarity elutes rapidly from the polar 

stationary phase since the analyte shows minimum interaction with particles. 

Consequently, there are two modes of separation in the HPLC normal and reversed 

phase. In the normal-phase separation, a polar stationary phase with 100% organic 
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solvent with water traces as the mobile phase is used. Hence, polar analytes tend to 

bond with the polar stationary phase; thus, they show a long retention time (like attracts 

like). In contrast, the reversed-phase is performed using a polar mobile phase and a 

non-polar stationary phase(Betancourt and Gottlieb, 2018).   

The reversed phase is a widely used HPLC method up to 75% preferable due to its 

reproducibility and applicability for analysis (Miyazaki, 2000; Welling and Welling-

Wester, 2000; Lawson, 2008; Smith, 2014; Waters, 2018). Hence, the mobile phase 

can be a mixture of organic and aqueous solvent, such as acetonitrile or methanol, 

and water. This is necessary to provide good interaction between the analytes with the 

non-polar particles of the stationary phase. The commonly used reversed-phase 

HPLC column (stationary phase) is C18–bonded silica (Waters, 2018).  

Moreover, either isocratic or gradient modes of elution can be used. Hence, gradient 

mode is run by changing the salt ratio or the ratios of the mobile phase constituents 

during the analysis to detect more than one analyte in the sample. While isocratic is a 

simple and easy separation mode since stable ratios and concentration of the mobile 

components are used. In addition, different reported methods provide good analysis 

for the model drugs, i.e., IND and PRH.  

However, the major disadvantages of these methods are the complexity of 

instrumental application and the expensive analysis. Therefore, according to the 

compassion, as in the Table 4.2 and Table 4.3, our method development and 

validation for both IND and PRH were successfully achieved.  
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Table 4.2 Literature’s summary for HPLC methods of analysing IND 

Ref  Column  Mobile phase  Elution 

type  

Wavelength 

(nm)  

Flow rate 

(mL/min)  

Elution 

time (min)  

LOD & 

LOQ  

Internal standard 

(Roberts and 

Smith, 1987) 

Spherisorb S5 

ODS C18 (250 

mm x 4.5 mm 

particle size 5 µ)  

Methanol 70% with 

30% Anhydrous 

sodium acetate 0.02 

M solution pH 3.6  

Isocratic  254 1.5  12 LOD 20 

nglmL, 

LOQ NA 

Flufenamic acid 

(Haq et al., 

2014) 

Lichrosphere 

reversed phase 

C8 column (250 × 

4.0 mm, 5 µm) 

Ethyl acetate (100 % 

v/v) 

Isocratic  318  1.0  2.44 LOD 0.05 

µg/mL 

and LOQ 

0.15 

µg/mL 

NA 

(Kim and Ku, 

2000) 

Reversed phase 

column 

Bondapak C18 

(3.9 mm, id. x 30 

cm) 

Acetonitrile and 1 M 

acetic acid 

(1:1, v/v) 

Isocratic  320  1.3  NA NA NA 

(Tsvetkova et 

al., 2012) 

LiChrosorb C18 

(250 mm x 4.6 

mm, 5 μm) 

Mixture of 40 

volumes 0.5 % v/v 

orthophosphoric 

acid, 20 volumes of 

methanol and 40 

volumes of 

acetonitrile 

Isocratic 240  2  9  LOD 0.05 

μg/mL 

and LOQ 

0.2 μg/mL  

Indomethacin RS, 

4-chlorobenzoic 

acid RS and 5-

methoxy-2- 

indoleacetic acid 

RS 

(Nováková et 

al., 2005) 

Zorbax-Phenyl 

analytical column 

(75 mm × 4.6 

mm, 3.5 μm) 

Acetonitrile and 

0.2% phosphoric 

acid (50:50, v/v) 

Isocratic  237  0.6  7.5  NA Ketoprofen or 

flurbiprofen  
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(Boon, Glass 

and Nimmo, 

2006) 

 

reversed-phase 

column C18, 4.6 × 

150 mm, 5 µm, 

90Å) (Varian 

Analytical 

Instruments) 

Acetonitrile 60% in 

0.02M sodium 

acetate buffer pH 3.6   

Isocratic  320  1.0  Less than 

7 min 

LOD 10 

ng/mL & 

LOQ 50 

ng/mL 

in porcine 

plasma 

Mefenamic acid 

 

(Pai and 
Sawant, 2017) 

Zorbax Eclipse 
Plus C18, 3.5 µm, 
(4.6 mm × 100 
mm) 

Methanol: 
acetonitrile: 10 mM 
sodium acetate 
buffer pH 3, 
10:50:40% v/v 

Isocratic  254  1  5  LOD 
1.036 
µg/mL 
LOQ and 
3.141 
µg/mL   

NA 

(Hess et al., 
2001) 

C18 column, 250 
mmx4.6 mm with 
10 nm pore 
diameter  

Methanol 75% and 
25% an aqueous 
solution of 0.2% v/v 
phosphoric acid  

isocratic  320  1.5  2.7-16.4 LOQ 1 
µg/mL 
and LOD 
NA 

NA 
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Table 4.3 Literature’s summary for HPLC methods for PRH 

Ref  Column  Mobile phase  Elution 

type  

Wavelength (nm)  Flow 
rate (mL/min)
  

Elution 
time (min)  

LOD & 

LOQ  

Internal 

standard 

(Aqil et 

al., 2013) 

Hypersil ODS 

C18 column 

(250x4.6 mm, 

i.d., 5 μm 

particle size) 

Acetonitrile, methanol, and 

0.01 M disodium hydrogen 

phosphate (pH 3.5) in the ratio 

of 50:35:15 v/v 

Isocratic  250   1.0 6.62  LOD 

0.27 

µg/mL 

and 

LOQ 

0.85 

µg/mL  

 

 

NA 

(Meka et 

al., 2012) 

reverse phase 

C18 column (3.9 

mm x 300 mm, 

particle size 5 

µm) 

Acetonitrile: phosphate buffer 

(pH 4.5) (35:65) (v/v) 

 

NA 214  1  6.6  NA Diltiazem  

(Tang et 

al., no 

date) 

Phenomenex 

C18 column 

(150 mm × 4.6 

mm, 5 μm) 

Sodium dodecyl sulfate 1.6 g 

and 0.31 g 

tetrabutylammonium 

dihydrogen phosphate in a 

mixture of 1 ml sulfuric acid 

and 450 ml water and add 550 

ml acetonitrile. Adjust to pH 

3.30 

isocratic  292  1.0  2.5-3 LOD 

0.8 

µg/mL 

and 

LOQ 

2.0 

µg/mL 

NA 
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(Shaker 

et al., 

2017) 

BDS Hypersil 

C18 (150 mm × 

4.6 mm and 5 

μm) 

Acetonitrile, methanol, and 

triethylammonium phosphate 

solution (15.0:32.5:52.5, v/v) 

as well as triethylammonium 

phosphate solution, pH 2.75  

Isocratic 

elution 

214  1.0  7.0  LOD 15 

ng/mL 

and 

LOQ 50 

ng/mL 

 Sildenafil 

(Kim et 

al., 2001) 

5 µm CAPCELL 

PAK analytical 

cyano column 

Aqueous acetic acid 1% 

containing 0.2% triethylamine 

and acetonitrile (65:35, v/v; pH 

3.8) 

NA column effluent was 

monitored with a 

fluorescence 

detector at an 

excitation 

wavelength of 230 

nm and an emission 

wavelength of 340 

nm 

0.5  10.5  LOD 

1.34 

ng/mL 

and 

LOQ 2 

ng/mL 

 

Pronethalol  

(Rani et 

al., 2011) 

Waters C18 

column (250 × 

4.6 mm, i.d. 5 µ) 

Acetonitrile: water (adjusted to 

pH 2.3 with ortho phosphoric 

acid) in the ratio 60:40 v/v  

Isocratic 

HPLC 

214  1.0  10   LOD 

0.4 

µg/mL 

and 

LOQ 

1.2 

µg/mL  

NA 

(Yadav 

and 

Majee, 

2015) 

Waters Acquity 

BEH C18 column 

(30 x 2.1 mm, 

1.7μm) 

Trifluoroacetic acid (0.1%) and 

acetonitrile in the ratio 80:20 

v/v 

Isocratic  230  0.3 

 

2.5  NA NA 
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(Shabir, 

2011) 

Reversed phase 

C18 (150×4.6 

mm, 5 μm) 

column  

Pyrrolidine 50 mM (pH 11.5) - 

acetonitrile (50:50, v/v) 

Isocratic  214  1  2.86  LOD 

0.95 

µg/mL 

and 

LOQ 

2.5 

µg/mL 

NA 

(Salman 

et al., 

2010) 

C18 end-capped 

(250 × 4.6 mm 

I.D., 5μm) 

Water 160 mL, 180 mL 

methanol, 70 mL 

acetonitrile, 2.5 mL acetic 

acid, and 125 µl triethylamine 

(v/v) 

NA 291 

 

 

 

 

 

 

 

0.5 9.14 LOD 1 

ng/mL 

and 

LOQ 10 

ng/mL 

Oxprenolol 
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4.3 Aim and objectives  

4.3.1 Aim 

 

This chapter aims to develop and validate HPLC methods for detection and 

quantification IND and PRH independently.  

The objectives were as follow for both IND and PRH 

 

4.3.2 Objectives 

• To validate the HPLC method according to International Conference of 

Harmonization (ICH) guidelines  

• To determine the accuracy, precision (inter and intraday precision) 

• To detect the specificity, linearity, and range  

• To examine the robustness of the method to be applied for the formulations 
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4.4 Experimental  

4.4.1 Materials 

 

IND and PRH were purchased from Tokyo Chemical Industry (Japan). Acetic acid 

glacial (ACS, Reag. Ph. Eur., VWR International, France), acetonitrile (HPLC – grade, 

VWR International, France) and methanol (VWR chemicals, France) and disodium 

hydrogen phosphate (Alfa Aesar, Great Britain) were used for the isocratic HPLC 

analysis to prepare mobile phases. Sodium hydroxide (Fischer Scientific, UK) and 

hydrochloric acid (VWR chemicals, France) were used to adjust the pH of the buffer. 

 

4.4.2 Methods 

 

Method development and validation for IND and PRH were achieved independently 

using HPLC (Agilent technologies ll, USA) and Lab Software (Agilent OpenLab CDS, 

Agilent, USA) to analyse the obtained chromatograms. All samples were analysed 

using the column type 00F-4420-E0 HyperClone™ 5µm, BDS C18 130A° of 

dimensions 150 x 4.6 mm (Phenomenex, USA). The flow rate was set at 1 mL/min 

using 20 µL of sample volume to be injected. The validation of IND and PRH was in 

harmony with the ICH guideline, Q2 (R1), namely, accuracy, precision (inter and 

intraday precision), specificity, linearity, and range. HPLC analysis was set before 

running the samples and operated at room temperature. Ultraviolet-visible 

spectroscopy (UV) (Cary 100 Bio, United States) IND and PRH (10 µg mL-1) 

concentration showed maximum absorbance at lambda max 248 nm and 291 nm, 

respectively.  

 

HPLC method development of IND 

 

The mobile phase of 0.1 M acetic acid and acetonitrile at a ratio of 30:70 (v/v) ratio 

was used to develop the IND method. The method was adapted by modifying 

parameters, namely mobile phase composition and retention time Elshaer et al. 

reported method (Table 4.4).  
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4.4.2.1.1  Column selection  

 

Three columns were trialled for separation of IND, (HPLCing) column (1) xTera™ 

reversed-phase C18 (4.6 mm x 100 mm, 3.5 µm) (Water, UK), column (2) Prodigy™ 

reversed Phase C18 (4.6 mm x 250 mm, 5 µm) (Phenomenex, USA) , and column (3) 

HyperClone™ reversed-phase C18 (4.6 mm x 150 mm, 5 µm) (Appendix Table 10.2). 

Column 1 was not considered sufficient as the analyte peak eluted before the solvent 

peak, indicating poor retention. Column 2 and column 3 displayed good analyte peaks. 

However, column 3 was selected as it demonstrated results superior to the other 

(column 2). Hence, tailing was detected with column 2 owing to the free OH-group in 

column 2, while deactivated OH-groups in column 3 reduced the peak tailing (Lesellier 

and Tchapla, 2005). 

 

4.4.2.1.2  Mobile phase 

 

The literature has shown methods that have previously quantified IND using 

acetonitrile and acetic acid mobile phases. These mobile phases were trialled and 

adapted to develop a novel method. Mobile phase compositions trialled include 0.1 M 

acetic acid and acetonitrile at a ratio of 60:40, 55:45, 40:60 and 30:70 v/v. The mobile 

phase selected was 30:70 (v/v) of acetic acid (0.1 M) and acetonitrile, as it was most 

suitable with the selected stationary phase and displayed a good peak shape and 

height.  

 

4.4.2.1.3  Wavelength selection  

 

The maximum absorbance of IND was determined using UV analysis. The lambda 

max obtained was 248 nm. On the HPLC, the wavelength trialled were 235 nm, 320 

nm, and 248 nm. The maximum absorbance was associated with 248 nm and gave 

the best detection of the analyte with good peak shape and peak height.  

 

4.4.2.1.4  Flow rate  
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In the literature, 1 mL/min was the most frequently used flowrate. Thus, 0.8 mL/min, 1 

mL/min and 1.2 mL/min were trialled. There was no difference between the three flow 

rates apart from retention time. Therefore 1 mL/min was selected.  

 

4.4.2.1.5  Injection volume  

 

The injection volume is an important parameter to investigate as the aim is to find a 

volume that gives good detection without overloading and blocking the column. 

Injection volumes trialled were 5, 10 and 20 µL (Pai and Sawant, 2017)(Assali et al., 

2020). The suitable injection volume 20 µL was selected, providing suitable volumes 

to load onto the column showing narrow peaks. Hence, optimal injection volumes are 

related to the column cross-sectional area (A=π r2 ) and length (Bakalyar et al., 1997).  

 

 

Table 4.4 Analytical method parameters for IND 

Parameters Investigated  Method Characteristics  

Column  C18 of dimensions 150 x 4.6 mm, 5 µm 

(Phenomenex, USA) 

Mobile Phase  0.1 M acetic acid and acetonitrile at a 

ratio of 30:70 (v/v) 

Wavelength  248 nm 

Injection Volume  20 µL 

Flow rate 1 mL/min 

 

 

HPLC method development of PRH 

 

On the other hand, the used mobile phase for PRH analysis composed of 50:35:15 

(v/v ) of acetonitrile, methanol and 0.01M disodium hydrogen phosphate of pH 3.5, 

which was adjusted by hydrochloric acid and sodium hydrochloride adapted mobile 

phase ratio from a reported method (Aqil et al., 2013)(Elshaer, Hanson and 

Mohammed, 2014). Before use, the mobile phase was degassed for 20 min and 

filtered (0.45 µm, Millipore, UK). The column was conditioned with acetonitrile (HPLC 
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grade) 100% (v) for 30 min, and the system was purged before and post-analysis. The 

selected parameters were optimised to develop a novel method, as in Table 4.5. 

 

4.4.2.2.1  Column selection  

 

Two columns were trialled for separation of PRH, including column (1) Prodigy™ 

reversed Phase C18 (4.6 mm x 250 mm, 5 µm) (Phenomenex, USA), and column (2) 

Hyper Clone™ reversed-phase C18 (4.6 mm x 150 mm, 5µm) (Appendix Table 10.2). 

It was found that the analyte peak eluted before the solvent peak showing poor 

retention with Column 1, and the column stabilisation was required for a longer time 

comparatively(Lesellier and Tchapla, 2005). Column C18 (150 x 4.6 mm, 5 µm) 

(Phenomenex, USA) displayed narrow analyte peaks with no tailing and demonstrated 

results enhanced to the other column. These columns were trialled and adapted to 

develop a novel method.  

 

4.4.2.2.2  Mobile phase 

 

According to the reported studies that have analysed PRH, the commonly used mobile 

phase composition was for PRH analysis composed acetonitrile, methanol, and buffer 

pH 3.5. Different ratios of mobile phase were tried to provide good resolution peak and 

system suitability. Mobile phase compositions include 30:55:15, 60:30:10, 50:35:15 

v/v. The mobile phase 50:35:15 (v/v) of acetonitrile, methanol and 0.01M disodium 

hydrogen phosphate (pH 3.5) was the most suitable ratio with the used stationary 

phase displaying a good peak shape and height.  

 

4.4.2.2.3  Wavelength selection  

 

PRH absorbance was determined using UV analysis. The lambda max obtained was 

291 nm. On the other hand, using HPLC, the wavelength trialled were 250 nm, 214 

nm, and 291 nm. The wavelength 291 nm gave the best detection of the analyte 

showing good peak shape and peak height. Hence, different trialled was performed to 

develop a novel method using 291 nm selectively for PRH. Also, our preliminary 
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studies using UV–vis showed that 291 nm wavelength was suitable to detect PRH 

(Appendix-Figure 10.6& Table 10.3 and Table 10.4).   

 

4.4.2.2.4  Flow rate  

 

According to the reported studies, the most commonly used flow rate was 1 mL/min. 

However, 0.8 mL/min, 1 mL/min and 1.2 mL/min were trialled to choose the 

appropriate flow rate. The three flow rates showed similar peak resolution except for 

retention time; therefore, a 1 mL/min flow rate was selected.  

 

 

4.4.2.2.5  Injection volume  

 

Selecting a suitable injection volume is critical to consider during HPLC analysis to 

provide peak detection without overloading and blocking the column. Injection volumes 

trialled were 10, 20, 25 µL. The injection volume 20 µL was selected that provided 

suitable volumes to prevent overlading the column showing narrow peaks. Hence, 

larger injection volumes may be acceptable depending on the peaks shape and the 

column dimensions. For instance, if the peak showed broadening, so the volume is 

too large. The ideal injection volumes can be calculated depending on the column 

cross-sectional area (A=π r2 ) and length (Bakalyar et al., 1997). In general, with the 

used column dimensions, 20 µL is a widely used injection volume.  

 

Table 4.5 Analytical method parameters for PRH 

Parameters Investigated  Method Characteristics  

Column  C18 of dimensions 150 x 4.6 mm, 5 µm 

(Phenomenex, USA) 

Mobile Phase  50:35:15 (v/v) of acetonitrile, methanol 

and 0.01M disodium hydrogen 

phosphate of pH 3.5 

Wavelength  291 nm 

Injection Volume  20 µL 

Flow rate 1 mL/min 
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4.5 Method validation  

4.5.1 Standard solutions 

 

Standard stock solutions of IND and PRH were freshly prepared every day during the 

analysis to construct and validate the calibration curve. All the standard solutions were 

prepared daily before the HPLC analysis. Three volumetric flasks of 10 mL were 

prepared of each standard solution and collected to construct the calibration curve.  

 

4.5.2 Preparation of IND standard solutions 

 

The stock solution was prepared by accurately weighing IND powder equivalent to 100 

mg and poured into 100 mL volumetric flask of the mobile phase sonicated until 

completely dissolving the solid. From the IND stock solution, samples were diluted 

accurately with mobile phase to prepare calibration curve concentrations 1, 5,10, 20, 

30, 40, 50, 100 µg/mL of IND using 10 mL volumetric flasks for each. Each of these 

concentrations was prepared in three different vials to detect linearity and range. 

Measurements were run in triplicate for each concentration, and the chromatograms 

were collected to construct the calibration curve.  

 

4.5.3 Preparation of PRH standard solutions 

 

A standard stock solution of PRH with 1000 µg/mL concentration was prepared by 

collecting 50 mg of PRH powder in a 50 mL volumetric flask, then diluted with the 

mobile phase until achieving the required volume of complete solubility.  The 

calibration curve was constructed by preparing serial dilutions of 1, 5, 10, 20, 30, 40 

µg/mL using the stock solution. Each of these concentrations was prepared three 

times. The collected data were used to construct the calibration curve and validate the 

HPLC method.  

 

4.5.4 Validation  

 

The validation is an analytical procedure to determine if the developed method is 

suitable for its intended aim, such as detecting and/or quantifying the drug in the 
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formulations. The quality control samples with ranges of 80, 100, 120% (concerning 

the theoretical drug concentration) were prepared and used for validating the method 

(n=9). The validation was achieved following the ICH guideline and using the following 

procedure: 

 

4.5.5 Linearity and range 

 

The linearity was achieved through constructing the calibration curve using the 

collected data (chromatograms), which is directly related to the effective concentration 

of the drug. The method demonstrated linearity in the range of 1- 100 µg/mL and 1- 

40 µg/mL for IND and PRH, respectively.  

  

4.5.6 Specificity  

 

The specificity was investigated by detecting the excipients used in the mobile phase 

and analysed using the developed method. The range, which refers to the interval 

between drug concentrations (upper to lower concentrations), was consequential to 

obtain an acceptable level of precision, accuracy, and linearity. The detected values 

should be within the range +/-20 % of the reference value. 

 

4.5.7 Accuracy  

 

The accuracy study was detected by measuring the closeness of the experimental 

concentrations of the drug to the true or actual value.  

Accuracy was evaluated by preparing three fresh quality control samples daily: low, 

intermediate, and high (over three consecutive days). The samples were within the 

drug concentrations range 1 – 100 for IND µg/mL and 1 – 40 µg/mL for PRH. Each of 

the samples was prepared daily and analysed (n=6). The percentage error and 

%recovery was determined from all the samples. The three concentrations were 

selected to cover the quantity of the drug in the formulation. Therefore, IND 

contractions were 1, 3, 5 µg/mL and PRH contractions were1 6, 20 and 24 µg/mL.  

 

4.5.8 Precision 
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Precision refers to the closeness of each sample measurement from other samples 

values. The precision was presented by reproducibility, intermediate precision, and 

repeatability (ICH expert working group, 1995). Similarly, the inter-day precision was 

performed using the allocated concentrations of freshly prepared samples for the three 

consecutive days (n=6+6+6). The chromatograms were used to work out the 

concentrations of the samples by applying the values of the peak area in the linear 

equation of the constructed calibration curve. Reproducibility was assessed by 

comparing all the results over 3 consecutive days (inter-day) and running one of the 

quality controls samples after one month. 

 

4.5.9 Robustness 

 

According to ICH, robustness can be defined as the capability of a scientific or 

investigative method to withstand any small and deliberate changes in the method's 

parameters (Swartz and Krull, 2012). 

This was performed by changing the mobile phase composition (± 3% v/v) and flow 

rate (± 0.1 mL/min) for IND. On the other hand, PRH robustness was achieved by 

changing two parameters: the mobile phase composition buffer to methanol ratio (± 

5%) and the flow rate (± 0.1 mL min-1).  

 

4.5.10 Detection Limit (LOD) and Quantitation Limit (LOQ) 

 

LOD is defined as the minimum concentration of the drug in the samples that can be 

perceived. While the minimum quantified concentration of the drug can be identified 

by calculating the LOQ (Swartz and Krull, 2012). The LOD and LOQ values were 

identified from the standard calibration curves based on the standard deviation 

formula. LOD (             Equation 4-1) and LOQ (             Equation 4-2) were identified 

using the calibration curve points (n=6) by applying the values in the following 

equations:  

 

𝐿𝑂𝐷 =  (3.3𝜎/𝑠)             Equation 4-1 

 

𝐿𝑂𝑄 = (10𝜎/𝑠)              Equation 4-2 
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σ is the standard deviation of the response, s is the regression line slope (ICH expert 

working group, 1995).  

4.6 Statistical analysis 

 

Statistical analysis for HPLC method development and validation was achieved using 

standard deviation (SD), relative standard deviation (%RSD), %recovery, %relative 

error, t-Test with P<0.05 for significance and regression of analysis of variance using 

Microsoft Excel. 
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4.7 Results and discussion  

 

A valid method was required to detect and quantify drug concentration from the 

prepared tablets comprising IND or PRH in different dissolution media. The validated 

method was in accordance with the validation specifications and parameters set in the 

ICH since it details the validation of investigative methods. The parameters used for 

validation studies include linearity, range, specificity, accuracy, and precision and LOD 

& LOQ. 

4.7.1 Method validation and optimisation of IND 

Linearity and range 

 

The calibration concentrations 1, 5,10, 20, 30, 40, 50,100 mg/mL of IND was used to 

develop an isocratic HPLC method for IND detection and quantification. This was to 

easily apply the equation to quantify a wide range of drug concentrations in the 

prepared formulations. The samples were run for 4 mins using the indicated mobile 

phase and reversed phase C18 column, at room temperature 25 ± 0.5 ˚C. Linearity and 

range were detected using the collected samples, and they showed a high linearity 

relationship R²= 0.9994. Measurements were run in triplicate for each concentration 

to construct the calibration curve as in Figure 4.1 . 
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Figure 4.1 IND calibration curve showing the linearity R² = 0.9994 for all concentrations range with 

linear curve equation y=58.778x-13.524 

 

 

Specificity and accuracy 

 

The specificity was applied to detect the method's accuracy to quantify and detect drug 

peak with no interference from other excipients. As presented in Figure 4.2, samples 

showed the peaks for the solvent with no interfering with IND, whereas the IND 

chromatogram in Figure 4.3 demonstrated a sharp peak with no tailing for the drug 

and no interference with its absorbance.   

The method's accuracy can also be observed for the theoretical concentration of IND 

5 µg/mL as demonstrated in Figure 4.3, and the calculated concentration was worked 

out using the LabSolutions software within 2.39 - 2.4 min retention time.  
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Figure 4.2 Excipients and drug as showing the specificity of the method for IND pellets  
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Figure 4.3 One of the quality control concentrations 5 µg/mL showing high peak sharpness and 

detection specificity for IND with no interference 

 

Accuracy and precision  

 

The calculated concentration (C.C) was detected according to the calibration curve 

equation related to theoretical concentration (T.C). The freshly prepared samples of 

each quality control point were tested (n=6) according to the ICH guideline. The results 

demonstrated good accuracy, intraday & inter-day precision (Table 4.6 and Table 4.7). 

The results of the quality control point low, medium, and high concentrations (1, 3 and 

5 µg/mL) showed that %recovery was between 89.20 - 99.89, indicating the 

acceptable range 80-120% according to ICH guideline. Although %relative error was 

8.7% for low-quality control (1 µg/mL), this could be expected with low concentrations 

(United Nations Office on Drugs and Crime (UNODC), 2009). In addition, the results 

showed a %relative error for 3 and 5 µg/mL less than 2%, indicating the high accuracy 

of the method (Table 4.6) (EMEA, 2009). On the other hand, good system precision 

was obtained as intra-day precision demonstrated %RSD ranged between 0.24% – 

1.24% (Table 6) and inter-day precision obtained ranged between %RSD 0.95% - 

2.07% over three consecutive days (Table 4.7).  

According to ICH guideline, the intra and inter-day precision were within acceptance 

criteria as %RSD should not exceed 5%. Moreover, further analysis for three quality 

control samples 15, 35 and 45 µg/mL was performed to confirm the method accuracy 

and precision, which confirmed the low %relative error and %RSD for the reported 

data (Appendix Table 10.5 & Table 10.6). Also, one of the calibration samples, 100 

µg/mL were tested after 1 year after storing the sample under cold condition 5-8⁰C. 

The results showed that %RSD was less than 1%, and %recovery was within the 

acceptable range (80 - 120%), showing method reproducibility (Appendix  

Table 10.8 and Figure 10.7). 
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Table 4.6 Accuracy and Intraday precision parameters for IND according to the proposed HPLC method 

(n=6) showing the theoretical concentration (T.C) and calculated concentration (C.C) 

 

T.C  

µg/mL  

C.C µg/mL 

Mean± SD 

%Relative error %RSD %Recovery 

1 0.91 ± 0.01 8.70 1.24 91.30 

3 3.04 ± 0.01 1.43 0.31 101.43 

5 4.99 ± 0.01 0.18 0.24 99.82 

 

Table 4.7 Inter-day precision of IND HPLC method (n=6+6+6) represented by Mean ± SD, %RSD, 
and %Recovery 
 

T.C  
µg/mL 

Day1 Day2 Day3 C.C µg/mL 
Mean± SD  
 

%RSD %Recovery 

1 0.88 0.88 0.91 0.89 ± 0.02 2.07 89.20 

3 2.98 2.97 3.04 3.00 ± 0.04 1.17 99.89 

5 4.93 4.88 4.99 4.94 ± 0.05 0.96 98.73 

 

 

Robustness  

 

The robustness of the proposed method was detected by testing minor changes in the 

method parameters; the mobile phase composition (0.1 M acetic acid and acetonitrile 

at a ratio of 30:70 (v/v)) flow rate (±0.3 mL/min) were applied while running 3 µg/mL 

IND sample. The results demonstrated that the IND method was robust and applicable 

to different conditions. The sample was run six times to demonstrate the rigidity, as in 

Table 4.8. 

The deliberate changes displayed no significant difference in peak shape and peak 

area. %Recovery was within the acceptable range between 91.13 – 106.33% with an 

acceptable range of %RSD between 0.22 - 0.78%. According to the robustness study, 

the slight change in method parameters showed that the method could optimally be 

performed. Moreover, the method robustness was detected by testing one of 
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additional quality control 45 µg/mL (n=3) using deliberate change in the wavelength (± 

4) and fixing other conditions (mobile phase and flow rate). The results demonstrated 

low %RSD as 0.08% and 97.93% of %recovery and 2.336 min retention time 

(Appendix Table 10.7).  

Table 4.8 Robustness testing for the proposed HPLC method for IND of one of the quality controls 

points 3 µg/mL concentration (n=6) 

Parameters Ratio Retention time C.C µg/mL 
Mean ± SD          

%RSD %Recovery 

Acetonitrile 
ratio 

(± 3% v/v) 

73:27 2.20 2.99 ± 0.01 0.22 99.59 

67:33 2.49 2.99 ± 0.02 0.30 99.56 

Flow rate  

(± 0.1 mL/min) 

1.1 2.12 2.73 ± 0.02 0.78 91.13 

0.9 2.60 3.19 ± 0.02 0.52 106.33 

 

LOD and LOQ identification  

 

Detection limits LOD and LOQ were extrapolated from the presented results of the 

IND HPLC method. The results were obtained by calculating the values according to 

the ICH guidelines using the indicated equations depending on the regression line of 

the calibration curve (n=6). It was found that LOD and LOQ values were 0.312 µg/mL 

and 0.947 µg/mL, respectively. The LOD and LOQ were lower than the lowest 

concentration in the calibration curve. Therefore, the method can detect and quantify 

IND in a low amount in the prepared formulations.  

 

4.7.2 Method validation and optimisation of PRH 

Linearity and range 

 

The calibration curve was constructed using six concentrations of 1, 5, 10, 20, 30, and 

40 µg/mL for PRH detection and quantification. Samples were run for 4 mins using the 

indicated mobile and reversed phase C18 column at temperature 25 ± 0.5˚C. The 

relationship between the concentrations of PRH samples and the peak areas was 
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linear for the range 1 – 40 µg/mL. The results demonstrated a good regression 

coefficient (R2) = 0.997. The analysis of six concentrations, triplicate run for each 

sample, was used to attain calibration curve equation as shown in Figure 4.4. The 

chromatograms of the standard concentrations with retention time 1.9 - 2 mins were 

attained, demonstrating a good range and suitability of the equation.  

 

 

 

Figure 4.4 Calibration curve of PRH 1 – 40 µg/mL showing linearity R² = 0.9974 and equation y = 

23.945x - 0.2463 

 

 

Specificity and accuracy 

 

The method specificity was determined using blank samples consist of the formulation 

excipients. This is essential to identify any interference with PRH peak during 

quantification and detection studies. The spiked samples showed no interference with 

PRH retention time and the suitability of the mobile phase of the HPLC method, as in 

Figure 4.5. Also, the chromatogram of PRH in Figure 4.6 demonstrated a sharp peak 

for 20 µg/mL with no tailing other chromatograms of low concentrations (e.g., 1 µg/mL) 

illustrated a consistent result (Appendix Figure 10.8). This was performed confirming 

the specific detection for PRH in the formulation with no interference with its 

absorbance. Therefore, the method demonstrated a distinct optimal peak from analyte 

and impurities. 
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Figure 4.5 Matrix of the used excipients in PRH formulations in blank samples using mobile phase as a 

solvent 

 

Figure 4.6 Chromatogram of PRH with 20 µg/mL showing a sharp peak with 1.952 min retention time  

 

 

Accuracy and precision  

 

Three quality control concentrations 16, 20 and 24 µg/mL (n=6) were run to assess 

the accuracy of the HPLC method. The fresh samples were prepared from the stock 

solution for three days consecutively and used to perform repeatability, inter-day 
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precision and accuracy on each day. According to the ICH guideline, the accuracy 

parameter was described as %relative error, %recovery and %RSD. The results 

showed high accuracy as %relative error was low lower than 5%, indicating the low 

difference between the T.C and C.C values (Table 4.9) (Cheng, Huang and He, 2007). 

Moreover, the acceptable range of %RSD between 0.26% – 0.91% was obtained for 

all determinations indicating a high precision (intra-day) as in Table 9. 

On the other hand, inter-day precision for the PRH method showed good %Recovery 

within 80-120% (Table 4.10). Although the values obtained from the inter-day study 

demonstrated %RSD higher than %RSD of intraday precision, the range was 

acceptable because such differences could occur due to laboratory conditions on 

different days (Barwick, 1999, United Nations Office). Moreover, %relative error was 

lower than 1.66% for all the values. Therefore, %RSD ranging between 1.27-5.18% 

can be acceptable.  

In addition, method reproducibility was also assessed by testing one of the calibration 

curve points 10 µg/mL of the calibration curve points on another Agilent HPLC 

instrument applying the same conditions (temperature, wavelength, and mobile 

phase) and same column C18 (Appendix Table 10.9). According to ICH guidelines, 

%RSD (0.55%) and %Recovery (94.63%) data were within the acceptable range. The 

obtained data showed no significant difference compared to the old results using t-

Test (p>0.05). 

 

Table 4.9  Results of accuracy and intraday precision of PRH HPLC method (n=6), showing T.C and 

C.C relationship 

T.C µg/mL C.C µg/mL 
Mean ±SD 
  

%RSD %Relative 
error 

%Recovery 

16 16.09 ± 0.05 0.32 0.54 100.54 

20 19.53 ± 0.05 0.26 2.33 97.67 

24 23.49 ± 0.21 0.91 2.13 97.87 
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Table 4.10  Inter day precision showing T.C and C.C analysis according to PRH HPLC method 

(n=6+6+6) 

T.C 
µg/mL 

Day1 Day2 Day3 C.C µg/mL 
Mean ± SD 
 

%RSD 

 
 
 

%Recovery 

 
 
 

16 16.49 16.09 16.22 16.27 ± 0.20 1.27 

 

101.66 

20 21.49 19.53 19.84 20.29 ± 1.05 5.18 101.44 

24 25.18 23.49 23.34 24.01 ± 1.02 4.26 

 

100.02 

 

 

Robustness   

 

Robustness was performed by deliberately changing two parameters, the mobile 

phase ratios ± 5 % of methanol and dipotassium hydrogen phosphate with a constant 

ratio of acetonitrile to see the effect of different ratio on the method robustness. Also, 

flow rate ± 0.1 was used to examine the robustness of the PRH validated method. The 

method showed good robustness with an undetectable effect on the quality control 

point 20 µg/mL of PRH. The obtained results of %RSD (0.09% – 1.17%) and 

%recovery (102.35 - 99.24) indicated that all values within the acceptable range (80-

120%) with low SD as in Table 4.11. This was clearly detected in the chromatogram 

of 20 µg/mL of PRH demonstrating a sharp peak at mobile phase ratio of 50:30:20 of 

acetonitrile, methanol, and buffer, respectively (Appendix -Figure 10.9).  

 

Table 4.11 Robustness of HPLC method of PRH showing mobile phase ratio and flow rate effect on 20 

µg/mL concentration 

Parameters Ratio Retention time C.C µg/mL 
Mean ± SD          

%RSD %Recovery 

Mobile phase 
(± 5% v/v) 

50:30:20 1.869 19.85 ± 0.16 0.78 99.24 

50:40:10 2.035 20.47 ± 0.02 0.09 102.35 

Flow rate 
(± 0.1 mL/min) 

1.1 1.922 20.50 ± 0.24 1.17 102.52 

0.9 2.167 22.79 ± 0.20 0.89 113.93 
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LOD and LOQ identification  

 

Detection and quantification of the lower limits within the HPLC method were 

performed, calculating LOD and LOQ of PRH (n=6). The results were obtained 

according to the ICH guideline equation indicated in the method. It was noticed that 

LOD was 0.324 µg/mL and LOQ was 0.982 µg/mL, showing the method's efficiency to 

detect very low drug concentration. The limit of detection and quantification should be 

lower than the lowest concentration of the calibration curve. According to the 

experimental trials, increasing the number of samples provided enhanced results with 

higher detection and low error. This could be related to minimising error that generates 

owing to the system or human error in pipetting (Kuselman and Pennecchi, 2016). 

Therefore, this was considered with calculating LOD and LOQ.  

Both validated methods were applied to quantify and detect IND and PRH release 

individually in all the prepared formulations comprising each drug (Appendix- Figure 

10.10). 

4.8 Conclusion 

 

In summary, two accurate and reliable HPLC methods were developed to detect and 

quantify IND and PRH HPLC. The methods were validated according to ICH 

guidelines. IND intra-day precision showed raised % relative error, and similarly, 

%RSD in the inter-day precision of PRH. The limits are still acceptable (Barwick, 1999; 

EMEA, 2009; United Nations Office on Drugs and Crime (UNODC), 2009). This was 

confirmed by method robustness results showing low %RSD with the deliberate 

changes. The LOD and LOQ values were calculated in the dissolution release studies 

despite no indication in the ICH guideline. The values were lower than the lowest 

points on the calibration curves. The validated method for both IND and PRH was 

successfully applied to quantify drug in the formulations with no interference. 
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Chapter 5 Delaying of indomethacin release through pH-dependent 
polymeric microparticles embedded in the orally disintegrating 
tablets 
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Scoop of the study  

 

The use of analgesic pharmaceutical ingredients has severe side effects. A better drug 

delivery system is provided to mitigate this challenge by using orally disintegrating 

tablets (ODT) combined with a multiparticulate system, such as microparticles. ODTs, 

which dissolve rapidly in the mouth, contain microparticles of a pH-dependent polymer 

to reduce indomethacin's gastric side effects. These microparticles are designed and 

developed through the implementation of the spray-drying method. Eight batches of 

Eudragit L100 based indomethacin microparticles were prepared and characterised to 

examine the effect of different spray-drying parameters: temperature, aspiration, and 

solvent type on the indomethacin (IND) release profile. The obtained batches using 

acetone and methanol solvents showed a consistent delayed-release indomethacin 

profile in the acidic media and immediate release in intestinal pH media. The batches 

prepared by ethanol showed inconsistent drug release compared to other batches.   

 

Keywords: ODTs, Eudragit L100, microparticles, IND 



124 
 

 

5.1 Introduction  

5.1.1 Microparticles and ODTs combination  

 

Combining ODTs with a multiparticulate drug delivery system (microparticles, 

nanoparticles and pellets, etc.) is of great interest in developing optimized formulations 

with the advantages of both ODTs and microparticles. The multiparticulate systems 

promote different benefits in both clinical and industrial areas. These advantages 

include reducing side effects and local irritation from immediate drug release 

formulations and frequent drug dosing requirements, leading to improved patient 

compliance (Nadal et al., 2016). 

 The microparticles (size range 1–1000 µm) are widely used multiparticulate 

that offer further advantages, including unpleasant taste masking, enhancing the 

drug's targeting effect and modifying the drug release. The method of microparticle 

preparation and the use of specific polymers and excipients needs to be considered 

to achieve the desired modified drug release formulation (Lengyel et al., 2019).  

Hence, polymers and excipients keep the active pharmaceutical ingredient 

(API) protected from the environment of the gastrointestinal tract (GIT) (Santos et al., 

2018). Different techniques to prepare microparticles include spray drying, emulsion-

based methods, and solvent evaporation (Lassalle and Ferreira, 2007). The selection 

of the method depends on several factors, including method reproducibility, cost, and 

time efficiency.  

Spray drying is a commonly used multistep process to produce microparticles 

(Lassalle and Ferreira, 2007).  This method is suitable for hydrophobic and hydrophilic 

active compounds and heat-sensitive materials due to rapid drying and relatively short 

exposure to heat(Santos et al., 2018) (Sosnik and K. Seremeta, 2015). The process 

produces a dry powder from dissolving dry ingredients in a suitable solvent system. 

The produced solution is then atomized into a hot drying gas/air environment 

(chamber). The product is usually of narrow size distribution, and homogeneous 

shaped particles are formed (Santos et al., 2018) (Sosnik and K. Seremeta, 2015). On 

the other hand, the spray-drying technique has proven useful in developing ODTs on 

a massive scale. The method is fully automated and quick, allowing it to be applied on 

an industrial scale (Lou et al., 2014).  
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Spray drying process is widely used in the food and pharmaceutical industry. This 

process involves continued drying energy within the hot gas flow leading to the 

atomisation of the liquid (solvent, active ingredients and excipients) and the production 

of micro or nanoparticles of uniform sizes within a short time (Wang, Dufour and Zhou, 

2015)(Santos et al., 2018). The main principle of the method is the dissolving of active 

ingredients and other excipients in a suitable solvent (aqueous or organic). Then the 

obtained feed (solution, gel, or suspension) is scattered by the atomiser nozzle into 

fine droplets with high temperature and high air pressure using a temperature higher 

than the solvent's boiling temperature. During the spray drying process, conversion of 

the molecular arrangement can occur, i.e. crystalline to amorphous state (Singh and 

Van den Mooter, 2016). Hence, the produced droplets are rapidly dried and collected 

as fine dried particles. The droplets diameters and ultimately physical properties of the 

produced particles vary depending on different factors, including inlet temperature,  

feed solution viscosity and pressure of the airflow (Ohshima and Makino, 2014)(Wang, 

Dufour and Zhou, 2015)(Santos et al., 2018).  

 

Microencapsulation via spray-drying technique is a modern method for compliant and 

non-compliant patients. According to Li et al., perfecting microencapsulation would 

help control drug release rate, allowing the drug components to be released at the 

right time consistently with minimum bitterness. Further, the authors indicated that 

recent trends in microencapsulation have led to the development of a “novel 

nanoparticles-in-microparticles system" (NIMS) that continues to produce satisfying 

results based on entrapping a pharmaceutical drug particle, encapsulating its bitter 

elements, and releasing them at the right moment. However, insufficient literature 

further explores this system, thus inhibiting its approach and implementation to inform 

the general medical profession (Li et al., 2011).  

Generally, different polymeric systems are applied according to the type of the drug 

and its side effects. Li et al. note that chitosan, a polysaccharide, has been extensively 

used to develop drug delivery systems. The authors further indicate that additional 

studies have shown tremendous progress with incorporating chitosan in NIMS to 

increase drug release efficiency (Li et al., 2011). These studies promise better results, 

with future improvements opening the doors to further research and experimentation 

as scientists continue to explore polymers and their different applications in ODTs, 

controlled drug release rates, modern taste-masking techniques, and drug delivery 
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systems to mitigate the side effects of the pharmaceutical materials (Bankars et al., 

2014). 

Our model drug IND is a widely used nonsteroidal anti-inflammatory drug to treat the 

pain and symptoms of joints swelling and stiffness caused by arthritis and gout (Ikawa 

et al., 2012; Emam Kassab, 2019). However, IND side effects of gastric irritation, 

especially for elderly patients, limited its use (Goldstein and Cryer, 2014). Therefore, 

delaying IND release to bypass the stomach is an integral approach to minimize 

gastric disturbance. 

5.1.2 Overview of of spray drying parameter settings  

 

The original material properties can determine the applied spray drying parameters. 

Also, the quality of the collected particles using the spray drying technique is strongly 

associated with the instrumental settings. Himmetagaoglu and Erbay (2019) noticed 

that applying an aspiration rate of 75% improved the final product's physical properties 

(Himmetagaoglu and Erbay, 2019). 

In our study, using different solvents was essential to produce particles with uniform 

size and mechanical attributes. Hence, solvent viscosity and volatility can determine 

the feed solution's quality(Shepard et al., 2020) (Esposito et al., 2000). Therefore, 

three solvents were used, methanol, acetone, and ethanol, as these are the most used 

solvents to prepare Eudragit L100 based microparticles. For instance, Shepard et al. 

used acetone and methanol as a solvent, while Esposito et al. used ethanol and 

methanol (Shepard et al., 2020)(Esposito et al., 2000).  

Moreover, the settings parameters including inlet temperature, aspiration rate and feed 

concentration could influence the final product properties. The inlet temperature is the 

drying air temperature, which is measured before air flows into the chamber (Büchi, 

2002). The temperature is required to be high enough to provide separation with no 

necessity to be higher than the solvent's boiling point (water or organic fluid). Hence, 

the solvent is vaporised and removed during spray drying the dispersion or emulsion 

as the surface to volume ratio would be enough to evaporate the individual 

drops(Ziaee et al., 2019)(Büchi, 2002). When the dry particles start to enter the 

cyclone results in an uncontrolled temperature called outlet temperature, this 

temperature results from the intense heat and mass transfer (Büchi, 2002)(Santos et 

al., 2018). Hence, the particles can have the same temperature as the gas; as a result, 

the outlet temperature can be considered product temperature. Therefore, increasing 
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the inlet temperature can improve the product yield and reducing the particles sticking 

(Santos et al., 2018)(Büchi, 2002). In addition, the moisture content can increase when 

the large difference between the inlet and outlet temperature (Büchi, 2020)(Santos et 

al., 2018).  

 

On the other hand, the aspirator controls the dried gas or air entering the drying 

chamber under specific pressure conditions. The aspirator speed regulates the 

amount of heated drying air. Hence, the provided energy for vaporisation is influenced 

by the quantity of drying air. Therefore, the optimum aspirator setting can be 

determined experimentally (Büchi, 2002)(Aghbashlo et al., 2012). For instance, the 

high aspirator speed can increase the separation time in the cyclone and enhance the 

yield. Also, the low aspiration can affect the final moisture content if the energy 

provided is enough to dry all the particles (Büchi, 2002)(Santos et al., 2018).  

In addition, larger particles can be generated when a high concentration of feed is 

used. However, keeping certain parameters stable is required when optimising the 

parameters and examining their effect on the final product properties(Büchi, 

2002)(Sosnik and K. P. Seremeta, 2015)(Santos et al., 2018).  For instance, 

increasing the pump speed can reduce the outlet temperature, which may increase 

the difference between the inlet and outlet temperature, thus increasing the moisture 

content. Also, at a high aspiration speed, the residence time becomes shorter, yet the 

time can be not enough to produce a completely dry product; thus, moisture content 

increases (Büchi, 2002)(Büchi, 2020)(Kojima et al., 2013). 

Thus, optimisation of instrumental settings is necessary to investigate any quality error 

in the product.   
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5.2 Aim and objectives  

5.2.1 Aim 

 

To prepare delayed-release indomethacin (IND) microparticles to be used in orally 

disintegrating tablets (ODTs) 

5.2.2 Objectives  

 

• To prepare spray-dried particles using a pH dependent polymer Eudragit L100  

• To study the effect of three different solvents on the spray-dried particles 

• To assess the impact of parameters, namely aspiration speed and inlet 

temperature, on the product quality 

• To evaluate IND release from spray-dried indomethacin-Eudragit L100 particles 

(SD-INDE)  
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5.3 Experimental  

5.3.1 Materials  

Listed in the experimental chapter. 

 

5.3.2 Methods 

Preparation of spray-dried IND-Eudragit L100 particles (SD- INDE) 

The physical mixture of IND and Eudragit L100 was dissolved in the same quantity in 

three different solvents: acetone, methanol, and 97/3% v/v ethanol/water (Table1). 

Büchi Mini Spray Dryer B-290 (BÜCHI Labortechnik AG, Switzerland) was used to 

prepare the spray-dried particles (Babenko et al., 2019). Two concentrations of the 

feed solution were prepared, 10% w/v and 5% w/v for an acetone-based solution and 

5% w/v for the methanol and ethanol solutions. The IND concentration was maintained 

at 5% w/w with respect to the polymer in all batches as in Table 5.1. Two parameters’ 

settings were applied independently; the first had a low inlet temperature of 75°C and 

a low aspiration speed of 75%. The second had a high inlet temperature at 85°C with 

a high aspiration speed of 100%. The corresponding outlet temperature ranges 55-63 

± 0.5 °C for low and high parameters, respectively. 

 

Table 5.1 Spray-dried particles of IND and Eudragit L100 using two settings of parameters inlet 

temperature and aspiration with each of feed concentrations 

Formulation Ratio%  Solvent (100 mL) Inlet temperature °C Aspiration 

A1 10% Acetone  75 75 

A2 10% Acetone  85 100 

B1 5% Acetone 75 75 

B2 5% Acetone  85 100 

C1 5% Methanol  75 75 

C2 5% Methanol 85 100 

D1 5% Ethanol: water (9:1) 75 75 

D2 5% Ethanol: water (9:1) 85 100 

 

After different trials, these parameters were applied to optimise the parameters and 

subsequent comparison to reported studies (Shepard et al., 2020)(Esposito et al., 

2000). The other parameters were kept constant during the experiment, including feed 
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rate at 320 mL/h and the spray gas flow to atomise the feed solution set between 414 

and 473 L/h with 5 and 8 bar for out and received pressure.  

Tablet preparation 

 

The spray dried particles were mixed with ODTs matrices to prepare delayed-release 

IND multiarticulate embedded in the ODTs. The matrix of ODTs was prepared by using 

74% w/w of Lactose monohydrate as a bulking agent, LHPC as a disintegrant in 25% 

w/w and 1% w/w magnesium stearate as a lubricant during tablet compression. Spray-

dried powder of each batch was mixed with ODTs matrices by including 10% w/w 

(equivalent to 2.5 mg of IND) of the spray-dried powder and 90% w/w of the ODT 

excipients. A TURBULA® mixer (WAB AG, Switzerland) was utilised to mix the ODTs 

matrices and the delayed release microparticles at 50 rpm for 10 minutes. Similarly, 

the control tablets were prepared in the same way with indomethacin added as a 

powder. 

The delayed-release microparticles-ODTs (DRM-ODTs) mixture was weighed to 500 

mg per sample and compressed using a manually controlled uniaxial hydraulic press 

(Specac tablet presser, Slough, UK). The mixture was poured into the die of a barrel 

to be compressed with a punch of 13 mm size and a one-ton compression force 

applied for 10 second, which is approximately equal to 75.07 MPa pressure. All tablets 

were weighed after preparation and confirmed to be 500 mg. Microparticles 

represented a 10% ratio of the DRM-ODTs. 

Percentage yield 

 

The batches were tested according to the detailed method in the experimental chapter.  

 

Compressibility index  

 

The Flowability of SD-INDE batches was measured to assess the ability of the 

particles to settle and compress according to the referenced data in Table 5.2. 

Compressibility index and Hausner ratio were used to assess the powder flow property 

as explained in the experimental chapter. 
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Table 5.2 Compressibility index and Hausner ratio references (Kalal et al., 2018) 

Compressibility index (%) Flow character Hausner ratio 

less than or equal to 10 Excellent 1.00-1.11 

11-15 Good 1.12-1.18 

16-20 Fair 1.19-1.25 

21-25 Passable 1.26-1.34 

26-31 Poor 1.35-1.45 

32-37 Very poor 1.46-1.59 

> 38 Very, very poor > 1.60 

 

Bulk density 

 

The bulk density was measured as detailed in the experimental chapter.  

 

Flowability 

 

Flowability was measured for the obtained spray-dried particles using Erweka GTL 

Powder and granulate flow tester (Erweka, Germany). The method was detailed in the 

experimental chapter. 

 

Morphology and particles sizes 

5.3.2.7.1 Scanning electron microscopy 

 

Morphology and particle size of all spray dried batches were examined using scanning 

electron microscopy (SEM-ZEISS EVO®50, UK). For each sample, different images 

were collected. The method was detailed in the experimental chapter. 

 

5.3.2.7.2 Laser diffraction   

All eight batches of the sprayed dried particles were assessed for particle size using 

laser diffraction (HELOS /BF, Rodos dispenser) (Sympatec GmbH, Germany) 

according to the detailed method in the experimental chapter.  
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Mechanical properties 

5.3.2.8.1 Elasticity and deformation 

 

Determination of the elasticity of powders was evaluated using a Texture Analyser 

(Stable Micro Systems, UK) with the software Exponent. The method was detailed in 

the experimental chapter. 

 

5.3.2.8.2 Tablet’s hardness  

The hardness of tablets was input to calculate tensile strength. The method was 

detailed in the experimental chapter. 

Disintegration 

 

DRM-ODTs disintegration time was carried out for each formulation and the control 

(n=3). The method was detailed in the experimental chapter. 

Thermal analysis 

5.3.2.10.1 Differential Scanning Calorimeter (DSC) 

5.3.2.10.2 Thermogravimetric analysis (TGA)  

 

All the spray-dried batches were examined using the detailed method in the 

experimental chapter. 

Melt quench cooling 

 

Quench cooling of SD-INDE particles was performed on one of the produced 

formulations to confirm the presence of IND in the formulation and to detect 

recrystallisation of the amorphous form. Samples The method was adapted from a 

previously reported method (Zimper et al., 2010), with the same procedure of DSC for 

sample preparation as in our study for both samples of SD-INDE particles and raw 

IND. The only difference is that heating the sample to the upper-temperature limit 

above the 162.5°C melting point of IND, 166 °C, and quench cooling the sample by 

placing the sample crucible in a beaker inside a liquid nitrogen container followed by  

DSC analysis since this method showed no chemical degradation for IND according 
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to a reported study (Yoshioka, Hancock and Zografi, 1994). The thermograms were 

evaluated using STARe software after collecting the thermograms from DSC analysis 

(Mettler Toledo, UK). 

Dissolution studies 

 

All tablets were run in triplicate (n=3) to quantify IND in ODTs in control and SD-INDE 

tablets using in vitro release studies in acid media (pH 1.2) and buffer media (pH 6.8). 

All the samples were analysed using the established HPLC method in triplicate (n=3). 

The method was detailed in the experimental chapter. 

Content uniformity 

 

The content uniformity of all batches' SD-INDE particles was evaluated to measure 

the amount of drug in each sample and the even distribution of the drug within the 

sample. This was performed by taking similar quantities of each sample. 

Simultaneously, particles of the same sample were collected from different position 

within the spray drying chamber to compare with collected samples. The final 

concentration of 50 µg/mL was prepared using methanol as solvent. The results were 

analysed using the presented HPLC method for IND. 

 

Statistical methods 

 

Results were analysed using Microsoft Excel software. Analyses of variance (p<0.05) 

and t-test to compare between the batches was applied. The results of the statistical 

analysis for all formulation are presented as Mean ± SD.  
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5.4 Results and discussion  

5.4.1 Powder properties: Flowability and bulk density  

 

All formulations were prepared using a spray drying process. Compressibility index, 

Hausner ratio, and tapped density were used to assess the flowability and the ability 

of the particles to settle during tablets preparation (Table 5.3). The results showed 

different flow character passable, fair, and good according to the solvent and the 

aspiration settings. However, this variation could be related to the number of polymer 

strands in each sample, dimensions, and distribution of strands. This was confirmed 

when detecting the flowability through the orifice as the results showed similar flow 

with 0.7 g/sec with limited variation. The aspiration, which represents the volume of 

drying air per unit time, was set to 75% and 100% for the low and high settings, 

respectively. The aspiration effect was noticed on the particle size, as particles of 

smaller dimensions were produced with high aspiration settings. This can be seen in 

laser diffraction results, showing VMD reduced with high settings (aspiration and 

temperature). The difference between the values of particle sizes for each batch varied 

if the change in temperature and aspiration was small. 

 

Table 5.3 Powder properties results and micrometric characterisation of SD-INDE particles of all 

batches 

Bat
ch      

         

Compressibilit
y index (%) 

Hausne
r ratio 

Bulk 
density 
gm/mL 

Tapped 
density 
mg/mL 

Flow 
characte
r 

%Yi
eld  

A1 20  1.25 0.5 0.63 Fair 58 

A2 22.22 1.29 0.56 0.71 Passable 88 

B1 15 1.17 0.62 0.73 Good 84 

B2 16.25 1.19 0.63 0.75 Fair 92 

C1 20 1.25 0.50 0.63 Fair 48 

C2 22.22 1.28 0.55 0.71 Passable 46 

D1 17.07 1.2 0.60 0.73 Fair 50 

D2 21 1.26 0.5 0.63 Passable 48 

 

Moreover, the effect on particle size was optimised by changing the feed 

concentration. For instance, comparing the same solvent batches 10% of A and 5% 
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of B, the particles size decreased to 63.73 µm and 61.64 µm in A2 and B2, 

respectively. 

On the other hand, at the high aspiration setting, the time for the particles to transfer 

from the atomiser to the collecting tube became shorter. Consequently, the time for 

the particles to interact with the drying gas was also shortened. This resulted in a 

reduced rate of drying of the solvent and the formation of partially dry particles, which 

started to stick to each other and form aggregates and particles with larger sizes. 

Hence, particle size can increase through increasing different parameters such as; 

feed rate, concentration and temperature of spray drying (Hadi, 2015)(Shepard et al., 

2020). 

Moreover, it was noticed that the yield increased with high temperature and aspiration 

settings (Table 5.3). The high velocity of the drying air could result in the efficiency of 

the cyclone being enhanced (Hadi, 2015)(Shepard et al., 2020). Thus, allowing a high 

yield to be collected.  

The aspiration parameter showed a positive effect on the produced yield for the 

formulations. However, the methanol and ethanol batches (C and D) showed a 

negative relationship with the yield. Hence, the high aspiration and inlet temperature 

increased the output to a certain point then started to decline. This can be attributed 

to the effect of the increased inlet temperature on reducing the required time for 

droplets to dry, yet the aspiration was high, which further shortened that time. Zhang 

and Youan noticed a similar trend (2010); when the inlet temperature and aspiration 

were high, the yield increased. Yet, after few minutes, the yield started decreasing, 

highlighting a negative effect of the high settings (Zhang and Youan, 2010). This can 

be explained by the inability of some particles to dry at the beginning of spray drying, 

leading to high yield until this process is overwhelmed with continuous high aspiration, 

which results in the production of clammy and sticky particles due to insufficient time 

for the particles to dry (Zhang and Youan, 2010). These particles are retained in the 

chamber, leaving a low quantity of dry powder to be collected. 

The other reason for the particle’s stickiness in the chamber and the low yield could 

be related to the low Tg. This enabled the conversion of the material from crystalline 

to an amorphous state. The amorphous materials of low Tg tend to stick to the chamber 

due to the change of the status from brittle to elastic (Hadi, 2015). Hence, different Tg 

was reported for Eudragit L100 as followed 60-70, 165 and 195°C (Shepard et al., 

2020)(Gupta, Solanki and Serajuddin, 2016)(Gupta, Kumar and Sachan, 2015b) 
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(Thakral, Thakral and Majumdar, 2013b)(AG, 2020a) (AG, 2020b). Therefore, it can 

be stated that the conversion of all particles into an amorphous state occurred. 

On the other hand, the direct effect of these factors on the yield depended on particles 

physical properties, including particles flowability, density and shape. However, the 

shape of the particles with the presence of strands rendered measurements of 

flowability and the bulk density difficult.  

Hence, in general, small-sized particles could have poor or passable flowability due to 

the high surface area that provides high cohesive forces(Barjat et al., 2021). In addition 

to the flow properties of the particle, particles can be influenced by other factors, such 

as morphology, shape, particles size distribution and moisture content (Liu et al., 

2008)(Hart, 2015). The slight difference between the flowability of the batches from 

passable to fair and good flowability was demonstrated by one batch (B1). 

Therefore, the adherence of the particles to the drying chamber and the formation of 

a high number of strands resulted in the agglomeration of the particles and poor 

flowability  (Shepard et al., 2020). However, reducing the feed concentration to 5% 

with the low settings as in B1 resulted in enhanced flowing particles. This can be 

explained by the large size of particles noticed in laser diffraction results (Table 5.4) 

and the lower number of strands, which was confirmed by the SEM images. Also, the 

presence of moisture at 1.65%, confirmed by TGA results, indicated the propensity of 

the particles to be sticky. 

 

5.4.2 Particle size and morphology  

Particle size analysis  

 

The particle size analysis was assessed using VMD and the span of the produced 

batches through laser diffraction (Table 5.4). The results showed that particles that 

were noticeably different in sizes correlated to the solvent used rather than the change 

in parameters; for instance, A1 and A2 had 63.75 and 63.73 µm, respectively.  
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Table 5.4 Particles sizes result from laser diffraction showing volume median diameter (VMD) (µm) and 

the span as x10 (10%), x50 (50%) and x90 (90%) are particles sizes of the volume distribution of the 

SD- INDE particles 

Batch VMD (µm) Span ((x90 −x10) / x50) 

A1 63.75 3.74 

A2 63.73 3.71 

B1 63.12 2.34 

B2 61.64  2.39 

C1 78.51 1.63 

C2 74.48 1.80 

D1 40.96 5.05 

D2 39.97 4.49 

 

Similarly, other batches of methanol and ethanol particles showed smaller sizes of 

78.51 µm, 74.48 µm, 40.96 µm and 39.97 µm for C1, C2, D1 and D1, respectively. 

However, all batches showed a broad particle size distribution related to the high span 

values. This suggests two outcomes that influence the particles size distributions. 

Firstly, the presence of a high number of strands in the samples and generating 

strands with different aspect ratios and thicknesses when changing the parameters 

(as in SEM results in the following section). The second one is that applying different 

parameters has less impact on particles sizes when compared to the effect of the 

solvent and solvent ratio. It was expected that using different solvents and 

modifications to parameters could have a synergistic impact on the particle size and 

thereby product mechanical properties. However, this assumption was different to the 

results and the statistical analysis (ANOVA and t-test). For instance, the results in the 

tensile strength showed no significant differences (p>0.05) in the same batches of 

different parameters (low and high) and the significant difference (p<0.05) when 

changing the solvent type was independent of the parameter modifications. 
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SEM analysis 

 

The particles morphology, size and strands number were detected using SEM. 

Particles of the ODTs matrix was examined to detect the particles shape and size 

effect on the final combination of ODTs and the SD- INDE particles (Figure 5.1). SD- 

INDE particles were examined using SEM to differentiate between the size and 

morphology of each formulation.  

In general, it was difficult to elucidate a considerable difference between SEM images 

of the batches, and the correlation was weak for the dimensions of the strands from 

SEM compared with other results.  

In our study, we avoided using very high inlet temperatures to reduce the effect of the 

temperature on the number of strands formed. However, the trend observed was akin 

to the study by Shepard et al. (2020), as the filament abundance was higher when 

using methanol as a solvent. Simultaneously the yield was reduced compared to 

acetone batches A & B. Nevertheless, the trend was different between the batches of 

different solvents, dependent on the closeness of the inlet temperature to the 

evaporating temperature of the solvents. Also, it was reported that the high parameters 

lead to the evaporation of the solvent before the formation of particles, and subsequent 

formation of strands with small bead-like particles is observed (Shepard et al., 2020). 

 

 

Figure 5.1 SEM images showing a general overview of the particles of ODTs with low magnification 

 

Moreover, according to Esposito et al. (2000), the polymer ratio influenced the 

morphology and size of the microparticles. In our study, the SD-INDE particles were 

affected by the polymer ratio corroborating these findings. For instance, at a high 

polymer concentration (10% w/v), as in A1 &A2, the strands formed in high 
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abundance, which can be seen in the SEM images (Figure 5.2) compared to B1 and 

B2 SEM images (Figure 5.3). On the other hand, the abundance of microparticles was 

higher in A2 and fewer strands than A1 (Figure 5.2). Despite the lower polymer ratio 

of (5% v/w), B1 and B2 showed less effect on the microparticle sizes (according to 

laser diffraction results in Table 5.4. Yet, fewer strands were generated with a higher 

percentage of microparticles in B2 compared to B1 (Figure 5.3) (Esposito et al., 2000) 

(Böhmer et al., 2006).  However, SEM results demonstrated that the highest ratio of 

strands appeared in C1 and C2 batches (Figure 5.4), explaining why this batch had 

low yields (≤50%) (Table 5.3).  

 

 

A1 

 
A2  

 
Figure 5.2  SEM images of A1 and A2 batches showing the difference of strands number and particles 

shape with high and low magnification  
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B1 

 

B2 

 

Figure 5.3 SEM images of B1 and B2 showing fewer strands formation with the effect of the parameters 

the images in low and high magnification 

 

 

The irregular shape and the low yield can be explained by the adherence of the 

remaining particles to the wall of the drying chamber during spray drying. On the other 

hand, the strands were at a low abundance with ethanol batches D1 and D2 (Figure 

5.5), demonstrating irregularly shaped microparticles which correlated with the 

dissolution studies that showed faster IND release from these batches in acidic media 

(as in the dissolution section). However, strands increased in abundance when using 

high parameters, as observed in C2 and D2. A similar trend was noticed by Shepard 



141 
 

et al. (2020). Their results showed that strands in the spray-dried Eudragit L100 

particles were in low abundance at 100°C inlet temperature, while at the higher 

temperature of 110 °C, the strands increased, reducing the yield% from 85% to 42%. 

This was attributed to the increased droplet's drying energy and the short time set to 

dry the particles. Also, the authors stated that low volatility solvents could increase 

strand formation, which was noticed when using methanol as a solvent (Shepard et 

al., 2020). 

 SEM results correlated with YM results (in the following section) as the highest YM 

was observed in the methanol batch (C) compared to other batches. This can be 

explained by the formation of a high number of strands in both batches C1 and C2, 

showing insignificant differences (p>0.05) when changing temperature and aspiration 

between C1 to C2 (Figure 5.4). 
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Figure 5.4 Images of SEM for C1 and C2 batches showing the formation of the high number of strands 

in both groups 

 

C2 
 

C1 
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D2 

 

D1 

Figure 5.5 SEM images for D1 and D2 showing the difference in strands and morphology of the 

microparticles 

 

 

 

5.4.3 Mechanical properties: Elasticity profile for SD-IND particles  

 

 Texture analysis was applied to examine the elastic properties of the particles, and 

YM represented the results (Table 5.5). The results showed a remarkable difference 

between YM of the same batch (high and low) correlating with the change in the 

parameters. Hence, YM significantly differed (p<0.05) between B1 and B2, also 

between D1 and D2. However, the high feed ratio of 10% w/v in A1 and A2 showed 

no significant differences (p>0.05) and similarly, when using methanol solvent as in 

C1 and C2, no significant differences were seen.  
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Table 5.5 Elasticity profile of all the formulations showing YM (Mean ± SD) (n=3) and the p values for 

every two batches indicating the statistical difference between the high and low parameters with % yield 

and moisture content according to t-test  

Formulation YM (MPa) Mean 
±SD 

P values / statistical 
difference 

Moisture 
content 

A1 9.20±0.53 0.2 (insignificant) 0.57 

A2 8.09±0.92 0.11 

B1 8.19±0.26 0.01 (significant) 1.65 

B2 7.24±0.19 2.95 

C1 10.79±0.92 0.08 (insignificant) 1.35 

C2 10.61±1.38 1.23 

D1 7.08±0.60 0.01 (significant) 5.21 

D2 8.95±0.15 3.99 

 

The low temperature and low aspiration settings increased YM more than the high 

settings in batches A, B, and C. However, D showed the opposite trend, as YM was 

higher with high settings.  

Two reasons could explain this; firstly, this effect occurred due to changing the IND 

state from crystalline to amorphous while simultaneously passing Tg of the Eudragit 

L100; 30-70°C (Shepard et al., 2020)(Santos et al., 2018). The second reason is the 

effect of moisture content on Tg reduction and the subsequent reduction of YM. Since 

moisture content could have a plasticising effect on the microparticles, lowering the 

YM (Crouter and Briens, 2014).  

Amidon and Houghton previously (1995) reported that moisture content above 5% had 

a remarkable plasticising effect while that of less than 5% ( 3.3–5%) showed almost 

no effect (Amidon and Houghton, 1995). This finding can be correlated with the highest 

moisture content value in D1 (5.21%) that demonstrated the lowest YM 7.08 MPa and 

the trend being different in D2 with 8.95 MPa YM and 3.99% MC. However, this 

difference could also be attributed to the high number of strands in D2 that affected 

the results. 
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Consequently, YM was significantly different (p<0.05) between D1 and D2 batches 

resulting from the explained factors (moisture content and strands number). On the 

other hand, the highest YM was associated with C1 and C2 batches since the shape 

and the number of the formed strands were similar in both batches showing low 

moisture content values of 1.35% and 1.23% for low and high settings, respectively. 

This was akin to A1 and A2 results that demonstrated high YM with low MC. This 

correlation can be confirmed by the YM insignificant differences between the batches 

with low MC; A1 with A2 and C1 and C2 (Table 5.5). 

5.4.4 Tablet hardness and disintegration time  

 

All SD-INDE were combined with ODTs matrixes to prepare tablets by direct 

compression method. The obtained tablets were characterised by hardness and 

disintegration time determination (Figure 5.6). The results represented by the tensile 

strength corresponded with the maximum force that the tablets could withstand before 

breaking. The results showed that the difference between the batches of the same 

ratio was insignificant (p>0.05) and independent of the change in parameters B1 &B2, 

C1&C2 and D1 &D2. However, changing the solvent type made a significant difference 

(p<0.05), as in B1, C1 and D1 p=5.54793E-08, similarly in B2, C2 and D2 p= 2.7E-07. 

 

 

Figure 5.6 Results of disintegration time in seconds and tensile strength (MPa)  (mean +/- SD) (n=3) for 

tablets of IND powder as a control (ODT) and DRM-ODTs 
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This can be explained by the shape and size of the microparticles and the strand 

abundance that affected tablets strength or hardness. The tensile strength depends 

on the crushing force applied per unit area of the tablet matrix and ingredients, 

including the microparticles and other constituents. Thus, the smaller the particles, the 

higher the surface area for particle-particle bonding leading to stronger tablets (Hart, 

2015)(Khan et al., 2019). However, particle roughness and porosity have different 

impacts on tensile strength. Eichie and Kudehinbu (2009) found that the porosity of 

tablets produced with particle sizes from 850–1700 µm was double that of tablets with 

particle sizes less than 212 µm. This can be explained by the tendency of the larger 

particles to form a void within the compact area under compression leading to higher 

porosity. In contrast, the opposite is true for small particles that show high tensile 

strength (Eichie and Kudehinbu, 2009) (Khomane and Bansal, 2013). Hence, the 

available binding sites between the particles increase with decreasing porosity, 

leading to more compact products with higher mechanical strength (Khan et al., 2019).  

Moreover, VMD in the particles size analysis was the smallest for D1 and D2, yet the 

span was 5.05 and 4.49 µm, respectively, indicating a wide particle size distribution. 

Although C1 and C2 showed the largest particle sizes according to the results from 

laser diffraction, the tensile strength was high. This could be explained by the 

thickness effect and the low surface porosity of the strands that determine the particle-

particle bonding (Hart, 2015). Hence, the span was low for C1 and C2, indicating 

narrow particle size distribution. Therefore, the mentioned factors earlier (thickness 

and the low surface porosity) could affect the tensile strength irrespective of the 

particle size of the strands. 

Moreover, it can be assumed that the number of strands affects the inter-particulate 

bonds, which can be seen in SEM images of the C batch Figure 5.4), illustrating a high 

number of strands. Although the ratio of the spray-dried powder was low in the tablet 

matrix (10%), changing the solvent type made a significant difference (p<0.05) on the 

tensile strength. Therefore, these assumptions are highly associated with the change 

of the solvent type rather than the parameters.  

On the other hand, the comparison between the tensile strength of A (acetone) batch 

10% w/v and B (acetone) 5% w/v was significantly different (p<0.05) (t-test) (A1 with 

B1 and A2 with B2) when using similar parameters of high or low together. These 

findings indicate a notable effect of feed concentration on tablet strength. However, 
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according to one-way ANOVA, changing the parameters only in all batches showed 

no difference in the group of each batch (only the same solvent batches). 

 

However, according to two-way ANOVA, there was no interaction between the solvent 

type and the parameters indicating that these were two independent variables 

(p>0.05), and variance between the group was very low, as seen in Figure 5.7. 

However, the results showed a remarkable difference between various solvent 

batches (same ratio) when keeping the parameters constant (p<0.05). Therefore, it 

can be concluded that changing solvent and powder to solvent ratio had a much 

greater effect than the spray drying parameters on tablet tensile strength. A similar 

trend was noticed with YM and particle size analysis results, where greater changes 

were afforded by changing the solvent and feed ratio.  

 

 

 

Figure 5.7 Two-way ANOVA results showing the type of interaction between the solvent type with 

temperature and aspiration for B, C and D batches of low and high parameters in mean ± standard error 

 

Hence, the effect of the parameters was studied precisely by keeping the peristaltic 

pump feed rate low (20%) to minimise the difference between the inlet and outlet 

temperature, therefore avoiding the effect of temperature variance on the final product 

properties. Also, using a low pump rate with a constant change in inlet temperature 

and aspiration speed helped to increase the dry content in the final product. Hence, 

increasing the peristaltic pump increases the feeding rate, which requires higher 
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energy to dry the particles, thus causing a reduction in dry powder quantity in the yield 

(Büchi, 2002) (Hadi, 2015). 

On the other hand, the tablets showed a short disintegration time between 15-21 

seconds, indicating the acceptable ODTs properties and successful combination of 

both ODT matrix and microparticles (Figure 5.6) (Hirani, Rathod and Vadalia, 2009)(U. 

FDA, 2008a). This can be explained by the excellent distribution of the SD-INDE 

particles within the ODT matrix. This was noticed in SEM images by detecting the 

small particle sizes for ODTs powder and SD- INDE particles. Hence, narrow size 

distribution facilitates the homogeneity of the mixture to form excellent compact 

properties (Szalay, 2015). 

It was noticed that there was a slight difference between the disintegration time among 

the batches; for instance, tablets of C1 had a disintegration time of 15 seconds 

compared to C2, which had a time of 20.3 seconds. A similar trend was noticed among 

the batches as the disintegration time was higher with high settings (A2, C2 and D2) 

and lower for low settings batches (A1, C1 and D1) which correlated with the different 

number of strands of various aspect ratios within each ODT. Nevertheless, the 

difference was insignificant (p>0.05) within the group of different parameters with the 

same solvent, as well as the same parameters with different solvents of all batches 

(p>0.05). This could be attributed to the homogenous distribution of the particles within 

the tablets and the adequate mixing time (10 minutes) achieved during tablet 

preparation. Although these findings were different from B1 and B2 results that 

showed an opposite trend in disintegration time with the parameters, the difference 

was also insignificant (p>0.05) within batch B (B1 and B2). Therefore, the variance 

between all batches can be associated with the particle size and mechanical property 

differences that either enhance or diminish the disintegration time of the ODTs.  

 

Moreover, the loading of only 10% of particles in ODTs provided a limited effect on the 

disintegration time.  

It can be concluded that all DRM-ODTs showed a low disintegration time (<22 

seconds), indicating there was a limited effect of DRM on the disintegration of the 

tablets. Although tensile strength differed significantly (p<0.05) between batches of 

different solvents (same parameters and same ratio), the disintegration time of these 

batches was low. This indicates that all batches were compatible to be used in the 

ODTs without affecting their disintegration properties.  
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5.4.5 Thermal analysis DSC and TGA  

 

The batches of SD-IND, Eudragit L100 and IND, were analysed thermally to detect the 

physical changes in the formulations. DSC (Figure 5.8) and TGA results Figure 5.9) 

were collected. The IND melting point appeared in the DSC thermogram showing an 

endothermic peak at 162.5 °C (Cerchiara et al., 2011). All SD-IND microparticles 

showed a thermal event between 30-70 °C corresponding to the Tg of Eudragit L100, 

indicating the predominant effect of the polymer (Shepard et al., 2020). 

Simultaneously, the moisture loss occurred at the range of 80-120 °C, leading to a 

distinctly diminished Tg. This was correlated with TGA results in Figure 5.9.  

 

Figure 5.8  DSC thermogram showing the endothermic peak of IND (DRUG) and the Tg of the polymer 

in the formulation (A1, A2, B1, B2, C1, C2, D1 and D2) with 10 °C/min heating rate showing a 

decomposition after 230°C (Vlachou et al., 2019) 

 

 

On the other hand, all batches of SD-IND showed an endothermic peak at lower than 

100°C. This could correspond to the moisture loss, which masks the thermodynamic 

effects of glass transition, as in Figure 5.8 (Amidon and Houghton, 1995). The 

thermodynamic effect of moisture loss is very broad and has a very strong response. 
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Thus, it can be noticed that this is the case by looking at the TGA curve (Figure 5.9). 

TGA shows mass loss started from start-up to a temperature of around 140°C.  

 This is followed by what looks like the onset of decomposition after 230 °C (Thapa et 

al., 2017). Hence, the polymeric decomposition could result in simpler molecules by 

cracking of carbon-carbon bonds and releasing bounded water(Jelić, 2021).  

Also, the decomposition peak was detected in raw Eudragit L100 within 220-240 °C 

as in TGA results (E in Figure 5.9). Also, all formulations showed a similar 

decomposition peak at 220-240 °C. Similarly, Vlachou et al. (2019) found that Eudragit 

polymers in raw status showed endothermic peak below 100 °C due to their 

amorphous state. Also, the decomposition of the polymers resulted in another 

endothermic event over 200 °C (Vlachou et al., 2019). This could be another 

explanation of the gradual mass reduction of the polymer-drug thermograms as in 

TGA. 

 

Figure 5.9 TGA results showing the low moisture content of A1, A2 & B1 and high moisture content of 

B2, C1, C2, D1 and D2 and Eudragit L100 raw powder (E) within range of 40-400 °C and 20 °C heating 

rate 

 

Additionally, the results of moisture content in the TGA curve were correlated with 

DSC results showing the mass loss between 60-80 °C and between 80-100 °C 

corresponding to unbound water(Strasser, 2018).  
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On the other hand, the disappearance of the IND endothermic peak from the 

formulations can be attributed to the spray drying of IND, leading to changes in the 

crystalline status of IND from crystalline to amorphous. Similar findings were reported 

by Cerchiara et al. (2011) for nanospheres of albumin carrying IND-cyclodextrin 

complex to prepare enteric-coated formulations. In this study, the DSC results showed 

the disappearance of the IND endothermic peak, confirming the interaction with the 

carrier (albumin). Besides, the other reason was the polymorphic change of IND in 

spray drying from a crystalline to an amorphous state (Cerchiara et al., 2011). 

The results of high moisture content (TGA thermogram- Figure 5.9) in D1 were also 

associated with low YM since moisture content effect lowered Tg as discussed earlier, 

highlighting that moisture content above 5% showed a favourable plasticising impact 

(Amidon and Houghton, 1995). Although, the elastic properties were insufficient to 

support the integrity of all D batch microparticles leading to burst IND release, which 

shows IND release from both D batches being lower than the control IND. Hence, the 

elastic propensity is important for the particles to retain their shapes and to protect the 

drug from being released immediately(Al-Hashimi et al., 2018). 

Also, a small endothermic peak was noticed in the DSC results for D1 (100 and 200 

°C). This could indicate the presence of water crystals and the start of decomposition, 

respectively. TGA showed a mass loss gradually for D1, which was confirmed from 

the highest moisture content compared to other batches. Lin et al. (1995) noticed in 

the analysis of Eudragit L100 thermal stability, a structural rearrangement occurred, 

and water loss took place after 176°C (Parikh et al., 2014)(Lin, Liao and Hsiue, 1995). 

Also, the authors indicated that the mass loss after 176°C resulted from the conversion 

of methacrylic acids to anhydrides via water loss and structural rearrangement.  

 

The melt quench cooling method was used to confirm the presence of IND in the 

formulation and the transformation from crystalline to amorphous after spray drying.  

The results showed that the IND peak appeared within 156-162oC, close to the original 

peak of IND (162-165 oC) (Atef et al., 2012) (Figure 5.10). However, the peak was 

shifted due to the change to the amorphous state requiring higher energy at low 

temperature to melt. This confirmed the findings of Cerchiara et al. (2011). As the 

melting point was passed, only the predominant effect of the polymer was seen using 

DSC in detecting the spry dried IND loaded nanospheres coated with Eudragit L100 

and Eudragit S100. The prepared nanospheres showed higher IND release in pH 2 
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and 7.4 than the commercial IND due to the reduction dug crystallinity after spray 

drying (Cerchiara et al., 2011). This was similarly noticed in our SD-INDE release 

study.  

On the other hand, the quench cooled amorphous IND was studied by Zimper et al. 

(2010), and the results showed that after quench cooling, recrystallisation and melting 

occurred, resulting in the IND alpha (α) form before the gamma (γ) form and the 

stability of each form causing crystallisation. IND has a polymorphic structure with α 

and γ forms (Greco and Bogner, 2010)(Atef et al., 2012). Hence, the α form can 

recrystallize to the highly stable γ form during the DSC analysis of the melt quench-

cooled samples leading to a slight reduction in the melting point. This was reported by 

Atef et al. showing the crystallisation of α to γ form during the thermal analysis of IND, 

and the melting point was affected by the amount of α and γ forms in the samples(Atef 

et al., 2012). Where the melting point for pure α from was 151–154oC and for the pure 

γ form was 159–162oC and the observed difference in melting points of IND samples 

(mixed ratios) was corresponding to the quantity of the α and γ forms in the samples.  

Hence, DSC is a quantification method for thermodynamic steadiness for the 

compounds and affects by the amorphous/crystalline phase(Atef et al., 2012)(Shah, 

Kakumanu and Bansal, 2006)(Phillips, 1997). However, the recrystallisation and 

detection of Tg may differ according to the type of compounds included in the 

formulation and preparation method (Zimper et al., 2010)(Karmwar et al., 2011). For 

instance, the detection of a Tg in the DSC of SD-INDE batches was difficult. This 

difficulty could relate to two reasons; either the low Tg or the effect of MC, which was 

noticed in all batches, that covered the small Tg.  

However, the DSC results showed in B2 an exothermic peak around 40-50oC, similar 

to that in the IND peak (drug as in Figure 5.8) (Zimper et al., 2010). This indicates the 

possible effect of the γ form of IND since it is stable with a melting point of 165°C. This 

means it can start to crystalise at a low temperature of 20-45°C.  

It was reported that the crystallisation of IND under isothermal conditions occurred 

below Tg, demonstrating γ form crystallisation of IND and crystallisation of both γ and 

α start at a higher temperature or equal to Tg  (Yoshioka, Hancock and Zografi, 1994). 

Similarly, crystallization was detected using hot stage microscopy in our study at 

around 30°C after melting the raw IND powder. However, IND is stable during the 

storage conditions, and such differences could result during the formation of 

amorphous form leading to a slight shifting of this exothermic event as in B2 compared 
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to IND thermograms in DSC (Yoshioka, Hancock and Zografi, 1994)(Corrigan, 

1995)(Patterson et al., 2007).  

 

The other reason might be that the sample distribution in the DSC crucible is slightly 

different, which was noticed while testing the samples by repeating the experiment at 

different times. However, such differences had a limited effect on the mechanical 

properties, as reported earlier in this study.  

In addition, the difference in the endothermic peaks in Figure 5.10 for melt-quenched 

samples is normal within the monotropic system showing the stability as in γ form (high 

melting than α) over the entire temperature range, and  IND polymorphs (α and Y) 

should be considered to be correlated, which was reported consistently previously with 

our findings (Urakami et al., 2002)(Lee, 2014) 

Although the melting point of IND was unclear in all the formulations, such events 

could prove the predominant effect of the polymer and the presence of the IND in the 

formulation, which was confirmed by the melt quench cooling method. These findings 

could be confirmed by the dissolution test results that showed differences between 

SD-INDE batches due to the formation of amorphous IND during spray drying. Also, 

IND could be partially undergoing crystallization; as a result, IND release may vary 

between the prepared batches (Greco and Bogner, 2010).  

Also, the advantage of forming an amorphous form of IND could further develop to 

improve the drug solubility to be used in different drug formulations (Patterson et al., 

2007) (Novakovic et al., 2018). 



154 
 

 

Figure 5.10 DSC results of powder melted quench-cooled of physical mixture IND and polymer (A), IND 

alone (B) and one of the SD- INDE formulation B2 (C) showing a similar melting point of IND. 

 

5.4.6 Dissolution 

 

The drug release was evaluated for all formulations in acidic pH 1.2 (Figure 5.11) and 

phosphate buffer media pH 6.8 (Figure 5.12 and Figure 5.13). IND tablets were used 

as a control containing the raw IND powder with ODTs matrix.  

The results of SD-INDE ODTs in acidic medium showed the highest release of IND in 

D1, D2 and C2, indicating the weakness of these formulations in suspending IND 

release. It is noticed from the SEM images that D1 and D2 batches showed diffracted 

microparticles despite fewer strands being formed compared to the methanol batches. 

In general, the particles were irregular with squashed surfaces. The results in acidic 

media were significantly different (p<0.05) at 60 minutes among batches of different 

solvents with the same parameters as in B2, C2 and D2 when considering IND release. 

Moreover, batches of the same solvent and different parameters were significantly 

different (p<0.05), including batch A, C and D. The difference was insignificant 

(p>0.05) between B batch formulations. However, changing the feed concentration 

affected the IND release through comparisons of the IND release at 60 minutes, as in 

A1 and B1, which showed a significant difference (p<0.05) in contrast to A2 and B2 
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that showed no significant difference(p>0.05). These differences can be attributed to 

different factors, including the differences in content uniformity for these batches, 

which was demonstrated in Figure 5.14, as the batches show a significant difference 

(p<0.05). Besides, the impact of strands in each batch, as seen in SEM images, is less 

with a higher number of microparticles in A2 than A1 (Figure 5.2). Although A2 and B2 

showed equivalent IND release at 60 minutes, IND release differed at 2 hrs 

demonstrating that B2 was relatively consistent in releasing IND, maintaining the 

delayed-release style.  

On the other hand, it was noticed that the YM differently affected the ability of the 

particles to suspend IND release. Hence YM was significantly different (p<0.05) 

between D1 and D2, and similar significance was seen for IND release. However, low 

YM had a low impact on improving the IND delaying property in D batches. A similar 

trend was noticed in B batches, where YM was low, with a significant difference 

(p<0.05) between B1 and B2. Nevertheless, the difference in IND release showed no 

remarkable difference at 60 minutes in both batches of B. On the other hand, the 

control tablet of IND showed the highest IND release compared to all SD-INDE 

formulations, indicating these formulations had a delayed IND release property 

resulting from the polymeric pH dependent effect (Eudragit L100). Moreover, the rest 

of the SD- INDE formulations showed a consistent delay of IND release in pH 1.2. 
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Figure 5.11 IND release results of DRM-ODTs and IND tablets as a control in acidic media pH 1.2, all 

results in mean +/- SD (n=3) 

 

On the other hand, IND release in pH 6.8 was immediate from the SD-INDE 

formulations, as seen in Figure 5.12. Although the fluctuated release appeared in the 

acidic medium for D1, D2 batches and in pH 6.8, the release of IND was the lowest. 

In comparison, B2 showed constant and more stable release results in both media as 

it was continually controlling IND release in acidic medium and immediately released 

IND in intestine mimic medium (pH 6.8).  
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Figure 5.12 IND release results of DRM-ODTs and IND tablets as a control in pH 6.8 media, all results 

in mean +/- SD (n=3) 

 

However, all batches showed a significant difference (p<0.05) in IND release at 30 

minutes, indicating different factors affecting the formulations' IND release. Firstly, YM 

impact was identified since the high YM of C1 and C2 rendered the SD- INDE plastic, 

which could affect the release of IND from the formulation. The results showed that in 

the buffer set at pH 6.8, C1 released 97.43% & 100.32% of IND after 30 min and 120 

min (2 hrs), respectively and C2 released 84.74%& 97.65% after 30 min and 120 min 

(2 hrs) respectively. While C1 suspended IND release in acidic media as after 1 hr IND 

release was 2.09 %. However, IND release from C2 was 5.22%, indicating that the 

high plasticity of this batch had affected the integrity of the particles (Dave et al., 2012)  

(Al-Hashimi et al., 2018).  

In general, the in vitro release studies for all the batches in pH 6.8 media indicate an 

improvement of IND release compared to the control batch. This confirmed the 

transformation of IND from crystalline to amorphous during the spray drying process, 

increasing the IND release from all batches at 30 min in pH 6.8 (Figure 5.13). However, 

the formulations were relatively successful in delaying the IND release in the 

amorphous form, indicating this method's possibility to be applied for delaying drug 

release.  
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Figure 5.13 Dissolution test in buffer media showing the IND release from all DRM-ODTs batches and 

IND ODs within the first 30 minutes (mean +/- SD) (n=3) 

 

Nevertheless, YM was not significantly different (p>0.05) between C1 and C2, and this 

can be attributed to the presence of a high number of strands in both batches, as seen 

from SEM images in Figure 5.4. As previously discussed, the YM impact on 

formulations was different among the batches and limited to affecting the drug release 

than other factors contributing to variance. The change in parameters settings showed 

a noticeable impact on the drug release, which was relatively absent in previous 

characterisations. Moreover, different solvents affected the properties of SD- INDE 

particles and, similarly, the drug release. For instance, these combined factors in batch 

B1 and B2, where acetone was set as a solvent with a 5% (w/v) feed concentration, 

the low value of YM was significantly different (p<0.05), and a change in parameters 

showed a significant difference at 30 min on IND in pH 6.8 media between batches.  

Therefore, the effect of low YM and appropriate solvent choice along with an 

appropriate concentration was sufficient to achieve modification of IND release.  
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Secondly, the other factor could be the content uniformity of the formulations, which 

measures differences in the IND content within the same formulation, as samples were 

taken from different positions first from the collected sample (n=3), second from the 

chamber (n=3) (Figure 5.14). Hence, all the batches showed a significant difference 

(p<0.05) between IND concentrations from two positions of the same batch. However, 

the only batches with no significant difference (p>0.05) were B1 and B2. This proposed 

factor correlated with IND release in both dissolution media. Hence, the B1 and B2 

batches showed acceptable YM values (intermediate), and %recovery for B1 and B2 

(first and second position) was 96.71, 96.56 and 99.34, 97.04%, respectively, 

indicating the ability of these formulations to successfully delay the IND release in pH 

1.2 and immediately release IND in the buffer at intestinal pH (6.8). Also, according to 

content uniformity results, %recovery showed noticeable differences between the 

samples from first and second positions: 88.99 & 102.62 % in C2; 85.66 & 95.88 % in 

D1 and 70.43 & 93.91% in D2. The other batches had almost similar results, and all 

recovered with a 90% ratio in the samples. 

 

 

 

Figure 5.14 SD-INDE particles graph presenting the content uniformity of IND within the batches tested 

in two positions for each batch first (sample) and second (chamber) position (50 µg/mL), IND recovered 

from each position and standard deviation of the total IND amount in each sample (n=3) 
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5.5 Conclusion  

 

In conclusion, spray drying parameters showed a high impact on the properties of 

produced microparticles. The IND release profile was affected by selecting the solvent 

and concentration of the solvent used to prepare the microparticles.  

IND release in pH 6.8 showed a similar trend to the behaviour of the formulations in 

an acidic medium.  

C2, D1 and D2 demonstrated the highest IND release in pH 1.2, while D1 and D2 had 

the lowest IND release in pH 6.8.  B2 was the best formulation compared to other 

batches that could consistently control IND release in an acidic medium and induce 

immediate release in an intestine mimic medium. Different factors were evaluated, 

which demonstrated effects on the IND release from formulations, including the 

solvent type, number of strands, particles dimensions and YM.  

 It is suggested that the high YM of C1 and C2 renders the SD-INDE plastic, which in 

turn affects the release of IND from the formulation. Although C1 delayed IND release 

in acidic media, IND release from C2 was high, which correlates with the plasticity of 

this formulation. However, YM was not significantly different (p>0.05) between C1 and 

C2, and this can be attributed to the presence of a high number of strands in both 

batches. The YM showed a significant difference (p<0.05) between B1 & B2 with a low 

value for each, indicating that changing the parameters and using acetone as a solvent 

made it suitable when sprayed with 5% w/v feed concentration. Therefore, the low 

value of YM, using the appropriate solvent type and setting feed concentration at 5% 

w/v, was appropriate for modifying IND release. It can be concluded that B1 and B2 

have acceptable mechanical properties that support the microparticles integrity and 

lead to a consistent delayed release of IND in acidic media.  

Finally, all batches were compatible with the disintegration time, achieving low 

dispersible time within 21 seconds without significantly affecting the ODTs 

disintegration properties. 
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Chapter 6 Effect of excipients particle size on IND release from ODTs 
containing pellets  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



162 
 

Scoop of the studies   

 

Eudragit L100 based pellets were prepared using indomethacin (IND) as a model drug 

to fulfil this approach. The effect of particle size ODT matrices on DR-ODT was 

evaluated. Lactose and mannitol were used with different particles sizes 63 µm, 125 

µm and 500 µm to prepare ODTs. Pellets within all ODTs showed good integrity and 

retaining their shapes under compression. All batches disintegrated in less than 30 

seconds. The mechanical properties were acceptable, demonstrating less than 1.5 

MPa tensile strength and an adequate elastic profile. The dissolution studies showed 

that both lactose and mannitol ODTs protected the pellets’ morphology, shape, and 

dimensions under compression. All ODT-pellets from lactose and mannitol delayed 

IND release in acidic media, releasing less than 1.07% at 120 minutes and released 

more than 93% at 120 minutes in phosphate buffer (pH 6.8).  Similarly, Eudragit L100 

of different particle sizes (45, 63 and 90 µm) was used to formulate IND pellets by 

using the extrusion spheronisation technique. The pellets were embedded into the 

matrix of ODTs. Particle sizes were of good elastic properties as Young’s modulus 

(YM) values were low, and no significant difference between the different sizes 

(p>0.05). Testing the pellets’ mechanical properties showed that the tensile strength 

was directly proportional to YM (p<0.05), offering enough support to maintain their 

integrity under compression. The pellets hardness was associated with initial particles 

properties in each pellets batch. The pellets prepared from 63 µm Eudragit L100 

showed a suitable mechanical properties balance compared to the other sizes.  

 Disintegration time was affected by the porosity of the pellets, and all tablets showed 

a low disintegration time of lower than 30 seconds. The results obtained from the in 

vitro release study showed delayed release of IND in the acidic media (pH 1.2) and an 

immediate release in the buffer media (pH 6.8). 

 

Keywords: pellets, cushioning layer, IND, lactose, mannitol  
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6.1 Overview  

6.1 Pellets 

 

Pellets are dosage types in the form of beads that comprise the APIs and excipients, 

consisting of small and solid particles uniform in nature, nearly sphere-shaped with 2.5 

mm of diameter (Tan and Hu, 2016b). Orally formulations based pellets can be 

administered in two forms: compressed into ODTs or filled into hard gelatin capsules 

(Allen L.V. and Ansel, 2014). 

The pellets compaction is considered a critical dosage form. However, it is necessary 

to use suitable cushioning layers for DRP-ODTs. Therefore, reducing the compression 

effect on drug release is achieved and facilitating the manufacturing process 

(Hosseini, Körber and Bodmeier, 2013b). Chen et al. (2017) indicated that the 

challenge of manufacturing tablets comprising modified release pellets associated 

with maintaining desired drug release and obtaining uniform drug content after 

compression (Chen et al., 2017). The compression process applied on the modified-

release tablet for manufacturing tablets can rupture the pellets, interfering with the 

release profile and forming a slowly or non-disintegrating tablet. The mechanical 

characteristics of polymer are essential to maintain pellets integrity (Hosseini, Körber 

and Bodmeier, 2013b). Depending upon the rate and the release mechanism, 

multiparticulate formulations having pellets or microparticles can be obtained in 

various systems. The reservoir matrix structure comprises the active pharmaceutical 

ingredient in the inner centre covered with the polymerized system that controls the 

drug drainage via the substrate to the surrounding medium. The thickness of the 

coating layer and the coating film composition also determine the drug release. The 

second system consists of the drug particles embedded in a matrix composed of 

hydrophilic or hydrophobic polymers called a monolithic matrix system (Nokhodchi et 

al., 2012). According to the study aim and type of drug delivery system (immediate or 

modified), both reservoir and matrix systems can be applied. However, the reservoir 

system is unfavourable compared to the matrix. This can be attributed to the 

complexity of the method to prepare the formulation, long coating time. Also, using 

hydrophobic excipients that require organic solvents could negatively affect the 

environment and make the process costly (Aulton and Taylor, 2018b). However, in 

controlled release formulations reservoir system is preferable, while the matrix system 

is applicable in delaying the drug release. The hydrophilic and hydrophobic polymers 
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can be used to achieve desired drug release. Hydrophilic polymers bloat and dissolve 

in the aqueous solutions, and the hydrophobic polymers disperse either with time or 

upon making contact with solvent or certain pH (Nokhodchi et al., 2012) (Muley, 

Nandgude and Poddar, 2016). 

In this particular research, we used a monolithic approach to investigate the 

contribution of this system to delaying the release time of IND. The polymeric system 

was prepared using pH-dependent polymer, Edudragitl100. Although highly spherical 

pellets are preferable for pharmaceutical applications, the less rounded pellets of 

irregular shape with homogeneous surfaces can still be used to achieve pellets with 

vital characteristics (Glatt GmbH, 2013). Therefore, in this project, the size and shape 

of the primary ingredients were considered in the pellet’s preparation. 

Pellet surfaces are necessary to be equally uniform when preparing tablets or filling 

capsules with pellets. Hence, the surface roughness of pellets increases the friction 

between these pellets and further reducing the flow rate (Glatt GmbH, 2013). These 

surface properties roughness or fissures indirectly produce interlocking pellets, 

enabling their agglomeration and may form coarse particles. As a result, formulation 

defects could occur during compression of the pellets, reflecting on drug release 

property (Rodriguez et al., 2001; Thoorens et al., 2014)(Kangulu, 2009).   

On the other hand, the high surfaces roughness of reservoir pellets can affect the 

thickness consistency of the layer. This leads to an inconsistent drug release from the 

pellets due to the variation in coating thickness. In the same way, it was noticed that 

large quantities of coating solutions were used in preparing modified release pellets 

which also contributed to the roughening of the surfaces (Sarkar, Ang, and Liew, 

2014).  

Therefore, in the first part of this chapter, we aimed to prepare pellets based on a 

monolithic system using Eudragit L100 (raw powder) and in the second part different 

particle sizes of Eudragit L100 (45, 63 and 90 µm).  

 

6.1.1 Pellets production methods 

 

Muley, Nandgude and Poddar (2016) stated that there are few methods used to form 

pellets. The methods were identified to include: globalisation (e.g., spray congealing 

and spray drying), compaction (e.g., powder compression), agitation (e.g., balling), 
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and drug layering (e.g., solution/suspension, powder) (Sun et al., 2012; Muley, 

Nandgude and Poddar, 2016).  

 

6.1.2 Extrusion-Spheronisation technique  

 

Extrusion and spheronisation is another technique widely used by pharmaceutical 

companies to produce strong pellets (Sun et al., 2012; Muley, Nandgude and Poddar, 

2016).  

This technique includes several phases of frame pellets, of which the initial process 

begins with the blending of the powdered ingredients. For the homogenous matrix, a 

reasonable amount of fluid is usually added, making a wet mass. The wet mass is then 

expelled into the cylinders. The process of spheronisation then follows where the 

extrudate is broken and adjusted into particle shaped spheres. The last stage includes 

drying the produced pellets. In this process, pellets with a narrow size distribution, 

uniform roundness are maintained, and high API loading can be achieved. Two 

classifications of pellets are produced using this strategy; matrix and coated pellets 

(Muley, Nandgude and Poddar, 2016; M. Zhang, X.K. Li, D.I. Wilson, T.T. Yao, 2018). 

Kondo et al. (2013) and Kathpalia et al. (2014) revealed that the use of a 

suitable granulation fluid producing perfect spheres (Kondo et al., 2013; Kathpalia et 

al., 2014). Moreover, spheronisation time was found to affect friability and the 

generated yields. It also influences the pellets' roundness and aspect ratio (AR), an 

indicator for the pellet sphericity (Tiwari, Agarwal and Tiwari, 2013). Sinha et al. (2009) 

and Woodruff and Nuessle (1972) indicated that uniformity and roundness of the 

pellets were directly proportional to the speed of spheronisation (Sinha et al., 2009). 

 Gouldson et al. also revealed that sphericity and yield are directly related to 

the load and speed of spheronisation, while Sinha et al. (2009) stated that an increase 

in spheronisation inversely gives a return on the yield (Gouldson and Deasy, 1997; 

Sinha et al., 2009). Lau et al. (2014) evaluated the shape and size of the pellet, 

suggesting the properties of the initial particle denote the ability of extrudate to break 

into particles with adequate plasticity (Lau et al., 2014).  

 

6.2 Delayed-release pellets in orally disintegrating tablets (DRP-ODTs) 
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DRP-ODTs are produced by incorporating API's multiunit dosage form (MUDF) as 

encapsulated or as dispersed API in a polymeric matrix. The current technologies used 

to formulate ODTs are vital in producing DRP-ODTs that incorporate spray dying, 

moulding, direct compression, freeze-drying, and application of a disintegrant (A. 

Elwerfalli et al., 2015). Pellets, ion interchange resin system, nanoparticles, and the 

utilisation of microencapsulation are some of the many approaches that have been 

applied to retard API release across ODTs. These approaches have positive and 

negative effects. Hence, there is a need for their performance evaluation (A. M. 

Elwerfalli et al., 2015b). 

The production of DRP-ODTs containing betahistine dihydrochloride, an anti-vertigo 

drug, was pioneered by Shamma et al. in preparing a microencapsulated drug. The 

API resin complex was coated with Eudragit ® RS100, then directly compressed to 

make a tablet. The result indicated that the DRP-ODTs release features were 

preserved, illustrating that the compression process had no damaging effect on the 

microcapsule coat (Shamma, Basalious and Shoukri, 2011). The spray drying 

technique is another method for microencapsulation preparation via a conventional 

organic or aqueous solvent (Ré, 2007). The produced product is composed of shell or 

other materials and a core of API. Therefore, the release of API could occur by 

diffusion via the matrix system or by osmosis via the reservoir system (Lengyel et al., 

2019). Kondo et al. used the spray drying method to produce multiple particles of 

modified release(Kondo et al., 2013). When microcapsule was added to the tablet 

matrix, the results showed failure in drug release modification. The majority of 

formulations comprise brittle compounds; for instance, ethylcellulose was weak to 

resist compaction pressure during tabletting. The authors revealed that this was the 

leading cause of drugs leaking through the damaged pellet (Kondo et al., 2013). 

Ion-exchange resin (IER) is another method used frequently to control drug release 

across the ODTs. The review process showed a new technological system to study 

DR-ODT using the IER cation system that helps in masking the bitter taste. The 

designed system facilitated a “Fickian” drug release, which was not dependent on the 

drug loading(Al-Hashimi et al., 2018).  

The change in the polymer is closely associated with the increased release of the drug. 

Smart or intelligent polymers are widely known with different names according to their 

properties, such as stimuli-responsive or environmentally sensitive (Peponi et al., 

2017). The polymers' response depends on environmental fluctuations and 
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physicochemical properties, including ionic strengths, enzymes, pH, and temperature 

(Depeursinge et al., 2010). Eudragit and crosslinked hydrogels are examples of 

intelligent polymers; hence, the change in polymer properties can be caused by 

external forces (Almeida, Amaral and Lobão, 2012; Cabane et al., 2012; Peponi et al., 

2017).  

 

Wei, Yang and Luan, (2013) studied the modified ketoprofen release, an anti-

inflammatory drug, using ODT (Miles, 2007)(Wei, Yang and Luan, 2013). In the 

process, ketoprofen was first spray-dried using starch, Eudragit ® RS-30D and 

polyethene glycol (PEG) 6000 at a rate of 1.5 mL/min and 100°C as inlet temperature. 

It was recorded that the compressed tablets of spray-dried granules with lactose, 

mannitol and super disintegrants achieved a short disintegration time of 30 seconds 

and modifying ketoprofen over 24 hrs showing this method's applicability. However, 

the authors found that cross-linked polyvinylpyrrolidone percentage as a super 

disintegrant influenced disintegration time with a limited examination of lactose and 

mannitol (Wei, Yang and Luan, 2013). Therefore, it is necessary to investigate the 

physical properties of ODT ingredients and the applicability of each one. 

 

 

6.3 ODT matrix 

Damage induced by compression has been the main problem preventing the 

development of MUPS as compressed ODTs instead of capsules. The use of 

excipients in the formulation assists in the compaction procedure and prevents 

cracking of the embedded pellet. Hence, it is significant in protecting pellet integrity, 

thereby enabling drug release properties (Chen et al., 2017). The ideal excipients can 

prevent pellets' direct contact under compression. These excipients form a protective 

layer when pressure develops to monitor changes to the coatings and release of 

medication(Chen et al., 2017). However, several factors influence the suitable powder 

properties to use in the compact preparation. These factors include particles’ 

dimensions, shape and mechanical properties(Mohanty and Subrahmanyam, 

2017)(Amidon, Secreast and Mudie, 2009) (Charoo, 2020). Hence, particles size 

affects the tablet's hardness remarkably since the lower the particles size, the higher 

the surface area (Rajani et al., 2018). 
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Moreover, irregularity of particles shape could lead to tablet formation issues. The 

other factors could be polymorphism, degree of crystallinity and amorphousness (Trasi 

et al., 2011; Paluch et al., 2013). It was found that treating glucose at high 

temperatures for drying purposes led to amorphous segments formation within the 

material, resulting in improved compacting properties (Trasi et al., 2011; Paluch et al., 

2013). Sebhatu and Alderborn reported a strong relationship between the available 

interparticle contact points and the tensile strength of lactose tablets of amorphous 

and crystalline states. It was found that tensile strength was higher for lactose tablets 

of amorphous form than crystalline lactose (Sebhatu and Alderborn, 1999). Besides, 

the excipients' particle size is a critical parameter to consider since the segregation 

problem could develop due to variation in shape, particles coherence, and bulk density 

(Leane et al., 2015). 

Therefore, using a cushioning filler within ODTs matrix of good mechanical properties 

and an acceptable particle size range is essential to support pellet integrity under 

tablet compression.  

 

6.3.1 Excipients of ODTs 

 

Excipients are pharmaceutical materials used to prepare well-compacted tablets with 

specific properties according to the desired aim(Tunón, 2003). In ODTs containing 

pellets, excipients' importance is to fill the intraparticle and Intra pellets voids forming 

good tablet strength with enough support as a cushioning agent by absorbing the 

compression pressure (Abdul, Chandewar and Jaiswal, 2010). These materials are 

used as fillers to separate and protect pellets from direct contact(Murthy Dwibhashyam 

and Ratna, 2008). For instance, the coated pellets' fusion could occur during tablet 

compaction, forming a thick layer around the pellets(Murthy Dwibhashyam and Ratna, 

2008). Therefore, the inactive excipients should prevent the pellets from rupturing and 

damaged under compression without affecting the drug release. However, along with 

the previous properties, the excipients should provide acceptable hardness and rapid 

disintegration of tablets at low compression pressure(Chen et al., 2017).  

Also, blending uniformity is another factor to consider when selecting the excipients to 

avoid the components' segregation; thus, weight and content variation in the tablets 

(Jezerská et al., 2006)(Alyami et al., 2017). Therefore, to accurately select the tablet’s 
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excipients, considering particles sizes is an essential parameter to assess initial 

particles effect on the final tablet’s and pellets properties achieving the desired drug 

release (Abdul, Chandewar and Jaiswal, 2010; Abdel-Hamid, Alshihabi and Betz, 

2011; Leane et al., 2015). 

 

6.3.2 Low-substituted Hydroxypropyl Cellulose (LHPC)  

 

LHPC is a semisynthetic biodegradable hydroxypropyl ether of low cellulose substitute 

(Younes et al., 2018). LHPC is an excipient of dual functionality owing to its ability to 

absorb water and swelling, facilitating its utilisation as both a binder and a 

disintegrant(Younes et al., 2018). It helps in the quick disintegration of tablets, forming 

an effective diffusion that would increase the dissolution rate (ElShaer et al., 2018). 

This phenomenon is beneficial since it promotes better dissolution due to 

disintegration into smaller particles. According to the tabletting process, LHPC also 

provides anti-capping effects and enhances binding properties, as ElShaer et al. 

reported (ElShaer et al., 2017). LHPC has a small number of hydroxypropyl groups in 

the cellulose backbone, making it water-insoluble and offering good compressibility 

properties (Kleinebudde, 1993) (Younes et al., 2018). Although LHPC is water-

insoluble,  it is still a suitable disintegrant due to its water absorption capacity and 

volume expansion (Diós et al., 2015).  

 

6.3.3 Magnesium Stearate 

Magnesium stearate is a pharmaceutical excipient widely used as a lubricant(Li and 

Wu, 2014).  It possesses a light white precipitate, a faint odour of a particular stearic 

acid with a low density, that when touched, is greasy and adheres to the skin surface 

(Almaya and Aburub, 2008).  A suitable amount of lubricant for direct compression of 

the tablet usually ranges between 0.25% and 5.0% w/w. (Rowe, Sheskey and Fenton, 

2011). 

6.3.4 Lactose  

 

Lactose is a crystalline powder utilised as one of the pharmaceutical excipients. 

Lactose is considered to be odourless and contains a slightly sweet taste. The 
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excipient is used as tablet and capsule fillers, tablet binders, capsule, and tablet diluent 

(Committee for Human Medicinal Products, 2018)(Staurt, 2008).  

Lactose can also be applied in the lyophilised products, which help in particles 

cohesion. Distinctive lactose physical properties include distribution, flow and particle 

sizes are considered. It was referred that fine lactose grades are preferred since the 

fine particles utilise binders efficiently and properly mix with other ingredients (Rowe, 

Sheskey and Fenton, 2011; Chen et al., 2017). In other cases, lactose can be used in 

film-coating solutions to prepare sugar-coated formulations (Ando et al., 2007). 

Lactose possesses various isomeric forms in the solid-state depending on its drying 

condition or crystallisation (Rowe, Sheskey and Fenton, 2011; Chen et al., 2017). 

Lin et al., 2011 studied the impact of using micronized lactose as a cushioning agent 

in tablets preparation to protect the coated multi-particulates from rupture during 

tablets preparation and compression. The results showed that the lactose cushioning 

effect was mainly influenced by its particle size. Also, the physical and mechanical 

properties of lactose were improved using smaller sizes. However, the study did not 

investigate the particle size effect with a larger range of particle sizes and only covered 

spray-dried powders with micro sizes (~2 µm)(Lin et al., 2011). Therefore, using a 

simple and unexpensive technique to investigate different particle sizes of lactose as 

a cushioning filler is necessary.  

 

6.3.5 Mannitol  

 

Mannitol as a multipurpose excipient has good chemical stability, low hygroscopicity, 

low solubility, and organoleptic properties. It is widely used in the formulation as a 

binder or filler (Ohrem et al., 2014). Also, mannitol provides enhancement of tabletting 

and offers good disintegrating properties (Yoshinari et al., 2003). Mannitol has a sweet 

taste due to the sugar alcohol presence (Grembecka, 2015). For bitter taste masking, 

pharmaceutical companies have considered the use of mannitol (Fandino, 2019). 

Besides, lyophilisation can be applied to prepare mannitol to directly compressed 

tablets for oral dispersible formulations since it dissolves more quickly yet still provides 

porosity (Dey and Maiti, 2010)(Emami et al., 2018). 

Moreover, Mannitol promptly conveys first-rate sweetness achieved through 

the creamy mild sweetness and creamy texture(Dey and Maiti, 2010)(Emami et al., 

2018). The highlighted mannitol properties make it a suitable, perfect formulation 
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excipient with a patient-friendly oral dispersible dosage form. Siow, Heng and Chan, 

2020, investigated the use of freeze-dried mannitol as a cushioning agent and the 

impact of the particle size on the mechanical properties on the protection of multi-

particulates pellet system tablets compression. The combination of freeze-dried 

mannitol with hydroxypropyl methylcellulose in 3:1 ratio the excipients demonstrated 

the best cushioning effect. Hence, the fillers tend to rearrange around the coated 

pellets adsorbing the compressive forces. Thus, the contact between pellet-pellet was 

reduced, and the damaging effect of compressive forces was prevented (Siow, Heng 

and Chan, 2020).  

 

Several studies explored different approaches to protect particle quality and improve 

tablet strength, considering different cushioning agents, pellets coating layer, 

compaction pressure, and tabletting speed (Habib, Augsburger and Shangraw, 2002) 

(Tan and Hu, 2016b)(Xu, Heng and Liew, 2016). Increasing the number of excipients 

to support the mechanical properties of the multiparticulate system is costly and time-

consuming. Limited data are provided to understand cushioning filler mechanical 

properties according to particle size. Therefore, exploring the effect of different particle 

sizes of lactose or mannitol was required to explore comprehensively. 
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6.4 Aims  

 

Two studies were performed to achieve a delayed release of IND via ODTs.  

The first study aimed to: evaluate the effect of ODT filler’s (mannitol and lactose) on 

the integrity of IND pellets formulated using Eudragit L100.  

The second study aimed to:  investigate the effect of Eudragit L100 particle size on 

delaying IND release via ODTs. 

6.5 Objectives 

 

• To prepare pellets based on Eudragitl100 and IND  

• To optimise the pellets achieving good mechanical properties  

• To formulate DRP-ODTs via embedded pellets within the ODT matrix  

• To maintain the integrity of pellets under compression protecting IND release  

• Evaluate the effect of ODT powder particle size on the IND release 

• Detecting IND in both acidic and alkaline media in all formulation  
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6.6 Experimental  

6.6.1 Materials 

 

As detailed in the experimental chapter  

6.6.2 Methods 

Preparation of matrix pellets  

 

Three ingredients were used to prepare the pellets matrix (w/w) as follows: 5% IND, 

30% sorbitol, and 65% of Eudragit L100 (raw powder, 45, 63 and 90 µm). The dry 

ingredients were mixed for 10 minutes using a food mixer (Tefal, France) at 100 rpm. 

Deionised water (1.3 mL) was added gradually as granulation fluid until the wet mass 

formed with a breadcrumb-like texture. This was with a total mixing time of 10-15 

minutes.  

The wet mass was transferred to the extrusion platform that contains a single screw 

extruder set at 60 rpm. The collected extrudates were poured into the spheronizer to 

prepare pellets with spherical shapes. The spheronisation speed was set at 1200 rpm 

for 10 minutes.  

The final stage of pellets preparation was drying the produced pellets. The detailed 

method is in the experimental chapter. 

 

Physical properties of pellets: Yield, flowability and bulk density 

 

The percentage yield represents the produced amount of the pellets that were 

calculated as detailed in the experimental chapter. 

Similarly, bulk density and flow property was assessed according to the detailed 

method in the experimental chapter. 

 

Pellets shape and sphericity determinations  

6.6.2.3.1 Manual method: Caliper 

 

The longest and shortest diameter was measured for 30 pellets, and the values were 

recorded in units of a millimetre. The detailed method is in the experimental chapter. 
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6.6.2.3.2 Digital method: Stereomicroscope (SM) 

 

The other method for detecting the pellets dimensions and shape was the 

stereomicroscope (Nikon Corporation, Japan). The AR was calculated similarly to the 

manual method. The detailed method is in the experimental chapter.  

 

6.6.2.3.3 Scanning Electron Microscopy (SEM) 

 

All pellets were evaluated with SEM ( Zeiss Evo50- Oxford instrument, UK) to detect 

the pellets' morphology and size(Echlin, 2009). The recorded images were collected 

using SEM software. The detailed method is in the experimental chapter. 

Pellets hardness 

 

Data were extrapolated as detailed in the experimental chapter. 

 

Porosity 

 

The method details are in the experimental chapter. 

Differential Scanning Calorimeter (DSC) 

Thermogravimetric analysis (TGA) 

 

The method details are in the experimental chapter. 

 

Sieve analysis and particle size distribution 

A. Lactose monohydrate (LM) and D-Mannitol (DM) 

 

An equal amount of both lactose and mannitol powder was weighed (100g) 

individually. The sieving method was performed using a vibratory sieve shaker 

(Retsch, Germany) with mesh sizes from 1000 mm to 45 μm. The sieve shaker was 

vibrated at 1.5 mm amplitude for 10 min. The particles on each sieve were collected 

and weighted. This study's collected powders were 500 μm, 125 μm and 63 μm particle 

sizes from lactose and mannitol.  
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B. Sieve analysis of Eudragit L100 

 

Pellets of IND were prepared from Eudragit L100 of different particle sizes raw, 45, 63 

and 90 µm. The sieve analysis was applied using similar settings to the method 

explained in ODTs matrix in section A.  

 

C. Preparation of powder mix 

 

ODTs matrix was prepared using the following ingredients: 25% of the disintegrant 

LHPC and 1% of the lubricant magnesium stearate and 74% of the filler/diluent lactose 

and mannitol individually (63 µg, 125 µg and 500 µg). All dry ingredients were mixed 

using a Turbula mixer (Willy A. Bachofen AG, Switzerland) for 10 minutes. 

 

Mechanical properties of pellets and powder mix 

 

Determination of powders and pellets' elasticity was evaluated using Texture Analyser 

(Stable Micro Systems, UK) and exponent software. The method is detailed in the 

experimental chapter. 

 

Tabletting 

 

Tablets were also prepared from all the particle sizes for each cushioning powder 

(lactose and mannitol) and the same quantity of the other excipients, as noted earlier. 

The method details are in the experimental chapter. 

 

Stereomicroscope (SM) of ODTs 

Scan electron microscope (SEM) for all ODTs 

 

Tablet shape and morphology was evaluated using SEM and stereomicroscope as 

mentioned in the experimental chapter. 

 

Hardness of tablets 

 

The method details are in the experimental chapter. 
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Disintegration 

 

The method details are in the experimental chapter. 

 

HPLC analysis  

 

Method development and validation are reported in the HPLC chapter.  

 

Dissolution 

 

The method details are in the experimental chapter. 

 

Statistical analysis 

 

Mean, SD, relative standard deviation (%RSD), t-test, and one-way analysis of 

variance (ANOVA) was applied to detect any significant difference between the results 

with a fixed confidence interval of p<0.05. Statistical analysis of the data was 

performed using Microsoft Excel. 
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6.7 Results and discussion of the first study   

6.7.1 Preparation and evaluation of pellets 

 

The pellets (10 g) were prepared using the extrusion spheronisation technique. The 

pellet’s matrix comprised IND 5% w/w, sorbitol 30% w/w and Eudragit L100 65% w/w. 

The prepared pellets were used for the pellet characterisation and tablets preparation. 

The produced pellets' yield was 75% before the drying step and then reduced to 70% 

due to moisture loss evaporating from pellets. Therefore, as discussed in the next 

sections of TGA, the reported moisture content could be associated with the amount 

of water added (Figure 6.4). Also, it was found that the bulk density of the pellets was 

0.66 g/cm3 indicating an excellent bulk density as reported earlier (Kanwar, Kumar and 

Sinha, 2015; Zoubari, Ali and Dashevskiy, 2019). The bulk density was measured to 

assess the pellets' properties and the available voids that these pellets would occupy 

during tablets preparation (Organization, 2012a; Aher, Shelke and Patel, 2017). 

Hence, this micrometric property is an essential step in the formulation preparation 

and development by determining the pellets quantity that fits the space in the tablet, 

hooper or the die of tablet press during the dosage form manufacturing (Amidon, 

Meyer and Mudie, 2017; Kaur et al., 2020). 

 

On the other hand, water was used as granulation fluid in this study since the 

commonly used granulation fluid in the extrusion spheronisation is water, owing to its 

safety and the environment-friendly virtue (Vervaet, Baert and Remon, 1995). Zoubari, 

Ali and Dashevskiy reported that the granulation fluid's suitability in pellet preparation 

had a remarkable impact on the pellets' properties, including bulk density and 

hardness. When using isopropanol, a water mixture was used as a granulation fluid; 

the pellets showed low bulk density and hardness compared to the prepared pellets 

using water, irrespective of the drug quantity and the binder (Zoubari, Ali and 

Dashevskiy, 2019). This finding followed the bulk density results in our study showing 

water's suitability as granulation fluid and the adequate amount used in pellets 

preparation. Our experimental work showed that the amount of water had a noticeable 

impact on the pellets’ quantity. Hence, adding a low amount of water (0.3 - 0.5 mL) 

made the wet mass of incohesive texture form very poor yield pellets. 

Similarly, when a high quantity was used (> 2 - 2.5 mL), the low yield observed is due 

to the over-wetted mass, leading to the particles' aggregation and blocking the screen 
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during the extrusion step. This can be explained by strengthening the particles inter 

particulate bonds since solid bridges form between the particles by water filling ability 

in particles voids, leading to attract the particles and form good compact. Hence, the 

water increases the adhesion between the particles (ElShaer et al., 2017). However, 

reducing or increasing the water in the pellet’s matrix must be wisely adjusted since it 

affects the bulk water and bound water molecules. Hence, water is distributing within 

the particles or on their surfaces as bound water or bulk molecules, manipulating the 

produced mass's strength and physical properties and eventually pellets 

characteristics (Muley, Nandgude and Poddar, 2016).  

 

Also, the granulation fluid quantity for pellet preparation depends on the amount, type 

of the drug, and the excipients in the formulation (Lustig-Gustafsson et al., 1999) 

(Galland, Ruiz and Delalonde, 2009). Therefore, the required amount of water should 

be added wisely to prepare a good quality pellet.  

 

6.7.2 Flow properties analysis  

 

The flowability is an essential parameter in tablet making and capsule filling, providing 

uniformity of packing and pellet integrity (Bodagala, Jayaveera and Ambati, 2016). The 

good range of flowability depends on different factors, such as pellet diameter, surface 

roughness and sphericity. Pellets with smooth surfaces and the narrow distribution 

size could impact the flow rate; hence rough surface particles can adhere to each 

other, hindering the particles flow rate (Shah, Tawakkul and Khan, 2008). Also, the 

small-diameter particles provide a high surface-to-volume ratio, thus good tablet 

production. Hence, the ideal pellets’ shape is essential for equality of active ingredients 

distribution within the prepared dosage form through the matrix system. Besides, pellet 

shapes' uniformity is necessary for the intended substrate coating to modify the API 

release (Beretzky et al., 2002; Sinha et al., 2007). 

The pellets flowability was measured for pre-weighed pellets and tested using the flow 

tester (ERWEKA, Germany); the results were reported in triplicate (mean± SD). The 

pellets demonstrated a high flow rate of 4.6 ± 0.2 g/s. The pellets' accepted flowability 

is associated with shape, size, density, and the range of the pellet sizes also reflects 

the excellent flow properties for the obtained pellets as reported earlier (Sinha et al., 

2007; Bodagala, Jayaveera and Ambati, 2016). Also, pellet density has a significant 
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factor in the uniform distribution of tablets and other ingredients' weight and quantity. 

Hence, pellets with low flowability and equal densities may segregate from the 

excipients during tablet preparation (Gang et al., 2010; Choudhary and Avari, 2013). 

Thus, pellets size and density play a role in tablets uniformity. The good physical 

properties of produced pellets are related to the appropriate extrusion-spheronisation 

settings. Thiry et al. and Sinha et al. reported that operational settings during pellets 

preparation, including speed and time of extrusion & spheronisation, affect the pellets' 

quality (Sinha et al., 2009; Thiry, Krier and Evrard, 2015). Also,  Lau et al. study 

showed that the operating parameters of the extrusion/spheronisation during pellet 

preparation as well as the optimal amount of granulation fluid (water) resulted in a high 

yield of 72% and low-density pellets of 0.66 g/cm3  (Lau et al., 2014). 

In addition, an adequate amount of particle mixing provided the accepted bulk density 

leading to formulate pellets with good compatibility since increasing the bulk density 

reduces the tablet's compatibility. (Kanwar, Kumar and Sinha, 2015). On the other 

hand, the free-flowing, spherical and small size pellets ranging between 500 to 1500 

μm are typical for pharmaceutical applications. Therefore, pellets could confer good 

distribution of the formulation in the GIT (Dukić-Ott et al., 2009).  

 

6.7.3 Pellet’s size and morphology   

The pellet diameters and AR measurements were done on randomly selected pellets 

using different methods to assess the suitable method and compare the results. SEM 

was used to detect both the shape and the AR of pellets (n=12) and similarly SM 

(n=30) through a digital capturing system (Nikon Digital Sight, Japan). The 

measurements were compared with the results of pellets AR generated using the 

calliper. The results showed that pellets' AR using all techniques was low, close to the 

spherical ratio of 1 (Dukić-Ott et al., 2009; Tiwari, Agarwal and Tiwari, 2013)  

However, it was noticed that %RSD was high, ranging between 14.23-17.24% (Table 

6.1) due to the size variance, as shown in Figure 6.1-A and Figure 6.1 B. 
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Table 6.1 pellets aspect ratios (AR) (mean ± SD) examined using a calliper, stereomicroscope (SM) 

and SEM 

 n Mean AR ± SD %RSD 

Caliper 30 1.30 ± 0.25 14.25 

SM 30 1.29 ± 0.22 17.24 

SEM 12 1.18 ± 0.17 14.23 

 

On the other hand, AR measurements showed high spherical pellets as literature 

reported the range of AR within 0.85-1.30; this demonstrates pellets had high 

sphericity (Figure 6.1) (Oluwabukola and Cheng Shu, 2015). However, the pellets 

differed in shape and size according to the morphological assessment using SM and 

SEM, either elongated or irregular. As such, the high %RSD was recorded (Table 6.1). 

The morphological differences between the pellets and AR values were discussed by 

Ronowicz et al. suggested that several factors, namely water content, extrusion screen 

orifices, spheronisation time and speed, could influence pellet’s AR (Ronowicz et al., 

2015). Besides, Tiwari et al. disclosed that pellet’s sphericity and roundness are 

influenced mainly by spheronisation time and speed (Tiwari, Agarwal and Tiwari, 

2013). Therefore, observing AR results' similarities using SEM, SM, and the calliper 

indicates all the used technique's reliability.  

The analysins of SM images using ImageJ program were correlated with SEM images 

showing almost spherical shaped pellets (Figure 6.2-A and B). However, the pellets 

had rough surfaces with irregular edges (Figure 6.2-B). Although surface roughness 

could be a defect factor affecting the tablet homogeneity, Leanne et al. indicated that 

smooth particles could segregate remarkably from the powder blend and emphasised 

the importance of the surface roughness for tablets content uniformity (Leane et al., 

2015). Therefore, this could offer an advantage in overcoming size variation between 

powder mix and pellets size, offering content uniformity in tablets. 
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             (B) 

Figure 6.1 SM images A and B showing the shape and morphology of the pellets, area, and diameter 

measurements  

 

On the other hand, pellets showed different behaviour under compression due to the 

mechanical properties discussed in the next section, showing high SD after hardness 

testing revealing a remarkable difference in the plastic tendency and the pellets' 

attribute to retain their shapes under compression. Hence, Figure 6.3- A showed the 

pellets' measured area and detected in the tablet (Figure 6.3-C) with limited deformity, 

while Figure 6.3- B showed the shape change of the deformed pellet in the ODT. 

Therefore, this reveals two facts; the first could be that some pellets possessed 

insufficient balance between plastic-elastic propensity leading to a weakened physical 

structure. Second, the cushioning filler's impact conferred with the ingredients and the 

properties of the ODT matrix. 

 

Area=0.85mm2  

Diameter= 1.08mm 

A 

 

B 
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Figure 6.2 SM image processed showing applied in ImageJ software (A), SEM micrograph display the 

rough surface and AR of the pellet (B) 

 

  

 

Figure 6.3 SEM images showing pellets embedded in lactose ODTs with AR (A), measured area using 

SEM (B), top view of tablet after hardness test showing pellets within in the tablet after compression (C) 

 

A 

 

B 

A 

 

B 
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6.7.4 Pellets mechanical properties  

 

The Texture analyser was used to assess the pellets' hardness against the applied 

force, and the results were recorded as tensile strength (MPa). The results revealed 

that pellet diameters' variance influenced the hardness; hence, the average hardness 

was 4.92 ± 1.95 N with a high %RSD 52.13 % due to the variation in pellet’s shape 

(Figure 6.1) and diameter as discussed earlier. The pellets mechanical strength is an 

essential parameter for further formulation processing, i.e., tabletting. The pellets 

showed high tensile strength 2.16 ± 0.26 MPa (Table 6.2), providing enough support 

for the pellets during tablet manufacturing to adequate resistance for the applied 

pressure (Michie, Podczeck and Newton, 2012; van den Ban and Goodwin, 2017).  

However, the pellets' tendency to preserve their shape with limited deformity is 

essential to retain the pellets integrity, thereby preserving the drug release (Thommes 

and Kleinebudde, 2007). Hence, YM, which describes the resilience or hardness of 

materials, is commonly used to assess the pharmaceutical powders' mechanical 

properties and compacts during the compression process (F Bassam et al., 1990). 

Govedarica et al. stated that hardness and YM are fundamental methods for assessing 

the particles' deformation properties and measuring the intermolecular forces' stiffness 

of the materials. These properties can be measured either by stretching, twisting or 

compression depending on the samples type (Govedarica et al., 2012).  Different 

studies report controversial views regarding the tensile strength and YM relationship 

of materials in pharmaceutical applications. ROBERTS and ROWE with Payne et al. 

and agreed that an estimated value of the modulus of elasticity could be predicted 

from the crystal arrangement and physical structure of the raw pharmaceutical 

excipients; hence the tensile strength can be estimated depending on YM value 

(Payne et al., 1996; ROBERTS and ROWE, 1999). However, the interatomic or 

intermolecular binding strength varies depending on the material type, particle size 

and surface properties; unpredictable changes in the mechanical properties could be 

generated (Govedarica et al., 2012; Zhang et al., 2017). Therefore, pellets’ YM was 

measured to examine pellets' elasticity profile and behaviour during compaction in 

addition to the tensile strength. 

 

The texture analysis was used to assess the pellets' elastic properties using the stress-

strain relationship as YM (The proportional limit after which the relationship becomes 
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nonlinear). Hence the higher the YM, the stiffer the material (Govedarica et al., 2012; 

Instron, 2017; Cabiscol et al., 2018). The results showed that YM was 7.43 ± 0.14 MPa 

(Table 6.2), indicating a correlated result with the tensile strength since both values 

correspond to the materials' elastic-plastic behaviour. Although the tensile strength 

showed the pellets' high strength, the YM value could reveal that the pellets retained 

a good relative elastic-plastic ratio. Since under compression, the pellets retained their 

shape as in SEM (Figure 6.3-A). 

Moreover, the value was correlated with the IND release behaviour where the pellets 

showed a delayed-release IND in the acidic media (pH 1.2) after being compressed in 

ODTs. This finding indicates the suitable physical property conferred by the adequate 

ratio of initial materials, granulation fluid, and good pellets AR. Nevertheless, 

increasing the granulation fluid amount could increase the moisture content and hence 

the plasticiser effect increases. This fact can be seen in the forthcoming sections of 

the moisture content, as detected with TGA. This could help confer a uniform balance 

between the elastic-plastic properties to avoid the inconsistency of pellets mechanical 

properties preserving their integrity under compression, as seen in deformed pellets 

detected with SEM (Figure 6.2-B). 

 

Table 6.2 Mechanical properties of the pellets using texture analysis showing pellets YM (n=3), 

hardness (n=30) and tensile strength (n=30) 

Physical properties  Value  

Hardness  4.92 ± 1.95 N 

Tensile strength  2.16 ± 0.26 MPa 

YM  7.43 ± 0.14 MPa 
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6.7.5 Porosity 

 

Measuring the pellets' surface area and porosity is an essential parameter in 

assessing pellets densification and degree of deformation depending on the available 

inter and intramolecular voids under compression (Tunón, Gråsjö and Alderborn, 

2003). Hence, this could lead to a change in drug release due to the available surface 

area.  Therefore, the relationship between physical and mechanical properties and the 

pellets' porosity was assessed (Szumilo et al., 2017). Abdul, Chandewar and Jaiswal 

showed that low porosity pellets suffer limited permanent deformation during 

compression due to little porosity change in the limited available intraparticle void 

under the compression. Contrary to high pellets’ porosity, showing a remarkable 

irreversible distortion (Abdul, Chandewar and Jaiswal, 2010). In our study, porosity 

was measured using the adsorption-desorption method using the BELSORP 

instrument for pre-weighed pellets. The sample was pre-treated for a specific time and 

temperature (40 ºC – 2 hours) to remove traces of adsorbed gases or moisture from 

the pellets. There was a slight variance in pellets weight  0.0049 g after pretreatment, 

indicating that the pellets were contained in well-controlled containers (dictators) 

during the characterisation. Brunauer–Emmett–Teller (BET) equation using 

BELSORP software was the appropriate method to account for the physical adsorption 

of a gas on the surface area of solid samples and measuring the pore size distribution 

(Sinha et al., 2019). The results showed that the isotherms were Type IV, showing 

mesoporous pores (Table 6.3)(Thommes et al., 2015; Morishige, 2016). However, the 

loop shape indicates a weak interaction between the gas and the pores of the particle. 

This could be related to a number of facts suggested by the literature, including narrow 

mesopore size, irregular pore shape, and surface roughness (Grosman and Ortega, 

2005; Rengasamy, 2006; Morishige, 2016; Bruschi et al., 2018; Schmool and Markó, 

2018). Another assumption suggests that particles pores with mesoporous diameters 

could show similar Type II isotherm (Thommes et al., 2015). Therefore, it can be stated 

that the few numbers of big pores and small volumes of pores made the inflation or 

the change in the curve at the end of the first layer of adsorption short. Although 

surface roughness of the pellets could cause variation in mesopore diameter, the 

isotherm steepness indicates good characteristic material showing a consistent 

narrow mesopore size distribution (Thommes et al., 2015) 
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Table 6.3 Pellets mean pore volume, total pore volume and surface area results using BELSORP 

software  

Sample Surface area 
 (m2 g-1) 

Total pore volume 
(cm3 g-1) 

Mean pore diameter 
(nm) 

Pellets 4.249 0.007 7.481 

 

6.7.6 Thermal Analysis 

 

In our study, the moisture content was measured using TGA, as in Figure 6.4-A. The 

results showed that moisture content was 6.89%, 5.63%, 6.58% and 4.84% for IND, 

Eudragit L100, sorbitol, and pellets, respectively. This indicates that drying 

temperature and the duration of the drying step after pellets formation was adequate. 

Hence, pellets had moisture lower than 5% despite the high moisture content (>5%) 

of initial ingredients. Also, pellets showed a degradation that started after 220-240 °C, 

and a similar trend was noticed with Eudragit L100 after 230°C, yet the decomposition 

occurred first, then degradation (Giram et al., 2018).  This was correlated with the DSC 

results as an endothermic peak appeared after 230 ⁰C, indicating the decomposition 

then started the degradation of Eudragit L100 (Figure 6.4-B) (Giram et al., 2018). 
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A.TGA thermograms of Eudragit L100 (A), IND (B), Pellets (C) and the start of 

degradation in the polymer around 230 ⁰C (D)  

 

B. DSC thermograms of Pellets (A), Eudragit L100 (B), IND (C) showing melting point (MP) 

of IND exists in the pellets and the expected Tg 

Figure 6.4 Thermogravimetric analysis showing the results of TGA (A) and DSC (B) for the raw powder 

of Eudragit L100, IND and the produced pellets 

 

Tg 
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On the other hand, the moisture content was within an acceptable range aligning with 

the mechanical properties results discussed in the previous section; it showed a good 

balance between plastic and elastic properties. Hence, water molecules affect the 

formulation differently depending on their distribution within the compacts and the 

ingredients' water holding capacity. Using water as a granulation fluid could produce 

a plasticisation effect with an inversely proportional relation between Tg and moisture 

content. Tg elucidates the state's transition from glassy to rubbery (Bley, Siepmann 

and Bodmeier, 2009).  

On the other hand, if the absorbed water acts as a surface restructuring vehicle or 

immobile water absorbed by particle surfaces, tensile strength increases 

proportionally to moisture content(Yohana Chaerunisaa, Sriwidodo and Abdassah, 

2020) (Thapa et al., 2017). Hence, the absorbed water raises the number of solid 

bridges between particles, and the absorbed immobile water improves the particle-

particle inter-activity on particle surfaces.  

 

When bulk water exists, generating several water layers remaining on the particles' 

surface tablet's tensile strength is reduced by hindering the intermolecular attraction 

(Thapa et al., 2017). Therefore, explaining the moisture content effect is a 

controversial concept corresponding to the ratio of added granulation fluid, i.e., the 

excipients' water and properties. Besides, the water holding capacity is affected by the 

type of polymers used. For instance: MCC particles possess a water-retaining ability 

resulting in wide use as a filler in wet granulation with high moisture content (Yohana 

Chaerunisaa, Sriwidodo and Abdassah, 2020). Additionally, increasing inter- particles 

cohesion forces may become another role for moisture generating liquid or solid 

bridges (Yohana Chaerunisaa, Sriwidodo and Abdassah, 2020). This gives rise to 

another virtue for using Eudragit L100, polymer, in the pellets matrices as a pH-

dependent hydrophobic soluble polymer only in organic solvents. Thus, it possesses 

less ability to retain the water compared to MCC. Besides, the pellets contain sorbitol 

with hygroscopic properties that may retain moisture in a high ratio.  

On the other hand, DSC was applied to detect any modification in the materials' 

physical, chemical properties, and the interface between pellets' ingredients. The 

change in energy can be detected from and to materials and comparing to a reference. 

DSC thermograms of IND and pellets demonstrated endothermic peaks around 

162.94-164.59 °C owing to the melting point of IND (Figure 6.4-B) (Wang et al., 2007; 
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Parikh et al., 2014). Also, sorbitol Tg was detected at 98.21 ºC, similarly reported by 

Seo et al. (2005). According to Shepard et al., Eudragit L100 possess Tg between 30-

70 °C. Similarly, in this study, Tg of Eudragit L100 could be found at 50-60°C. However, 

the pellets showed lower and unclear Tg correlating to comprising sorbitol as a 

plasticiser in the formulation and the amount of water that acted as a plasticiser 

(Shepard et al., 2020). Both of these factors reduced Tg lower than 50 °C hence the 

starting of degradation was reduced (Giram et al., 2018).  

Therefore, filling the voids within the polymeric structure could enhance the elastic-

plastic properties of Eudragit L100 and the compact. Therefore, Eudragit L100 chains 

within the compacts/pellets can slide and move over each other, smoothly providing 

enough energy that lowers polymeric Tg  (Jadhav et al., 2009). 

 

6.7.7 Physical characterisation and particle size analysis  

 

Different lactose and mannitol sizes were collected using the sieving method, as in 

Figure 6.5 (A & B). The powders first were weighed equivalently and sieved to collect 

an adequate amount from each indicated particle size. The retained powders were 

then collected and used in tablet preparation to prepare ODTs with delayed IND 

pellets. Both lactose and mannitol showed the highest retained powder associated 

with low particle size > 90 µm. However, compared to lactose, mannitol showed the 

highest retained particles with ≤ 63 µm containing a higher number of fine particles 

than lactose. Nevertheless, collated particles from 63 µm were the highest for both 

lactose and mannitol, showing similar consistency in both materials. The chosen 

particle sizes were used to identify the differences between fine, medium, and coarse 

particles in the mechanical properties, disintegration, and dissolution properties of the 

prepared ODTs. Therefore, particles retained on 63, 125 and 500 µm sieves from both 

materials (Figure 6.5-C) were suitably selected to cover that range in tablets 

preparation and further characterisations. 
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Figure 6.5 Sieve analysis results of lactose (A) and mannitol (B) raw powders with particles sizes of 

mid-points (C) presenting the cumulative oversize and the retained powders collected from each sieve 
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6.7.8 Mechanical properties of pellets and powder mix 

 

Lactose and mannitol powders were used to prepare tablets using the three particle 

sizes 63, 125 and 500 µm. Three prepared batches from each particle size consisted 

of ODTs ingredients with lactose or mannitol as ODTs/control, the second and third 

batches comprising IND raw powder and pellets. The obtained mixture was initially 

characterised to assess elasticity using YM, and then the tensile strength was 

evaluated for all tablets. Hence, the higher the YM, the more plastic material properties 

(Sun, Kothari and Sun, 2018).  

 

The elasticity analysis results showed a statistical difference among particle sizes 63, 

125 and 500 µm of the same mixture of lactose ODTs-pellets matrix, IND, and raw 

powder (Figure 6.6). The detected variation was between 63 µm particle size batch 

with 125 and 500 µm sizes, and the later sizes showed a similar elasticity trend using 

the same mixtures. Hence, the homogeneity of particles’ shape is improving by 

reducing the particle size while larger particles demonstrate a higher shape variety 

(Singaraju et al., 2016). Therefore, the particles of 63 µm showed a similar trend in all 

the tested matrices of that size, including ODTs, ODT-IND, and ODT-pellets with no 

statical variation. 

However, the only detected difference was comparing lactose raw powder with all 63 

µm particle size batches. This finding indicates that the addition of ODTs ingredients 

improved the mixture's homogeneity showing limited to no difference for the obtained 

matrixes of the smallest particle size lactose that produced a similar elasticity profile.  

 

On the other hand, all batches of 125 and 500 µm showed a noticeable variation in 

YM using the same particle sizes lactose of control, ODTs-IND, ODTs-pellets and 

similarly when including lactose powder of these sizes. This evidence confirms the 

limited variation within small particles powders compared to the bigger particles 

demonstrating limited coherence with the addition of ODTs to raw powder. A further 

comparison was conducted to assess the elastic behaviour of each two lactose ODTs, 

pellets and IND, using different particle sizes 63, 125 and 500 µm via t-test. The 

batches showed undetectable variation between 125 and 500 µm batches, and the 

difference was consistently related to the elastic behaviour of 63 µm lactose batches 

compared to batches of 125 and 500 µm of the less elastic tendency. Using specific 
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large particles sizes (125 and 500 µm) of lactose generated a consistent plastic 

behaviour with a predominant effect over other ingredients under compression even 

with the addition of ODTs components. Thus, a homogeneous elastic profile with 63 

µm lactose matrices was occurred as in Figure 6.6. Hence, a similar trend was 

detected with tensile strength results (Figure 6.7), showing higher values with 125 and 

500 µm batches than 63 µm, which express the predominant effect of initial particles 

behaviour over the particles size effect. 

 

On the other hand, elasticity results of mannitol formulations of the same content with 

different particles size 63, 125 and 500 µm showed that raw powder and ODTs-pellets 

matrices behaved similarly with no detectable difference among each tested batch. 

However, in ODTs (control) batches and IND batches, the variation of elasticity values 

was significant among all the used particle sizes (63,125 and 500 µm). According to 

the t-test, this variation was correlated with 63 µm mannitol compared to 125 and 500 

µm powders that showed an almost identical trend. Nevertheless, using the same 

particle size of mannitol with different formulation content showed identical 

performance in their elastic tendency demonstrating no difference between the 

compared results of ODTs, ODTs-IND, ODTs-pellets mixtures. The only variation was 

detected by including raw powder with other mixtures of the same used size of 

mannitol. Therefore, it can be assumed that the combination of ODTs ingredients with 

each particle size of mannitol generated a similar effect minimising the variation 

generated by raw powder. 

Moreover, elastic properties' coherence using different mannitol sizes with ODT-

pellets indicates the suitability of using mannitol without sieving and no necessity for 

a specific particle size to select. The comparison between similar size lactose and 

mannitol of the same mixtures of ODTs, IND, and pellets showed that the YM was 

significantly smaller in mannitol. However, the comparison of 63 µm particles of lactose 

with mannitol showed similar YM results, while particles of 125 and 500 µm were 

significantly different demonstrating plastic properties to that of mannitol. Overall, the 

YM in lactose was higher than mannitol for the comparable batches with the same 

particle size, reflecting the powder rigidity. Although the raw lactose's comparable 

sizes had higher YM than mannitol, mannitol raw powders, similar to lactose, were 

consistently the highest YM among the prepared mannitol batches. Hence, in the 
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following section, SEM showed a similar effect in protecting the pellets under 

compression using mannitol (Figure 6.8).  

 

 

Figure 6.6 Elasticity profile represented by YM of tablets mix of ODTs (control), indomethacin (IND), 

pellets using lactose and mannitol 63, 125 and 500 µm particles 

 

6.7.9 Hardness of tablets 

 

A hardness test was used to evaluate the maximum force that tablets resist before 

breakage by extrapolating tensile strength(Sun, Kothari and Sun, 2018).  

The tablet’s tensile strength is an imperative characteristic of tablet mechanical 

strength to maintain integrity during processing, packaging, transport, and patient use 

(Pitt and Heasley, 2013).  

Nevertheless, relative weakness in the tablet’s mechanical strength is required to 

make a breakable tablet within a human body and release its contents. The accepted 

values of tensile strength differ according to the prepared formulation. Generally, 
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mechanical strength greater than 1.7 MPa is sufficient for tablets to withstand 

manufacturing processing, while some tablets are intended to be prepared with a low 

tensile strength that can be lower than 1 MPa (McCormick, 2005a; Pitt and Heasley, 

2013). 

The prepared formulations of ODTs-control, IND and pellets were tested using the 

hardness test. The dimensions for all tablets were recorded using the digital calliper 

and applied along with hardness values in tensile strength calculations as in Figure 

6.7. Tablets’ weights and dimensions were almost identical with no variations among 

the prepared tablets; for instance, 13.1±2.8 mm and 13.1±3 mm were the diameters 

and thickness of lactose and mannitol tablets, respectively.  

 

Using one-way ANOVA, all lactose prepared tablets demonstrated accepted tensile 

strength with no significant difference using the same particle size lactose or different 

sizes. Similarly, no statistical difference was detected between hardness results 

indicating the uniformity of tablets dimension that can be achieved using all the particle 

sizes of lactose. These findings were in accordance with YM results (Figure 6.6), 

showing high initial particles plasticity for 125 and 500 µm batches compared to 63 µm 

batches that showed the same trend in tensile strength results (Figure 6.7). It can be 

assumed that particles' shape and surface roughness significantly affected 

mechanical properties. Hence, it was reported that the irregularity in shape and 

surface roughness of the particles aid in the bonding and interlocking of the particles 

(Abdel-Hamid, Alshihabi and Betz, 2011). 
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Figure 6.7 Tensile strength (MPa) values of Control (ODT), indomethacin (IND) mixed with ODT, and 

pellets embedded in the ODTs of lactose and mannitol  

 

On the other hand, the tensile strength of the same particle size mannitol of different 

ODTs content had no difference demonstrating a similar trend with YM results. 

However, mannitol batches of 63 µm particle sizes behaved differently from 125 and 

500 µm of the same ODTs content. Surprisingly, comparing lactose and mannitol 

tablets of the same particle size showed a significant difference between 125 and 500 

µm batches, and only 63 µm particle size batches were consistently similar. Hence, 

the difference in tensile strength within mannitol batches was caused by 63 µm 

mannitol batch, while 125 and 500 µm showed harmonised results using t-test. These 

findings could be associated with different factors, including the particles' shape, 

physical and rheological characteristics of each particle size, surface roughness, 

particles arrangements, and particle distribution during tablet compression (Abdel-

Hamid, Alshihabi and Betz, 2011; Deb et al., 2018). However, the critical factor that is 

consistently causing the reported variations is mainly the particle size.  
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Generally, all YM results were > 6 MPa indicating that all formulations acquire a plastic 

tendency enough for tablet preparation. However, mannitol batches of larger particle 

size demonstrated the lowest YM causing difficulty for tablets preparation. Also, YM 

and tensile strength results showed that lactose baches generally possessed a higher 

plastic property than mannitol (Figure 6.6 and Figure 6.7). However, 63 µm mannitol 

batches presented a high tensile strength with low YM in 125 and 500 µm. This exciting 

finding indicates that the coherence between YM and tablets tensile strength could 

vary according to different factors such as particles composition, intra-porosity, surface 

roughness, elastic-plastic deformation and particle-particle contact points (Tho and 

Bauer-Brandl, 2011; Pitt and Heasley, 2013; Cabiscol et al., 2018). However, such 

variation could be reduced and showing no difference as detected from the similarity 

of lactose and mannitol 63 µm tensile strength that was coherent with the YM 

comparison of lactose mannitol 63 µm raw powder. Therefore, it can be stated that 

limited variation could be generated in the mechanical properties of tablets using small 

particle size powder rather than the larger one (Singaraju et al., 2016) (Ziffels and 

Steckel, 2010; Vanhoorne et al., 2016). 

These findings indicate that mannitol and lactose's cushioning filler was good enough 

to protect the embedded ingredients (pellets). Also, the materials within tablets could 

suffer the uniformity distribution problem owing to different surfaces properties. 

However, pellets sizes were bigger than ODTs matrix. Therefore, a higher number of 

pellets in the matrices is expected depending on the particles surfaces properties. The 

quantification of IND amount in the final formulation revealed such a relationship in the 

dissolution test.  

This variation could be related to two facts: firstly, the difference between mannitol and 

lactose's physical structure in the degree of crystallinity. It was reported that mannitol 

possesses a crystalline structure of alpha, beta, and delta phases. Subsequently, the 

presence of three phases within mannitol provide different behaviour under 

compression depending on the degree of each phase within the structure(Fronczek, 

Kamel and Slattery, 2003). Although lactose can exist in both amorphous or crystalline 

form, lactose tends to crystallise over time, associated with high plasticity to brittle 

tablets under compression (Listiohadi et al., 2009)(Murphy, Prescott and Larson, 

2005). Secondly, surface roughness and particles shape could affect the tablet’s 

hardness; hence, Zhang et al. reported that lactose particles had higher strength than 

mannitol and required higher compression effort. The reason behind that was the high 
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surface smoothness associate with mannitol compared to lactose. Besides, mannitol 

tablets expansion after ejection was the other reason correlated with high elasticity 

compared to lactose (Zhang et al., 2017).  

Similarly, this was associated with our results showing the high tensile strength and 

YM related to all particles sizes of lactose compared to that of mannitol. 

Also, owing to the difference in the hygroscopic property that is higher in lactose 

compared to mannitol, these two materials could behave differently owing to their 

original properties, which was detected with higher particle sizes showing additional 

differences contributed to the shape of the particles (Shiga et al., 2014)(Listiohadi et 

al., 2009) 

The molecules of water available within the particles in the form of crystals can affect 

the compact's tensile strength under the compression, leading to enhanced 

interparticle bonding more than that of low moisture content. Paluch et al. study 

showed that the tablets of hydrated particles demonstrated high tensile strength 

compared to tables of dehydrated particles; hence the bonds in the latter tablets 

formed either due to interlocking forces or thermal fusion, making a permanent 

deformation. Moreover, the study showed that the high ratio of the amorphous phase 

in the particles produced high tensile strength tablets compared to the anhydrous 

crystalline particles (Paluch et al., 2013).  

It was found by Westermarck et al. the tablets made of powder particles of mannitol 

showed an increase in surface area under compression from 0.58 to 0.61 m2/g with a 

reduction in porosity. On the contrary, the tablets based on granulated mannitol 

particles showed a reduction in the porosity, and ultimately surface area was reduced 

from 1.55 to 1.26 m2/g due to the particles' fusion (Paluch et al., 2013)(Westermarck 

et al., 1998). On the other hand, Busignies et al. study discussed the compression of 

tablets consisting of lactose, and the results demonstrated that the surface area of 

tablets increased with increasing the compression pressure and it then started to 

decrease with applying higher pressure indicating that the initial behaviour under 

compaction was owing to plastic deformation and further compaction resulting in the 

fusion of particles (Busignies et al., 2011). When increasing the pressure, the particles 

placed between the punches migrate and start to form interlocking bonds, and further 

pressure can lead to elastic deformation of the particles then permanently deform 

plastically. The higher the pressure, the more particles’ deformation leading to 

crushing or cracking particles then fuse, making larger particles (Paluch et al., 2013). 
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Therefore, the large particles tend to break into small particles that can fuse, forming 

a larger surface area.  

 

6.7.10 Lactose and mannitol ODTs morphology after compression  

 

All ODTs of lactose and mannitol were evaluated using SEM and SM to detect the 

change in pellets integrity after compression of all particle sizes (Figure 6.8 and Figure 

6.9). The results showed that both lactose and mannitol protected the pellets from 

being distorted by providing a supportive cushioning filler Figure 6.8 and Figure 6.9. 

Although different particle sizes were used to prepare ODTs, there was no 

considerable variation in the morphology between different sizes of both lactose and 

mannitol batches. However, 63 µm lactose and mannitol tablets showed coherent 

surface demonstrating good compatibility correlated with tensile strength results that 

showed the similarity between these batches. Also, the particles' variation after 

compression confirms the difference in particles sizes and their mechanical properties. 

Therefore, owing to the physical structure of lactose and mannitol that conveys a 

different degree of crystallinity, such variation in the reported results (mechanical and 

morphological findings) could be detected, indicating that lactose of physical structure 

possessed consistent mechanical properties with unnoticeable differences (Ziffels and 

Steckel, 2010; Vanhoorne et al., 2016). Although pellets were detected similarly 

retaining their shape under compression from all batches, there was slight deformation 

in the pellets embedded in lactose 500 µm tablets than mannitol (Figure 6.8). However, 

the smaller the particle size, the less detected the difference between the two powders. 

Similar findings were reported by Paul et al. in assessing the effect of different grades 

of lactose and mannitol on tablets strength, and their results showed that the large 

particles exhibited a noticeable variation in plastic properties while using of equivalent 

particle size, which was obtained in small particles, had a similar degree of crystallinity 

(Paul et al., 2019).   
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Figure 6.8 Micrographs of radial cross-sections from ODTs-pellets of lactose 63 µm (A), 125 µm lactose 

(B), 500 µm lactose cross-section (C), top view ODTs-pellets of 63 µm lactose (D), ODTs-pellets of 

mannitol 63 µm (E), 125 µm mannitol (F), 500 µm mannitol cross-section (G) 
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Figure 6.9 ODTs-pellets images from SM showing the distribution of the pellets within the radial cross-

section tablets of lactose and mannitol A, B and C & D, respectively 

  

6.7.11 Disintegration of tablets 

 

Different factors affect disintegration time, including ingredients, the porosity of the 

tablets, and their weight. However, in our results, tablets demonstrated no significant 

variation in the tablets' weight and dimensions. Therefore, in this case, the 

disintegration time could be independent of porosity when using the same ODTs 

mixtures and thus correlated with tablets hardness. Harada et al. stated that 

disintegration time decreases when the porosity increases. They noticed that with 

increasing tablets weight, the disintegration time elongates(Harada et al., 2010).  

Moreover, the authors concluded that the disintegration time could be estimated by 

tablets hardness independently ODTs weight (Harada et al., 2010). In our study, tablet 

hardness showed a similar trend between batches of the same particle size and 

different contents for lactose and mannitol. It can be stated that disintegration time 

could be predicted regardless of the porosity of the tablet. The results showed that the 

disintegration time of mannitol ODTs was not markedly different between different 

particle size ODTs of the same mixture (Figure 6.10). However, disintegration time 

was significantly different in the same size ODTs of different contents. This finding 

demonstrates ODTs components' influence on disintegration time than mannitol's 

particle size, as Hoag reported (Hoag, 2017). 
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Figure 6.10 disintegration time of lactose and mannitol ODTs only (control), tablets of IND and pellets 

 

Similarly, Daraghmeh et al. referred to the improved mannitol compressibility by 

adding other ingredients to enhance tablets formation and mechanical properties 

(Daraghmeh et al., 2011)(Bansal, Balwani and Sheokand, 2019). The results of 

mannitol ODTs batches were in correlation with tensile strength evaluation. For 

instance, ODTs-pellets demonstrated the highest tensile strength from 63 µm, then 

125 µm and the lowest from 500 µm of mannitol. The longest disintegration time was 

also recorded with 63 µm, 125 µm and the shortest with 500 µm mannitol of ODTs-

pellets. Similarly, 63 µm mannitol showed the longest disintegration time in the other 

batches of ODTs alone (control) and ODTs-IND.  

However, this trend was undetected with lactose that showed consistently short 

disintegration time equally with no statical variation. Similarly, this finding was 

recorded by comparing the tensile strength of lactose batches that was coherent with 

no statistical variation. This correlation could confirm the adequate strength of lactose 

tablets and the homogeneous distribution of the materials within the produced ODTs 

producing the same effect consistently. In general, lactose and mannitol batches 

showed that the tablet’s disintegration time was shortened with particle size increase. 

This can be explained by the high tendency of hydrophilic bond formation with larger 

particles (Hiremath, Nuguru and Agrahari, 2019). Besides, lactose batches showed a 
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shorter disintegration time than mannitol tablets. Kraciuk and Sznitowska detected a 

similar trend by recording faster tablet disintegration from lactose-containing tablets 

than with mannitol (Kraciuk and Sznitowska, 2011). 

On the other hand, all lactose and mannitol particles sizes used in tablets preparation 

had no considerable influence on tablets water uptake capacity and water distribution. 

Therefore, using different particle sizes to prepare tablets is suitable, showing no 

significant difference in tablets disintegration exhibiting similar water interactions. 

Even Though different particle sizes were used to prepare tablets of lactose and 

mannitol, the tablets' water uptake capacity and water distribution were similar; thus, 

disintegration time was not significantly different. Similarly, Saripella, Mallipeddi and 

Neau reported that water interactions were equally detected from all corresponding 

samples of different particle sizes due to similar thermal properties (Saripella, 

Mallipeddi and Neau, 2014). This evidence supports lactose and mannitol tablets' 

good mechanical properties from all used particle sizes (Kraciuk and Sznitowska, 

2011). Nevertheless, in our study, both lactose and mannitol showed a fast 

disintegration time < 30 seconds from all ODTs mixtures with no statistical variation 

between the batches of similar particle sizes (Figure 6.10). 

 

6.7.12 Dissolution  

 

According to British and US pharmacopoeia, IND release in both acidic (pH 1.2) 

(Figure 6.11 A and B) and phosphate buffer media (pH 6.8) (Figure 6.12-A and B) was 

measured (FDA/CDER, 1997; Council of Europe, 2005; British Pharmacopoeia, 

2017). The results were recorded for all ODTs comprising IND and pellets using 

lactose and mannitol of all particle sizes 63,125 and 500 µm.  

In acidic media, both lactose and mannitol ODTs of all particle sizes with pellets 

showed a similar trend of delaying IND release from the prepared tablets than ODTs-

IND batches that showed a higher release of IND (Figure 6.11-A & B). Hence, all 

formulations of pellets released between 0.44 - 1.07% of IND at 120 minutes, while 

ODTs-IND batches showed a higher release profile of more than 9% at the same time 

point, demonstrating a significant difference between ODTs of pellets with the same 

particle size ODTs-IND (p<0.05) using t-test. Moreover, ODTs-IND of lactose and 

similarly that of mannitol showed a remarkable difference in IND release at 120 

minutes from all particle sizes ODTs. A similar trend was detected between IND 
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release from each different particle size of the ODTs-IND batches (according to t-test). 

However, that variation was undetectable by comparing ODTs-IND of lactose with 

mannitol of the same particle size demonstrating no difference in the release profile. 

 

 
A. ODTs-pellets dissolution profile at pH 1.2 

 
B. ODTs-IND dissolution profile at pH 1.2 

Figure 6.11 IND release profile from ODTs of lactose LM-pellets & LM-IND and mannitol DM-pellets & 

DM-IND in acid (A & B)  

These findings indicate two facts; firstly, the distribution of IND powder within ODTs 

tablets was equivalent between lactose and mannitol, showing a similarity in the 

release profile with no statistical difference. Secondly, the sieving method effectively 
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collated an almost similar particle size range with minimum variation, indicating the 

analysis's reproducibility.  

On the other hand, even though IND release was similarly delayed from all mannitol 

ODTs -pellets, there was no remarkable difference in IND release profile using 

different particle sizes of mannitol at time points 30 and 120 minutes. Therefore, using 

different mannitol particle size powder as a cushioning filler to prepare ODTs had no 

significant effect on IND release from all pellets. On the contrary, according to one-

way ANOVA, IND release showed a significant difference using lactose ODTs of 63, 

125 and 500 µm with pellets after 120 minutes (Table 6.4). These results agreed with 

the elasticity profile for mannitol and lactose. Hence, ODTs-IND of mannitol showed a 

significant difference in YM values of all particle sizes ODTs-IND, and no such 

variation detected in ODTs with pellets. Moreover, lactose showed a remarkable 

variation of YM results in ODTs-pellets and ODT-IND batches; hence 125 and 500 µm 

batches showed a similar trend, and the variation was owing to 63 µm particle size 

batches. This was correlated with dissolution results that showed a significant 

difference between IND release from 63 µm ODTs with pellets compared to 125 and 

500 µm batches and similarly to ODTs-IND powders (Table 6.4). However, IND 

release was continually delayed within 30 minutes from all lactose-pellets batches with 

no remarkable difference.  

 

Table 6.4 Statistical analysis of t-test (p<0.05) for ODTs-lactose of 63, 125 and 500 µm with pellets in 

30- and 120-minutes time in acid media (pH 1.2) (vs: versus) 

Tablets of lactose (µm) Time (minutes) Statistical difference (p<0.05) 

63 vs 125 30 Not significant 

63 vs 125 120 Significant 

63 vs 500 30 Not significant 

63 vs 500 120 Significant 

125 vs 500 30 Not significant 

125 vs 500 120 Not significant 

 



206 
 

The consistency in controlling IND release from lactose and mannitol batches 

indicates the validity of any particle’s sizes to prepare the cushioning filler for preparing 

DRP-ODTs. Although all lactose batches demonstrated a delay in IND release, a 

significant difference was detected in the 63 µm particle size batch after 2 hours. Two 

assumptions can be revealed from these facts; first, the difference in IND release from 

lactose ODTs at 2 hours is associated with pellets' incompetence mechanical 

properties to withstand the applied pressure under compression. The second is that 

lactose tablets of 63 µm were sufficient to protect the pellets during tablet 

compression, maintaining their integrity. Hence, IND release was the lowest from that 

batch associated with YM variation from 125 and 500 µm batches. Nevertheless, the 

first assumption is weaker than the second since such variance should be detected in 

mannitol batches, indicating consistent behaviour correlated to the sufficient 

mechanical attribute. Therefore, we accept the second fact of using a suitable 

cushioning filler that provides enough pellets support to reduce the compaction 

pressure's deformation effect during tablet preparation. 

At the same time, mannitol with lactose 125 µm batches showed a significant 

difference in IND release ( 

 

Table 6.5). Therefore, detecting the lowest IND release, 63 µm particle size was the 

suitable batch that showed consistency in the statistical analysis first among mannitol 

batches 125 and 500 µm, second with lactose batches (125 and 500 µm) and third in 

the comparison between mannitol and lactose tablets of 63 µm. These findings 

correlate with the hardness results that showed no difference in comparing lactose 

and mannitol ODTs with pellets using 63 µm particle size. Moreover, mannitol ODTs-

pellets demonstrated a significant difference between 125 and 500 µm tensile strength 

with 63 µm. This finding indicates that 63 µm particles adequately support the pellets 

to maintain their function under compression. This can be explained by the smaller the 

particle sizes, the larger the surface area, and the higher the strength (Hu et al., 2020). 

Besides, the homogeneity of smaller particle sizes of powder can be associated with 

the desired drug release profile and final batch properties (Singaraju et al., 2016). 

Furthermore, there is a necessity to assess the pellets integrity using different Eudragit 

L100 particle sizes and select the suitable size for optimizing the formulation. 
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Table 6.5 Statistical comparison between ODTs-lactose and mannitol with pellets of same particle size 

powders 63, 125 and 500 µm in 30 and 120 minutes in acidic media according to one-way ANOVA 

(p<0.05) 

Tablets of lactose and mannitol (µm) Time (minutes) Statistical difference 

(p<0.05) 

63 30 Significant 

63 120 Not Significant 

125 30 Significant 

125 120 Significant 

500 30 Significant 

500 120 Not significant 

 

On the other hand, ODTs-IND and ODTS-pellets of lactose and mannitol of all particle 

sizes were evaluated in phosphate buffer (pH 6.8) to detect IND release as in Figure 

6.12-A and B. One-way ANOVA for detecting IND release from the dissolution test of 

all lactose ODTs-IND at 30, 120, and 480 minutes showed a significant difference in 

IND release from all particle sizes. The same trend was detected between each two 

ODTs-IND of different particle size powder, according to the t-test (p<0.05).  
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Figure 6.12 IND release profile from ODTs of lactose LM-pellets & LM-IND and mannitol DM-pellets & 

DM-IND in phosphate buffer pH 6.8 (A& B) using 63, 125 and 500 µm particles 

 

On the other hand, the comparison of ODTs-IND mannitol batches at 30, 120 and 480 

minutes showed no noticeable difference between IND release from all particle sizes 

showing no evidence of using different particle sizes to generate a difference. The 

closeness of IND powder particle size from mannitol particles could generate these 

findings. However, YM and tensile strength results showed a significant difference 

between 63, 125 and 500 µm ODTs-IND. 

 
A. ODTs-pellets dissolution profile at pH 6.8 

 
B. ODTS-IND dissolution profile at pH 6.8 
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 Also, a significant difference was detected in acidic media from mannitol ODTs-IND, 

as reported earlier. Therefore, the other explanation to consider is the relative 

resemblance between mannitol and IND particles surfaces provided a high 

homogeneity of IND distribution during tablet preparation that affects the particles 

rearrangements and performance (Descamps et al., 2007; Aubrey-Medendorp, 

Swadley and Li, 2008; Vanhoorne et al., 2016; Su et al., 2017). It can be assumed that 

the remarkable variance in IND release from lactose control compared to mannitol is 

related to the particle shape and the homogenised distribution of IND within mannitol 

compared to that of lactose. Therefore, sieving of IND powder could overcome such 

defects in distribution and provide minor variance. The comparison between lactose 

and mannitol showed that ODTs-IND demonstrated a similar IND release from 63 µm 

batches only at all proposed time points. However, 125 and 500 µm batches showed 

a significant difference. These findings followed tensile strength results that showed 

similarity between only 63 µm tablets of lactose and mannitol. Also, lactose-mannitol 

ODTs-IND comparison in acidic media equivalently released IND from 63 µm particle 

size tablets at a 120-minute time point. Besides, this similarity could be related to the 

homogeneity of both materials' small particle sizes; hence, raw powders of 63 µm of 

both materials showed similar YM. Moreover, all batches from lactose and mannitol 

ODTs control demonstrated consistent IND release > 80% within 120 minutes 

releasing time.  

Therefore, two points could be concluded; the first is to use mannitol powder with no 

need for sieving nor using different particle size powder to prepare ODTs-IND. 

Secondly, IND particles shape variation with lactose particles affected the IND 

distribution within ODTs and thus the necessity of using IND of similar particle size 

when combined with sieved lactose particles to even drug distribution within ODTs. 

On the other hand, all lactose and mannitol ODTs-pellets showed more than 90% IND 

release within 120 minutes. All lactose batches of ODTs-pellets showed a significant 

difference at time points 30 and 120 minutes. However, that difference was 

undetectable at 480 minutes. Similarly, IND showed a similar trend at 480 minutes in 

comparing lactose batches ODTs-pellets and ODTs-IND of similar particle sizes. This 

indicates a significant effect of particles shape and the available contact points 

between pellets and all particle sizes embedded in ODTs. A similar reason was 
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discussed earlier regarding the difference in mechanical properties (Tho and Bauer-

Brandl, 2011; Pitt and Heasley, 2013; Cabiscol et al., 2018).  Although lactose ODTs-

pellets showed significant IND release at 30 and 120 minutes, ODTs-pellets showed 

a similar IND release at 480 minutes. The reason behind that could also be related to 

the difference in particles shape and particle size effect. However, such variation in 

the initial release profile has a limited effect on the final IND release. 

On the contrary, Lactose ODTs-IND showed consistent differences between all the 

used lactose sizes at 30, 120 and 480 minutes. The opposite trend was detected from 

ODTs-IND of mannitol that showed IND released similarly from all batches. Also, the 

difference was detected with all mannitol ODTs- pellets at all time points. This finding 

is related to the high similarity with mannitol and IND particles, and the difference in 

particles surfaces suggested such difference in pellets batches.  

Mannitol ODTs- pellets showed a statistical difference in IND release within 30 and 

120 minutes in phosphate buffer media between 63 and the other 125 and 500 µm 

mannitol batches. Therefore, in harmony with previous results, the pellets' distribution 

is affected by particle size, particle shapes, and surface roughness. Hence, the 

variation was detected between small particles compared to the larger particles that 

showed similar trends as in125 and 500 µm. 

In mannitol ODTs-IND, variation was missing, which confirms the similarity of the 

particle's roughness and shapes that facilitated the homogenous distribution of the 

IND particles within mannitol of all particle sizes (Tho and Bauer-Brandl, 2011; Pitt and 

Heasley, 2013; Cabiscol et al., 2018). However, all the prepared batches of IND and 

pellets from lactose and mannitol (63, 125 and 500 µm) showed IND release ≥ 80% 

within 120 minutes in buffer media. Furthermore, the lactose-mannitol ODTs-pellets 

comparison showed a consistent release from all batches at 480 minutes. The only 

batch that showed a significant difference was mannitol ODTs-pellets of 63 µm. 

The comparison of lactose ODTs-pellets to ODTs-IND of the same size and similarity 

in mannitol showed a consistent IND release after 480 minutes, yet only mannitol 63 

µm batches were remarkably different. The 63 µm lactose can improve patients 

compliance with no taste disturbance (Kathpalia et al., 2014)(Patil et al., 2016)(Kakar, 

2018). Therefore, it can be applied for future applications to prepare ODTs.  
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6.8 Results and discussion of the second study  

6.8.1 Powder characterization  

 

Solid oral dosage forms depend on the primary materials' properties to prepare the 

final formulation. In order to prepare a well-compacted system of delayed-release IND 

pellets to be used in the ODTs, we prepared the IND pellets from different Eudragit 

L100 particles sizes (45, 63 and 90 µm) and examined the effect of the particles sizes 

of the pH-dependent polymer and their physical/ mechanical properties. The collected 

powders using sieve analysis were characterized individually to examine the particle 

size effect (Figure 6.13).  

 

Figure 6.13 Relationship between the cumulative oversize (%) and net powder retained from each sieve 

using sieving analysis 

 

 

6.8.2 Powder flowability and density 

 

In pellets preparation, adhesive and cohesive forces can generate between the 

particles of Eudragit L100 and other excipients, causing agglomeration of the particles 

(Loh, Samanta and Sia Heng, 2014). Hence, adhesive forces occur between particles 

of different materials or surfaces, while cohesive forces occur between similar material 

particles (Li, 2005). These forces can include solid bridges between the particles due 

to a change in the particles' physical properties, such as elevating the temperature 

caused by friction or preparation process, particles attracting forces of differently 

charged surfaces and liquid bridges from the moisture content or water molecules (Li, 

2005). The contribution of the mentioned forces can vary depending on different 
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factors such as particle size, shape, bulk density, surface area, and mechanical 

properties, which affect the quality of the pellets.  

Furthermore, irregular surfaces lead to interlocking bonding and forming agglomerates 

(Loh, Samanta and Sia Heng, 2014). Hence, the particles agglomerate together 

through interlocking bonds when particles have rough surfaces or fissured (Yang and 

Zhang, 2017) (Kangulu, 2009). Therefore, evaluating powder particles physical 

properties is essential. Flowability for all particles of 45 µm, 63 µm, 90 µm size was 

measured to assess the ability of the particles to settle and compress. The 

compressibility index and Hausner’s ratio of all Eudragit L100 particle sizes were 

studied in Table 6.6. It was found that the flow character of all particles was acceptable, 

ranging between excellent and fair, to be selected in pellets preparation. This is related 

to the fact that interaction is less significant between the particles of powders with good 

flowability as the values of bulk and tapped densities were close (Ortega-Rivas, 

Juliano and H, 2005). Although powder of 45 µm showed fair flowability, the bulk and 

tapped density were close to other sizes values and no remarkable difference between 

the results (SD was zero).  

Moreover, only for the materials of poor flowability, a remarkable difference between 

bulk and tapped densities can be noticed as such, these materials are not preferable 

to be used in forming compacts  (Sheehan, 2013). 

Loh, Samanta and Sia Heng reported a similar trend. The particles lower than 30 µm 

tend to have more cohesive forces and reduced powder flow (Loh, Samanta and Sia 

Heng, 2014).  
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Table 6.6 Compressibility index and flow properties of Eudragit L100 45, 63, 90 µm powder 

Sample 
name 

Compressibil
ity index (%) 

Hausner’s        
ratio  

Bulk density 
gm/mL (n=3) 

Tapped 
density 
gm/mL  

Flow 
charact
er 

Eudragit 
L100 45 µm  

16 1.19 0.50 0.59 Fair 

Eudragit 
L100 63 µm  

12 1.13 0.50 0.57 Good 

Eudragit 
L100 90 µm  

8 1.08 0.50 0.54 Excellent 

 

6.8.3 Morphology and size of powder particles 

 

Stereomicroscope and SEM analysis were used to detect all powder particles' sizes 

and morphological characteristics. The microscope images showed the difference in 

sizes of Eudragit L100 particles which was correlated with the sieve analysis 

confirming the accuracy of the method to collect the powders of variant sizes. Also, 

most of the particles had spherical shapes and smooth surfaces (Figure 6.14), which 

was a helpful factor in producing a wet mass of good consistency after that easily 

prepared pellets. 
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Figure 6.14 powder of Eudragit L100 with particle sizes of 45 µm (A), 63 µm (B), 90 µm (C) using a 

stereomicroscope 

  

The other method to distinguish between the particles sizes and morphology was SEM 

(Figure 6.15). It can be observed from SEM images the differences in particle sizes of 

the powder particles and the presence of some other small particle sizes, which can 

be related to that the small particles can agglomerate and interlock during the sieving. 

Shi, Hao, et al. found that particles cohesiveness decreases with increasing particles 

sizes which was noticed with Eudragit L100  powder particles in our study (Shi et al., 

2018). Also, the other factor that can be considered for optimizing the sieving method 

is to increase the sieving time (Liu, 2009). However, the analysis was performed 

according to ICH guideline, and the findings were not markedly affecting the powder 

particles sizes properties due to the explicit differences between the compressibility 
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and flowability of the powder particles (Bp et al., 2005)(ICH Harmonised Tripartite 

Guideline, 2010). 

 

  

  

  
 

Figure 6.15 SEM images of low and high magnification showing the particles Eudragitl100 powder with 

particle size of 45 µm (A1, A2), 63 µm (B1, B2) and 90 µm (C1, C2 
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6.8.4 Texture analysis 

 

The other characterization was to study the elasticity profile of Eudragit L100 particles 

to calculate YM (Table 6.7). Hence, the ability of the material to form a compact 

depends on its tendency to deform permanently (plasticity) or temporary (elasticity). 

YM, which is the relationship between the applied stress on the martial particles and 

the strain (change in dimensions), was used to measure the elasticity of particles and 

their ability to protect their shapes under the applied force. The texture analyser with 

a maximum force of 300 kg was used, and the obtained graph extrapolated to get the 

gradient (stress/ strain)(F. Bassam et al., 1990). All particle sizes showed low YM 

values contributing to good elastic properties as the lowest the YM's highest elasticity 

(F. Bassam et al., 1990). Although the values were different, YM values were low, and 

there was no significant difference (p>0.05).  

Bassam et al. examined the YM of the following excipients starch < MCC < sugars < 

inorganic fillers and divided them according to their stiffness 3.71 to 88.28  GPa 

ascendingly (F. Bassam et al., 1990). The lowest value was considered elastic, and 

the highest had high stiffness. Therefore, our powders YM values reflected the good 

properties of Eudragit L100 particles to resist compression (Table 6.7). Thus, they 

considered being used in pellets preparations. In addition, for each batch, the standard 

deviation was low, indicating the analysis was consistent, and the minimum effect of 

the laboratory error could be detected (Table 6.7). 

 

Table 6.7 Texture analysis results for Eudragit L100 powder 45, 63 and 90 µm (n=3) showing the YM 

as elasticity profile analysed with exponent software 

Sample name YM (MPa) (mean ±SD) 

Eudragit l100 45 µm 4.376 ± 0.619 

Eudragit l100 63 µm 4.751 ± 0.502 

Eudragit l100 90 µm 4.97 ± 0.277 
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6.8.5 Porosity 

 

The original excipients properties can affect the prepared pellets’ physical and 

mechanical properties. Therefore, the porosity of the Eudragit L100 powder was 

measured for all particle sizes (Table 6.8). The 63 µm particles had almost similar 

porosity results to that of Eudragit L100 powder. This similarity was correlated with 

sieving data as the particles of 63 µm had the highest collected weight (retained) and 

high cumulative oversize, among other particles. Moreover, the porosity results are 

considered acceptable and showed a low effect on the powder mechanical properties. 

According to YM results, all particle sizes showed low YM with no significant difference 

(p>0.5). Similarly, all batches (45, 63, 90 µm) had low bulk densities with similar values 

(p>0.5), which was not affected by Eudragit L00 powder porosity. Nevertheless, the 

slight difference in porosity can be related to the difference in particle sizes, which can 

be seen in SEM images. Hence, the smaller the particle size, the more compacted 

surfaces could be noticed later in the pellets section (Ogolo et al., 2015). Finally, the 

particles had a pore diameter between 2- 50 nm demonstrating mesoporosity. Hence, 

surface area and total pore volume are proportional (Table 6.8)(Suresh Kumar et al., 

2019). 

 

 

Table 6.8 Porosity measurements for Eudragit L100 raw powder, 63 µm and 90 µm particles using 

Belsorp analysis and BET equation 

Sample Surface area 
(m2 g-1) 

Total pore volume 
(cm3 g-1) 

Mean pore 
diameter (nm) 

Eudragit L100 
Raw 

2.280 0.051 8.97 

Eudragit L100 
63 µm 

2.285 0.062 10.94 

Eudragit L100 
90 µm  

2.249 0.059 10.53  

 

 

6.8.6 Pellet’s characterization and micrometric properties  

 

Eudragit L100 powder of each particle size 45 µm, 63 µm and 90 µm was used in 

pellets preparation with sorbitol as a plasticizer and water as granulating fluid. 

Extrusion spheronization was used to prepare all the batches. The pellets were 



218 
 

evaluated according to the three batches' shape, size, and mechanical properties. 

Through the results, the pellets are named according to the size of Eudragit L100 

prepared from, for instance, 45 µm pellets or batch of 45 µm indicated to the pellets 

prepared from Eudragit L100 45 µm particle size.  

 

The effect of particle size on the yield, bulk density and flowability  

 

The pellets prepared from particles sizes of Eudragit L100 powder 45, 63, 90 µm were 

successfully obtained with an acceptable % yield (Table 6.9). The pellets 45 µm had 

the lowest yield, 58%, while the highest was 66%, for the 90 µm batch among the 

prepared pellets from sieved powders. This difference can be related to the difference 

in particles sizes of the initial powder as the small-sized particles tend to aggregate, 

forming agglomerates of strong adhesion forces that were difficult to extrudate, which 

was noticed in our study (Ashraf et al., 2018). Also, when particles sizes reduce, the 

surface area increases and inter particulate forces generate between the fine particles, 

as discussed in the introduction (Hart, 2015).  Therefore, yield varied among the 

pellets of sieved batches, and the difference in sizes had a minimum effect on pellets 

prepared from raw powder, which showed a 72% yield.  

Moreover, it was found that the AR of the pellets was lower than 2 mm and all of the 

batches showed acceptable sphericity (Table 6.9). However, the pellets with high 

sphericity were obtained from 90 µm batch (AR 1.25%) that was close to the reference 

value of raw powder pellets (AR 1.30%) 

On the other hand, flow property can significantly affect pellets' quality in tablet 

preparation. This is because flow property depends mainly on bulk density and particle 

size, as small particles tend to flow less than bigger particles (Choudhary and Avari, 

2015).  

Besides, the material ability for packing is measured by its bulk density, and any 

difference in bulk density can influence packing volume (Organization, 2012b). In 

general, all batches showed a low value of bulk density between 0.53-0.66 g/cm3 and 

a flow rate of 4.5 to 5.1 g/sec, as in Table 6.9. Although the values differed among the 

batches, the bulk density of all pellets showed an acceptable value. However, other 

factors, including particle shape and surface properties, offer different particle-particle 

adherence influencing the pellet’s flowability and bulk density (Kudo, Yasuda and 

Matsusaka, 2020) (Bodhmage, 2006). Low bulk density could be related to large voids 
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between the packed particles of larger size surfaces. Simultaneously, the smaller 

particles can fill in the voids between bigger particles, rearranging powder density and 

occupying the unfilled voids (Bodhmage, 2006). It was stated that pellets of low bulk 

density < 1.25 g/cm3 indicate good flowability (Choudhary and Avari, 2015)(Kaur et 

al., 2020). Therefore, in our study, the pellets showed good flow properties. Moreover, 

the obtained flowability is due to the pellets' good sphericity since AR for all pellets is 

lower than 2 mm. The difference between the batches can be attributed to the 

improved sphericity of pellets 90 µm compared to other batches with lower AR 1.25%. 

Hence AR values were significantly different between batches (p<0.5) (45, 63 & 90 

µm). Although 45 µm and 63 µm batches showed high AR 1.52% and 1.49%, the 

difference was insignificant (p= 0.76). Similarly, 45 µm and 63 µm batches had 

equivalent flow rates. The latter can be associated with similarity in bulk density values 

for both batches; hence density affects the flow rate in addition to the AR effect 

(Kanwar, Kumar and Sinha, 2015)(Choudhary and Avari, 2015).  

Moisture content difference between the batches could be correlated to particles sizes 

variance and their ability to retain water. This ability depends mainly on the porosity 

and surface area of the particles. Therefore, it can be noticed that pellets 63 µm batch 

had higher moisture content (6.05%) compared to other batches, which is correlated 

with the high surface area of the original particles (2.285 m2 g-1). The value of moisture 

content is acceptable unless the value is less than 1%, indicating the low hardness of 

pellets and crush easily upon compression.  
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Table 6.9 Pellets physical and micrometric properties, pellets named according to the size of Eudragit 

L100 powder prepared from  

 

 

Morphology and size 

 

The pellets tope overview and their AR were recorded for 45, 63 and 90 batches, as 

shown in Figure 6.16,Figure 6.17 and Figure 6.18, respectively. SEM images showed 

the pellet morphology and aspect ratios in harmony with the AR of the manual method 

(calliper). The pellets have a smooth surface and low AR. Also, the results showed the 

difference in porosity of the pellets as in the 90 µm batch, and the pellet showed porous 

surfaces with high roughness. The results agreed with pellet porosity results as 90 µm 

batch showed the highest specific surface area and pore volume 5.26 m2 g-1 and 0.01 

cm3 g-1. The pellets were explicitly detected after compression within tablets, as in 

Figure 6.19, showing a pellet of the 90 µm batch embedded in the ODTs. 

In comparison, 45 µm batch had very smooth surfaces, and minimum pores voids 

could be noticed within the pellet’s surfaces. Similarly, these results were correlated 

with porosity results as 45 µm batch demonstrated the lowest surface area (3.26 m2 

g-1) and pore volume (0.007 cm3 g-1). However, the lowest porosity values for raw 

powder were noticed in 90 µm particles and indirectly correlated with the produced 

pellets. The porosity of 63 µm pellets was intermediate among pellets, while the initial 

powder 63 µm had high porosity and specific surface area. However, the porosity of 

the initial particles had a limited effect on final compact mechanical properties. For 

instance, the YM of 63 µm was higher for initial particles than the produced pellets of 

Batch  Aspect ratio%    
(Mean ±SD) 
(n=30) 

Yield 
% 

Moisture 
content % 

Bulk 
densi
ty 
gm/m
L 
(n=3) 

Flow 
rate 
(g/sec) 
 
(n=3) 

EudargitL100 
pellets 

1.30 ±0.25 72 % 6.58% 0.66 4.5±0.5
0 

45 µm pellets 1.52 ±0.37 58% 4.09% 0.53 4.3±0.0
2 

63 µm pellets 1.49 ± 0.26 61% 6.05% 0.53 4.3±0.1
0 

90 µm pellets 1.25 ± 0.17 66% 5.11% 0.56 4.93±0.
40 
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that batch. Therefore, it can be suggested that the spherical shape homogeneity of the 

initial particles corresponded to minimize the negative effect of porosity on pellets 

mechanical properties. Furthermore, particle size tends to form dens compact due to 

large contact points with a high surface area of the small particles(Khan et al., 

2019)(Hart, 2015). Therefore, low voids were available between the initial particles 

during compression.  

 

 

Figure 6.16 Pellets of 45 µm Eudragit l100 showing compressed pellets with texture analysis (A) general 

pellets image (B) & AR (C &D) 
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Figure 6.17 Different SEM images for 63 µm batch showing pellets after compression with texture 

analysis (A), general overview for pellets (B) and top view AR (C & D) 

 

 
  
 
 

 

Figure 6.18 SEM images of 90 µm batch showing pellets after compression with texture analysis (A), 

general overview (B) and top view for pellets with AR (C &D) 
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Figure 6.19 Top overview for pellets of 90 µm batch embedded in ODT showing AR using SEM 

 

 

The porosity of the pellets 

 

Pellet’s porosity was measured for all the prepared batches as recorded in Table 6.10. 

According to the previously discussed and described powder data, the initial powder 

particles 63 µm has a higher porosity than 90 µm particles. This trend was inversely 

demonstrated for prepared pellets 63 µm batch. The pellets had a low surface area 

and pore volume of 4.44 m2 g-1 and 0.009 cm3 g-1, respectively, compared to other 

batches of sieved powders. This can be related to the fact that particles are subjected 

to compression during powder extrusion, reducing the particles' voids. 

On the other hand, the starting material of 90 µm had low porosity, while 90 µm batch 

pellets had the highest surface area and porosity (as seen in Table 6.10). Thus large 

particles tend to agglomerate yet with porous structure as discussed earlier (inter and 

intra particulates voids between big particles) (Choudhary and Avari, 2015).  It was 

reported that when pellets are prepared from brittle excipients of low porosity tablets 

and pellets compressibility can be influenced (Zainuddin et al., 2014)(Thapa et al., 

2017). However, using primary powders with good elasticity is desirable to produce 

pellets of good mechanical properties and eventually tablets. Therefore, the low YM 

of primary particles minimized the effect of other parameters. Also, homogeneity 

particles' spherical shape helped produce pellets with good mechanical properties as 

in the texture analysis data(Li, 2006)(Shah et al., 1995). 

Moreover, other factors can change the porosity, such as AR, moisture content and 

parameters of extrusion spheronization such as time and speed. Hence, the lowest 
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AR (1.25%) correlated to a small diameter (1.21 ± 0.27) demonstrated by a 90 µm 

batch, leading to the high surface area. Also, since all materials had a mean pore 

diameter between 2-50 nm, these formulations are mesoporous. Therefore, the 

mesoporous martial tend to show monolayer and multilayer as part of the Type IV 

isotherm. 

 

 

Table 6.10  Porosity and surface area data for all batches of pellets prepared from raw Eudragit L100 

particles (45,63 and 90 µm), pellets are named according to the size of Eudragit L100 prepared from 

Sample Surface 

area 

 (m2 g-1) 

Total pore 

volume  

(cm3 g-1) 

Mean pore 

diameter  

(nm) 

Pellets of Eudragit L100-

raw 

4.51 0.007 7.04 

Pellets (45 µm) 3.26 0.007 8.24 

Pellets (63 µm) 4.44 0.009 7.82 

Pellets (90 µm) 5.26 0.01 7.67 

 

Mechanical properties of pellets   

 

The mechanical properties represented by YM, and tensile strength were measured 

using the texture analysis method for pellets. 

 

6.8.6.4.1 The elasticity profile and hardness  

 

The temporary deformation and fragmentation of pellets during compression are 

relatively correlated with the starting materials' fundamental mechanical properties 

such as elasticity and plasticity (Cespi et al., 2007). It is necessary to consider the 

elastic-plastic properties of the material and determining the optimum batch. Hence, 

high tensile strength values could indicate brittle materials that suffer fragmentation. 

On the other hand, a high degree of plasticity provides irreversible compacts with 

deformed shapes (Mohan, 2012). While particles with elastic property irreversibly 

return to their shape after compression(Tunón, 2003) (Almaya and Aburub, 2008). 
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Therefore, a balance between elastic and plastic properties can improve the pellets 

compaction retaining their shape after compression with no fragmentation.  

In addition, physical properties of the primary particles such as porosity, shape and 

density can affect the compression of the formed or compressed pellets (Aulton and 

Taylor, 2018b). Also, tensile strength increases with increasing packing density of 

particles due to the increase in the number and intensity of interparticle forces 

(adhesion, cohesion, interfacial, bridging and interlocking) (Frodeson and Berghel, 

2018). Similarly, this was noticed in our results as the highest bulk densities were 

obtained from Eudragit L100 and 90 µm pellets 66 &56 gm/mL, respectively. Although 

the 90 µm batch showed high porosity compared to the other batches, the porosity 

was still relatively low, showing the limited difference and showed no effect on IND 

release as in the following sections. Hence, if the porosity increases, we expect the 

contact points to decrease, leading to fragile compact and rapid drug release (Klose 

et al., 2006)(Khan et al., 2019). This was detected in the control batch that showed a 

good correlation with the low porosity and mechanical strength compared to the 90 

µm batch. However, other factors could be considered, such as the pellets dimensions 

as the shortest diameter pellets could offer large surface area and provide high 

interparticulate binding sites resulting in strong bonds resisting the applied pressure 

(García-Triñanes, Luding and Shi, 2019). Therefore, 90 µm showed the highest tensile 

strength among the pellets of sieved powders, as in Figure 6.20. Also, the low AR, 

which is the largest diameter to smallest, and the small diameter of 90 µm batch 

rendered the pellets high surface area, leading to increased hardness and eventually 

tensile strength. A similar trend was noticed with the YM value, which is the 

relationship between the applied stress and strain, as the AR of the pellets indirectly 

affected YM (Cespi et al., 2007).  

This finding could explain the significant difference between 45, 63 &90 µm batches 

(p=2.78E-12) in the hardness values while pellets 45 µm and 63 µm showed no 

statistical difference (p= 0.666) (Figure 6.20). On the other hand, the high pressure 

applied could lead to structural changes owing to the heat generated during 

compression (Khan et al., 2019). Therefore, the mechanical properties of the batches 

can differ within the tablet matrix affected by the applied pressure leading to reduced 

porosity and fusion of the particles with structural changes (Khan et al., 2019). In 

addition, the high surface roughness associated with the 90 µm batch could lead to an 

interlocking mechanism offering high strength with the tablets matrix or other pellets 
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(Frodeson and Berghel, 2018). This was detected in the tablet’s mechanical strength 

section. However, the difference showed limited effect with low compression pressure.  

  

 

Figure 6.20 Graph of mechanical properties of pellets prepared from 45, 63, 90 µm and raw powder of 

Eudragit L100 (control) showing YM and tensile strength in mean ± SD 

 

The p-value reflected the significant difference between 45, 63 and 90 µm batches in 

hardness, tensile strength, aspect ratio and YM (Appendix-Table 10.14). The 

proposed difference is correlated with the difference in aspect ratio between the 

batches. Hence, the tensile strength value depends on the dimensions of the pellets. 

A similar trend is associated with YM. Also, the surface area offered by the smallest 

diameter of 90 µm batch and surface roughness resulting in high YM(Narayan and 

Hancock, 2005). Other factors may generate that difference, including moisture 

content, porosity, and particle sizes of the powders. However, the difference was 

insignificant between YM of 63 & 45 batches and 63 µm & 90 µm batches. Sarkar, 

Ang and Liew reported that the initial powder particle size influenced the produced 

pellets roughness. Also, the authors indicated that initial powder particles of smaller 

size could compact well with lower deformation forming smoother surfaces of the 

pellets (Sarkar, Ang and Liew, 2014b). 
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On the other hand, the high tensile strength of the same batch is influenced by the 

small aspect ratio as it is inversely proportional with pellets dimensions (García-

Triñanes, Luding and Shi, 2019). Also, moisture content can act as a plasticizer by 

enhancing molecular mobility and reducing Tg, thereby lowering YM (Roig et al., 

2011)(Kanwar, Kumar and Sinha, 2015). However, moisture may have a controversial 

effect on an anti-plasticizer as the higher moisture content (more than 5%) can 

generate intra molecular hydrogen bonding. Therefore, a strong compact generates 

with high YM and tensile strength, which was noticed with 63 and 90 batches of pellets 

(Roig et al., 2011)(Kanwar, Kumar and Sinha, 2015) (Suresh Kumar et al., 

2019)(García-Triñanes, Luding and Shi, 2019).  

 

6.8.7 Thermal analysis 

 

The produced pellets of Eudragit L100 (45 µm, 63 µm & 90 µm) were characterized to 

examine their thermal behaviour using DSC and TGA analysis techniques to examine 

the crystallinity and the amorphous phase of the materials. Also, DSC was used to 

detect the melting point and degradation (Atef et al., 2012).  

DSC showed that the physical mixture of the formulations had no chemical interaction 

with IND (Figure 6.21). Hence, the melting point of IND  162 °C was detected in all 

tested pellets(Sukul et al., 2017). Although the peak area of the pellets batches was 

different from that of the pure drug, the quantity of the IND used was low (5%) and the 

predominant effect of polymer (65%) correlated with the preparation method of pellets. 

Moreover, the slight deviation in the meting point of the formulation could be attributed 

to the plasticization effect of sorbitol that lower Tg.  

It was noticed by Atef et al. in the DSC results that the melting point for gamma form 

of IND  was between160–162°C while alpha form had a melting point of 152–154°C 

(Atef et al., 2012). Therefore, our IND formulation could be alpha form.  

 

  

Moreover, Eudragit L100  amorphous state was confirmed by the absence of the 

endothermic peak of melting point(Sharma, Sharma, A. Panda, et al., 2011). The peak 

around 230-240°C could be related to the degradation(Parikh et al., 2014). It was 

reported that Eudrgitl100 Tg around 200°C(Gupta, Simerdeep Singh, Nayan Solanki, 

2016)(Parikh et al., 2014). However, the value may vary depending on storage 
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conditions and the manufacturer. Hence, all pellets suffered degradation after 220°C 

as in the TGA thermogram (Figure 6.22). Therefore, the endothermic peak in the DSC 

graph is related to the starting of polymeric degradation (Sharma, Sharma, A. K. 

Panda, et al., 2011)(Gupta, Simerdeep Singh, Nayan Solanki, 2016).  

 

 

 

Figure 6.21 DSC graph of indomethacin (A), pellets of 90µm (B), 63µm (c), 45µm (D) EudragitL100 

powder using Mettler Toledo and STARe software 

 

 

On the other hand, the moisture content was measured using TGA, and the results of 

all batches showed the difference in moisture content (Table 6.11). This can be 

attributed to the behaviour of the primary materials and the difference in particle sizes. 

The high porosity of both raw powders of Eudragit L100 and that of 63 µm is associated 

with the ability of the particles to retain water, demonstrating high moisture content for 

the produced pellets 6.58 & 6.05% consecutively (Figure 6.22). ALL pellets had good 

moisture content (less than 7%), yet the excellent balance of 90 µm batch mechanical 

properties correlates with low moisture content. Although the 45 µm batch showed the 

lowest moisture content, the pellets showed the lowest mechanical properties.  

This can be related to two explanations: firstly, the low surface area and pore volume 

of pellets (according to porosity results) shows minimum filled voids (with gas or water) 

between the particles, which was confirmed from the smooth surfaces SEM. Secondly, 
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the moisture content can behave differently among the particles. Thus, the moisture 

content is necessary to be within a specific range to produce pellets with the desired 

properties (as discussed earlier)(Thapa et al., 2017). Briefly, moisture content can 

exist in three phases tightly bonded to the particles, weakly bonded or as bulk water. 

When moisture increases, the tensile strength of compact increases due to solid 

bridges between the particles or particle-particle interaction. However, when the water 

molecules exist at particles surfaces, acting as a lubricant can reduce the attraction of 

the particles, thereby tensile strength. Therefore, low moisture content can reduce the 

tensile strength seen in the 45 µm batch (Thapa et al., 2017). 

 

Table 6.11 TGA data of Eudragit L100 pellets and other batches (45, 63 & 90um) showing the moisture 

content and the residual 

Sample  Residual Moisture content 

Eudragit L100   pellets 93.42% 6.58% 

45 µm Eudragit L100   
pellets 

95.91% 4.09% 

63 µm Eudragit L100   
pellets 

93.95% 6.05% 

90 µm Eudragit L100   
pellets 

94.89% 5.11% 

 

 

Figure 6.22 TGA Thermogram of EurdagitL100 pellets of 63 (A) & 90(B) 45(C) µm showing the moisture 
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content orderly and the degradation temperature 

 

6.8.8 Tablet’s characterization 

 

The obtained pellets from all Eudragit L100 sizes (45 µm, 63 µm and 90 µm) were 

used to prepare ODTs. The tablets included 10% (w/w) of pellets and compressed 

under the same pressure and method as described earlier. The prepared tablets were 

evaluated to assess the morphology, hardness, disintegration, and IND release profile. 

 

SEM analysis and Stereomicroscope 

 

The tablets were analysed under SEM to investigate the tablet matrix before and after 

compression Figure 6.23). Also, a stereomicroscope was used to identify the pellets 

within the tablet’s matrix and detect AR pellets (Figure 6.24). Also, the cross-section 

view for all batches was examined using SEM and stereomicroscope to detect the 

pellets within ODTs matrices, as in Figure 6.25.  

The results showed the shape of the starting material as elongated particles with rough 

surfaces that can provide good disintegration time. Hence, the ODT matrix consists 

mainly of LHPC (disintegrant) and Lactose monohydrate (binder and diluent), which 

can be noticed from the rough surfaces of ODT. During DRP-ODTs preparation, the 

mixing of ODTs matrices and the pellets was challenging due to the difference in 

particle sizes of the ODT matrix, the large size of the pellets and the non-uniform 

shapes of initial particles forming the ODT matrix. Therefore, this was considered 

through increasing mixing time and evaluating IND release from the uncompacted 

pellets to be compared with the DRP-ODTs release independently, as in the next 

section. Moreover, stereomicroscope images indicated the presence of the pellets 

embedded in the matrix distinctly. Hence AR obtained from the microscope was 

correlated with the calliper results. All pellets were detected successfully within the 

ODTs matrix showing retained shape under compression as detected in Figure 6.25 

for ODTs before and after the hardness test.  
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Figure 6.23 Tablet matrix showing in A the powder of ODT, B the compressed ODT top view and C 

cross section of the ODT (high and low magnification respectively) 

 

 

   

   
 

Figure 6.24 Stereomicroscope images of DRP-ODTs showing cross section view and top view of the 

tablets of 45 µm batch (A1&A2) 63 µm (B1&B2) 90 µm (C1 &C2) batches accordingly 

 

A 
B 

C 
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Figure 6.25 SEM and stereomicroscope images show cross-sections DRP-ODTs after hardness and 

the top view of the tablet indicating the embedded pellets for 63 µm batch (A1, 2&3) and 90 µm (B1,2 

&3) 

 

The hardness of the Tablets and disintegration time 

 

The DRP-ODTs hardness was detected using the hardness tester, and the results 

were recorded for extrapolating tensile strength (Table 6.12) (Thapa et al., 2017) 

(Cespi et al., 2007). Also, all batches of DRP-ODTs were tested for the disintegration 

time (Table 6.12). Although DRP-ODTs showed higher tensile strength than the 

control, tensile strength was lower than 1 MPa for all tablets (García-Triñanes, Luding 

and Shi, 2019). This can be attributed to tablets matrices that contained 10% of the 

pellets, which enhanced mechanical properties. In addition, the results showed a 
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possible correlation with the properties of each batch as pellets of good strength 

influenced the ODT strength. For instance, 90 µm pellets (no compaction) showed the 

highest tensile strength. Similarly, tablets of that batch showed the highest strength. 

However, 45 µm batch behaved differently had 0.87 MPa strength tablets. The reason 

behind that could be the rough surfaces of  90 µm pellets allowing to generate 

mechanical interlocking with the particles of ODTs matrix, leading to stronger bonds 

compared to pellets of smoother surfaces (45&63)(ElShaer et al., 2017). 

Nevertheless, the difference was insignificant (p>0.05), and all batches considered of 

good strength. Therefore, the variation within tensile strength did not affect the 

disintegration time as all ODTs showed fast disintegration with less than 30 seconds 

(Table 6.12). Moreover, the fast disintegration of DRP-ODTs can be related to the 

possibility of voids formation between large embedded pellets and the small particles 

of the matrices (Tan and Hu, 2016b). Hence, this could be a positive factor providing 

cushioning layer supporting the pellets integrity under compression(Murthy 

Dwibhashyam and Ratna, 2008). Therefore, the values indicated adequate 

mechanical strength.  

 

Table 6.12 Relationship between the disintegration time and hardness of the tablets with the embedded 

pellets and the control tablet of ODTs matrix only 

Tablet Tensile strength MPa 
 (mean ±SD) 

Disintegration time 
seconds 

(mean ±SD) 

Control 0.80±0.060 20±0.3 

45 µm ODT 0.87±0.23 16.3±0.5 

63 µm ODT 0.84±0.03 14±0.6 

90 µm ODT 0.89±0.08 14±0.6 
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6.8.9 IND release analysis 

 

The prepared batches were evaluated to detect IND release in acidic (pH 1.2) and 

buffer (pH 6.8) media using HPLC for IND to be quantified. Also, ODTs containing IND 

as powder were tested as a control to compare with the obtained DRP-ODTs and 

uncompressed pellets from all batches. All tablets were tested to evaluate IND release 

in dissolution media acid and buffer, as shown in Figure 6.26 and Figure 6.27 (A&B). 

 

6.8.10 Dissolution test  

   

The pellets and DRP-ODTs were assessed independently to detect IND release in 

acidic (Figure 6.26-A1 and A2, respectively) and phosphate buffer media (Figure 6.27-

B1 and B2, respectively) using the validated HPLC  method, as detailed earlier 

(Elshaer, Hanson and Mohammed, 2014). This was applied to detect the difference 

between the compacted pellets within ODTs and the uncompacted pellets.  

 

 

The IND release for both pellets and DRP-ODTs showed a delayed release in acidic 

media, as shown in Figure 6.26 in A1 and A2, respectively. The control of IND tablets 

showed more than 9% within 2 hrs, while DRP-ODTs showed less than 2%. However, 

the release from 90 µm (pellets and tablets) demonstrated a consistent delay in IND 

release compared to those of 45 µm showing a significant difference (p<0.05). 

However, the difference was insignificant between 90 and 63 µm in both tablets & 

pellets, which can be correlated with the closeness of the results of these batches, 

including porosity and pellets mechanical properties (YM & tensile strength). On the 

other hand, 45 & 63 µm and 45 & 90 µm batches (tablets & pellets) showed a 

significant difference (p<0.05) in IND release in the acidic media at 30 minutes. 

Similarly, the DRP-ODTs showed the same significant difference once between 

batches 45 and 63 µm and 45 with 90 µm while no remarkable difference between 

batches 63 µm and 90 µm of DRP-ODTs. This finding occurred due to the 

homogeneity resulting from pellets AR (p>0.05), pore volume and powders 

mechanical properties of 63 & 90 µm. Moreover, the results indicated the good 

mechanical properties of the pellets as there was no significant difference in the IND 
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release from the pellets before and after compression from each batch (45, 63 and 90 

µm) within the first 30 min according to One-way ANOVA and t-test (p>0.05).  

 

 

 

 

Figure 6.26 Dissolution test results of pellets and DRP-ODTs in acid media A1 &A2, respectively 
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On the other hand, there was a sudden release of IND from the 45 µm pellets between 

5 and 20 minutes and similarly in the DRP-ODTs of 45 µm (no significant difference) 

(p>0.05). However, the second sudden release was associated only with 45 µm 

between 40-60 minutes, and this behaviour was absent in the same batch of tablets. 

This could be attributed to a formulation defect in the process, which did not appear in 

the tablets. Therefore, it can be concluded that pellets prepared from 63 µm and 90 

µm showed a consistent delayed-release and good mechanical properties compared 

to the other batches in both non compacted pellets and DRP-ODTS. Moreover, they 

were offered good resistance under compression as the IND release was similar after 

tablet compression. Additionally, ODTs disintegration time and hardness were good 

enough compared to other batches. As a result, the pellets of 63 and 90 µm 

demonstrated maintained integrity, successfully achieving the aim of the study. 

However, further optimization to enhance pellets' shape and reduce pellet sizes by 

modulating the spheronization speed can be applied for future approaches (Li, 2006).  

IND release in the phosphate buffer showed immediate release for all formulations 

with more than 60% of IND release as in Figure 6.27. Although the IND release was 

higher than 100% for DRP-ODTs, the pellets with no compaction showed consistent, 

immediate IND release. Hence, all pellets showed no significant difference with control 

of IND tablets within 30 minutes in the buffer media. However, DRP-ODTs 

demonstrated a significant difference (p<0.05) compared to the control batch in the 

buffer media at 120 minutes (2 hours). There is possible segregation of powder and 

pellets during the tablet preparation as the particles had different sizes resulting in a 

higher number of pellets in the tablets than control (Tunón, 2003). Therefore, for 

optimization, the formulation granulation of the ODTs matrix or using different particle 

sizes could solve this issue as suggested by Tunón (2003). Hence, the excipients that 

are contained in the ODTs can be secondary agglomerates combined with pellets.  

 

However, this difference did not affect the IND release in acidic media, indicating that 

the pellets could protect their integrity under the compression and delay the IND 

release. Therefore, the increment of IND release in buffered media can be only 

attributed to the homogeneity of pellets distribution. In addition, it was a remarkable 

coincidence indicating the ability of the system to protect the IND release in acidic 

media even there was a higher number of pellets within ODTs.  
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Furthermore, as shown in the DSC results, Eudragit L100  elastic properties were 

improved with sorbitol, which significantly helped retain the IND particles within the 

polymeric matrices due to the ratio of methacrylic acid and methyl methacrylate (Patra 

et al., 2017). Nevertheless, the presence of IND particles on the surfaces of the pellets 

and the presence of hydrophilic plasticizer could result in the sudden IND release in 

acid, yet this effect was minimal as the delayed release continued until the end of the 

test. Finally, despite the low porosity demonstrated by the pellets of higher porosity 

showed good compaction properties offering a consistent drug release as in 63 and 

90 batches (Phale and Gothoskar, 2011). A similar trend was reported by Tunón, 

Gråsjö and Alderborn, showing that the pellets with low porosity were compressed 

with minor densification increasing the drug release. Thus, compared to non-porous 

pellets, porous pellets showed no change in the drug release after compression 

(Tunón, Gråsjö and Alderborn, 2003). However, this finding is one of the factors that 

should be accompanied by the good mechanical properties of the pellets offering good 

compressibility and limited impact on drug release. Therefore, this confirms our 

statement for the necessity of demonstrating adequate elastic-plastic properties by 

pellets to support their integrity under compression and influentially modify the drug 

release.  
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Figure 6.27 Dissolution test results of pellets and DRP-ODTs in buffer (pH6.8) B1 &B2, respectively 
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6.9 Conclusion  

 

Particle size and shape could affect the compaction performance of lactose and 

mannitol, which ultimately can affect the mechanical properties of the final tablets and 

the pellets included in the tablet matrix.  

The YM results were directly related tensile strength of the same materials. The 

lactose tablets demonstrated higher plasticity than mannitol. The additive materials 

performed differently at different particle sizes, and such variance was reduced with 

increasing the powder particle size. Also, adding ODTs ingredients, including LHPC 

(grade LHB1), magnesium stearate and IND, could bond differently.  

The disintegration time was lower than 30 seconds for all batches, and the adequate 

tensile strength was lower than 1.5 MPa. Lastly, lactose was a suitable ingredient for 

ODTs to retain the pellet’s integrity under compression.  

 The dissolution studies indicated that pellets distribution using lactose batches were 

more homogeneous than mannitol. Both lactose and mannitol ODTs-pellets delayed 

IND release in acidic media, releasing less than 1.07% at 120 minutes and released 

more than 93% at 120 minutes in phosphate buffer (pH 6.8). It can be concluded that 

there was no need for sieving mannitol powder nor using different particle size powder 

to prepare DRP-ODTs. Similarly, all lactose batches showed suitability to prepare 

ODTs and combining all particles with no sieving could be more beneficial to improve 

homogeneity. To conclude that factors affecting the pellets’ mechanical properties 

were powder particle size, pellets’ sphericity, and porosity. There was a significant 

relationship between the morphology and hardness of the pellets. Protecting pellets 

integrity was essential to delay the release in the acidic media to be immediately 

released in alkaline media. Finally, the IND release was modified in the acidic media 

and immediately released in the buffer media showing that pellets could delay the IND 

release to bypass the stomach and release in the small intestine. Further optimization 

for 60 and 90 µm pellets is expected to be considered for future studies as this batch 

can be used as an anticipated formulation. Improving pellet sizes and shape by 

modulating the spheronization time can be applied in future approaches (Li, 2006). 
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Chapter 7 Evaluation of propranolol hydrochloride release via matrix 
and reservoir pellets of time-dependent polymer 
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Scoop of the studies  

 

Multiparticulate systems such as pellets (matrix and reservoir) contained inside orally 

disintegrating tablets (ODTs) garner great interest compared to other similar dosage 

forms. However, the weakness of coated pellets (reservoir) capacity to withstand 

pressure during tablet compaction brings about the damage of the polymer covering 

and subsequent loss of the adjusted delivery properties from this type of pellet. Thus, 

matrix pellets have been proposed to overcome this issue.  

The first study aimed to apply matrix pellets for modified propranolol hydrochloride 

(PRH) delivery through ODTs and assessment of the impact plasticisers have on the 

modified delivery properties of fused pellets which utilise; Eudragit RS as a polymer, 

sorbitol, triethyl citrate (TEC) and Acetyl triethyl citrate (ATEC) as plasticisers.  

Extrusion spheronization was used to produce six structured pellet comprising of 

20%(w/w) PRH, 15% and 30% (w/w) sorbitol or 3% and 5% (w/w) TEC or 3% and 5% 

(w/w) ATEC with appropriate amounts of Eudragit RS up to 100 % (w/w) formulation. 

The results showed that modifying PRH release from the prepared formulations in the 

acidic media (pH 1.2) was unachievable for all pellet batches. However, the coated or 

reservoir pellets of Eudragit RS, RL and RS: RL were successfully modified PRH 

release showing the suitability of Eudragit RS and RL for reservoir system.  

 

Keywords: Eudragit RS PO, matrix pellets, PRH, extrusion-spheronisation, texture 

analysis  
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An illustration of the influence of ODT containing matrix and reservoir pellets on PRH 

release 
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7.1 Background    

7.1.1 Pellets excipients and core materials  

 

The pellets' core must possess specific mechanical properties such as elasticity to 

facilitate change of shape upon compression, without the coating layer suffering 

damage (Bodmeier, 1997) (Dashevsky, Kolter and Bodmeier, 2004). The drug release 

profile must not be altered during tabletting (Bodmeier, 1997) (Beckert, Lehmann and 

Schmidt, 1998). In the case of insufficient elasticity on the coating film’s part, the 

modified release profile of the drug would be lost due to tablet rupturing during the 

compression phase of the tabletting process. Compression often leads to the 

deformation of pellets. Hence most attempts to incorporate particulate systems into 

modified release formulations have been unsuccessful.  

The naturally found cellulose from the fibrous plant is microcrystalline cellulose (MCC), 

produced by the spray drying method. MCC can also be produced by different 

methods, such as reactive extrusion. MCC is a commonly used excipient in different 

applications, including in the food, medical and pharmaceutical industries. However, 

there are different grades of MCC, which differ according to the manufacturer and 

method of preparation. The grades are differentiated by moisture content, degree of 

crystallinity, porosity, and surface properties. Therefore, using MCC depends on the 

original properties of each type and the future result to be achieved.  

Chen et al. (2017) claim that MCC is the most common excipient to formulate core 

pellets to obtain modified release dosage forms (Chen et al., 2017). In addition, its 

disintegration pattern, compaction behaviour, and high drug loading make it a 

favourable choice (Patel et al., 2010). However, the degree of crystallinity of MCC 

affects the formulation properties through the amorphous part possessing more 

hygroscopic properties than the crystalline part due to the polymer chain's irregular 

pattern. As a result, the higher the amorphous to crystalline ratio, the more significant 

the core pellet's hygroscopic property (Yohana Chaerunisaa, Sriwidodo and 

Abdassah, 2020). Also, MCC imparts suitable plasticity onto a wet mass, leading to its 

wide use for extrusion-spheronization (Sadeghi, Hijazi and Garekani, 2011). The most 

suitable binder to be used with MCC is water (Fielden, Newton and Rowe, 1992).  
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7.1.2 Polymers of modified-release properties  

 

The choice of a polymer affects many aspects of the formulation, including the API's 

release pattern. The extended-release profile of a formulation is often due to Ethyl 

Cellulose and acrylic polymers. Eudragit® and Kollicoat® are popular brands of acrylic 

polymers and are preferred to Ethyl Cellulose since Ethyl Cellulose has less flexibility, 

rendering it less amenable to go through compression (Bodmeier, 1997). 

Eudragit® comes in an array of varieties with different properties made for numerous 

applications. Out of these varieties, Eudragit RS PO, RS 100, RS 30D, and RS 2.5 are 

time-dependent polymers and are used in modified release dosage forms (Akhgari, 

Abbaspour and Moradkhanizadeh, 2013) (Patra et al., 2017). Eudragit RS is a type of 

methacrylate polymer with time-dependent properties that consists of methyl 

methacrylate, ethyl acrylate, and methacrylic acid. This polymer also contains 

quaternary ammonium groups that provide the swelling potential for Eudragit RS with 

low permeability, no water solubility, and pH independent and biocompatible behaviour 

(Patra et al., 2017). 

Abbaspour, Sadeghi and Afrasiabi Garekani, studied Ibuprofen pellets made of 

Eudragit RL PO and RS. They used extrusion-spheronization and thermal heating to 

obtain the pellets. The resulting pellets with either 60 or 40% Ibuprofen displayed 

favourable mechanical properties before compression commenced. Under 

compression, the pellets changed from brittle to plastic (Abbaspour, Sadeghi and 

Afrasiabi Garekani, 2007). Comparing the two types of Eudragit used here, it was 

concluded that Eudragit RL PO had higher crushing strength than its counterpart and 

that elastic modulus remained unaffected by choice of Eudragit type.  In the next step 

of their research in 2008, the authors coated their pellets with a 4:1 mixture of Eudragit 

Rs 30D and RL 30D plus 20% Triethyl Citrate (TEC). A coating level of 5% managed 

to achieve a modified release profile of the API. Combining compression force, the 

composition of excipients, and granulation of filler choice led to achieving modified-

release tablets. These elements did not affect the drug release profile of the individual 

pellets, but they did influence tablet properties such as disintegration time and 

hardness. Studies showed no notable damage to the coating of the pellets, which 
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illustrates the importance of optimization of core pellet formulation (Abbaspour, 

Sadeghi and Afrasiabi Garekani, 2007)(Abbaspour, Sadeghi and Afrasiabi Garekani, 

2008).  

The use of Eudragit in modified release matrix pellets has recently been studied to 

tackle issues relating to compression-induced damage in pellets leading to loss of 

release properties. Pai, Kohli and Shrivastava used a combination of Eudragit L 30D 

55 (or Eudragit NM 30D), Aquacoat® ECD 30 (ethylcellulose aqueous dispersion), 

and sodium alginate (Keltone® LV CR) to produce an extended-release formulation of 

sertraline hydrochloride pellets. The results indicated similar release profiles between 

compacted pellets and matrix pellets (Pai, Kohli and Shrivastava, 2012). A different 

study conducted on colonic delivery by controlled release of matrix pellets used a 

combination of Eudragit RS and RL PO and pectin. This matrix proved to control the 

release of 5-Amin Salicylic Acid in the upper GI, making it a suitable substitute for 

coated or reservoir-type pellets for the modified release of orally disintegrating tablets 

(Akhgari, Abbaspour and Moradkhanizadeh, 2013) (Pai, Kohli and Shrivastava, 2012). 

 

7.1.3 Effect of plasticizers  

 

The mechanical, physicochemical, and thermal properties of polymers are directly 

affected by plasticizers. Polymers with incorporated plasticizers have better flexibility 

and lower viscosity, elastic modulus, tensile strength, and Tg. Employing low 

processing temperatures can improve the strength and flexibility of the polymer (Zhu 

et al., 2002). Plasticizers can be categorized as traditional and non-traditional, as well 

as based on their chemical structure.  
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Failure to incorporate plasticizers into the formulation can render the polymers brittle, 

rendering them unfit to withstand compressive forces (Bodmeier, 1997). In such 

situations, flexibility can be modified by reducing the polymer's elastic modulus and 

tensile strength (Gutiérrez-Rocca and McGinity, 1994). Another study stated that 

plasticizer-free coating made of Kollicoat® was too brittle and eventually rupture during 

tableting. Enhanced flexibility was observed using 10% (w/w) of TEC in the mixture 

alongside better compaction properties (Dashevsky, Kolter and Bodmeier, 2004) 

(Chamarthy and Pinal, 2008). Brittleness was also seen in Eudragit RL based pellets 

of Ibuprofen, contained in the MCC, and 0-1% PEG 400, while those with 3-5% PEG 

400 presented more plastic properties under compressive forces. The inclusion of 

PEG 400 drastically reduces elastic modulus while affecting the mechanical properties 

of the pellets in a way that makes them suitable for compression, such as increasing 

plastic behaviour (Abbaspour, Sadeghi and Afrasiabi Garekani, 2007). 

 

 

 

 

 

 

 

 

 

 

Table 7.1 Examples of popular plasticizers in the pharmaceutical formulations 
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Plasticizer  Type  Structure 

Triethyl citrate 
(TEC) 
 

Hydrophilic 
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O CH3
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Acetyl triethyl 
citrate 
(ATEC)* 

Hydrophilic/ 
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CH3

O

O
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O

CH3

 
Tributyl citrate 
(TBC) 
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Acetyl tributyl 
citrate (ATBC) 

Hydrophobic 

CH3

O
O

O

O

CH3

O

O

CH3

O

O

CH3

 
Dibutyl 
sebacate 
(DBS) 

Hydrophobic 

CH3

O

O

O

O

CH3

 
Triacetin Hydrophilic 

CH3

O

O O

O

CH3

O

O

CH3

 
Propylene 
glycol 

Hydrophilic 

OH

CH3

OH
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Failure to incorporate plasticizers into the formulation can render the polymers brittle, 

rendering them unfit to withstand compressive forces (Bodmeier, 1997). In such 

situations, flexibility can be modified by reducing the polymer's elastic modulus and 

tensile strength (Gutiérrez-Rocca and McGinity, 1994). Another study stated that 

plasticizer-free coating made of Kollicoat® was too brittle and eventually rupture during 

tableting. Enhanced flexibility was observed using 10% (w/w) of TEC in the mixture 

alongside better compaction properties (Dashevsky, Kolter and Bodmeier, 2004) 

(Chamarthy and Pinal, 2008). Brittleness was also seen in Eudragit RL based pellets 

of Ibuprofen, contained in the MCC, and 0-1% PEG 400, while those with 3-5% PEG 

400 presented more plastic properties under compressive forces. The inclusion of 

PEG 400 drastically reduces elastic modulus while affecting the mechanical properties 

of the pellets in a way that makes them suitable for compression, such as increasing 

plastic behaviour (Abbaspour, Sadeghi and Afrasiabi Garekani, 2007). 
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Table 7.1 Examples of popular plasticizers in the pharmaceutical formulations 

Plasticizer  Type  Structure 
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7.1.4 Direct compression for tablets preparation  

 

Numerous well-known advantages of direct compressions, such as having fewer 

steps, make it one of the most common tableting techniques. Elimination of moisture 

and heat effects in this technique make it favorable for drugs with heat and moisture 

sensitivities. This method is often chosen for medium-high potency compounds, 

having less than 30% drug composition (Jivraj, Martini and Thomson, 2000). Specific 

dry binders and fillers are necessary for this method. Excipients are divided into dry 

binder, disintegrant, filler, and lubricant. Excipients must resemble a cushion during 

compression to prevent damage to the pellets' integrity (Murthy Dwibhashyam and 

Ratna, 2008). The physical characteristics of pellets are required to be as similar to 

the cushioning excipients as possible (Murthy Dwibhashyam and Ratna, 2008). Also, 

the combination of the excipients of the modified release-ODTs should provide the 

required drug release rate, tablets strength, and disintegration with optimal 

compression force. The pellet ratio to filler directly affects the tablet's disintegration 

and strength, but without influencing the drug release rate from the pellets (Abbaspour, 

Sadeghi and Afrasiabi Garekani, 2008). On the other hand, Chen et al. claimed that 

this ratio not only affects strength, friability, the integrity of the coating, uniformity of 

drug content,  and disintegration time, but it also influences the rate of drug release 

(Chen et al., 2017). 
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Different excipients such as MCC, lactose, starch 1500, mannitol, sorbitol, and 

dicalcium phosphate dehydrate can be used in direct compression processes. Such 

excipients serve different purposes and functions based on the concentration in which 

they are used (Jivraj, Martini and Thomson, 2000). The most popular and most widely 

used direct compression excipients are MCC and lactose (Jivraj, Martini and 

Thomson, 2000). Lactose is most suited for formulations requiring fast disintegration 

due to its water-soluble nature. MCC used in concentrations of 20-90% (w/w) acts as 

a diluent, from 5-15% (w/w) it is a disintegrant, and from 5-20% (w/w) can be an anti-

adherent. Magnesium stearate is an anti-adherent, glidant, or lubricant in 0.25-5% 

(w/w) concentrations (Rowe, Raymond C., Paul Sheskey, 2009).  
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7.2 Aim and objectives 

 

Two studies were applied in this chapter to modify PRH release using pellets 

embedded in ODTs.  

7.2.1 Aims 

The first study aimed to modify PRH release via uncoated pellets based on time-

dependent polymer (Eudragit RS) embedded in ODT using different types of 

plasticizers. 

The second study aimed to modify PRH release via coated pellets embedded in ODTS 

using Eudragit RS, RL and RS: RL.  

7.2.2 Objectives 

1. To prepare PRH pellets using extrusion spheronization.  

2. To optimise and use simple method of coating to save time and cost  

3. To prepare coated pellets with different Eudragits ratios.  

4. To examine the mechanical properties of the produced pellets utilizing the texture 

analysis technique. 

5. To study the effect of Eudragit RS as a time-dependent polymer on modifying PRH 

release.  

6. To evaluate the impact of different types and ratios of plasticizers sorbitol (15% & 

30%), TEC (3% & 5%) and ATEC (3% & 5%) on PRH release profile.  

7. To prepare ODTs consisting of PRH pellets using direct compression with complete 

characterization (dimensions, tensile strength, disintegration time, contact angle, and 

in vitro release test).   
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7.3 Experimental  

 

The method and measurements were applied following the detailed method in the 

experimental chapter. The method, material and characterisation are briefly illustrated 

according to specific determinations in this study.  

 

7.3.1 Materials 

As detailed in the experimental chapter.  

7.3.2 Methods 

Pellets formulation  

The multiple processes based on extrusion-spheronization (Caleva Multi Lab 

machine, England) was used to prepare 10 g powder comprising pellets excipients. 

The pellets matrix included PRH (20% w/w), MCC (20% w/w), Eudragit RS and 

plasticizer in suitable quantities to make 100% (w/w) (Table 7.2). All the ingredients 

were mixed using a kitchen mixer (Tefal, France) for 10 minutes and 100 rpm speed. 

The liquid components (water, ATEC or TEC) were added gradually to the desired 

amounts. The produced mass was then transferred to the extruder to prepare the 

extrudates (elongated shaped threads). The extruder was attached to a die of multiple 

holes of a 1 mm diameter with 20 rpm speed. In the other step, at a speed of 1200 

rpm for 10 minutes, a spheroniser of a disc with cross-hatched patterns was set to 

break down the extrudate into small spherical shaped granules. The final step was 

drying the produced pellets using an oven set to 40°C for 2 hours (lower than the 

polymer’s Tg). The pellets weight was recorded after the drying process then applied 

in the calculations of both the pellets yield and the moisture content. The obtained 

batches were stored in small vials placed in a desiccator. 

 

Table 7.2 The produced batches and different excipients ratios and the trial batch of Eudragit RS only 

Material  F0 F1 F2 F3 F4 F5 F6 

Plasticizer  0% 15% 
sorbit
ol 

30% 
sorbito
l 

3%    TEC 5%   TEC 3% 
ATEC 

5% 
ATEC 

PRH  0% 20% 20% 20% 20% 20% 20% 
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MCC 0% 20% 20% 20% 20% 20% 20% 

Eudragit RS 100-
60% 

45% 30% 57% 55% 57% 55% 

Water (mL) 3.0  1.3 1 3.1 2.4 3.1 2.6 

 

Similarly, the coated pellets were prepared using the same parameters. The 

composition of the coated pellets is detailed in Table 7.3 

 

Table 7.3 Contents of pellets before pellets coating (F1-F5) 

Excipient No drug 
pellets 
 
 
(F0) 

Uncoated 
drug 
pellets  
 
 
(F1) 

Coated 
pellets 
with 
Eudragit 
RS 
(F2) 

Coated 
pellets 
with 
Eudragit 
RL 
(F3) 

Coated 
pellets 
with 
Eudragit 
RL/RS                 
(F4) 

Uncoated  
Pellets of 
Eudragit 
RS 
 
(F5) 

PRH 
(%w/w) 

0 20 20 20 20 20 

Eudragit 
RS 

0 0 0 0 0 57 

MCC 
(%w/w) 

100 77.00 77.00 77.00 77.00 20 

Acetyl 
triethyl 
citrate 
(%w/w) 

0 3.00 3.00 3.00 3.00 3.00 

 

Pellets coating 

 

The formulated pellets were coated using Eudragit RS PO, Eudragit RL PO separately 

and a combination of Eudragit RS / RL (1:1). The coating solution was formulated 

using a magnetic stirrer to achieve a homogenous solution by dissolving 10% (w/v) of 

Eudragit RS PO and Eudragit RL PO in ethanol. Exactly 10 g of pellets were added 

into the coating pan (Erweka AR403, Germany) then sprayed with the coating 

solutions (10 mL) at two puffs/minute and pan rotation speed 400 rpm. The pellets 

were again dried at 40°C in the oven for 2 hours (Qiao et al., 2010). Until further 

characterisation, the pellets were stored in a desiccator. The endpoint of the spray 

coating was the consumption of the full coating solution. 
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Examination of pellet morphological and physical and properties  

A.Sphericity and shape  

All pellets were examined to assess the sphericity by measuring each batch's aspect 

ratio (AR) of 30 pellets (Santos et al., 2002). The method and measurement were 

applied following the detailed method in the experimental chapter.  

 

B.Scanning electron microscopy SEM 

The samples were prepared and detected following the detailed method in the 

experimental chapter.  

 

C.Determination of bulk density of pellets 

The bulk density of all pellets was measured for all batches using the detailed method 

in the experimental chapter. 

D.Porosity measurements and surface area 

The porosity and surface area were measured for all pellets using BELSORP-mini 

(BEL INC, Japan) and Bel-Master software. The method is detailed in the experimental 

chapter. 

Mechanical testing of pellets 

A.Elasticity and deformation 

Determination of pellets' elasticity was evaluated using Texture Analyser (Stable Micro 

Systems, UK) and exponent software. The method is detailed in the experimental 

chapter. 

 

B.Determination of pellet hardness 

 

All pellets were examined as detailed in the experimental chapter. 

 



258 
 

Thermal analysis 

A.Differential Scanning Calorimeter (DSC) 

B.Thermogravimetric analysis (TGA)  

 

The produced batches were examined using DSC and TGA (Mettler Toledo, 

Switzerland) as detailed in the experimental chapter. 

 Validation of the HPLC method for propranolol hydrochloride 

 

The HPLC method is detailed in the HPLC chapter.  

 

 Preparation of tablets 

All tablets were prepared using 20% (w/w) of pellets. The ODT matrix consisted of 

MCC 5% (w/w), magnesium stearate 1% (w/w) and lactose 74%(w/w). The pellets and 

ODT powder were mixed for 10 minutes using a tubular mixer (TURBULAR®, 

Switzerland). The powder was weighed to prepare 500 mg per tablet from each batch 

(n=14). The powder was compressed using a manual tablet presser machine 

(SPECAC, UK). The method is detailed in the experimental chapter. 

Scanning electron microscopy of tablets 

The tablets' morphology and surface properties and the pellets within the produced 

tablets were detected using SEM. The method is detailed in the experimental chapter. 

 

 Determination of tablets hardness and tensile strength  

All tablets were analysed according to the detailed method is in the experimental 

chapter. 

 

 Disintegration 

 

DRM-ODTs disintegration time was carried out for each formulation and the control. 

The detailed method is explained in the experimental chapter.  
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 Detection of tablets contact angle 

The tablets were evaluated to examine their wettability (n=2) by measuring the contact 

angle and using the sessile drop method. The drop shape analyser (model DSA30S, 

Germany) was used to detect the wettability by applying one droplet of water from a 

prefilled syringe with distilled water. When the drop was placed on the tablet surface, 

several images were captured immediately. The DSA4 software was used to compute 

the angle. 

 

 Dissolution test 

The produced tablets were tested in both media at acidic pH 1.2 and phosphate buffer 

at pH 6.8 (n = 3). The detailed method is illustrated in the experimental chapter.  
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7.4 Results and discussion of the first study  

 

7.4.1 Preparation of pellets  

PRH pellets were manufactured using the extrusion-spheronization technique. Six 

batches were successfully prepared. The pellets matrix consisted of Eudragit RS and 

PRH, yet the plasticisers' type or concentration were changed. The optimized 

plasticizers concentration was used to produce the adequately shaped pellets. The 

results showed that the yield was higher than 60% for all batches (Table 7.4). 

However, it was noticed that concentration and type of plasticizers affected the yield. 

For instance, the yield for F5 and F6 of ATEC was 87.56 and 92.66%, respectively. 

While sorbitol batches F1 and F2 showed yields of 66.00 and 87.10%, respectively. 

Moreover, the yield increased when using a high ratio of the plasticizer. Although the 

yield differed between TEC and ATEC batches, F3 with F4 and F5 with F6, the yield 

varied slightly by less than 10%. This could indicate that the use of TEC and ATEC in 

the pellet formulations resulted in higher yields. Besides, the sorbitol at low ratios 

showed the minimum impact on yield. 

On the other hand, water was required in low abundance in batches with high 

plasticizer concentration. Although similar amounts of water were added to ATEC and 

TEC batches at both concentrations, the sorbitol batch contained the lowest amount 

of water. This could be attributed to the differences in the states of the plasticizers and 

solubility. Hence, TEC and ATEC are liquid plasticizers, while sorbitol is solid. Since 

ATEC and TEC have low water solubility compared to sorbitol, a high quantity of water 

is required as that difference in solubility can render water molecules unbound in the 

matrix (Fadda et al., 2008) (Fadda et al., 2008) (National Center For Biotechnological 

Information, 202AD). 

Moreover, moisture content's impact depends on the state and position of water 

molecules within the pellets matrix since water can exist in two forms; bulk water and 

anhydrous units bounded either strongly to the particles or absorbed to the surface of 

the particles. Therefore, mechanical properties, such as tensile strength, could also 

increase with increased moisture content since a higher number of solid bridges form 

between particles, thus minimizing the distance between them, allowing particle-

particle attraction (Thoorens et al., 2014). On the other hand, if water molecules exist 
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as bulk water within the particles, multiple water layers can exist on the particles' 

surfaces, leading to swelling of MCC particles. Thus, the existing distances between 

pellet particles gradually affect particle bonding by hindering the intermolecular 

attraction forces, decreasing the tensile strength (Thoorens et al., 2014). These 

findings were in accordance with the tensile strength in this study, as shown later in 

the discussion. 

On the other hand, the moisture content affected by the amount of water added 

increased with respect to the added quantities; for instance, F5 and F6 showed 2.54 

% with 3.1 mL water and 2.00 % with 2.6 mL water of moisture content, respectively. 

Also, It was stated by Thoorens et al. that the fraction of amorphous to the crystalline 

state in the MCC structure affects the water sorption within the particles as water 

mainly retained in the amorphous part (Thoorens et al., 2014). Therefore, such 

differences could occur during pellets preparation.  

 

Table 7.4 The prepared pellets of different plasticizers sorbitol, TEC and ATEC showing yield (%), 

amount of water (mL), moisture content (%) and bulk density (mean ± SD and n=3) 

 F0 F1 F2 F3 F4 F5 F6  

Yield (%) NA 66.00 87.10 94.55 92.61 87.56 92.66 

Moisture 
content (%) 

NA 1.60 1.22 2.53 1.90 2.54 2.00 

Bulk density  

± SD (kg m-3) 

NA 0.53 

± 0.00 

0.42 

± 0.00 

0.58 

± 0.02 

0.57 

± 0.01 

0.59 

± 0.00 

0.57 

± 0.00 

 

On the other hand, this kind of difference can occur due to certain factors: the extruder 

speed, plasticizer amount, drying time, and granulation fluid type used for pellet’s 

formulation. Akhgari, Abbaspour and Moradkhanizadeh reported that extruder speed 

set at 120 rpm affected the quality and yield of extrudates. Therefore, in this study, the 

extrudates were produced smoothly using a low extrusion speed (20 rpm). Also, using 

high extrusion speed, the probability of losing moisture content is high and can affect 

the pellets' strength (Akhgari, Abbaspour and Moradkhanizadeh, 2013).  It was stated 
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that there was heat generation during the extrusion step owing to the friction between 

the particles (Muley, Nandgude and Poddar, 2016). 

Moreover, it was reported that during the drying process, the distribution of water could 

be rearranged within the polymer particles leading to inhibition of water evaporation 

during the drying step. When the matrix particles are combined, water evaporation is 

hindered, leading to the necessity of prolonging drying time (Vervaet, Baert and 

Remon, 1995) (Voogt et al., 2019). Therefore, it must be considered for future studies 

that different pellet constituents require different drying times. However, in this study, 

such parameters are kept consistent for all formulations to compare only the 

plasticisers' effect. Despite all the observed differences between the formulations, 

pellets were successfully prepared from F1, F2, F3, F4, F5, and F6, showing the 

importance of incorporating plasticizer in pellet matrices missing in F0 batches 

resulting in randomly shaped pellets and collection difficulty. Hence, the extruder 

screen was blocked, producing few extrudates. 

A similar trend was noticed by Sadeghi et al. The prepared mass blocked the screen 

during the extrusion leading to no pellet formation; hence this batch contained no MCC 

and no plasticizer. This could be explained by the plasticizer influence on Tg of the 

polymer, leading to a reduction of the polymers' mechanical properties by the transition 

from glassy to rubbery state (Wang et al., 1996) (Wang et al. Therefore, polymers 

without plasticiser were brittle and challenging to extrude. According to Muley, 

Nandgude and Poddar, using an adequate quantity of water in pellet preparation is an 

essential factor in achieving mass with good consistency without over wetting the 

mass and achieving good yield with minimum blockage to the extruder screen (Muley, 

Nandgude and Poddar, 2016). On the other hand, the plasticizer effect was reported 

differently according to its ratio. Hence, it was reported that low concentrations of 

ATEC and TEC (<10%) generated an anti-plasticizing effect with a low impact on the 

Tg of the polymer leading to increases in the tensile strength (Wang et al., 1997). 

However, according to the same study, findings showed that a low concentration of 

plasticizers demonstrated a low impact on the YM due to pellets' porous structure 

(Wang et al., 1997). This was similar to our finding, as discussed in the tensile strength 

section. Also, the porous structure of the pellets was demonstrated in the SEM images. 
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Moreover, it was reported that the high tensile strength is related to the anti-plasticizing 

effect that reduces the pellets permeability leading to a delay in drug release. This was 

required to achieve the delayed drug release as the aim of the study. As a result, the 

required amount of water and the plasticizers was optimised to prepare pellets with 

good mechanical properties(Chamarthy and Pinal, 2008). It can be assumed that the 

plasticizer in low concentrations (<10%) could fill the gaps between the polymer 

particles producing opportunities for interparticulate bonds and solid bridges to form, 

leading to improved formulation strength. Nevertheless, water could improve the 

pellets' elastic properties due to its plasticizing effect(Blasi et al., 2005). Thus, these 

combinations could help produce pellets with good mechanical properties that resist 

the applied pressure and still have good flexibility to retain their shape. 

On the other hand, owing to the low plasticization effect of ATEC and TEC, a higher 

quantity of water was required in their batches compared to sorbitol batches (Wang et 

al., 1997).  Therefore, in this study's experimental work, low quantities of both 

plasticizers were used and an appropriate amount of water to synergise the 

plasticizing influence on Eudragit RS and MCC (Chamarthy and Pinal, 2008). 

Plasticizer concentration had an impact on the amount of granulation fluid required to 

prepare the wet mass. For instance, using a lower sorbitol concentration required a 

higher amount of water as recorded in F1 compared to F2. The results were similar 

for F3 and F5 compared to F4 and F6, respectively, as the composition of the pellets 

affects the required amount of water to prepare wet masses of a good consistency for 

the extrusion-spheronization technique (Blasi et al., 2005)(Abbaspour, Sadeghi and 

Garekani, 2005). It can be stated that the higher the plasticizer concentration, the less 

water added and, therefore, lower moisture content.  

Moreover, one of the important factors in the preparation of good pellet properties is 

bulk density. The bulk density of all batches indicated the packing properties of 

formulation particles related to the spherical-shaped pellets (Muley, Nandgude and 

Poddar, 2016).  
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Pellets morphology and dimensions  

Pellets sphericity was assessed by measuring the AR of 30 pellets (longest and 

shortest diameter) from each batch (Table 7.5). Oval, cylindrical, and rounded shaped 

pellets were seen in all formulations. The results showed that AR (mean) was close to 

1 for batch F1 (1.3) and increased with changes to the plasticizer type and 

concentration; for instance, the AR for the TEC batch was higher than the sorbitol 

batch with AR in F3>F1, and similarly, the ratio increased with higher TEC 

concentration rendering AR in F4>F2. However, the AR markedly increased with 

increasing TEC and ATEC concentrations compared to sorbitol; for instance, sorbitol 

in F1 was 15% (w/w), while in F3 and F5, the ratio of TEC and ATEC was 3% (w/w), 

respectively. According to Gandhi, Badgujar and Kasliwal, the spherical pellets with a 

good AR were 1.11, showing an acceptable range close to 1. Besides, Dukić et al. 

found that the comparison between pellets with and without sorbitol showed a 

remarkable impact of the plasticizer on the pellets' surface properties and the 

consistency of the wet mass, where pellets without sorbitol had fractured surfaces. In 

contrast, sorbitol pellets had fewer rough surfaces (Dukić et al., 2007). These findings 

were similar to our study findings as the SEM images of F1 showed good sphericity 

with lower sorbitol concentrations. However, the higher concentration of sorbitol 

produced pellets with rough surfaces, which Goyanes noted, Souto and Martínez-

Pacheco, the  Pellets of MCC with  50% (w/w) sorbitol amount in the pellets showed 

faster drug release than the pellets of MCC with 50% (w/w) mannitol owing to the 

higher porosity and surface roughness of sorbitol pellets (Goyanes, Souto and 

Martínez-Pacheco, 2010). This indicates that the plasticiser's addition needs to be 

within a specific range without affecting the pellets' surfaces properties. In addition, 

each plasticizer has different effects depending on the amount of water added. It was 

found that the particle size of the primary materials plays a remarkable impact in the 

final roughness and surface structure of the pellets produced by extrusion 

spheronization (Sarkar, Ang and Liew, 2014b). Higher number of small particles will 

provide fewer voids providing high contact points (Sebhatu and Alderborn, 1999; 

Gochioco, 2014). Also, shape uniformity is high in small particles leading to form 

pellets of smooth surfaces in  F1 and F2 batches (Bodhmage, 2006; Abdel-Hamid, 

Alshihabi and Betz, 2011). All ingredients in batches F1 and F2 were solid particles, 

while liquid plasticizers were included in F3, F4, F5 and F6. Although the results 
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showed that %RSD was high in all formulations in our study, the lowest %RSD was 

associated with the F1 batch at the lowest AR. This finding indicates that sorbitol 

provides good shape enhancing properties  (Gandhi, Badgujar and Kasliwal, 2011).  

 

Table 7.5 The aspect ratio results for all batches in mean ± SD (n=30) and relative standard deviation 

(%RSD) 
 

F1 F2 F3 F4 F5 F6 

Aspect ratio 
± SD 

1.3 ± 0.3 1.9 ± 0.9 1.8 ± 0.4 2.0 ± 0.8 1.6 ± 0.6 1.8 ± 0.7 

%RSD 22.9 45.1 24.4 41.1 34.8 37.7 

 

The SEM images showed, in general, oval-shaped pellets. The SEM results of F2- F6 

showed that pellets had irregular surfaces and elongated shapes. Also, all pellets in 

batches F1-F6 showed high surface porosity owing to the pellets' rough surfaces 

detected by SEM. The SEM results followed pellets measurements with AR as F1 

showed the lowest AR with good sphericity in Figure 7.1-a. Simultaneously, the other 

batches showed elongated shaped pellets that agreed with high AR results for these 

batches (F2, F3, F4, F5 and F6).  

Moreover, a shaggy like surface was noticed for F2, as seen in Figure 7.1-b. This 

observation could be related to the influence of drying temperature on the pellets 

surface structure. This can be explained by the lower moisture content of F2 (Table 

7.4), exposing the particles to higher drying temperatures, leading to sticky pellets' 

formation after drying. The pellets stickiness could be generated by the presence of a 

high concentration of sorbitol (30%), leading to a change in the pellets' thermal 

properties and reducing Tg of the F2 batch (Snejdrova and Dittrich, 2012; Ma et al., 

2018). This was in harmony with the YM results in the following sections ( 

Figure 7.2), with F2 demonstrating lower YM than F1.  

The results also indicate the accuracy of the AR measurement by using the calliper as 

an inexpensive, easy, and reproducible method compared to SEM software.  
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Figure 7.1  SEM images of PRH pellets produced from different types and ratios of plasticizers F1 (a), 

F2 (b), F3 (c), F4 (d), F5(e) and F6 (f)  

 

Porosity and surface area 

 

The Belsorp software was used to generate and analyse the adsorption/desorption 

results for all pellet batches (Table 7.6). Depending on the interaction between the gas 

and the exposed particles' surfaces, an amount of gas adsorbed. BET analysis was 

used to detect nitrogen adsorption, commonly utilized due to its high purity and 

interaction with the solids' particles. To provide enough interaction between the 
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particles, surfaces and the gas samples are cooled with liquid nitrogen. Then, 

adsorption layers are generated until no more absorption of nitrogen atmosphere 

occurs, leading to an increase in temperature and gas release via desorption(Raja and 

Barron, 2019). The BET isotherms showed the amount of gas adsorbed against 

temperature. According to the Union of Pure and Applied Chemistry (IUPAC), our 

results showed that F1, F2, F3 and F4 demonstrated mono-multilayer adsorption of 

type 4 isotherm (Donohue and Aranovich, 1998). Hence, the monolayer was the first 

layer of adsorption generated, followed by a multilayer of adsorption (Sing, 1982). 

This can be explained by filling the fine pores (micropore ) initially with gas molecules 

at low pressure and then at high pressure, large pores (mesopores and macropores) 

were filled (Labani et al., 2013). While isotherm type 3 was demonstrated by F5 and 

F6. The type 3 isotherm shows a strong interaction between the adsorbate molecules 

compared to the adsorbate particles interaction, which is weaker. According to IUPAC, 

there are three types of pore sizes; micropores (<2nm diameters), mesopores (2-50nm 

diameter) and macropores (>50nm diameters) (Sing, 1982). 

  

All pellets showed a 9-16 nm pore size demonstrating a mesoporous structure. The 

added plasticizer can also be defined as mesoporous according to the definition from 

IUPAC. The change in plasticizer ratio affected the surface area slightly with 

proportional increments of plasticizer concentration. On the other hand, the drug 

release rate is affected by the surface area; hence, the larger the surface area, the 

faster the drug release seen in F1 and F2 batches. It can be assumed that the batch 

with the highest surface area affected PRH to release the greatest as in the sorbitol 

batches. However, the difference was less evident between TEC and ATEC batches 

(Muley, Nandgude and Poddar, 2016). 

Nevertheless, the difference in the surface area results is correlated with the total pore 

volume and the mean pore diameter; hence if the surface area is low, it indicates that 

either of these parameters is high. For instance, in F5 and F6, the surface area for F5 

was smaller (0.23 m2g-1) than that of F6 (0.28 m2g-1). Similarly, the total pore volume 

of F5 was smaller while observing that the mean pore diameter of F5 (11.06 nm) was 

larger than that of F6 (9.33 nm), indicating that these factors can affect the results of 

each batch. On the other hand, surface properties could contribute to porosity; for 

example, F5 and F6 showed high surface roughness. However, the pellets of F5 had 

greater surface roughness (Table 7.6) (Tunón, Gråsjö and Alderborn, 2003).  
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Table 7.6 Surface area, mean pore diameter and total pore volume of the sorbitol, TEC and ATEC 

pellets from the BET plot 

Samples Surface area 
(m2g-1) 

Mean Pore 
Diameter (nm) 

Total Pore Volume 
(cm3g-1) 

F1 1.45 12.72 0.00460 

F2 0.87 9.91 0.00216 

F3 0.31 14.11 0.00111 

F4 0.32 15.62 0.00126 

F5 0.23 11.06 0.00631 

F6 0.28 9.33 0.00646 

 

Pellets’ Young’s modulus and hardness 

The tensile strength and YM results of pellets were measured for all batches ( 

Figure 7.2). The AR data was used to calculate pellets radius and length. According 

to a reported study, the first notch was detected as an indication of the pellets' 

hardness (Cespi et al., 2007).  The first notch was produced after applying pressure 

on the pellet. This second notch correlated with the completion of the test. The notch 

allowed determination of the hardness or crushing force of batches F1, F2, F5 and F6. 

However, the notch detection was challenging for several pellets of F3 and F4.  

It was noticed that an increase of sorbitol concentration (F1 to F2) reduced hardness, 

while an incremental increase of TEC and ATEC as in F3 to F4 and F5 to F6 showed 

an increase in pellet hardness (Table 7.7). A similar trend showed by the tensile 

strength. These findings agreed with the results of wang et al. that concluded the effect 

was through ATEC and TEC's anti-plasticising effect when used in low concentration 

(Wang et al., 1997). In contrast, the high ratio of sorbitol produced the expected 

plasticizing effect, but the tensile strength decreased with higher abundances (F2) 

than lower abundance batches (F1). This influence was unclearly demonstrated in the 

results of YM. This can be explained by the moisture content impact on the pellets' YM 
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since high moisture content improves their elasticity profile and renders them able to 

retain their shape under compression, as noticed in SEM images 4 and 10. 

 

Table 7.7 Hardness results of the produced pellets (n=30) (mean ± SD) 

  F1 F2 F3 F4 F5 F6 

Hardness 
(N) 

1.74 ± 
1.0 

0.88 ± 
0.4 

6.08 
±1.06 

10.89 
±5.59 

5.19 
±1.51 

11.92 
±5.49 

 

Moreover, the difference between the YM of F1 and F2 was significant (p<0.05), with 

a similar trend between F5 and F6 (p<0.05). However, F3 and F4 showed no 

statistically significant difference (p>0.05) in the YM values. Similarly, Abbaspour et 

al. reported that the elastic modulus was insignificantly affected while using TEC in the 

coating layer of Eudragit RS 30 D and LR 30D pellets. In our results, we showed that 

the increase of plasticizer in the formulation reduced the YM. The pellets with sorbitol 

and ATEC in higher abundances demonstrated a remarkable effect on the elastic 

properties (Abbaspour, Sadeghi and Afrasiabi Garekani, 2007)(Abbaspour, Sadeghi 

and Afrasiabi Garekani, 2008). The differences between the batches could be 

attributed to the concentration and the type of plasticizer (Wang et al., 1996) (Wang et 

al., 1997). It was reported that Tg of Eudragit L 30D and 100-55 film reduced by using 

higher amounts (~30%) of hydrophilic plasticizers such as triacetin, TEC and ATEC 

instead of hydrophobic  TBC and ATBC plasticizers where the Tg decreased with lower 

abundances of plasticizer (10% ) with no advantages observed with increased 

plasticizer amounts (10 to 30%) (Gutiérrez-Rocca and McGinity, 1994; Wang et al., 

1996) 



270 
 

 

 

Figure 7.2 YM (Mpa) and tensile strength (MPa) of pellets produced from different amounts and type of 

plasticizers 

 

Thermal analysis: DSC and TGA 

 

To understand and detect the thermal properties of the prepared batches DSC and 

TGA were used. The DSC results showed that the Tg of the used polymer Eudragit RS 

was affected by plasticizers. Incoherence with Gupta, Kumar and Sachan’s study, the 

Tg of Eudragit RS PO was reported at 65 ºC in our study with the raw Eudragit RS PO 

powders Tg measured at 63-65 ºC as seen in Figure 7.3 (Gupta, Kumar and Sachan, 

2015b). Simultaneously, the DSC thermograms of all batches showed shifting in the 

original Tg range of 50-60 ºC in a relatively ascending order of F4 and F6>F2. Two 

factors could explain this difference, firstly, the effect of different levels of plasticizing 

among the three plasticizers TCA, ATEC and sorbitol (Lim and Hoag, 2013b). Hence, 

Tg is an important parameter, and the addition of other components to the formulation 

could shift Tg of the polymer, demonstrating an interaction with that ingredient (Lim 

and Hoag, 2013b). Abbaspour, Sadeghi and Afrasiabi Garekani noticed this by adding 

ibuprofen to a Eudragit RS mixture reducing the Tg of Eudragit RS (Abbaspour, 

Sadeghi and Afrasiabi Garekani, 2007). Although the higher the plasticizer ratio, the 

greater change in polymer Tg was observed, there are exceptions to other properties 

such as the model drug and the moisture content (Khodaverdi et al., 2012). Therefore, 

the second factor is the plasticizing effect of moisture content. As a synergistic effect, 

this can cause a reduction in Tg. Thus, the moisture content in F4 and F6 was almost 
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the same yet higher than that of sorbitol in F2. The moisture content affects the MCC 

volume enlargement and ability to swell. A high number of water molecules leads to 

fewer hydrogen bonds in the MCC polymeric chain. Therefore, the polymer expands, 

facilitating the molecules' motion providing further mobility (Sahputra, Alexiadis and 

Adams, 2019). Therefore, moisture content can impact the stiffness of the batches by 

reducing the Tg of the polymer. This trend was also seen in the DSC results of F1, 

which showed lower Tg compared to F2. Similarly, F3 and F5 showed higher moisture 

content than F4 and F6, respectively; thus, Tg decreased in both. Although F2, F3 and 

F5 included lower ratios of polymers, the moisture content was synergistically reducing 

Tg as discussed earlier, and this can be confirmed even by the slight reduction in Tg 

observed with F1 since the moisture content is slightly higher than that in F2.  

 

 

Figure 7.3  DSC thermogram of Eudragit RS raw powder and PRH using STARe software within 

temperature range 20-400 °C 

Therefore, it can be stated that the drying temperature used during pellets preparation 

had no impact on the thermal properties of the formulations. For these adequately 

dried pellets, the plasticizer type and ratio in the pellets could affect these findings. 

Hence, the applied drying temperature was 40 °C, and Eudragit RS Tg was within 63-

65 °C (Figure 7.3).  
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On the other hand, the melting point of PRH was 166 °C showing an endothermic peak 

in the DSC graph (Figure 7.4). The melting point was detected in all batches, F1 and 

F2, showed a minimal peak with slightly shifting to 158 °C. The plasticiser's 

predominant effect could explain this difference since F1 had 15% sorbitol (w/w) and 

F2 had 30% (w/w) sorbitol, with the melting point more evident in F1 than F2. The 

melting point of propranolol hydrochloride was 163-166 °C (National Centre for 

Biotechnology Information /PubChem., 2000; Thermofisher, 2018). 

 

Figure 7.4  DSC thermograms of PRH pellets contained in the 15% sorbitol (F1), 30% sorbitol (F2), 3% 

TEC (F3), 5% TEC (F4), 3% ATEC (F5) and 5% ATEC (F6) and PRH (drug) 

TGA results agreed with DSC findings. Hence, the TGA thermograms showed a 

moisture content generated a broad endothermic peak at 100 °C in the DSC graph. 

For instance, F5 and F6 batches made up of 3% and 5% ATEC pellets, shown in 

Figure 7.5, showed this correlation.  

On the other hand, all batches suffered from the same decomposition temperature, 

which correlated with the Eudragit RS decomposition, starting at 280 °C. However, 

decomposition temperature is slightly affected by changing plasticizer type and 

concentration and including PRH. Pellets in sorbitol batches (F1 and F2) decompose 
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around 320 °C, which was different from TEC and ATEC batches (F3 and F6) that 

decompose at approximately 300°C. Hence, degradation occurred after the 

decomposition, as observed in the DSC and TGA graphs. 

 

Figure 7.5 TGA results of all produced batches 15% sorbitol (F1), 30% sorbitol (F2), 3% TEC (F3), 5% 

TEC (F4), 3% ATEC (F5) and 5% ATEC (F6) and Eudragit RS and PRH (Drug)  

 

 

 

7.4.2 Tablets mechanical strength 

The prepared tablets from ODTs matrix and pellets were tested according to their 

mechanical and morphological properties. The tensile strength was calculated for all 

ODTs comprising 20% (w/w) pellets depending on each tablet's hardness, thickness, 

and diameter (Figure 7.8). Hence, maximum force before breaking was recorded 

(Sabri et al., 2018). Similarly, tablets without pellets were tested. It was reported that 

the adequate tensile strength for tablets differs according to the type of formulation. 

Generally, mechanical strength greater than 1.7 MPa is sufficient for conventional 

tablets to withstand manufacturing processing, while other types of tablets, such as 

fast-dissolving, intended to be prepared with a low tensile strength that can be lower 
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than 1 MPa (McCormick, 2005a; Pitt and Heasley, 2013). This is important to provide 

adequate weakness to allow the breakdown of the tablets after ingestion. The results 

showed that all tablets had low tensile strength indicating the brittleness of the tablets. 

This could be related to the low mechanical properties of the ODTs starting materials, 

which can be seen from the control tablet results (no pellets). A similar trend was 

noticed in the results of pellet-based tablets indicating that inclusion pellets and 

varying the plasticizer ratio had a limited effect on the tablets' strength with no 

statistical difference (p>0.05) observed. However, a significant difference (p<0.05) 

was detected between the F5 and F6 tablets tensile strength. This can be correlated 

with the pellets' distribution that offers more support to that batch. Hence, according 

to SEM results in Figure 7.1 & Figure 7.7, the pellets with different surface roughness 

could offer mechanical interlocking during tablet compression with other particles, thus 

enhancing the tensile strength as reported by ElShaer et al. and Moon and Jang (Moon 

and Jang, 1999; ElShaer et al., 2017). Our results suggested that all tablets possessed 

acceptable hardness ranging from 12 to 21N. This is important to enable a short 

disintegration time to enhance tablets disintegration orally (Velmurugan, S., 2010).  

 

Scanning electron microscopy of tablets 

SEM was used for all prepared tablets to detect the pellets' presence within the tablets 

matrices and to examine the change in pellets and particles shape after compression. 

The tablets were carefully prepared to distinguish between the tablet matrix and the 

embedded pellets, as in Figure 7.6. The SEM images showed that all tablets had a 

similar general look with the pellets' presence within the matrix detected. Although it 

was difficult to detect the pellets in tablet matrices in the images, the pellets were 

observed easily on the broken side of the tablets. Although pellets had flattened 

surfaces from the compression during tablet preparation, this was expected and 

determined according to their high YM results. However, some pellets did retain their 

shape under compression (Figure 7.7-4 and 5). The other reason could be that the 

number of pellets present near the tablet surface exposed to high pressure rendered 

the surfaces too flat, as Pai, Kohli and Shrivastava reported (Pai, Kohli and 

Shrivastava, 2012). These results were in harmony with the disintegration test and 

tensile strength tests that showed no significant difference between the tablets as in 

SEM images (Figure 7.7). However, the prepared tablets' release profiles showed that 
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the pellets under compression affected the PRH release, which could be one reason 

for inadequately controlled PRH release.  

  

 
 

 

Figure 7.6  Tablet preparation for SEM analysis with a diagram showing the distribution of the pellets 

within ODT 

 

  

1 2 
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Figure 7.7 SEM images cross-section and top views detecting PRH pellet in the broken side of ODT 
surface; tablets of F1(1), F2(2), F3(3), F4(4), F5(5) and F6(6) 

 

 

 

 

Disintegration test  

The orally disintegrating tablets, known as rapidly melted or fast-dispersing dosage 

forms, disintegrate within seconds or less than 3 minutes (Sastry, Nyshadham and 

Joseph A Fix, 2000; Rowe, Raymond C., Paul Sheskey, 2009; A. Elwerfalli et al., 

2015). Disintegration time for all tablets was measured (n=3) to detect the tablets' 

breakup ability after pellets' inclusion (Figure 7.8). The tablets of all batches showed 

an acceptable disintegration time (<30 seconds) correlating with the results of the 

tensile strength (Sastry, Nyshadham and Joseph A Fix, 2000; Rowe, Raymond C., 

Paul Sheskey, 2009; A. Elwerfalli et al., 2015). This indicates that pellets had a limited 

effect on the properties of ODTs and including them within the matrix is possible for 

future formulations.  

3 4 

5 6 
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Although the tablets showed similar values to the control, which disintegrated within 

20 seconds, there was a difference in the disintegration time between the tablets 

contained in the PRH pellets. Hence, the time of the disintegration decreased with 

increasing plasticizer abundance in pellets. However, the difference between the 

disintegration times of the formulations was insignificant (p>0.05). Goyanes, Souto 

and Martínez-Pacheco reported that the high sorbitol ratio in pellets increased 

hydrochlorothiazide's dissolution rate (model drug). Therefore in our study, this could 

disturb the disintegration since a high plasticizer ratio would facilitate the diffusion of 

water into the pellets matrix owing to the higher hydrophilic elements of these 

plasticizers (Goyanes, Souto and Martínez-Pacheco, 2011).  

 

Figure 7.8 Tensile strength and disintegration time of ODTs contained in the pellets and control of PRH 

 

Contact angle 

 

A Wettability test was used to identify the ODT's ability to disintegrate along with the 

disintegration test (Nachajski et al., 2019). The test depends on the contact angle 

generated between the fluid (distilled water) and the solid surface (tablet). In general, 

when the fluid and the other boundaries generate the contact angle are stable, the 

contact angle can be measured according to the sessile drop method, as illustrated in 

Figure 7.9 (Nachajski et al., 2019). The sessile drop is a suitable method for particles 

and compressed powders showing simply the detected contact angle depending on 
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the tangent generated between the liquid and solid (Yuan and Lee, 2013; Yang et al., 

2018). 

 

 

Figure 7.9 Contact angle between the liquid droplet and tablet surface actual image and drawing 

illustrating the angle measurements  

 

Both methods, disintegration, and wettability, were used to determine the 

disintegration ability of the tablets. The results of contact angels showed that the 

formed tangent between the water droplet and the tablet was smaller than 40⁰ (Table 

7.8). 

The low value of that tangent shows a high wettability propensity, which indicates the 

short disintegrating time. Hence the water droplet was spreading over the tablet 

surface evenly. On the other hand, if the tangent were high, the wettability is poor, and 

the tablets demonstrate long disintegration times (Dimitrov et al., 1991). However, the 

results showed a slight difference between the formed tangents; this could be 

attributed to multiple factors; such as tablet porosity, particles and surface roughness, 

tablet and strength under compression (Yuan and Lee, 2013).  

The wettability test results followed the disintegration results demonstrating a short 

disintegration time. Batch F4 (Figure 7.8) showed the smallest contact angle and the 

lowest disintegration time. It was reported by Yang et al. that a low contact angle (<90⁰) 

indicates that tablets show good wettability, which was similar to our findings (Yang et 

al., 2018). Hence, in this study, the disintegration time was close to the wetting rate. 
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According to Yang et al., the correlation between the tangent of contact and the 

disintegration is unclearly studied. However, our showed a good correlation. 

Consequently, this study could be applied to estimate the wetting rate that shows the 

unpredictable disintegration of ODTs.  

 

Table 7.8 Contact angle measurement using the sessile drop method (n=3) 

Tablet  F1 F2 F3 F4 F5 F6 

1 31.5 27.5 42.9 26.4 36.1 32.9 

2 26.2 31.5 38.1 20.8 35.7 30.0 

Mean ± SD 28.9 ± 3.7 29.5 ± 2.8 40.5 ± 3.4 23.6 ± 4.0 35.9 ± 0.3 31.5 ± 2.1 

 

Dissolution 

According to BP, the dissolution test was done using apparatus ll with hydrochloric 

(acidic) and phosphate buffer media of pH 1.2 and 6.8, respectively mimicking the 

gastrointestinal fluid (FDA/CDER, 1997; Council of Europe, 2005; British 

Pharmacopoeia, 2017).  

The test was performed independently in both media to observe any imperceptible 

change in PRH release profile without affecting the release study and to evaluate the 

formulation to modify PRH release. Therefore, the optimized formulation could be 

selected for further development and testing.  

The results showed that PRH released entirely from all the formulations within 30 

minutes in acidic media (Figure 7.10). On the other hand, in phosphate buffer media, 

all the formulations showed 100% release within 1 hr except F3, F4 and F5 that 

showed 89.83, 86.74, 91.98% of PRH was released, respectively. The exact 

formulations demonstrated a similar trend at 2 hrs of phosphate buffer dissolution test 

where F3, F4 and F5 released 93.93, 90.18 and 92.93% of PRH, respectively, with 

over 100% for the rest of the batches.  

 

 



280 
 

 

 

Figure 7.10  PRH  release profiles of tablets contained in the prepared pellets in acidic media pH 1.2 

 

Hence, it can be noticed from the dissolution study in Figure 7.11 (A and B) that at 2 

hours in phosphate buffer media that F4 and F5 showed a stable release profile. 

However, 100% PRH was reached after 4hrs for all batches. PRH in acidic media 

reached over 110% from all batches except for F5 that released 106% PRH, and that 

batches stably releasing PRH reached 92.92% while indicating good surface 

properties of this batch. On the other hand, the other batches showed unequal 

distribution related to different factors, including the pellets diameter, surface 

roughness and porosity. This affects the particles bonding and leads to the 

segregation of the fine particles of ODTs from the large-sized pellets when preparing 

the tablets. Hence, the high porosity pellets could provide a low contact area and start 

to segregate from the matrix while surface roughness could generate particles 

interlocking (Moon and Jang, 1999; Tunón, Gråsjö and Alderborn, 2003; ElShaer et 

al., 2017). For instance, F5 showed a low surface area of 0.23 m2g-1 and a high total 

pore volume (0.00631 cm3g-1). Also, according to SEM (Figure 7.1), the high surface 

roughness and the lowest diameter were recorded for F5 (AR Table 7.5). 
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Figure 7.11 PRH release profiles from tablets of the prepared pellets in phosphate buffer pH 6.8 (A and 

B) within 24 hrs and 2 hrs 
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Nevertheless, the presented porosity in F5 showed limited effect and pellets 

predominantly influenced by the surface roughness and size. Hence, particle size, 

shape, and surface roughness affect the surface area, porosity and pore size 

distribution (Amador and Martin de Juan, 2016). Moreover, this finding could be 

confirmed by the tensile strength results as the F5 tablet showed the highest value 

compared to other tablets (Sabri et al., 2018).  

The batches' results in both media approached the study aim but showed minimal 

effects on PRH release control. It was expected that Eudragit RS modified PRH 

release when combined with other excipients in the pellets preparation since this 

polymer is time-dependent (Akhgari, Abbaspour and Moradkhanizadeh, 2013; Patra 

et al., 2017). However, PRH released immediately at 30 minutes in the acidic media. 

Similarly, the release of PRH was almost immediate within 30 minutes in buffer media, 

with minor differences between the batches. Thus, the detected variations in both 

acidic and phosphate buffer media could be related to different types of plasticizers 

used in the pellets preparation (p<0.05), while the change in ratios of plasticizers 

showed no statistically effect (p>0.05). In addition, PRH is a weak base with pH-

dependent solubility favoring to release in acidic media (Bolourchian and 

Dadashzadeh, 2008)(Calatayud-Pascual et al., 2018). 

Moreover, according to one-way ANOVA, at 30 minutes in both media (acidic and 

phosphate buffer) the difference in PRH release between the batches of TEC and 

ATEC for both ratios (3% and 5%) showed no significant difference (p>0.05), while 

sorbitol batches (15% and 30%) were statistically different from each batch of TEC 

and ATEC for both ratios (3% and 5%).  

However, according to the two-way ANOVA, the interaction showed no significant 

difference for all drug release analysis (30 mins in both media) when varying the 

plasticisers' ratio and type. This indicates there was no interaction between the two 

independent variables. On the other hand, although quaternary groups of ammonium 

in salt form provide pH-independent properties, it enhances the water permeability of 

Eudragit RS and affects the polymer's ability to swell and release PRH (Wagner and 

McGinity, 2002) (Aguilar-de-Leyva et al., 2019). 
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Akhgari, Abbaspour and Moradkhanizadeh reported that the burst release of the 

model drug (mesalazine) from all batches of Eudragit RS based pellets in acidic media 

pH 1.2 took 15 minutes. Therefore, suggesting coated or reservoir-based pellets of 

Eudragit RS could address this issue (Akhgari, Abbaspour and Moradkhanizadeh, 

2013).  Therefore, replacing matrix system with reservoir system using a coating layer 

based on time-dependent polymers such as Eudragit RS or Eudragit RL could aid 

control of PRH. However, selecting one of these plasticizers either TEC or ATEC or 

their ratio is dependent on the mechanical and physical properties of the produced 

pellets and tablets since the drug release was insignificantly different between the 

distinguished plasticizers. ATEC of 3% ratio showed a good balance between elasticity 

and plasticity according to mechanical characterization results of pellets (YM and 

tensile strength). Therefore, the batch of sufficient strength for preparation, packing 

and handling with minor imperfection could be achieved using 3% ATEC with pellets 

(1.1 Mpa) of appropriate disintegration time (<30 seconds). Hence, the pellet’s YM 

significantly differed between ATEC batches 3% and 5% of F5 and F6, respectively. 

Although YM was high for 3% of ATEC, the pellets were necessary to show moderate 

tensile strength, and this batch offered such balance in pellets and eventually the 

tablets. Simultaneously, the tablet’s tensile strength between 3% of ATEC and TEC 

were statistically different (p<0.05), while 5% ATEC and TEC showed no significant 

difference (p>0.05). Hence, this was variation undetectable in all tablets except when 

adding 3% ATEC batch (one-way ANOVA).  These findings were also supported with 

the best AR of 3% of ATEC pellets that was achieved. 
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7.5 Results and discussion of the second study  

 

Formulation of coated pellets contained in ODTs is a challenging approach. It is 

essential to choosing suitable coating layers, type, and the coating materials' 

concentration (Kandela et al., 2010; Mehta et al., 2012)  

Therefore, in our project, we aimed to investigate the effect of the coating layer and 

the ratio of the ingredients utilising an uncomplicated coating process. The method 

was applied, providing time and cost-saving with minimum effort. Trying different 

coating layers was an essential step in the pellets coating approach to modify the drug 

release. This was performed to initially facilitate the coating process independently 

from the other parameters, which could be considered for future studies. Therefore, 

the generated data would be considered to avoid the limitations and default of the 

obtained formulation for method optimisation. Also, it can examine the coating process 

and formulation properties without using expensive advanced coating techniques such 

as fluid bed coating.  

 

7.5.1 Pellets formulations and optimisation process parameters  

 

The time-dependent methacrylate’s Eudragit RS and Eudragit RL were used to 

formulate the uncoated and coated pellets. However, our trials for the preparation of 

matrix pellets of Eudragit RS only were unsuccessful. Moreover, different trials to 

prepare uncoated pellets based on Eudragit RL were unsuccessful. Therefore, the 

uncoated pellets were prepared using Eudragit RS and the gold standard MCC 

matrices facilitating the formation of the pellets (Mehta et al., 2012). Eudragits RS and 

RL were used in the coating layer as a reservoir system to be compared with the matrix 

system.  

 

Four formulations of pellets were prepared with the same PRH loading (20% w/w). 

Three batches of pellets were coated with 10% w/v of polymers in ethanol; Eudragit 

RS, Eudragit RL or the combination of Eudragit RS: RL in the ratio of 1:1.  

 

The process parameters were optimised in our study as the initial stage to avoid 

factors influencing the preparation of coated pellets using MCC, Eudragit RS and 
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Eudragit RL. Hence, the pellet's core could affect the physical and mechanical 

properties of the pellet, as discussed earlier in the introduction. The collective level of 

formulation variables includes replacing the mixier, testing the suitable speed of the 

extruder, the speed of spheronisation. These parameters' influence was considered to 

understand and provide a comprehensive overview of the method's reproducibility with 

the suitable settings. These parameters were trialled comparing with the literature 

according to the type of polymers and method of preparation (Lustig-Gustafsson et al., 

1999; Abbaspour, Sadeghi and Garekani, 2005; Kaur et al., 2020). 

The extrusion at 100-120 rpm speed produces fragile extrudates. Hence no pellets 

could be produced at this speed. The high-speed extrusion could increase the 

temperature, causing water evaporation and high friction between the particles 

(FIELDEN et al., 1988; Muley, Nandgude and Poddar, 2016). Conversely, at a speed 

of 60 rpm, the extrudates demonstrated good textures and successfully formed after 

spheronisation (Thommes et al., 2009). The optimised speed for spheronisation was 

1200 rpm, resulting in obtaining pellets with a low AR that agrees with the literature 

(Muley, Nandgude and Poddar, 2016).  

  

 Coating process parameters and yield  

 

Eudragit RS and RL were used as the coating layer to study their effect on the PRH 

release. Different studies applied these time-dependent polymers to prepare reservoir 

system formulations. Most studies used the laboratory-scale instrument fluidised bed 

system to coat the formulation and achieve a modified drug release (Friedman and 

Donbrow, 1978; Guignon, Duquenoy and Dumoulin, 2002; Stulzer et al., 2008). 

 

Since this facility was unavailable to be applied, our study aimed to use an 

uncomplicated and inexpensive coating method developed in our laboratory. We 

initially investigated specific coating parameters in this study to achieve an optimised 

formulation with modified drug properties. Consequently, this could provide a 

comprehensive understanding of the applicability and limitations of our coating method 

for future use. In addition, the observations would be helpful to be employed in the 

standard available coating method such as fluidised bed system, thus saving time and 

cost. Therefore, the final optimised formulation should be compared with the prepared 
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batch of the same parameters using the fluid bed coating method, which can be 

considered in further studies.  

 

Eudragit RS and RL were used at three different levels with 10% w/v. The different 

concentrations of more than 10% w/v of coating layers were initially tried. However, 

the homogeneous solution was difficult to prepare without forming aggregation that 

may cause slow drying of the formulation under the experimental conditions. Similarly, 

the used concentration (10%) was trialled by Kaur et al. (2020) using Eudragit S100 

to achieve colon-specific drug delivery. This concentration was suitable for coating 

layers with acceptable viscosity. Moreover, the authors found that the sphericity and 

morphology of the coated pellets were optimised using 10% w/v of polymer 

concentration (Kaur et al., 2020). 

On the other hand, MCC concentration was applied differently in the matrix and 

reservoir pellets at 20% w/v and 77% w/v, orderly. This was related to the difficulty of 

using the same amount of MCC in the matrix system with Eudragit RS. The coated 

pellets were prepared using the same ratio of MCC (77% w/w). According to our 

previous studies, ATEC of 3% w/w concentration was the suitable plasticiser.  

The results showed that the concentration of MCC influenced the yield. MCC 

concentration at 20% w/w generated the highest yield, 87.56%. At the same time, the 

yield decreased to 64-69% with 77% w/w of MCC.  

The 100% w/w concentration of MCC showed the lowest percentage yield 48-50% 

when using a similar amount of water (granulation fluid) among the other formulations. 

Therefore, a higher amount of water, 7 mL, was added to achieve enough pellets 

quantity. This batch was prepared to investigate the suitable percentage of MCC to 

prepare pellets with uniform shapes and surfaces. Hence, pellets' uniform shape and 

morphological properties are essential for a homogeneous distribution of the coating 

layer (Andersson et al., 2000; Murthy Dwibhashyam and Ratna, 2008).  Although the 

yield increased to around 80%, this batch cannot be applied for further comparison as 

the water amount differed remarkably from the other batches and only was examined 

for future application. Therefore, the yield was found to decrease with an increase in 

MCC concentration.  

 

Similarly, Kaur et al. (2020) reported that MCC influenced remarkably the yield of the 

pellets showing that the lowest MCC concentration (47.8% w/v) produced the highest 
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yield when the amount of the other ingredients was constant (Kaur et al., 2020). The 

other factor that may influence the pellets yield could be the mixing method. Hence, it 

necessary to use a bigger mixer container to facilitate the pellets preparation process. 

It also reduced the time consumed by changing the instrument parts during each 

preparation step (mixing, extrusion and spheronisation) (Muley, Nandgude and 

Poddar, 2016).  According to our previous results, the mixing method was similarly 

used, and the obtained yield was consistently similar to the obtained pellets (F0 and 

F1). Therefore, ingredients and concentration can be considered essential factors are 

influencing the formulation yield (Dukić et al., 2007).  

 

However, the yield could be improved by examining the suitable quantity of water while 

keeping the other ingredients constant. It was found that the amount of water 

influenced the particles mechanical properties due to the formation of the bonding 

forces. Consequently, the formed dust during the spheronisation could be reduced 

(Amidon and Houghton, 1995; Singh, Pai and Kusum Devi, 2012; Crouter and Briens, 

2014; Bhairy Srinivas, 2015; Saripella et al., 2016b). 

  

 Physical properties of pellets 

 

The physical properties of pellets, including flowability, bulk density, and AR, were 

evaluated for uncoated and coated batches (Table 7.9).  

The flowability results (Table 7.9) were recorded for all batches. The results ranged 

between 4-5 g/second for all batches. The pellets were free-flowing with high 

flowability similar trend were reported by Šibanc et al. and Liu et al. (Liu et al., 2008; 

Šibanc et al., 2013).  However, detected variations related to the surface properties of 

the pellets. Nevertheless, this was limitedly detected in our flowability results. This 

could be attributed to large dimensions of pellets as suggested by stereomicroscope 

and SEM analysis (Liu et al., 2008). Hence, friction between surfaces can affect the 

flowability of the particles with dimensions smaller than 250 µm remarkably (Šibanc et 

al., 2013). Therefore, the surface properties and pellets shape showed a limited effect 

and governed by pellets dimensions.  

 

On the other hand, bulk density was between 0.59 – 0.65 g/mL. This variation could 

be generated from the difference in shape between the produced batches (Table 7.9). 
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The MCC concentration and the coating process could result in such variation. 

Similarly, Kaur et al. MCC and water content influenced the prepared pellets to shape 

differently (Kaur et al., 2020). However, the adequate quantity of water used in our 

enhanced the extrusion spheronisation and the shape of the produced pellets as 

detected in the shape factor (Table 7.9) (Dukić-Ott et al., 2009). Thoorens et al. (2014) 

stated that moisture content lower than 6% positively enhances the mechanical 

properties of the produced formulation (Thoorens et al., 2014). Hence, this correlates 

with the initial amount of water that produces a plasticising effect on MCC particles; 

thus, ease of extrusion was enabled (Dukić-Ott et al., 2009).  

 

Table 7.9 Physical characteristics of the pellets of all formulations:  F1 (uncoated pellets), coated pellets 

F2 (RS), F3 (RL), F4 (RS RL) and F5 (uncoated pellets with RS) 

Formulation Bulk density g/cm3 AR (mean ± SD) 
(n=30) 

F1 0.65 1.28±0.21 

F2 0.63 1.46±0.24 

F3 0.59 1.52±0.29 

F4 0.63 1.42±0.30 

F5 0.59 1.63±0.60 

 

 

Further characterisation was necessary to assess the shape factor (AR) and 

morphological properties. Therefore, AR was measured for all batches (Table 7.9), 

and further examination for the pellets dimension and shape was detected using the 

stereomicroscope (Figure 7.12).  
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Figure 7.12 Stereomicroscope images showing AR and general morphology for uncoated pellets (F1) 

and coated pellets (F2, F3 and F4) 

 

Hence, the pellets diameter and sphericity influence remarkably the packing 

properties, which is indicated by bulk density (Muley, Nandgude and Poddar, 2016). 

Vervaet, Baert and Remon, indicated that bulk density decreases with increasing the 

particle size; we also suggest that the shape factor controls the bulk density 

remarkably (Vervaet, Baert and Remon, 1995). In our results, the bulk density was 

associated with the sphericity factor as in Table 7.9, where the small AR the high bulk 

density and similarly reported in the literature (Kaur et al., 2020). Therefore, AR 

correlates with the bulk density as both can provide an idea about the pellets size 

homogeneity.  

 

Moreover, the spherical pellets provide an easier coating to attain a modified drug 

release and optimal pellet mass flow. Hence, the preferred pellets are spherical with 

a mean diameter between 0.5 and 1.5 mm, and pellets with less than 100 µm are not 

desirable. Hence, these pellets provide a large surface area and tend to agglomerate 

during the coating process due to the cohesive forces between the small particles. 

F

1 
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This could result in uneven distribution of the coating material and thin coating film, 

which can cause an immediate drug release. Therefore, the preferable AR should be 

lower than 1.2 with narrow size distribution and smooth surfaces, allowing good 

flowability and less friable product  (Wen and Park, 2010).    

 

 

The AR was 1.57±0.5 for F0 then reduced in F1 to 1.28±0.21, as shown in Table 7.9. 

This could be correlated with the adequate MCC concentration in F1 and the suitable 

water amount (3-4 mL) (Thoorens et al., 2014). However, lower MCC contraction (20% 

w/v) in F5 and the AR was the highest 1.63±0.57. This could be attributed to the effect 

of Eudragit RS in the pellet’s matrix, which was noticed in the difficulty of preparing 

pellets from Eudragit RS alone during our experimental work, as indicated earlier. It 

was reported by Kaur et al. that the AR of pellets reduced with increasing MCC content 

and the level of water (Kaur et al., 2020). This was related to increasing inter 

particulate forces enough to reduce the pellets size during spheronisation (Kaur et al., 

2020). 

A similar trend was detected in our results showing the combined effect of the low 

amount of MCC and water in F5, increasing the AR. Thus, a high amount of MCC and 

water level provided enhanced pellets shapes with F0. However, the MCC 

concentration and water amount were adequate as in F1, demonstrating the low AR. 

Hence, a higher quantity of water could dissolve the drug (PRH), forming a highly 

viscous solution interfering with the MCC function (Lustig-Gustafsson et al., 1999).  

The optimised concentration of MCC was used to prepare coated pellets in F2, F3 and 

F4. Therefore, 77% w/w of MCC concentration could be taken forward for a future 

approach. 

On the other hand, the coated pellets' AR was higher than uncoated pellets of the 

same content (F1). Similarly, stereomicroscope images showed this shape difference 

(Figure 7.12). Hence, internal images of coated pellets (F2, F3 and F4) were glossy 

compared to the uncoated batch (F1).  

According to the t-test, AR differed significantly (p<0.05) between the same matrices’ 

pellets, the uncoated pellets F1, and each coated batches F2, F3, and F4 accordingly. 

While F2, F3 and F4 demonstrated no statical difference in their AR values according 

to one-way ANOVA and t-test (p>0.05). These findings indicate the presence of the 



291 
 

coating layers, causing the difference in the pellets dimensions and reducing the 

sphericity (Tiwari, Agarwal and Tiwari, 2013). 

However, further investigation is required for a future approach to improving the AR of 

the coated pellets to achieve the spherical range (≤1.2) (Manda, Walker and 

Khamanga, 2019). Hence, the pellets mechanical properties and modification of PRH 

release were the main focus in this stage. 

 

 Morphology examination using SEM  

 

The pellets morphology, surface properties and coating layers were examined using 

SEM. The obtained images of the F1 batch (Figure 7.13-A1&A2) showed a rough 

surface for the pellets matrix with no coating layer applied compared to other 

formulations. In comparison, in Figure 7.13(B, C and D), the coated batches F2 

(B1&B2), F3 (C1 &C2) and F4 (D1 &D2) showed smoother surfaces with outer layers 

surrounding the pellets. The coating layers were generally similar with slight variation 

associated with pellets shape and original surface roughness of the inner core as 

detected in F1. These findings were correlated with the AR results that showed no 

statistical variation between the coated batches. However, F4 showed a clear coating 

layer around the pellet compared to the other batches. Therefore, further investigation 

of pellets mechanical properties was necessary to assess the coating layer's quality 

and identify any undetectable defect in morphological characterisation. Similar to F1, 

F5 showed surface roughness and no coating layer (Figure 7.13-E). The MCC 

particles were detected in the F0 (Figure 7.14-A and B) batch, which was tested to 

detect the change in pellets shape and surface morphology. On the other hand, the 

rough surface of F0 could be correlated to the original particles of MCC (Figure 7.14-

A) of crystal shape while it was undetected in F1 and F5 (Figure 7.13-A and E 

respectively) 
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Figure 7.13 SEM images of all batches F1 (uncoated pellets) showing rough surfaces (A1 and A2) and 

coating layers with the smooth surfaces of the coated pellets for F2 (B1 and B2), F3 (C1&C2) and F4 

(D1&D2), F5 matrix pellets (E1&E2) showing the surface irregularity  
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Figure 7.14 SEM images of F0 (A) showing the surface roughness and the presence of MCC crystals 

as distributed within F0 pellets in image B 

  

 Tensile strength and YM of pellets  

 

The tensile strength and YM were the assessed mechanical properties of pellets using 

texture analysis. The tensile strength was calculated using the crushing strength 

obtained from the force against the time. Hence, the first notch or first peak with a drop 

of force was considered the crushing force. The notch represents the first crack of 

pellets deformation, and the highest peak in the graph is related to the max force to 

deform the pellets completely, represents the end of the test (Cespi et al., 2007)(C. 

Salas-Bringas1 et al., 2007). Therefore, the crushing strength was calculated using 

the first notch value during the hardness test for the formulations as in Figure 7.15.  

 

Figure 7.15 One of the hardness test results showing force (N) against time (seconds), first notch as 

the crushing force (N) and the maximum force (F) at the end of the test for F5 
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The tensile strength was measured for all pellets formulations (Figure 7.16). F1 

showed the highest value then started to decrease after coating in F2, F3 and F4. In 

contrast, F5 had the lowest tensile strength among the batches. This could be 

associated with the difference in MCC ratio in the other batches and the addition of 

Eudragit RS (Sadeghi, Shahabi and Afrasiabi Garekani, 2011) (Patel et al., 2016).  F1 

had the highest MCC ratio compared to F5 that contained the lowest.  

Although the uncoated and coated pellets had the same MCC content, the coated 

layers remarkably reduced tensile strength. According to one-way ANOVA and t-test, 

the tensile strength of coated pellets was significantly different (p<0.05) from the 

uncoated pellets (Figure 7.16). However, the coated pellets showed no significant 

difference between them (p>0.05). This could be associated with the shape factor of 

the coated pellets as there was no difference between their AR (p>0.05), yet AR 

differed significantly (p<0.05) between the uncoated and coated pellets.  

Moreover, the coating layer showed consistent mechanical behaviour indicating a 

stable coating process. Consequently, the deformation of these pellets is less affected 

by the applied force during the compaction, as the integrity of the pellets coating was 

maintained.  

 

 

 

 

Figure 7.16 The tensile strength and YM results (mean ± SD) of uncoated drug pellets (F1), coated 

pellets with Eudragit RS (F2), coated pellets with Eudragit RL (F3) and coated pellets with Eudragit 

RS/RL (F4) and matrix pellets (F5) 
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Murthy Dwibhashyam and Ratna (2008) stated that the coated pellets should possess 

enough hardness strength to deform under compression without fragmentation of the 

coating layer (Murthy Dwibhashyam and Ratna, 2008). Also, the inner core could 

provide supportive strength providing plastic deformation such as MCC (Murthy 

Dwibhashyam and Ratna, 2008) (Beckert, Lehmann and Schmidt, 1998). Therefore, 

all batches of 77% MCC (F1-F4) showed significant difference (p<0.05) from 20% 

MCC batch (F5).  

 

In addition, the difference in the mechanical properties between the formulations can 

be attributed to the moisture content; hence F1 were the highest. It was found by Cespi 

et al. the elastic and plastic properties of the pellets influenced by the moisture content 

and MCC amount. Where, higher MCC ratio resulted in elastic pellets (Cespi et al., 

2007). 

Furthermore, the other factor can be the polymers powders' original characteristics, 

which offered additional support for the pellets. Eudragit RS powder demonstrated a 

YM value of 4.52 ± 0.46 MPa and 5.54 ± 0.32 MPa for Eudragit RL.  

 

On the other hand, YM was recorded for all batches using the slope of the linear line 

of the stress against strain. The YM results were correlated with tensile strength results 

as F1 demonstrated YM higher than that of the coated batches (F2, F3 and F4) (Figure 

7.16).  

According to the t-test, the F1 differed significantly from the coated batches F2 and F4 

(p<0.05). Surprisingly, there was no significant difference (p>0.05) between F1 and 

F3. Therefore, the core of the pellet of MCC and ATEC could produce a similar effect 

on the produced batches after coating (Abbaspour, Sadeghi and Garekani, 2005) 

(Gaith Zoubari, Ali and Dashevskiy, 2019). Moreover, the influence of the low Tg 

resulted in a rapid phase transition of the polymer from the brittle to the elastic state 

offering flexibility in the coating layers as demonstrated earlier in thermal analysis (Tan 

and Hu, 2016b). 

 

Although F3 showed the highest YM compared to F2 and F4, there was no statistical 

difference according to one-way ANOVA between F2, F3 and F4. Similarly, this trend 
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was undetected in AR or tensile strength results (p>0.05). Therefore, this limited 

difference is related to the type and thickness of the coating layer around the pellets.  

On the other hand, YM of F5 differed remarkably from all batches. F5 demonstrated 

high YM and weak tensile strength indicating fragile pellets as suggested by YM. The 

desired mechanical properties of the pellets provide elastic-plastic balance resulting 

in flattened surfaces under compression with no fragmentation(Tunón, 2003)(Pai, 

Kohli and Shrivastava, 2012). Therefore, modification of PRH release through the 

formulation could depend on the pellets' mechanical properties. These findings were 

further examined in the drug release study, where F2 and F4 had the lowest PRH 

release and F1 had the highest values in acidic (pH 1.2) and buffer media (pH 6.8). 

In contrast, no modification of drug release was detected in F5.  

Consequently, the presence of polymers in the coating layer and the use of MCC as 

a core material in the pellets’ matrices supported the plastic property during 

compression, making both tensile strength and YM close for the coated formulations. 

In comparison, the absence of coating had a remarkable effect on the formulation 

(Kiziltas et al., 2014).  

 

 

7.5.2 Differential scanning calorimetry (DSC) and Thermogravimetric 
analysis (TGA)  

 

Thermal analysis was necessary to examine the thermal properties such as melting 

point and Tg and to detect the compatibility and the presence of the drug in the 

formulation (Dourado, 2019)(Saunders, 2008).  

Hence, DSC detects the change in heat capacity and the energy transferred from and 

to the samples(Dourado, 2019)(Saunders, 2008). Also, measurement of the moisture 

content that could influence the formulation's mechanical properties was assessed by 

TGA (Ronowicz et al., 2015). 

 

The DSC results showed a sharp endothermic peak at 166-167 °C, which is related to 

the melting point of PRH (Figure 7.17-A) (Bp et al., 2005) (CHMP, 2014). Similarly, all 

batches showed the same indicated endothermic peak. The results of F5 were 

attached separately to clearly show the difference and examine the results properly 

(Figure 7.17-B). Hence, the same endothermic peak of PRH was detected in F5.  
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In contrast, in the Sahoo et al. study, the combination of PRH with HPMC did not show 

the melting point of PRH (Sahoo et al., 2008). Therefore, the combination in our study 

successfully showed the compatibility between the material with no chemical 

interaction, which was similarly reported by Venkata Srikanth et al. (Venkata Srikanth 

et al., 2012). Moreover, the thermogram showed no different event indicating no 

incompatibility that may influence PRH therapeutic efficacy (Dourado, 2019). 

The slight difference in the positions of the peaks could be attributed to the 

predominant effect of the polymers in the matrix and coating layers of higher quantity. 

In addition, MCC could show Tg between 117-120⁰C (Picker and Hoag, 2002). 

However, studies reported that only endothermic peaks could exist related to MCC 

around 66-100⁰C (Barboza et al., 2009)(Li et al., 2015). This could be related to the 

plasticiser effect that caused polymeric relaxation, thus hidden and weak Tg in our 

results (Picker and Hoag, 2002). On the other hand, PRH may influence the polymers 

Tg. Kidokoro et al. stated that ibuprofen was an effective plasticiser for the polymer 

Eudragit RS PO and decreased the Tg temperature of the polymeric matrix 

(Abbaspour, Sadeghi and Garekani, 2005). Although the Tg of MCC was unclearly 

detected in our batches, the uncoated batches F1 and F5 showed an endothermic 

peak around 80-100⁰C(Barboza et al., 2009)(Li et al., 2015). Hence, the presence of 

the coating layer in F2, F3 and F4 could dominate the MCC effect. 

 

Further, according to the literature Eudragit RS and RL demonstrate Tg around 64°C 

and 63°C, respectively (Parikh et al., 2014). However, this was also unclear in the 

coated batches. This could be attributed to the transition of polymer state from glassy 

to rubbery after the addition of ATEC that reduced Tg. 

 Moreover, moisture content could synergise the plasticizer effect making Tg further 

low. Hence, moisture content (lower than 5-6%) can play a remarkable role in reducing 

the tensile strength and improving the elasticity of the polymers providing a balance in 

the mechanical properties of the formulations(Kaur et al., 2020) (Wu and McGinity, 

2000)(Rujivipat and Bodmeier, 2012). Consequently, maintain the pellets integrity 

under compaction and protecting the coating layer from being ruptured (Zoubari, Ali 

and Dashevskiy, 2019).  
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Figure 7.17 DSC thermogram A: uncoated drug pellets (F1), coated pellets with Eudragit RS (F2), 

coated pellets with Eudragit RL (F3), coated pellets with Eudragit RL: RS (F4) and the pure drug PRH 

and B uncoated pellets of RS matrix (F5)  
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Moisture content was detected using TGA for all batches (Figure 7.18). Although 

moisture content was lower than 5% for the coated batches, moisture content was the 

highest in F1 (5.2%). This could be related to the high holding capacity of MCC alone 

compared to the other incorporated polymers (Tomer et al., 2001). The difference in 

moisture content could be correlated to the hydrophilicity of the excipients and the 

quantity of water and MCC (Kaur et al., 2020). 

In addition, all batches showed degradation after 260⁰C, which was confirmed in the 

TGA thermograms (Figure 7.18) (Picker and Hoag, 2002) (Barboza et al., 2009).  

 

 

Figure 7.18 TGA results of uncoated pellets F1 and coated pellets F2, F3, F4 and matrix Eudragit RS 

pellets F5 showing the degradation after 260⁰C for all batches  

 

7.5.3 Tablet’s characterisation  

 

The tablets were prepared using 20% w/w pellets and 80% w/w of ODT matrices. Also, 

tablets of 100% w/w ODT matrices were prepared to compare with the obtained results 
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in the tensile strength and disintegration tests. The control tablets of ODTs matrices 

and PRH powder were used to study the drug release profile in the dissolution test. 

 

Tensile strength and Disintegration tests  

 

The tensile strength is an important attribute of tablets mechanical properties (Pitt and 

Heasley, 2013). The tablets need to be strong enough to resist handling, such as 

packaging, transporting, and reaching the patients. However, tablets need to be weak 

to break and dissolute in GIT and release the ingredients. Generally, a tablet with a 

tensile strength of more than 1.7 MPa could be sufficient in ensuring good mechanical 

strength to withstand the manufacturing process(Pitt and Heasley, 2013).  However, 

other tablets with tensile strength ≤1 MPa could be sufficient for the tablets are not 

exposed to high mechanical pressures according to their medical applications 

(McCormick, 2005b; Pitt and Heasley, 2013).  

The tablet's dimensions (thickness and diameter) were measured before the hardness 

test. The crushing force of tablets was assessed using a hardness tester. The 

recorded force and tablets dimensions were applied to calculate the tensile strength 

(Pitt and Heasley, 2013).  

The tensile strength was recorded for all batches (Figure 7.19). The tensile strength 

of obtained batches was significantly different (p<0.05), as suggested by the t-test. 

This was associated with the difference between the pellets' mechanical properties 

and the coating layers' presence in the coated batches, as discussed earlier. 

Moreover, the variation could be attributed to the AR of the pellets and their diameters.  

Interestingly, F2-ODTs and F4-ODTs showed a similar trend with no remarkable 

difference (p>0.05), while both batches differed significantly from F3-ODTs (p<0.05). 

Also, the thickness of the coating layer could influence the final mechanical properties 

of the tablet. In general, the tensile strength of the ODTs containing pellets was higher 

than ODTs without pellets. The distance between the pellets and particles could 

decrease under compaction, strengthening the binding force between pellets and 

particles(Tan and Hu, 2016b). Thus, an increment in the hardness of the tablets is 

expected. In addition, when the materials of the pellets core mechanically strong 

enough, the tabletting hardness can increase appropriately (Tan and Hu, 2016b). Tan 

and Hu (2016) stated that excipients play an important role in enhancing the tablets 

compressibility of MCC-containing pellets. Therefore, variation in the tensile strength 
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was expected due to the difference in the used materials. Firstly, in the pellet's core 

as in F1 compared to F5, secondly, in the coating layers around the coated batches.  

According to our results, an acceptable hardness range should offer short 

disintegration with no interference in each function (Tan and Hu, 2016b). Therefore, 

the disintegration test was performed to examine the time required for a tablet to break 

completely without leaving solid residues is called disintegration time (Beckert, 

Lehmann and Schmidt, 1998).  

 

 

Figure 7.19 Tensile strength and disintegration results for tablets (n=3) (mean ± SD) ODTs (without 

pellets), uncoated drug pellets (F1), coated pellets with Eudragit RS (F2), coated pellets with Eudragit 

RL (F3) and coated pellets with Eudragit RS/RL (F4) and uncoated pellets with Eudragit RS (F5) 

 

The good disintegration time, according to European pharmacopoeia, is less than 3 

minutes or within seconds according to FDA (Koner et al., 2019)(U. FDA, 2008b)(EP, 

2021). All the prepared ODTs demonstrated a significant difference between their 

disintegration time (p<0.05), as suggested by the t-test. However, all batches 

disintegrated rapidly within less than 30 seconds (Figure 7.19). This could be related 

to the suitable mechanical strength of tablets and pellets in harmony, offering a short 

disintegration time. Therefore, the obtained formulations achieved the characteristic 

of ODTs (Koner et al., 2019).  

Moreover, the difference in the disintegration time can be attributed to the pellets’ 

mechanical properties and the strength of binding forces between the particles and 
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pellets. Therefore, the particles interparticulate forces were influenced, thereby 

affecting the quality of the tablet (Anthony Armstrong, Patel and Jones, 1988).  

 

However, the combination of ODTs matrix with pellets had no negative effect on ODTs 

properties. Interestingly, the mechanical properties enhanced, offering a short 

disintegration time. Therefore, it can be stated that the ODTs containing pellets were 

mechanically strong enough to resist the stress conditions during the manufacturing.  

Examination of the PRH release from the prepared batches was necessary to assess 

pellets quality and modify the PRH release.  

 

7.5.4 Dissolution studies  

 

According to the British pharmacopoeia method, the drug release profile was 

evaluated using the dissolution test mimicking the stomach and intestinal medium 

(British Pharmacopoeia, 2017). All formulations were tested in two media, acid media 

of pH 1.2 (Figure 7.20) and phosphate buffer media of pH 6.8 (Figure 7.21) (EMA, 

2008). 

The PRH release from the prepared batches was compared to the PRH only tablet as 

a control to study the release difference. The results of PRH release in acidic media 

showed 100% after 15 minutes for PRH tablets. Also, ODTs of F1 and ODTs of F5 

released 96.2% and 89.9%, respectively. Simultaneously, the coated pellets released 

42%, 52.5% and 42.4% of PRH from ODTS of F2, F3 and F4, respectively.  

The statistical analysis was performed to study the PRH release from the formulation 

accurately in 15 minutes, 30 minutes, and 2 hours. All uncoated batches (PRH control, 

F1 and F5) were significantly different from the coated batches (F2, F3 and F4) 

according to t-test (p<0.05). According to one-way ANOVA, the results showed that 

the PRH release showed no statistical difference (p<0.05) between batches of 

uncoated pellets (F1 and F5) and the tablets of PRH at suggested timings.  

However, further analysing the data with t-test, this difference turned to be significant 

(p<0.05) at 30 minutes and 2 hours only between PRH and F1 batches.  

This finding indicates two possibilities. First, the MCC based matrix of high ratio (77%) 

influenced PRH released. Hence, the F1 batch showed a remarkable difference over 

30 minutes and 2 hours. Therefore, the similarity in PRH release between PRH and 

F1 batch at 15 minutes could be related to the presence of some PRH particles 
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unbounded from the matrices. MCC is frequently used in pellets preparation owing to 

its high elastic properties and tensile strength(Tan and Hu, 2016b). Therefore, the 

difference between MCC concentration in F1 and F5 influenced the mechanical 

properties of the pellets and eventually the PRH release. This was confirmed from our 

results as suggested by YM and tensile strength when comparing F1 to F5.  

Kállai et al. (2010) stated that MCC pellets affected the PRH release compared to the 

sugar and isomalt-based pellets attributed to the insolubility of MCC in water and its 

poor disintegration when used in the matrix composition(Kállai et al., 2010). However, 

F1 mechanical properties were not good enough, making it a weak formulation to 

modify PRH release (Pitt and Heasley, 2013).  

 

Although the F1 batch showed high PRH release, the pellet's core could provide 

additional support to maintain the modification of PRH release. Kállai et al. (2010) 

showed that the release rate from the coated pellets was affected by the type of the 

pellet's core in addition to the ratio of the coating polymers. This also explains the 

significant difference (p<0.05) in PRH release between batches of coated pellets and 

uncoated pellets of F1 and F5 at the suggested timings.  

This was correlated with the consistent mechanical properties of the coated pellets 

that showed a balance between elastic-plastic properties as suggested by YM and 

tensile strength. Therefore, maintaining the pellets integrity during compression 

helped the coating layers to modify PRH release efficiently. 

Hosseini, Körber and Bodmeier (2013) noticed coated pellets with brittle EC 

deteriorated the pellets integrity during compression; thus, drug release was high. 

While layering the pellets with glidant, MCC and lactose supported the coated pellets 

without compromising the drug release (Hosseini, Körber and Bodmeier, 2013b). 

 

The second possibility assumes that variation in the content of PRH within the pellets 

might occur. Nevertheless, the results showed the similarity between PRH, F1 and F5 

batches. Then after 30 minutes, the F1 batch consistently differed from the PRH batch. 

Also, F2, F3, and F4 batches showed a remarkable difference in PRH release. While 

the F5 batch that had no coating layer and the lowest MCC content behaved similarly 

to the PRH batch. Therefore, the most relevant fact explaining these findings is the 

effect of the pellets core and the coating layer. 
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In order to further investigate PRH release from the coated pellets, a comparison was 

conducted between the batches of the coated pellets.  

The results showed that F2 and F3 batches had significant differences (p<0.05) at 15 

and 30 minutes. However, at 2 hours, the batches reached to similar PRH release with 

no difference. Similarly, F3 and F4 differed only remarkably at 15- and 30-minutes 

timing. In contrast, F2 and F4 batches had a similar release of PRH at 15, 30 and 2 

hours. These results were in accordance with the coated pellets’ mechanical 

properties. Hence, the highest YM and lowest tensile strength were recorded by the 

F3 batch. Also, ODTs containing F3 showed the lowest tensile strength. Therefore, 

the pellets integrity might be influenced under compaction releasing higher PRH than 

F2 and F4 batches.  

 

Also, these findings suggest that the coated pellets released PRH differently at 

different timing, reaching a similar manner after a specific time. This confirms the time-

dependent attribute of Eudragit RS and RL (Torrado and Augsburger, 1994; Qiao et 

al., 2010; Akhgari and Tavakol, 2016). This finding also could vary according to the 

amount/ ratio of the coating layer. Hence, the surfaces of the coated pellets varied 

according to SEM results. Nevertheless, the layers were detected on the pellets 

confirming the dissolution findings. 

 

Further on studying PRH release, the batches showed a different release of PRH in 

buffer media (pH 6.2) (Figure 7.21).  

A statistical comparison of PRH release from the same batch in two different media 

(acidic and alkaline) was achieved. 

The comparison showed that the PRH batch released PRH significantly at 30 minutes 

(p<0.05), while no difference was detected at 15 minutes and 2 hours in acidic and 

buffer media.  

On the other hand, the F1 batch showed a consistent trend in both media at 15-30 

minutes and 2 hours. Therefore, we considered 2 hours to compare the PRH release 

from the same batch in different media (pH 1.2 and 6.8). 

At 2 hours, each of the following batches behaved similarly in acidic and buffer media 

F1, F3 and F5. While each of F2 and F4 released PRH differently in both media. This 

finding could be related to the difference in the coating layers distribution around the 

pellets.  
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It was found by Qiao et al.(2010) that the drying of the coated pellets with Eudragit RS 

and RL at 40 ⁰C temperature for 120 minutes made the coating particles fuse firmly, 

forming uniform layers. In contrast to the cured pellets at 30 ⁰C temperature for less 

than 60 minutes, the particles were separately distributed around the pellets (Qiao et 

al., 2010).  This finding was also confirmed by our preliminary results that showed 

weak control of PRH release due to the coating layer's weak distribution and 

consistency. Therefore, this variation could be experimentally based, as confirmed by 

the consistent PRH release from batches of PRH and the uncoated pellets F1 and F5.   

In addition, PRH is a weak base that tends to have a high release in acidic media 

(Bolourchian and Dadashzadeh, 2008). Therefore, the tendency for higher PRH 

release in acidic than buffer media indicates the presence of some PRH particles on 

the surfaces of the pellets. Thus, these uncoated PRH particles resulted in the rapid 

PRH release from the coated pellets. Hence, the difference at 30 minutes between F2 

in acid and buffer was insignificant (p>0.05). 

In general, the batches of the coated pellets showed higher PRH release in acidic 

media (pH 1.2) (Figure 7.20) than buffer media (pH 6.8) (Figure 7.21). A similar trend 

was noticed by Akhgari and Tavakol (2016) study that attributed the difference in the 

drug release from the coated pellets with Eudragit RS in acidic and buffered media to 

the distribution of the coating layer and its thickness (Akhgari and Tavakol, 2016). 

While the study of Wulff and Leopold (2014) reported that Eudragit RL coated pellets 

released the drug in acidic media higher than buffer media without giving any reason 

(Wulff and Leopold, 2014). Moreover, Qiao et al. (2010) found that the higher 

concentration of the coating layer, the higher resistance to the hydrostatic pressure 

that builds up inside the formulation core. Thus, the formation of premature cracks was 

reduced during the dissolution test. However, undesirable control of drug release 

occurred for 12 hours without reaching 100% release (Qiao et al., 2010).  

Our study agrees with Akhgari and Tavakol (2016), and Qiao et al. (2010) justify the 

burst release with the difference in the coating thickness and cracks formation in some 

pellets  

Moreover, Beckert, Lehmann and Schmidt (1998) found that thicker coating layers of 

Eudragit L 30 D-55 and Eudragit NE on bisacodyl pellets influenced the mechanical 

properties of the formulation. Therefore, the liberation of the drug was only 4% w/w of 

the total amount of bisacodyl (acidic and buffer media). However, the coating layers 

did not dissolve to release the full amount (Beckert, Lehmann and Schmidt, 1998). 
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The study showed that the high elasticity of the coated pellets reduces the deformation 

of the pellets during compression.  

In addition, film rupturing is a time-dependent process. Therefore, the elasticity of the 

coating layers and their thickness resulted in the drug release modification (Beckert, 

Lehmann and Schmidt, 1998).  This finding agrees with our results that showed low 

YM from the coated pellets. Hence, our pellets core contains 3% w/w ATEC, further 

supporting the pellets' elasticity. Also, the provided coating layers enhanced the tensile 

strength due to the increased binding between the pellets core and the coating layers.  

 

Furthermore, different studies reported similar effects of using Eudragit polymers RS 

and RL on retaining drug release. Their results indicated that the curing and fusion of 

pellets formed a protective layer providing further protection resistant to time (Kidokoro 

et al., 2001; Azarmi et al., 2002; Abdul, Chandewar and Jaiswal, 2010). 
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Figure 7.20 The dissolution profiles in acidic media of pH 1.2 for tablets of ODTs containing PRH, F1, 

F2, F3, F4 and F5 

 

 

Figure 7.21 The dissolution profiles of ODT formulations PRH, F1, F2, F3, F4 and F5 in buffer media 

(pH 6.8)  

 

0

20

40

60

80

100

120

140

0 5 minutes 15 minutes 30 minutes 1 hour 2 hours

D
ru

g 
re

le
as

e 
(%

)

Time

pH 1.2

PRH F1 F2 F3 F4 F5

0

20

40

60

80

100

120

0 5 minutes 15 minutes 30 minutes 1 hours 2 hours

D
ru

g 
re

le
as

e 
(%

)

Time

pH 6.8

PRH F1 F2 F3 F4 F5



308 
 

7.6 Conclusion  

 

The physical and mechanical properties of both initial pellets and pellets in the ODTs 

demonstrated an acceptable range. The results showed that disintegration time was 

lower than 30 seconds for all batches, and a similar trend was observed with contact 

angle results indicating a short disintegration time. It can be concluded from the results 

of PRH release that using either TEC or ATEC as a plasticizer with a coating layer 

based on time-dependent polymers such as Eudragit RS or Eudragit RL could aid 

control of PRH (Akhgari, Abbaspour and Moradkhanizadeh, 2013). ATEC of 3% ratio 

showed a good balance between elasticity and plasticity according to mechanical 

characterization results of pellets (YM and tensile strength). The batch of sufficient 

strength for preparation, packing and handling with little imperfection could be 

achieved using 3% ATEC pellets (1.1 Mpa) without affecting the rapid disintegration 

time. Hence, according to YM results, the difference between the batches of TEC (3% 

and 5%) showed no significant difference (p>0.05), while pellets of ATEC (3% and 

5%) were statistically different (p<0.05).  In addition to previous findings, the best AR 

(close to 1) was achieved.  

On the other hand, coated pellets with Eudragit RS, Eudragit RL and their combination 

of RS/RL was successfully prepared. The in vitro release studies showed that >75% 

of PRH releases from batches of uncoated pellets within 30 minutes. In contrast, 

batches of coated pellets demonstrated a modified PRH release (<54%). The suitable 

mechanical properties of the pellets were remarkably correlated with the modification 

of PRH from the coated pellets. The collected data suggested that the reservoir system 

of good mechanical properties based on time-dependent polymers could protect the 

drug from burst release, and modification of drug release can be achieved.  
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Chapter 8 Modelling trials in understanding compression 
performance of pellets to be used in the orally disintegrating tablet  
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Scoop of the study  

 

Simulating the preparation process of pellet compression within the ODT matrix using 

modelling software, namely EDEM®, is crucial to determine the physical and 

mechanical properties of the obtained formulation with a minimum cost and time. This 

method is effective to obtain reliable data with minimum lab work. 

The study aimed to understand the compression performance of PRH pellets to be 

used in the orally disintegrating tablet using EDEM. 

The pellets of 4 combinations were prepared using the extrusion-spheronisation 

method. The characterisation data of pellets, including AR, Young’s modulus (YM), 

bulk density, was achieved. The YM and compaction pressure were entered in EDEM 

2019 to collect simulation data. The following settings were applied in the type of 

creator tree the geometry material properties equipment were interaction, geometries 

were cylindrical for compactors 1 and 2 (top and base), the surface shape around the 

compaction process was polygon. The number of edges was 32 with specified values 

centre and radius (1, 0.2 M) for X, and Y with Z was 0. The acceleration was set due 

to gravity -9.81m/s2, and velocity equals 1. The results showed that batch 4 was the 

most spherical among the other batches, containing 5.4% moisture content. 

On the other hand, batch 2 had the highest moisture content of 32%, while the least 

sphericity was observed for batch 1. YM was the highest in batch 2 and the lowest in 

batch1. EDEM® simulation demonstrated that pellets could be compressed in the ODT 

matrix, demonstrating a correlation between the obtained laboratory compression 

process and simulation data with a maximum compression force of 2537N.  

                                                                                                                                                                                                                     

Keywords: particles interaction, compaction, simulation, EDEM® 
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8.1 Overview  

 

ODTs are solid formulations that dissolve within seconds to 3 minutes once oral 

contact mucosa (Bandari, Suresh, Rajendar Kumar Mittapalli, 2008; Irfan et al., 2016). 

The excipients that can be used should be compatible with narrow size distribution 

and a high ability to swell and disintegrate rapidly in the mouth (Chowdary, Shankar 

and Suchitra, 2014). There are popular patented technologies for ODT formulations 

and examples, as summarised in Table 8.1. 

Reducing dose frequency and plasma fluctuation to improve patient compliance can 

be achieved using a multiparticulate system based on polymeric ingredients with the 

selected drug. Different polymeric systems can be used in the preparation of 

multiparticulates as in microparticles or pellets based on time or pH-dependent 

polymers such as Eudragit RS and L100 or based on cellulosic polymers of high 

viscosity such as microcrystalline cellulose (MCC) (Picker and Hoag, 2002; Arora and 

Sethi, 2013; Chowdary, Shankar and Suchitra, 2014).  

 

 

 

 

 

 

 

 

 

 

Table 8.1 Examples of significant techniques to prepare orally disintegrating formulations (Badgujar and 

Mundada, 2011; Ghosh, Ghosh and Prasad, 2011; Arora and Sethi, 2013) 

Technique Properties Disadvantages Commercial 
names 

Company 
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Zydis® ⚫ No-water 
required 

⚫ Freeze-
drying of API 
in a gelatin 
matrix 

⚫ ODTs blister 
packaging 
required 

⚫ Low moisture 
content 
allowing long 
shelf life of 
the drug with 
no microbial 
growth 

⚫ Expensive 
⚫ Sensitive to 

moisture and 
temperature 

⚫ Zyprexa 
⚫ Zofran 
 

Cardinal 
Health 

Orasolv® ⚫ Used to 
prepare OTC 
(over the 
counter) 
drugs with or 
without water 

⚫ Consist of 
effervescent 
material and 
coated API 
powder 

⚫ API can be 
loaded from 
1 mg to a 
max of 500 
mg 

⚫ Low 
mechanical 
strength and 
requires 
aluminium 
foil blisters of 
dome-
shaped 

⚫ Remeron 
Soltab 

⚫ Tempra 
firsttabs 

 

Cima 

Durasolv® ⚫ Higher 
mechanical 
strength than 
Orasolv® 

⚫ Time and 
cost-efficient 
to 
manufacture 

⚫ Packed in 
both vials 
and normal 
blister packs 

⚫ Small dose of 
API 

⚫ Long 
disintegration 
time 

⚫ Bitter taste 

⚫ Zoming 
ZMT 

⚫ Nulev 
 

Cima 
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Quick-Dis® ⚫ API in a thin 
intraoral 
dissolving 
film 

⚫ Quick 
dissolving 
time 5 -10 
seconds 

⚫ Prepared by 
solvent 
casting 
method 

⚫ Many 
packaging 
types: dose-
pouches or 
blister 
packages 

 

Suitable for fast 
dissolving API 

Currently 
under 
development 

Lavipharm 

Flashdose® ⚫ Sugar matrix 
consists of 
API 

⚫ Orally 
dissolving 
tablets 

 

⚫ Bitter taste  
⚫ Porous and 

low strength 
tablet 

⚫ Relivia 
Flashdose 

 

Fuisz 

Wowtab® ⚫ Buccal 
soluble tablet 

⚫ Based on two 
types of 
saccharides 

⚫ Fast 
disintegration  

⚫ High stability 
compared to 
ODTs 

⚫ Slightly 
longer 
disintegration 
time 

⚫ Benadryl 
Allergy & 
Sinus 
Fastmelt 

 

Yamanouchi 
Pharma 

 

 

8.1.1 Pellets in modified release dosage forms 

 

Modified release formulations can be prepared as single or multiple unit dosage forms. 

Pellets are examples of multi-unit dosage forms filled into capsules or compressed as 
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tablets. Modify the drug release across ODTs by incorporating pellets in their matrices 

associated with high patients’ compliance. Arguably, by providing ease of ingestion 

while minimizing dose frequency. The ODT matrix dissolves rapidly upon contacting 

saliva, and the pellets are released, carrying the active ingredients and modifying the 

drug release across the GIT (Al-Hashimi et al., 2018). 

In order to produce good shape and size pellets with good mechanical properties, the 

polymer selection is mainly important to possess elastic and plastic properties that can 

affect the drug release, such as microcrystalline cellulose (MCC) (Figure 8.1) and 

hydroxypropyl cellulose (HPC). Pellets of an equilibrium tendency between the 

plasticity and elasticity can withstand compression forces, retaining their shape and 

integrity upon compaction (Ghosh, Ghosh and Prasad, 2011; Al-Hashimi et al., 2018).  

 

O

O

O

O

O

OH

CH3

OH

OH

OH

OH

OH

CH3

 

Figure 8.1 Microcrystalline cellulose (MCC) of 370.35 (g/mol) molecular weight showing chemical 

structure (C14H26O11) in 3D format (A) and normal structure with atomic names (B ) by ACDlab 

software (NCBI, 2015) 

 

 

A B 
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8.1.2 Software simulation 

 

Many administrative and economic problems in the pharmaceutical industry are 

associated with its manufacturing and development (Bandari, Suresh, Rajendar 

Kumar Mittapalli, 2008). 

Providing estimated drug quality and quality by design (QbD) following the 

international conference on harmonization guidelines (ICH Q8: pharmaceutical 

development) can be achieved by developing a manufacturing process based on 

process control and systemic understanding. Consequently, obtaining enough 

knowledge about the pharmaceutical process is essential to build the drug quality and 

optimize the process parameters correlation. Moreover, from the economic 

perspective, improvement of the manufacturing process could be time and resources 

consuming significantly(Rogers, Hashemi and Ierapetritou, 2013; FB and T, 2015; 

Devarampally, 2017). Since it is important to develop an efficient and strong 

manufacturing process with overcoming these challenges, the application of modelling 

software for the process was necessary from different aspects  (Rogers, Hashemi and 

Ierapetritou, 2013).  

Currently, manufacturing process modelling has become an essential step for machine 

configuration and enhancing process effectiveness in the pharmaceutical industry 

(Rogers, Hashemi and Ierapetritou, 2013; FB and T, 2015; Devarampally, 2017). 

 In general, computational fluid dynamics (CFD), finite element method (FEM) and 

discrete element method (DEM) are commonly used mechanistic models for the 

simulation of drug manufacturing(Fries et al., 2011; Krok and Wu, 2017). These 

models work by capturing the physical features using primary information such as 

mass, size, and energy. Consequently, these models provide accurate estimation for 

all experimental aspects. Moreover, the mechanistic models provide scientific insight 

into the manufacturing process (C. Y. Wu et al., 2005). 

The FEM and variational method are modelling methods applied to solve partial 

differential equations of geometrical surfaces from a few variables’ information. FEM 
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is one of the variational methods where it depends on energy minimization. Therefore, 

it is widely used in different mechanical applications related to civil engineering (Chuan 

Yu Wu et al., 2005).  

This method is a numerical analysis that considers the tablet a continuous medium 

representing the powders plastic and elastic deformation to analyse powder 

compaction and its mechanical properties in different pharmaceutical applications (Wu 

et al., 2008; Klevan, 2011). When specific parameters are applied to a material, this 

results in various shape arrangements; however, only one layout practically can be 

attained without depending on the number of simulations performed (Panthi et al., 

2007). 

FEM simulation was used in a study conducted by Okada et al. (2016) to examine the 

mechanical stress applied on the tablet’s surfaces (top and the bottom layer) and 

evaluate the correlation between the tablet's shape and mechanical properties. This 

step was done by simulating the distribution of applied stress on the scored tablets. 

The diametral-compression test was carried out to assess the tensile strength. The 

results showed that when the depth was low (0.50 mm), the applied force was 

79.05±1.13 N, and the tablet’s hardness was 33.33±1.53 N which were considered 

high. The same trend was noticed substantially when the depth increased (0.75, 1.00, 

1.50 mm); the applied force along with hardness reduced as their values were 

71.21±1.13, 63.37±2.04, 32.99±1.5 N and 28.00±1.00, 25.67±1.53, 24.00±1.00 N, 

respectively (Okada et al., 2016).  

 In addition, the tensile strength was produced on both sides of the tablet’s surfaces 

(top and bottom), with a wide area generated in correlation with score depth. The 

correlation between FEM and experiments data was detected, indicating the success 

of FEM in providing more explanation about the properties of the produced tablets. 

However, some aspects were necessary to further investigate, such as the tablet 

dimensions, weight, and form, influencing the results and FEM simulation correlation 

(Okada et al., 2016). 

There are limitations in the general application of FEM, such as the representation of 

mechanics of fluid and wave transmission as it depends on the materials energy and 

phenomena associated with physical and chemical properties. However, different 

enhancements have been applied to overcome the drawbacks and improve the model 
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application. Different types of FEM have been used to cope with the limitations, such 

as extended, mixed, generalised and hp-finite element methods (Panthi et al., 2007; 

Frenning, 2010; Jonsson, Gråsjö and Frenning, 2017) 

 

The other mechanistic model is DEM. The use of DEM provides speed, location, and 

movement simulation of each particle. In addition, it can provide distribution of all 

particles based on their sizes which is not possible with the Eulerian model that 

calculates the particles movements or diffusion based on the particle’s concentration 

(Devarampally, 2017; Yeom et al., 2019). Besides, DEM allows examining the impact 

of process conditions and machine design on the drug quality in the formulation 

(Ramírez-Aragón et al., 2018). Therefore, DEM can simulate different processes such 

as granulation and coating (Boikov, Savelev and Payor, 2018). 

 

Furthermore, DEM can be combined with CFD or FEM to simulate other operations-

related compaction (Krok and Wu, 2017). Despite the various advantages of DEM, 

there are some limitations, such as when applying DEM for simulating large numbers 

of particles, a computational issue is generated. Nevertheless, some computers’ 

hardware was developed to solve the drawbacks using commercially accessible 

software  (Michrafy, Ringenbacher and Tchoreloff, 2002). 

In our study, DEM simulation was applied in modelling the multiparticulate system of 

constructed pellets based on polymeric matrices. The basic components of DEM and 

its implementations in pharmaceutical methods are comprehensively presented in 

Table 8.2.  

 

Table 8.2 Examples of simulation software and designed companies (Yeom et al., 2019) 

Software name Designer Pharmaceutical studies & application  

Commercial EDEMTM DEM 
solutions 
Ltd. 

(Ketterhagen, 
2011)(Suzzi et 
al., 2012) 

 Motion and 
orientation of 
pharmaceutical 
tablet shapes in a 
film coating pan 

 Effects of tablet 
shape and fill level 
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on inter-tablet 
coating  

Rocky 
DEMTM 

ESSS (Nyembwe, 
Cromarty and 
Garbers-Craig, 
2019)  

(Boikov, Savelev 
and Payor, 
2018) 

(Jiménez-
Herrera, Barrios 
and Tavares, 
2018) 

 Pressure effect 
across granulated 
mixtures 

 Calibration, design 
of experiment 

 

 Breakage models 
impact on particle 
beds 

STAR-
CCM+ 

CD-
adapco 

(Tamrakar and 
Ramachandran, 
2019) 

(Devarampally, 
2017)(Baran, 
Han and Aglave, 
2016) 

 Spray fluidized bed 
wet granulation 
process 

 Mixture dry and 
wet particles inside 
the rotary mixer 

LS-
DYNA® 

LSTC (Jensen, Fraser 
and Laird, 2014) 

(Karajan et al., 
2014) 

(Han, Teng and 
Wang, 2012) 

 Improving the 
precision of 
simulations  

 

 Sphere packing  
 

Opensource YADE SDEC at 
Grenoble 
University 

(Wang and Li, 
2014)(Lawson, 
2008) 

 Granular materials  

 Dissolution and 
content uniformity  

 

 

 

8.1.3 Theory of Discrete Element Method 

 

DEM is a simulation method for predicting mechanical dynamics, such as each 

particle's location, speed, and movement (Ahmat, Ugail and Castro, 2011). The forces 

generated by particles or boundaries on other particles can be calculated with a 

specific time using the contact model of DEM. Besides, the position of the particles 

can be determined with a time step. Simulating the particles bonds, interactions, 
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particle-particle geometry, or contact is the most critical function in DEM modelling by 

applying the contact model. Hence, the contact model depends on the physical 

characteristics of particles, such as elasticity, plasticity, thickness, and density 

(Papavasileiou et al., 2007)(Baroutaji et al., 2017).  

Figure 8.2 lists different contact forces affecting particle interactions and, respectively, 

their behaviour during compression. The choice of contact model used in the 

simulation is made based on the contact forces involved, as demonstrated below: 

 

 

 

Figure 8.2 Contact forces effect on particles interaction and their behaviour during compression showing 

the used contact model (Yeom et al., 2019) 

 

Several researchers studied the compaction ability of pharmaceutical ingredients. 

Michrafy et al. (2002) conducted a study to understand powders mechanical properties 

and compaction parameters to reduce tabletting problems. The results showed that 

the hypothetical models used to assess powders' mechanical properties agreed with 

experimental results and previous literature. Also, the method was successful in 

examining powders compaction behaviour. Hence, different parameters were 

Particles 
interaction

Non-Contact

Van der 
Waals forces

Electrostatic 
force

Liquid bridge 
force

Contact

Inelastic

Elastic
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examined, including YM, Poisson ratio and angle of friction of lactose powder. 

Besides, Drucker-Prager Cap (DPC) model based on elastic-plastic theory was 

applied. Hence, the DPC model was used to consider friction and cohesion between 

lactose particles (Michrafy, Ringenbacher and Tchoreloff, 2002).  

Similarly, Lactose compaction behaviour was analysed by Wu et al. (2005), and the 

DPC model was applied to assess the yield by FEM software. The results indicated 

that the simulation results agreed with lab results for the compaction and the relative 

density, proving the modelling process's success. In addition, examining the stress 

distribution on the compact showed a local stress band starting at the lowest centre 

toward the tablet's upper edge, leading to the tablet cracking. These results were 

confirmed by detecting breaks in the tablets from the X-ray images, showing the 

harmony with modelling results that predicted dosage form failure under compaction 

(C. Y. Wu et al., 2005). 

Similarly, FEM and the DPC model were used by Krok et al. (2017) to study 

compaction characteristics of MCC powder and identify the failure aspects in tablet 

compaction, including the following steps: filling the die, powder compression and 

tablet ejection. The results of MCC mechanical properties with parameters compaction 

process were entered into FEM. It was concluded that heat generated during the 

tabletting process was concentrated in the centre of the tablet. Moreover, the 

distribution of stress produced by FEM was correlated with cracks of tablets in practice 

(Krok and Wu, 2017). 

In this chapter, the elastic-plastic deformation of the particles under compression was 

examined using EDEM® by applying the contact model according to a modified 

reported method (Ramírez-Aragón et al., 2018)(Yohannes et al., 2017). The laboratory 

data of plastic properties and YM were applied using the model for one of the prepared 

pellets combinations. 
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8.2 Aim and objective 

 

8.2.1 Aim 

 

This project aims to understand the compaction behaviour of PRH pellets in the ODTs 

matrix using EDEM 

8.2.2 Objectives 

 

⚫ Prepare pellets using the optimum plasticizers ATEC and sorbitol according to 

previous studies in our project 

⚫ Formulate 4 batches with different compositions based on standard recipient MCC  

⚫ Determine the physical characteristics of each batch, including dimensions, 

hardness, and YM 

⚫ Produce an extrapolative design of compaction behaviour using EDEM®  
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8.3 Experimental  

8.3.1 Materials 

 

Chemical compounds are explained in detail in the experimental chapter.  

EDEM® 2019 is a professional simulation software (DEM Solutions Ltd., Edinburgh). 

8.3.2 Methods  

Pellet preparation 

 

Four batches of pellets were prepared using different combinations of MCC, ATEC 

and sorbitol with the same amount of PRH as outlined in Table 8.3. Depending on 

material properties, the amount of water was used to obtain a wet mass with good 

consistency to be extruded then spheroid into pellets. The method was explained in 

detail in the experimental chapter. 

Table 8.3  Composition of each batch used in the preparation of PRH pellets (% w/w) 

Batch Drug % MCC % ATEC % Sorbitol % Water (mL) 

1 0 100 0 0 12 

2 20 80 0 0 10.5 

3 20 77 3 0 9 

4 20 77 0 3 9 

 

Pellet characterization 

 

The pellets were characterised using the general method explained in the 

experimental chapter and the brief experimental as follow  

8.3.2.2.1 Micrometric properties 

A.Yield 

B.Aspect ratio 

C.Bulk density 

D.Flowability 

 

The detailed methods were illustrated in the experimental chapter. 
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8.3.2.2.2  Morphology and shape    

 

The shape of the prepared pellets is an essential factor that affects the physical 

properties of the pellets, such as porosity and compressibility. The pellets’ shape and 

surface morphology were studied using SEM (Zeiss Evo50- Oxford instrument, UK). 

Micrographs were collected for pellets showing the morphology, surface, and particles 

size of all samples. The method was reported in the method chapter. 

 

8.3.2.2.3  Mechanical properties 

A.Elastic profiles  

 

The elasticity was measured for each batch (n=3). The results were recorded as a 

graph of the applied stress (MPa) against deformation, which is the strain (%)(Wang 

et al., 1996) as expressed in the experimental chapter. 

 

B.Pellets hardness 

 

Pellets (n=30) were examined; hardness was measured according to Cespi et al. 

method by detecting the first notch of the texture analysis graph(Cespi et al., 2007). 

The method details were explained in the experimental chapter. 

 

 Thermal analysis  

 

All samples were thermally analysed, as explained in the experimental chapter, using 

both of the following techniques: 

8.3.2.3.1 Differential Scanning Calorimetry (DSC) 

8.3.2.3.2 Thermogravimetric Analysis (TGA) 

 

Statistical analysis  
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The tensile strength results, YM and AR for all batches, were statically analysed using 

SD, %RSD and one-way ANOVA (p<0.05) via Microsoft excel.  

 

 Software simulation 

 

The discrete Element Method (DEM) was chosen to prepare the computational data 

for simulating the pellets behaviour under compression. EDEM® is the commercial 

version of DEM and offers software without coding. Besides, all the steps of the 

compression process and pellets behaviour can be modelled. Moreover, the version 

is available for a three-month free trial, offering a good trial before the full purchase. 

EDEM® is based on three sections: creator, simulator, and analyst (EDEM, 2016). 

 

8.3.2.5.1  The creator 

 

Once EDEM® started, the first screen starts with the creator section offering a new 

deck, as seen in Figure 8.3. This section is divided into tree, viewer, and toolbar. The 

details of the particle are required to be entered in the tree part to start the simulation. 

The simulated part can be visualized in the viewer. Simulation can be edited using the 

toolbar, which enables changing parameters such as the simulation opaqueness of 

the pellets or particles (EDEM, 2016). 
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Figure 8.3  Starting window of the EDEM® creator showing tree, viewer, and toolbar 

 

The bulk density, shape and size of particles were entered in the tree part. The groups 

of particles were produced as small and large particles of a 1 mm and 1.25 mm 

physical radius, respectively; hence large particles were close to the pellets of the 

smallest AR. 

The correct dynamics can be predicted using a defined particle size. The 

pharmaceutical materials' particle size was used in the process. However, the micron 

and submicron particle sizes required a long time to simulate the dynamics of the 

particles. Therefore,  particle size was escalated cautiously within a range showing no 

impact on the particle movements and other variables following the literature (Adam 

et al., 2011; Börner et al., 2016; Yeom et al., 2019). Hence, numerous DEM and EDEM 

-based simulations studies have been computed by scaling up the particle sizes of the 

pharmaceutical materials (Janda and Ooi, 2016; Pantaleev et al., 2017; Coetzee, 

2019; Yeom et al., 2019).  

Hassanpour et al. studied the simulation of particles blending to detect the flow 

properties of the particles in the mixer. The size scale for the particles was between 
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2.26 to 11.40 mm, and the number of particles increased up to 15,000 and 7000. The 

results showed that the flow properties were similar to the real data for each particle 

size(Hassanpour et al., 2011; Yeom et al., 2019). 

Also, the shear modulus was set to a low value (3.2 MPa) to reduce the computational 

time, as it does not considerably influence the particle dynamics simulations in 

pharmaceutical manufacturing processes  (Lommen, Schott and Lodewijks, 2014). 

This part was studied by Lommen et al., showing the effect of reduced shear modulus 

in three bulk tests to achieve a short simulation time (Lommen, Schott and Lodewijks, 

2014). The shear modulus was set within the range of 0.01–100,000 MP and using 

the Hertz-Mindlin contact model. The shape of the particles was spherical. The results 

indicated that shear modulus above 100 MPa did not affect the particle dynamics. 

Therefore, the results showed that reducing the shear modulus was suitable to 

accelerate simulation since no effect is detectable on particles dynamics(Lommen, 

Schott and Lodewijks, 2014; Yeom et al., 2019) 

In order to define inter-particulate bonds between the small and large particles, a 

contact model had to be used before running the simulation. The contact model can 

either be described and generated within the software or chosen from the library of 

built-in contact models. In this project, Hertz-Mindlin with Bonding Contact Models was 

applied. Hence, Hertz contact theory applies to the contact between two bodies, 

including two spherical surfaces or spheres(Wang and Zhu, 2013)(DEM Solutions Ltd., 

2014). Hertz-Mindlin with Bonding Contact Models is the appropriate choice for 

modelling particles compression as the accumulation of energy is detected from both 

the pellets and particles bonding (Yeom et al., 2019). These bonds can resist indirect 

and normal movement up to maximum pressure, at which the bond breaks (DEM 

Solutions Ltd., 2014). In addition, the model can represent the relationship between 

force and displacement during compression, providing an accurate simulation for all 

particles(Wang et al., 1996; Yeom et al., 2019). 

On the other hand, there is a physical radius and contact radius for each particle. The 

physical radius is smaller than the contact radius by 20-30%, as depicted in Figure 

8.4. Hence, the contact radius can detect the sites where the bonding is starting. Also, 

bonding occurs when the contact radius is bigger than the distance between two 



327 
 

particles, and there is no bonding if the radius is smaller than the distance (DEM 

Solutions, 2017). 

 

 

 

 

Figure 8.4 Hypothesized illustration of two particles showing the physical radius (R), contact radius 

(C.R), and bonds formation at the overlap of the contact radius drawn using Microsoft software 2018 

 

The sum of the contact radius between the small and large particles, two small 

particles and two large particles, was 2.8 mm, 2.6 mm, and 3 mm. In addition, a defined 

disk radius with a smaller value than that of contact radii is necessary for bond 

formation when particles are only close to each other. Therefore, according to the 

Hertz-Mindlin model, the bonded disk radius was set to 0.95 mm to ensure bonds 

formation only between the overlapped contact radii of particles under compression. 

On the other hand, the geometry of the manual tabletting compressor in  

Figure 8.5 was simulated in Figure 8.6, displaying an upper and a lower press, defining 

all movements of the particles, dying, and punching through the physics part of the 

creator. The following settings were applied in the creator tree for the geometry 

material properties: equipment type was interaction, geometries were cylindrical for 

compactors 1, and 2 (top and base), the surface shape around the compaction 

process was polygon. The number of edges was 32 with specified values centre and 

radius (1, 0.2 M) for X, and Y with Z was 0. The acceleration was set due to gravity -

9.81m/s2, and velocity equals 1. The equipment density was set to 7500 kg/m3. The 

Bond 

formation 

occurs in this 

area 
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solid density 1500-2500 g/cm3. The time of the geometry’s movement was set with a 

time difference allowing the suitable compaction process. The start and end times 

were set to 2.03 – 0.5 for kinematics 1, and kinematics 2 was 0.05 – 0.3, respectively 

(DEM Solutions, 2017). The simulation set was trialled from 1-10 seconds, similar to 

the applied pressure time during real compression. 

The particles were programmed to fill the die as the first step of the simulation. After 

that, the punch's movement was initially lowered to compress the particles then 

elevated after compression. 

 

 

 

Figure 8.5  Tableting machine with a manual hydraulic press and upper punch to compress the powders 

(SPECAC Ltd, UK) 
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Figure 8.6 Simulated tabletting press showing upper and lower punch modelled by EDEM® 

 

8.3.2.5.2  EDEM simulator 

 

The file was saved after preparation for the simulation. Then the creator window 

switched to the EDEM® simulator section to begin modelling. EDEM® simulator 

window can be seen in Figure 8.7 showing the simulation settings, including total time 

of simulation 1.25 seconds for the process, fixed time step 20% of the total simulation 

time, the smallest grid radius 1 cm and cell size 2.5 cm. 
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Figure 8.7 EDEM® Simulator, representing the simulation processing of the pellets 

 

8.3.2.5.3  EDEM analyst 

 

In order to analyse the results, the simulation was switched to the EDEM® analyst 

window shown in Figure 8.8. At this stage, the evaluation of both particles and pellets 

performance with the equipment was detected. Hence, the analyst window includes 

the tree, the viewer, and the toolbar for controlling, changing, and analysing simulation. 

In addition, other options were provided, such as changing opacity and displaying 

particles in different colours according to particles dimensions, binding energy, density 

in the viewer section. Moreover, the view of simulations angles and displaying time 

were controlled in the toolbar options. The video and images of simulations results 

were recorded. The graphs showed the energy outlines for all particles during the 

compaction and the compression process of force against time. 
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Figure 8.8 EDEM® analyst window showing tree, viewer, and toolbar 
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8.4 Results and discussion 

 

Pellets were successfully prepared using the extrusion-spheronization technique. The 

produced batches of different compositions were evaluated to select optimum 

formulation results. The pellets with good mechanical and rheological properties were 

tested successfully to obtain the characterization data required for the software 

simulation. 

 

8.4.1  Micrometric data of pellets 

 

Following the weight measurements of the batches, the yield was calculated and 

summarized in Table 8.4. The results showed that the yield ranged between 78% - 

109% indicating that the method was reproducible. The yield for batch 2 was slightly 

over 100%. This is possibly due to the high amount of water used. Hence, after drying 

batch 2, pellets lost 32% of their weight as unbound water (moisture) confirmed by the 

TGA results. 

 

Table 8.4 Micrometric results showing bulk, tap density and the yield before drying with pellets sphericity 

in AR (n=30) and moisture content from TGA results 

Batch  Yield% AR mean ± 
SD 

Moisture 
content % 

%RSD 
of AR 

Bulk 
density 
(g/mL) 

Tap 
Density 

(g/mL) 

1 86.8 1.57 ± 0.3 9.4 19.10 0.71 0.71 

2 109.2 1.53 ± 0.28 32 18.30 0.76 0.76 

3 86.8 1.42 ± 0.20 2.1 14.08 0.71 0.71 

4 76 1.31 ± 0.22 5.4 16.79 0.83 0.83 

 

On the other hand, the bonded water molecules to the MCC particles in batch1 

rendered the mixture of high moisture content affecting the formation of extrudates in 

pellet preparation and ultimately the yield. A similar trend was found by Kaur et al., 

increasing MCC concentration in the pellets reduced the yield (Kaur et al., 2020). 
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Batches1&2 demonstrated high moisture content of 9.4% and 32%, respectively. It 

can be assumed that the high moisture content was correlated with the amount of 

water used. Although a higher amount of water was used in batch1, the porous 

structure of the pellets (as confirmed in SEM) and the presence of crystalline and 

amorphous regions in MCC (grade 102) made the pellets retain less water and easily 

lose the water during the drying process. It was demonstrated by Thoorens et al. that 

the fraction of amorphous to the crystalline in the MCC structure affects the water 

sorption within the particles as water is mainly retained in the amorphous part 

(Thoorens et al., 2014). 

On the other hand, the drying parameters could be insufficient to remove the added 

water (granulation fluid) after adding PRH to the MCC mixture in batch 2. This can be 

confirmed from the results of other batches (3 and 4) since the water amount 

(granulation fluid) was less than that in batches 1 and 2.  Hence, it was reported that 

the addition of MCC to the mixture could improve the mixture's ability to hold a large 

number of water molecules by reducing water molecules migration (Otero-Espinar, 

Luzardo-Alvarez and Blanco-Méndez, 2010).  

Therefore, batch 1 had lower moisture content than batch 2. Moreover, the lowest 

moisture content was for batch 3 with 2.1%, since ATEC has low water solubility that 

could render unbounded water molecules in the matrix, thus facilitating water 

evaporation during the drying stage (Fadda et al., 2008).  

The result of batch 4 can confirm this as the moisture content was 5.4%, where the 

chosen plasticizer was sorbitol with high water solubility and hygroscopic tendency 

despite using a similar amount of water to batch 3 (Babenko et al., 2019) (National 

Center for Biotechnology , 2020). It can be stated that the difference in moisture 

content among the prepared batches was affected by the physical properties of the 

ingredients (amorphous or crystalline), the quantity of granulation fluid used and drying 

parameters. The other micrometric examination measured the AR of all batches. It 

was noticed that batch 4 had the most spherical pellets than other batches as AR was 

closer to 1 (Hentschel and Page, 2003). Hence, the obtained results using sorbitol as 

a plasticizer improved the sphericity of the pellets and surface properties (Otero-

Espinar, Luzardo-Alvarez and Blanco-Méndez, 2010). 
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On the contrary, the highest AR was noticed for pellets with only MCC and no 

plasticizer. Moreover, the high % RSD for pellets of batch 1 and 2 indicated the low 

shape uniformity compared to batch 3 and 4. This finding happens because many of 

the pellets had elongated and irregular shapes, as confirmed by SEM. Hence, different 

factors can affect sphericity, including water amount, excipients, spheronization time 

and speed. Therefore, adjusting the quantity of added water could also improve 

sphericity (Muley, Nandgude and Poddar, 2016)(Kaur et al., 2020). This was 

correlated with the difference between the mechanical properties results as the 

variance between AR of all batches was significant (p<0.05). 

On the other hand, all batches showed low bulk density (<1 g/ml). Similarly, tap density 

was low and identical to bulk density, indicating that all batches had good flow 

properties. Moreover, compressibility index and Hausner ratio results were zero and 

one for all the batches since there was no volume change between the pellets before 

and after tapping. This can be attributed to the low AR range of 1.31-1.57 of the pellets 

resulting in good rheological properties (Tiwari, Agarwal and Tiwari, 2013). This was 

in harmony with flowability results, as a 2 g sample from every batch had a flow rate 

of 0.4 seconds. 

 

8.4.2  Mechanical properties 

Tensile strength 

 

In this preparation, the use of MCC was important to achieve pellets with good strength 

to maintain their integrity under compression during tabletting without affecting the 

drug release from the pellets. Hence, MCC increases the binding strength between 

the particles and aids in pellets formation (Thapa et al., 2017).  Zeeshan et al. prepared 

pellets of pseudoephedrine hydrochloride coated with different coating layers, then 

compressed them into tablets using MCC (Ceolus KG-801) as a tabletting excipient. 

The results showed that increasing MCC content in the tablets from 50% to 60% 

delayed the drug release rate. Also, increasing the amount of MCC has reduced 

damage to the coated film. This was related to the distribution of MCC granules within 

the spaces between the compacted pellets and the cushioning effect of MCC that 

protected the pellets under compression (Zeeshan, Peh and Tan, 2009). 
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Therefore, compression of tablets composed of pellets without using MCC either in 

the coating layer or the matrix might have too low tensile strength. This can be 

observed in batch 1 as the MCC pellets showed the highest tensile strength compared 

to other batches. In addition, by reducing the amount of MCC and adding propranolol, 

as in batch 2, the tensile strength was reduced to the lowest value. This can be related 

to the effect of its moisture content (9.4%) and the high quantity of water used as a 

granulation fluid. Despite the higher moisture content in batch 2, this variance could 

be attributed to the different impacts of water on each ingredient. Hence, water affects 

MCC properties, enabling hydrogen bonding between the added water molecule and 

particles during pellet formation, thus increasing the water diffusion coefficient and 

enhancing the water penetration (Sahputra, Alexiadis and Adams, 2019). 

Moreover, the impact of moisture content depends on the state and position of water 

molecules in the formulation; for instance, moisture content can take the form of 

anhydrous units bounded either tightly to the particles or absorbed at the surfaces of 

the particles or as bulk water. Therefore, the tensile strength increased with increasing 

moisture content since the number of solid bridges between particles increased, 

reducing the distances between them and allowing particle-particle interaction (Thapa 

et al., 2017). On the other hand, if bulk water is present in granules, multiple water 

layers could reside on the particles' surfaces leading to swelling MCC molecules. 

Thus, the distance between the particles increasingly affects particle bonding by 

hindering the intermolecular attraction forces, reducing tensile strength (Thapa et al., 

2017). 

It can be noticed that tensile strength for the batches (2,3 &4) is lower than batch1. 

Nevertheless, batches 3 & 4 showed higher pellet strength than batch2 after adding 

the plasticizers ATEC and sorbitol receptively. This can be attributed to two reasons 

firstly, the low amount of plasticizer used in pellet preparation had an anti-plasticizing 

effect, thus increasing the tensile strength(Chamarthy and Pinal, 2008). Secondly, the 

small diameters of batches 3 and 2 offered a large surface area to resist the applied 

force. On the other hand, the difference in tensile strength values between batch 3 

and 4 is related to the type of plasticizers as well as the moisture content effect. Hence, 

the good moisture content of batch4 (5.4%) allowed water bridges to form between 

the particles leading to increase pellets strength (4.56 MPa), and the low moisture 
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content for batch 3 (2.1%) reduced the interparticulate attraction leading to low 

strength pellets (2.08 MPa ) as in Figure 8.9 (Chamarthy and Pinal, 2008). 

 

 Young's modulus (YM) 

 

The elastic properties of all pellets were evaluated based on the value of YM. Figure 

8.9 illustrates the graph of YM and tensile strength values for the four batches. 

 

Figure 8.9 Mechanical properties of pellets showing the YM (n=3) and tensile strength (n=30) in mean 

+/- SD 

 

Pellets with low YM show high elasticity, and those with high values have plastic 

deformation tendencies (Kubík and Kažimírová, 2015). The results showed that by 

combining more ingredients with MCC, YM started to change. For example, in batch 

2, adding a drug with no plasticizer increased YM value contrary to batch1 of lowest 

YM, which comprises MCC solely. Regarding batch 2, lower YM was obtained by 

batch 4 and 3 accordingly, as incorporating sorbitol and ATEC in the pellets rendered 

the formulation more elastic. A similar trend was noticed with the tensile strength 

results; for example, using MCC in batch1 resulted in high tensile strength particles. 

This is related to the impact of water on MCC molecules that exists either bulk or 

bonded, as discussed earlier. As a result, bulk water presence on the molecules 
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increased the volume between the particles, thereby enhancing the molecules' 

mobility and reducing the YM (Thapa et al., 2017). 

Moreover, water has a plasticizer effect, which causes the glass transition temperature 

(Tg) to reduce as moisture content increases; this explains the transition from a glassy 

to a rubbery state and reduces YM (Snejdrova and Dittrich, 2012). Additionally, batch 

2 showed that the addition of the drug could fill these distances or gaps between the 

swelled particles of MCC, resulting in particles having higher plasticity and reduced 

mobility. Moreover, the addition of plasticizer, either ATEC or sorbitol, reduced YM 

values by improving the particles' flexibility by reducing Tg, which was noticed in DSC 

results (Snejdrova and Dittrich, 2012). Since the difference in mechanical properties 

results among the batches was significant (p<0.05), the batch of the good properties 

was selected for simulation studies.  

The good batch properties were batch 4 used in EDEM® simulation, including AR, 

bulk density and YM by applying the basics of a modified reported method. Since 

experimental data such as AR were mostly in the micron or submicron range, the 

computational time for simulating the pellets dynamics was significantly long. 

Therefore, in our study, data numbers were scaled up, since that is not influencing 

particle or pellets dynamics in general. Similarly, the results were scaled up to obtain 

less computation time by Yeom et al. and Hassanpour et al. (Hassanpour et al., 2011; 

Yeom et al., 2019). 

 

8.4.3  Morphological characterization 

 

All batches were examined using SEM analysis, and images were collected in low and 

high magnification. The images showed a general overview (Figure 8.10) and detailed 

each pellet with high magnification (Figure 8.11) to determine the pellets' morphology, 

AR, and surface properties.  

SEM showed that pellets of batch1 had rough surfaces and high porosity (Figure 

8.10&Figure 8.11 -A). Also, the existence of some MCC crystals in the pellet’s 

surfaces. Although water amount was added in the highest ratio during pellets 

preparation of batch1, some of the MCC particles retained their crystals shape of the 
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original powder(Thoorens et al., 2014). Therefore, the high surface roughness and 

large pores of the pellets increased the mechanical interlocking, leading to high tensile 

strength recorded in the mechanical properties testing. However, interlocking pellet 

issues had a minimum effect on pellet flowability as batch1 pellets attained good 

flowability due to the largest AR. Similarly, Al-Khattawi et al. reported that microfibril 

and a high number of pores on MCC particles provided a high chance for interlocking 

mechanism; hence MCC showed 3 times higher surface roughness to d-mannitol 

particles, which justify the high hardness of MCC compacts (Al-khattawi et al., 2014). 

 

Surprisingly, the MCC micro-strands disappeared from batch 2 surfaces related to the 

addition of PRH and reducing the amount of MCC (Figure 8.10&Figure 8.11-B). 

However, batch 2 showed a large AR and rough surface compared to other batches 

(3 &4), which agreed with physical examinations of AR. It can be assumed that the 

low tensile strength of batch 2 is attributed to the high surface roughness, which in turn 

reduced the available binding sites for particle-particle bonding, thus interfering with 

interparticulate attraction. It was reported that surface roughness is one of the 

parameters affecting the interparticulate forces between particles (Petean and Aguiar, 

2015). On the other hand, batch 4 showed spherical pellets correlated with its small 

AR. This can be attributed to the addition of sorbitol to MCC and PRH in the pellet 

matrix, indicating that the good properties of sorbitol improved pellet sphericity, and 

the incorporation of MCC rendered the pellets with smoother surfaces compared to 

batch1, 2 and 3.  

It was reported that the addition of sorbitol to the pellets could play a significant role in 

improving the pellets’ surface properties by providing a good wet mass consistency 

for extrusion spheronization (Otero-Espinar, Luzardo-Alvarez and Blanco-Méndez, 

2010). 

 

Despite observing smooth surfaces of batch 3, the pellets showed higher AR hence 

higher diameter than batch 4, leading to a reduction in the surface area under the 

applied force during tensile strength testing (Figure 8.10&Figure 8.11-D). Therefore, 

there was a difference in mechanical properties between batch 3 and 4. In addition, 

the uneven surfaces of the pellets (batch 3), as noticed in image C of Figure 8.11, 
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could have interfered with the available binding sites between the pellets for forming 

interparticulate bonding. 

 

 

 

Figure 8.10 SEM images of MCC batches with a general overview of low magnification showing AR 

batch 1 (A), batch 2 (B), batch 3 (C), batch 4 (D) 

 

 

 

Figure 8.11 SEM images of high magnification showing the surface of each batch1 (A), batch 2 (B), 

batch 3 (C), batch 4 (D) 
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8.4.4 Thermal analysis 

 

The four batches were examined to detect the physical changes and melting point 

after incorporating the drug and the plasticizers within the formulations by DSC (Figure 

8.12). 

DSC thermogram resulted in an endothermic peak at 167°C representing the 

propranolol melting point, as 164°C is the PRH melting point according to the British 

Pharmacopoeia (British Pharmacopoeia, 2020). A similar endothermic peak was 

noticed in batches 2,3, and 4 (Figure 8.12), showing the presence of the PRH within 

the formulations. However, the slight peak shifting could be attributed to the reduction 

of Tg due to the addition of water and plasticizers (Snejdrova and Dittrich, 2012).  

Due to the high moisture content, MCC Tg ~133°C was detected in batches 3 and 4 

and was less obvious in batches 1 and 2 (Picker and Hoag, 2002). Also, it can be 

assumed that the sorbed water in the MCC affected the Tg step (Thoorens et al., 2014). 

Hence, MCC showed almost no Tg indicating that the high moisture content could 

reduce the Tg step, which was confirmed by the high moisture content in TGA (Figure 

8.13). Therefore, the addition of ATEC, sorbitol and water influenced the glass 

transition of the pellets. 

 Moreover, all batches showed a decomposition temperature at 271°C, which is the 

decomposition of MCC (Guo et al., 2012). Also, the wide endothermic peak of batch 2 

appeared between 38°C-100°C, indicating that the high moisture content and 

evaporation of water started after that temperature range. These results agreed with 

TGA thermograms showing a mass loss at 38°C to 100°C for batch 2.  

Moreover, Batch 1, 3 and 4 had 9.4%, 2.1%, and 5.4 % weight loss, respectively, 

representing the moisture content noticed in DSC starting from 60°C and continuing 

till 120°C. 
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Figure 8.12 DSC thermograms of batches 1 (A), 2 (B), 3(C), 4(D) and drug (E) indicating the presence 

of the drug melting peak within batches 2,3 and 4 

 

 

Figure 8.13 TGA results showing the moisture content of all batches 1(A),2(B),3(C),4(D) and the PRH 

in E 
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8.4.5  Software simulation 

 

EDEM software is the potential for simulations of pharmaceutical 

powders and the compression process. This study demonstrates two promising 

approaches for simulating the compaction process and elastic-plastic compact 

deformation corresponding to the Hertzian contact model. Hence, different trials were 

applied to achieve the optimum force to compact the tablet before breaking.  

The simulated results generated by EDEM® was obtained by applying the data of the 

best formulation among the prepared pellets (batch4). The pellets with high tensile 

strength, low YM and good AR were used. The pellets were simulated to be 

compressed within the ODTs matrix to examine their behaviour during compression. 

The initial method was adapted from a reported study to simulate pellet compression 

(Ramírez-Aragón et al., 2018). 

The results were collected in graphs showing the behaviour of pellets under 

compaction, as in Figure 8.14(A-D). 

 

 

 

A. Tablet compressor 

 

B. Die filling 
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C. Particles compression 

 

D. Tablet ready for ejection 

 

Figure 8.14 Simulation of compaction process demonstrated step by step according to the order of 

tablet preparations images extracted from EDEM 

 

 

It can be noticed from the demonstrated simulation steps that the pellets of small AR 

had good flowability during feeding of the particles into the die owing to improved 

morphological shape with low surface roughness (Tiwari, Agarwal and Tiwari, 2013). 

This agreed with the micrometric results as indicated earlier. On the other hand, the 

good flowing pellets facilitated their compression when the upper punch started to 

lower; hence at that stage, compaction occurred, and particles-particles bonds started 

to form, producing a tablet at the end of the compression process. The results 

demonstrated that the blue particles have small diameters, and the larger particles are 

shown in pink. In addition, computational results showed that particles were distributed 

uniformly in the matrix with enough particle-particle interaction producing a sufficient 

compacted tablet without affecting pellets integrity. This is important as drugs would 

be protected. Moreover, these results agreed with experimental results as the 

flowability and bulk density of the pellets were good enough to produce tablets within 

a short time. The major challenge of the presented results was a long time of the 

simulation process for particles without scaling up their sizes which was a similar 

challenge to Yeom et al. (2019) and Hassanpour et al. (2011). 

 

The simulation results (Figure 8.15) detected the strength of the bonds between the 

tablet’s particles and pellets. The results displayed the energy levels of the compaction 
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forces applied to the particles. The results indicated which tablet’s part can tolerate 

high pressure and how tablet’s areas formed strong bonds ( 

Figure 8.16). The colours indicated the bond strength, as detailed in  

Figure 8.16. The blue to cyan was the weakest, 2.77e-0.03 N and 2.48e+0.0 N, 

respectively. 

In comparison, the medium strength was in yellow and orange 4.95e+0.0 N 7.43e+0.0 

N, respectively. The strong bond was formed in red, ranging between 9.9e+0.0 N to 

1.24e+0.01 N. The results showed that the predominant bonds were on the stronger 

side of the spectrum (9.9e+0.0 to 1.24e+0.01 N) with a short time of 1.25 seconds and 

a uniform distribution within the formulation. Although yellow bonds were less 

generated, their presence indicated the weak interaction between some particles and 

pellets. However, weaker bonds in cyan were hardly seen in a few places revealing 

the acceptable particle interaction. On the other hand, the friction between the pellets 

and the small particles with the compaction wall geometries was difficult to detect. 

Nevertheless, detection of the interaction of the materials is complicated to be 

measured directly (Horabik and Molenda, 2016; Yeom et al., 2019). It was reported by 

Coetzee (2017), the use of the calibration method based on particles bulk test 

determine the material properties and interaction issues (Coetzee, 2017). Hence, in 

Coetzee (2017) study, the test was conducted by simulating the bulk test of the 

particles by entering randomly used parameters. Then parameters were changed 

many times, approaching the results of the real laboratory test (Coetzee and Els, 2009; 

Coetzee, 2017). Although the defined parameters may not be accurate in the reported 

study and represent a combination of two or more parameters, more experiments 

could be conducted for each parameter value as trialled by different studies(Coetzee, 

2017)(Wang and Alonso-Marroquin, 2009). Hence, researchers applied different 

approaches to determine each parameter value due to the absence of standardised 

measuring or calibration methods instead of simulation of laboratory tests (Just et al., 

2013; Combarros et al., 2014; Coetzee, 2016, 2017; Marczewska, Rojek and 

Kačianauskas, 2016).  

Although the applied simulation is not completely comparable to our study's 

experiments, the compact elastic deformation was satisfactorily incorporated, 

considering the contact and interaction between the particles and pellets. This model 
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was applicable for the compaction of materials, whereas the fragmentation model 

would be necessary for future approaches to detecting ductile-brittle materials 

(Samimi, Hassanpour and Ghadiri, 2005). Therefore, to optimise our simulation 

method and solve the indicated issues, each parameter can be detected separately to 

determine the material properties and type of interaction. 

 

 

Figure 8.15  Bond strength between particles under compaction (top view) 

 

It can be noticed from the side view image of the simulated compact in Figure 8.15 

and  

Figure 8.16 that the bonds were distributed and generated across the tablet height 

showing a uniform scattering of the strong bonds over the top and the bottom, and the 

weaker bonds were observed mostly at the top. 
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Figure 8.16 Bond formations between particles upon compaction blue and pink particles represent ODT 

particles and the pellets, respectively, weak bonds are shown in cyan, and those in yellow, orange and 

red were stronger, orderly 

 

Also, filling the particles in the die showed no bonds formation indicating that the bond 

formation initiated after starting compression and was affected by particle- pellets 

distribution within the die. In addition, the number of bonds increased by increasing 

the compaction pressure. Figure 8.17 shows the pellets after being filled into the dye 

before being compressed. As seen in the image, there are no bonds among the 

particles. 

 

Weak  
Strong  

Medium  
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Figure 8.17 EDEM® image showing the particle filling during tablet compression before applying the 

pressure with no bond’s formation 

 

On the other hand, the compression force was measured by EDEM® during tablet 

compression consisting of the pellets within the ODT matrix. The results showed that 

a force of 2537 N at a time of 1.15 seconds was the maximum force applied to prepare 

a good compact (Figure 8.18). Therefore, a good compact without breaking. According 

to experimental data of the texture analysis, the maximum applied force was around 

300 kg (~ 2941.9 N) as the stress was applied to the pellets to test their elasticity. 

However, further investigation of the laboratory results using simulation is necessary 

as the experimental YM obtained from the stress-strain slopes is influenced by 

permanent friction, particle rearrangement, and material elasticity (Agnolin and Roux, 

2007). At the same time, tensile strength was inapplicable in this case as the tablet 

diameter was only detected with no thickness. 

Nevertheless, compaction force can be considered high, indicating the tablets and 

pellets possess plastic to rigid properties without breaking under compression. 

Moreover, this indicates the even distribution of the pellets within the tablet matrix, 

which is an important factor to produce a good compact (as confirmed by simulation 

data). Also, the ejection force was 1040 N, reaching the equilibrium at 1.17 seconds.  
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Although there was a difference between the shape of the particles and sizes, the data 

indicated high particle-particle interaction, similar to experimental results. It can be 

assumed that reaching the force to equilibrium rendered particles to obtain similar 

pressure on each other hence, after removing the upper punch, there was no pressure 

applied on particles from the equipment. Therefore, the particles gained enough 

energy to produce forces to form a good compact with strong bonds after being 

compressed. In addition, the time between the compaction and the ejection was too 

short, allowing the particles to retain that energy after ejection.  

 

 

 

Figure 8.18 Compressive force (N) against time (S) for pellets under compression 

 

On the other hand, during the simulation trials, the interaction forces were cyan colour 

predominantly showing the weak interaction between the pellets and particles after 

compression, as in Figure 8.19. Hence, the compression time and strength were 

insufficient for 0.8 seconds and 57-60 N, respectively, to obtain enough strong 

compact. This finding indicates that the higher compression force reduces 

intermolecular voids and increases inter-particle bonding, thus creating good compact 

formation and tablet densification(Veen et al., 2000). Hence, the bond formation 
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degree should be high between pellets and powder particles to produce compact with 

the required strength and maintained structure formed (Mahmoodi, 2012)(Berggren, 

Frenning and Alderborn, 2004). Therefore, the low compression force resulted in a 

weak compact formation (Figure 8.20).  

The other reason is the elasticity of the compact for both pellets and particles returning 

to their original phase with relaxation. Therefore, if the compression passes the point 

of elastic limit, the tablet formation enhances. Hence, when the compaction is 

controlled by the elastic deformation unloading the pressure leads to the solid 

relaxation as an elastic recovery(Berggren, Frenning and Alderborn, 2004)(Sun and 

Grant, 2001). The other trials for simulation examining the compaction force and 

particles interaction are included in the Appendix.  

 

 

Figure 8.19 Pellets and ODTs particles after compression during simulation trials showing the weak 

interaction with cyan colour  
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Figure 8.20 Low compaction force during simulation trials represented by force (N) against time 

(seconds) 
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8.5  Conclusion 

 

This project successfully manufactured four different batches of PRH pellets. All 

batches had good rheological properties with a zero-compressibility index and 1 

Hausner’s ratio. There was a correlation between pellets moisture content, mechanical 

properties, and the plasticizer type. PRH pellets and ODTs matrix particles were 

simulated to study the compaction process using EDEM®. The simulation results 

showed that increasing compression force at the beginning of compression 

strengthens the interparticulate bonds at the surfaces resulting from the low surface 

roughness. Also, EDEM® results showed graphs of energy levels generated by 

particles during compression. Although particle sizes were scaled up, the simulation 

results followed lab data. This model was applicable for the compaction of materials, 

while particles fragmentation for the brittle-ductile model would be necessary (Samimi, 

Hassanpour and Ghadiri, 2005). Finally, this study demonstrated the suitability of 

EDEM® for pellets- ODT particles compression. Moreover, it provided an increased 

understanding of the correlation between particle’s compression and interaction.  
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Chapter 9 The summary, conclusions, and future perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



353 
 

9.1 Summary and a general conclusion  

 

Orally disintegrating tablets (ODTs) or orally dispersible tablets are a type of solid 

dosage that can degrade once they come in touch with the saliva in the mouth (Hannan 

et al., 2016). ODTs are considered an effective dosage form in delivering the drug for 

patients suffering from swallowing difficulty called dysphagia (Ghosh and Pfister, 

2005). The tablet disintegrates in the mouth, the drug is released and absorbed 

through the mouth’s mucosal tissue, allowing a rapid onset of action because the 

tissue has a high blood supply (Ghosh and Pfister, 2005). This type of formulation 

becomes highly important in the pharmaceutical market for prescribed and over the 

counter medication as this dosage form. The importance of ODTs starts from the ease 

of manufacturing using the direct compression method and effortless use by patients, 

leading to a significant increase in patient compliance (Irfan et al., 2016)(Kar et al., 

2019).  The challenge of using multiple daily doses for long-term medication for 

patients suffering from chronic diseases affects patient health and compliance(Jimmy 

and Jose, 2011)(Sadosky et al., 2013). Taking more than one medication multiple 

times per day leads to forgetting, neglecting, or misunderstanding to take the regular 

daily dose of each medication (Sadosky et al., 2013). As the patients start to forget to 

administer the medication, their health deteriorates, causing severe impacts on their 

health and patient hospitalisation (Martin et al., 2005). This, on the other hand, leads 

to overwhelming the medical system with the high number of admitted patients and 

increases the death rate (Martin et al., 2005). The hospitalisation estimation was at 

2003 as high as more than $13 billion annually in the US, and the consequences of 

health deterioration 125 000 deaths each year(Kane et al., 2003) (Martin et al., 2005). 

The economic cost for patient noncompliance reached $949 to $44190 per patient in 

the US in 2015. Also, the cost of the annual medication in the US is around US$290 

billion and in Europe is around €1.25 billion (Cutler et al., 2018). In the UK, £930 million 

is an approximate annual cost of the health deterioration from the patient non-

compliance only for asthma, type 2 diabetes, heart diseases and schizophrenia (Elliott, 

2013; Cutler et al., 2018).  By observing other studies, patients compliance for 

changing migraine treatment using only a single daily dose of propranolol instead of 

the twice-daily dose of atenolol raised from 60% to 79.8%  within 53 patients (Martin 

et al., 2005).  
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Therefore, the use of modified-release formulations (prolonged and delayed-release 

dosage forms) offers several advantages over the immediate release formulations, 

including lowering drug-level fluctuations in plasma, minimising the local side effect of 

drug release, reducing the dose frequency, enhancing patient compliance (Ema, 

2013). 

The modified release system combined with ODTs offers significant advantages in 

solving the patient non-compliance issues and poor health outcomes associated with 

immediate release dosage forms (Ema, 2013).  Multiparticulates microparticles and 

pellets can be the substantial drug carrier to its site of action. Microparticles and pellets 

offer an effective way to protect the active pharmaceutical ingredient from degradation, 

allowing control of the drug’s release rate over a long duration (Singh et al., 2010) 

(Goyanes, Souto and Martínez-Pacheco, 2010). 

The challenge is associated with compressing ODTs containing multiparticulates 

without affecting the multiparticulates integrity and potentially distorting the modified 

drug release property. To prepare multiparticulate with good mechanical properties to 

be embedded in the ODTs of suitable strength high number of excipients that offer a 

balance between elastic and plastic properties for optimum compact properties.  

9.2 Conclusion  

 

This thesis investigated the use of different polymers to be utilised to prepare a 

multiparticulate system to be used in the orally disintegrating tablet. Different polymers 

were initially examined to understand the compaction behaviour of powders in raw and 

spray-dried form. Sodium alginate, polyacrylic acid and Eudragit L100 were 

determined to enhance the mechanical properties of the compact. Our preliminary 

studies found it difficult to prepare adequately shaped pellets from sodium alginate 

and polyacrylic acid, suggesting the combination of the polymers with reduced ratio 

with Eudragit L100 for a future approach. The constant behaviour of Eudragit L100 in 

both forms, raw and spray-dried under compression, suggested the use of that 

polymer freely with a reduced number of excipients. The spray drying influenced the 

obtained powder properties. The particles size, shape irregularity, surface smoothness 

and porosity generated differences in the mechanical properties of the powders before 

and after spray drying (García Mir et al., 2011). Also, there is a significant relationship 
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between the particle’s hardness and the applied pressure. It was concluded that an 

adequate balance between the elastic-plastic properties is essential to prepare a good 

compact maintaining the multiparticulate integrity under compression. The high plastic 

or elastic material could provide a fragile tablet or low mechanical properties, making 

it challenging to prepare a suitable formulation. 

The model drugs Indomethacin (IND) and propranolol hydrochloride (PRH) were 

utilised to evaluate their release profile. Both model drugs are widely used by a wide 

range of patients of different ages, elderly or young (Moise et al., 1988)(Accord, 2020). 

The IND use is associated with gastric side effects, including heartburn, gastric 

irritation, stomach pain, and vomiting (FDA, 2008). The side effect of immediate drug 

release associated with IND could influence patient compliance. On the other hand, 

as referred to earlier, reducing the dose frequency associated with chronic medication 

use such as propranolol is significantly essential. Propranolol is a widely used 

treatment for high blood pressure, irregular heartbeat, migraine or angina 2-3 times a 

day, depending on the health issue (NHS, 2018).   

According to ICH guidelines, the quantification of both model drugs was assessed 

using a validated method. Accuracy, intermediate precision, and method robustness 

were detected and achieved for both methods. According to ICH guidelines, the 

specificity was within the accepted range with no interference to the drug peak, 

providing the suitability of the applied methods to quantify each of the model drugs in 

the formulation. 

The use of cost and time-efficient preparation was successfully achieved using a few 

excipients with Eudragit L100 to prepare drug-based multiparticulate.  

In the first study, spray-dried IND loaded Eudragit L100 was prepared to study the 

effect of the spray drying parameters on IND release. The spray-dried particles were 

embedded in the ODTs to assess the drug release profile in acidic media (pH 1.2) and 

buffer (6.8). In conclusion, the results showed that the properties of the microparticles 

were remarkably affected by the spray drying parameters. The solvent and the solid 

ratio to the solvent influenced IND release. The solvent type affected the behaviour of 

the spray-dried particles in both acid and buffer medium. The lowest IND release was 

detected using ethanol solvent with low parameter settings (75⁰C and 75%) in D1 and 

high settings in D2 (85⁰C and 100%) for both temperature and aspiration, respectively. 
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The shape of the particles and low mechanical strength resulted in a fluctuation of the 

IND release profile. On the other hand, the consistent release was detected with an 

acetone batch of high settings in B2. The mechanical properties were correlated with 

the formulations’ release behaviour, indicating the importance of considering the 

balance between elastic-plastic properties to achieve the optimal formulation.  

In conclusion, different factors influenced IND release from the spray-dried particles, 

including the type of solvent, the shape of the particles, the number of strands, and 

eventually, the elastic profile. Two solvents, acetone, and ethanol showed notable 

suitability to prepare accepted shaped microparticles with fewer strands. The balance 

between elastic and plastic properties offered a significant difference in IND release 

among other formulations, as in D and B bathes. It is essential to accurately select the 

parameters along with the type of the polymer, considering increasing the drying 

temperature to reduce the moisture content in the final product. It can be stated that 

elastic properties affected by changing the parameters as detected using acetone as 

a solvent, made it suitable when 5% w/w feed concentration was sprayed. Therefore, 

the low value of Young’s modulus (YM) obtained using the appropriate solvent type 

and setting feed concentration at 5% w/w was appropriate for achieving IND release 

modification. Finally, all batches were compatible with the disintegration time, 

achieving low dispersible time within 21 seconds without significantly affecting the 

ODTs disintegration properties. 

The second study examined the ODTs matrix effect on protecting pellets integrity 

under compression. The pellets matrices were prepared using Eudragit L100 

containing IND to achieve a delayed-release profile passing the gastric medium. The 

formulation successfully delayed IND release at pH 1.2 and released the drug at a 

higher pH (6.8). The effect of the cushioning layer using lactose and mannitol in the 

ODTs was evaluated according to different particles 500, 125 and 63 µg. The 

development of a consistent system of cushioning agents is essential. The cushioning 

agents adsorb the applied pressure during tablet compaction, protecting the pellet 

integrity by limiting crashes between pellet and pellet and pellets with the die or punch 

surface (Xu, Heng and Liew, 2016)(Tan and Hu, 2016a). The use of both matrixes 

offered a short disintegration time of fewer than 21 seconds.  
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The results showed that the particle size and shape of lactose and mannitol influenced 

the mechanical properties of the final tablets. The amounts of lactose particles were 

consistent under compression compared to mannitol, which showed variation. It can 

be concluded that the smaller the particles size, the higher the shapes homogeneity, 

while the shape of the irregular particles is associated with larger particles. YM was 

associated with the tensile strength of the same materials. The lactose tablets 

demonstrated higher plasticity than mannitol. The additive materials performed 

differently at different particle sizes, and such variance was reduced with increasing 

the powder particle size. The variation of IND particles shape to lactose particles 

affected IND distribution within ODTs and thus the necessity of using IND of similar 

particle size when combined with sieved lactose particles to even drug distribution 

within ODTs. The dissolution studies indicated that pellets distribution using lactose 

batches were more homogeneous than mannitol. Finally, lactose was a suitable 

ingredient for ODTs to retain the pellet’s integrity under compression. Also, a small 

particle size of 63 µm of lactose and mannitol can be beneficial to improve patients 

compliance with no taste disturbance, i.e. grittiness (Kathpalia et al., 2014)(Patil et al., 

2016)(Kakar, 2018).  

The third study was applied for further investigation to understand the mechanical 

behaviour of pellets under compressing, exploring the impact of initial particles 

properties. As complementary with the second study, it was necessary to investigate 

similar factors in pellets preparation. Therefore, Eudragit L100 particle size impact on 

pellets mechanical properties and IND delay was investigated.  

The pellets were successfully prepared using different particle sizes 45, 63 and 90 µm 

of Eudragit L100 and IND as a model drug. The pellets were embedded into the matrix 

of ODTs. Particle sizes were of good elastic properties as Young’s modulus (YM) 

values were low, and no significant difference between the different sizes (p>0.05). 

Testing the pellets’ mechanical properties showed that the tensile strength was directly 

proportional to YM (p<0.05), offering enough support to maintain their integrity under 

compression. The pellets hardness was associated with initial particles properties in 

each pellets batch. The pellets prepared from 63 µm Eudragit L100 showed a suitable 

mechanical properties balance compared to the other sizes. IND delayed-release was 

achieved in acidic media and immediately released at pH 6.8. The results indicated 

that the initial powder properties affect remarkably the pellets mechanical properties. 
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Disintegration time was affected by the porosity of the pellets, and all tablets showed 

a low disintegration time of lower than 30 seconds. In general, the porosity 

demonstrated by pellets of 63 and 90 µm batches could preferably have a positive 

impact for maintaining pellet integrity under compression, thereby retaining IND 

release compression (Tunón, Gråsjö and Alderborn, 2003).  

To conclude, factors affecting the pellets’ mechanical properties were powder particle 

size, pellets’ sphericity, and porosity. There was a significant relationship between the 

morphology and hardness of the pellets. Protecting pellets integrity was essential to 

delay the release in the acidic media to be immediately released in alkaline media. 

 

The fourth study was conducted using a modified-release system combined with 

ODTs. The pellets were applied using a matrix system of time-dependent Eudragit 

polymers. The study examined the propranolol hydrochloride release via pellets of 

Eudragit RS using three different plasticisers, sorbitol, triethyl citrate (TEC) and acetyl 

triethyl citrate (ATEC) as plasticisers. The developed method was used successfully 

to analyse the propranolol release from the prepared ODTs containing pellets. The 

pellets were successfully prepared using the extrusion spheronisation technique. The 

suggested ratios and type of the plasticisers influenced the mechanical properties of 

individual pellets and pellets in the ODTs. The disintegration time achieved rapid 

disintegration within 30 seconds for all batches. The batch of sufficient strength for 

preparation, packing and handling with little imperfection could be achieved using 3% 

ATEC pellets (1.1 Mpa) without affecting the rapid disintegration time. Hence, 

according to YM results, the difference between the batches of TEC (3% and 5%) 

showed no significant difference (p>0.05), while pellets of ATEC (3% and 5%) were 

statistically different (p<0.05).  In addition to previous findings, the best AR (close to 

1) was achieved. In conclusion, Eudragit RS as a matrix system could not achieve a 

remarkable change in the PRH release. The detected variations in both acidic and 

phosphate buffer media was related to the types of plasticisers used in the pellet’s 

preparation (P<0.05), while the change in ratios of plasticisers showed no statistically 

significant difference (P>0.05) according to two-way ANOVA. TEC and ATEC showed 

a slight modification of PRH release in phosphate buffer media (pH 6.8). In conclusion, 

utilising ATEC as a plasticiser could be an appropriate additive providing adequate 

mechanical properties for the compacted pellets in the ODTs. The preparation of 
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reservoir pellets based on Eudragit RS can be considered for additional examination 

and analysis. 

 

The fifth study examined the applicability of modification propranolol release from the 

prepared pellets using time-dependent polymers through the reservoir system instead 

of the matrix system, which had no effect of modifying the PRH release, as 

demonstrated earlier. The experiment explored a simple technique to prepare coated 

pellets saving time and cost. Pellets core matrices contained 77% microcrystalline 

cellulose (MCC), 3% acetyl triethyl citrate (ATEC), and 20% drug.  

The coating process achieved a smooth and continuous coating layer around the 

coated pellets with Eudragit RS, RL and both polymers in a 1:1 ratio. The coating 

thickness was necessary for a future approach to consider the effect of the thickness 

layer on the wights of the prepared pellets. The mechanical properties including 

remarkably enhanced after coating (p<0.05). Considering the coating process 

parameters is necessary for developing the prepared pellets. Pellets coated with 

Eudragit RS and RS/ RL can be optimised to modify the PRH release from ODTs. The 

uncoated pellets released > 75% of PRH in acidic and buffer media after 30 minutes, 

while the coated pellets were able to modify the PRH release to ≤ 53.9% in acidic 

media and ≤ 47.2 % in buffer media. The results were promising, showing the 

possibility of modifying the PRH release using the reservoir system of Eudragit RS 

and applying the simile coating method to replace the costly and traditional methods. 

Future development is necessary to optimise the formulation and the settings 

parameters. 

The proposed studies investigated several factors to approach modification of the drug 

release using different characterisation techniques, physical, mechanical, and 

analytical. All the studied and investigated formulations were based on laboratory work 

and analysis. Therefore, there was necessary to explore a computational method to 

provide essential laboratory data minimising the time, effort, and cost.  

The sixth study was conducted to estimate the formulation development, exploring the 

obtained results via the simulation software discrete element modelling (EDEM®). The 

simulation study was an example case that showed the feasibility of using one of the 

simple measurements obtained in the lab to be used as an indicator for the expected 

results to avoid any unnecessary mistakes in the lab. Although there was a difference 

between the shape of the particles and sizes, the data indicated high particle-particle 



360 
 

interaction, similar to experimental results. It can be assumed that reaching the force 

to equilibrium rendered particles to obtain similar pressure on each other hence, after 

removing the upper punch, there was no pressure applied on particles from the 

equipment. Therefore, the particles gained enough energy to produce forces to form 

a good compact with strong bonds after being compressed. In addition, the time 

between the compaction and the ejection was too short, allowing the particles to retain 

that energy after ejection. EDEM® simulation demonstrated that pellets could be 

compressed in the ODT matrix, demonstrating a correlation between the obtained 

laboratory compression process and simulation data with a maximum compression 

force of 2537N. The simulation demonstrated various bond types and their respective 

strengths with indicated colours. The blue to cyan was the weakest, 2.77e-0.03 N and 

2.48e+0.0 N, respectively. At the same time, the medium strength was in yellow and 

orange 4.95e+0.0 N 7.43e+0.0 N, respectively. The strong bond was formed in red, 

ranging between 9.9e+0.0 N to 1.24e+0.01 N. The predominant bonds were on the 

stronger side of the spectrum (9.9e+0.0 to 1.24e+0.01 N) with a short time of 1.25 

seconds and a uniform distribution within the formulation. 

Additionally, EDEM® generated a compressive force versus time graph depicting the 

forces that pellets tolerate when they go through compaction. To conclude, the 

computational method for simulating the tablet compression could potentially minimise 

the preparation obstacles, costs, and time of laboratory work. Also, optimise the 

formulation to achieve the target.  

 The data were limited to show the mechanical properties and could be applied for the 

future approach to examine other manufacturing parameters. The simulation results 

showed that increasing compression force at the beginning of compression 

strengthens the particulates bonds at the surfaces resulting from the low surface 

roughness. EDEM® showed graphs of energy levels generated by particles during 

compression. Additionally, it provided a broader understanding of the degree of 

compression and particles strength. The validity of using EDEM software requires 

further examination to generate a complete understanding of the mechanical and 

physical formulation properties. 

 

 

 



361 
 

In conclusion, different analytical techniques and preparation methods were 

used, starting from preparing microparticles and pellets using spray drying and 

extrusion spheronisation. The direct compaction method is fundamental for preparing 

tablets and examining different compaction pressure. The developed HPLC methods 

analysed, quantified, and detected the model drugs. All batches were compatible with 

the disintegration time, achieving low dispersible time within 30 seconds. The prepared 

formulations were examined using inclusive characterisation techniques, including 

texture analysis, hardness and tensile strength, DSC, TGA, porosity, flowability and 

disintegration. 

To conclude from our project, the multiparticulates system via ODTs is a 

successful approach to modify the drug release for patients with swallowing difficulties. 

Eudragit L100 is used to prepare a multiparticulate system as microparticles, and the 

matrix pellets system was feasible to achieve a delayed IND release profile with a 

limited number of excipients and low cost. The reservoir system based on Eudragit RS 

and Eudragit RL was suitable to vary the propranolol release profile rather than using 

their polymeric matrix, hence providing the burst effect. The multiparticulates of 

microparticles and pellets based on Eudragit L100 combined with ODTs can offer a 

flexible dosage form for children and elderly patients, facilitating swallowing with a 

minimum dose frequency. The computational method showed a successful 

implementation of simple experimental data, saving time and cost to simulate the 

compaction behaviour of the multiparticulates within ODTs providing new findings of 

the binding forces between the particles.  
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9.3  Future studies  

 

The future investigation can be applied based on the results and findings of this 

project. The spray drying of sodium alginate particles can be examined in the 

preparation of pellets since that was challenging using the raw powder. Also, 

examining the molecular weight of the sodium alginate using spray drying parameters 

could be further investigated.  

Moreover, the combination of Eudragit L100 and sodium alginate after spray drying 

can be applied to prepare pellets to enhance the shape factor and delay the drug 

release profile. Similarly, after spray drying, polyacrylic acid combined with Eudragit 

L100 can be investigated to prepare pellets. Also, further analysis would be 

accomplished to characterise the obtained microparticulate system. 

Additional studies can be carried out by changing the spray drying parameters and 

changing the type of solvent used during the preparation. Additionally, the particle size 

of a more elastic polymer needs assessment and characterisation using sieve analysis 

and texture analysis techniques. 

Eudragit L100 spray-dried particles can be examined for the spray drying approach 

using the optimised parameters with different ratios of less viscosity. The spray drying 

of Eudragit RS and Eudragit RL applicability can be detected using the same 

parameters of Eudragit L100. This can be further applied to prepare a multiparticulate 

system of pH-dependent and time-dependent polymers to combine the beneficial 

impact of both types on modifying the drug release. Therefore, more than one 

medication can be combined in one formulation.  

For the ODTs matrix study, two approaches can be further investigated. First, the 

increment of particle size using granulation of the lactose or mannitol for equal 

distribution of the pellets combine with ODTs matrix. Secondly, spray-dried lactose 

can be combined with microparticles to examine the fast disintegration and uniformity 

of microparticles distribution in the spray-dried ODTs matrix. This would allow particle 

size uniformity between the tablet matrices and the multiparticulate system. Also, a 

small particle size of ODTs matrix can be beneficial to improve patients compliance 

with no taste disturbance, i.e. grittiness (Kathpalia et al., 2014)(Patil et al., 

2016)(Kakar, 2018), as future approach studies can be applied to test that on patients. 
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Furthermore, considering the effect of the longer blending time of the multiparticulate 

and ODTs matrix. Since the longer blending time promotes higher contact between 

the particles, this can be investigated to provide a higher distribution homogeneity of 

the multiparticulate system containing medication and the tablet particles.  

The use of Eudragit RL and Eudragit RS in the multiparticulate system is promising 

via reservoir pellets. However, coating parameters such as the rotation speed, the 

amount of coating liquid and solution temperature require investigation. The content 

uniformity should be considered while altering the parameters.  

Additionally, mixing the pellets with glidant before the coating process can be helpful 

to reduce the friction between the pellets and the pan. Finally, the use of plasticiser in 

the coating solution is vital to be further examined. Hence, this can easily facilitate the 

coating layer's uniformity around the pellets. Nevertheless, developing a control 

sample using the standard coating method should be unutilised to promote a clear 

understanding of lab coating method feasibility. 

On the other hand, EDEM software can be applied for simulations of flow and 

compression of powders to prepare ODTs. The particles friction and adhesion forces 

can interfere with the particles flow. Although the experimental data provided a 

comprehensive understanding of powder, pellets, and tablets’ physical and 

mechanical properties, the manufacturing and processing parameters must be further 

investigated to achieve a quantitative agreement. EDEM numerical experimental data 

can provide agreement with the experimental work. Therefore, estimating the flow for 

the properties via the simulations system is a promising step. Furthermore, the 

simulated results can provide the elastic and plastic compact deformation using the 

truncated-sphere models. This model can accurately detect ductile materials and 

examine particles shape. 

  

During the project, different skills have been learned, including research skills, 

analysing techniques, comparing results, and other methods to obtain results from the 

prepared tablets or spray-dried materials. 

 

 



364 
 

Chapter 10 Appendix  

10.1  Appendix chapter 3 

 

Table 10.1 Structures of the polymers used in our study according to sigma Aldrich  
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Figure 10.1 Porosity results showing adsorption desorption isotherms for raw and spray dried powders 

 



366 
 

 

 



367 
 

Figure 10.2 The isotherms of the 4 polymers PAA, MC, sodium alginate and MC showing type3 isotherm 

 

 

Figure 10.3 A and B BJH- plot from the preliminary studies of the raw and spray dried powder 

 

 

 

 

 

Figure 10.4 statistical analysis using t-test (p<0.05) to detect the difference between Young's modulus 

results of raw powders 

 

 

Polymer Young's modulus RAWPAA RAW Sodium Alginat RAWPVA RAW Eudragit L100 RAWMC RAW T.test PAA-SALGINATE PAA-PVA PAA-Eudr PAA-MC

5.216 8.338 6.374 5.408 14.978 7.32548E-05 0.003058646 0.591803532 9.95E-07

5.638 8.087 6.557 5.067 14.511

5.271 8.471 6.842 5.354 14.726 SOD.ALG-PVA SODALGINATE-EUDR SODALG-MC

0.000641081 4.02775E-05 3.31202E-06

Mean 5.375 8.298667 6.591 5.276333 14.73833

PVA-EUD PVA-MC MC-EUDR

0.00158964 1.83264E-06 6.46049E-07

A B 
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Figure 10.5 one of the particle size results of spray-dried polymers:  sodium alginate, PVA, MC, and 

PAA using Laser diffraction technique showing the cumulative distribution (%) against particle size (µm) 

 

 

 

10.2 Appendix chapter 4 

 

 

Table 10.2 Columns of HPLC used for method development 
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Chemistry C18 C18 C18 

Type Waters Phenomenex Phenomenex 

Inner 
Diameter 

4.6 mm 4.6 mm 4.6 mm 

Length 100 mm 250 mm 150 mm 

Particle Size 3.5 µm 5 µm 5 µm 

Separation 
Mode 

Reversed Phase Reversed Phase Reversed Phase 

Pore Size 125 Å (125 x 0.1 
nanometre) 

150 Å (150 x 0.1 
nanometre) 

130 Å (130 x 0.1 
nanometre) 

    

 

Figure 10.6 PRH UV-vis calibration curve at 291 nm showing good peak linearity 0.9997 and range 5 – 

50 µg/mL 

 

 

Table 10.3 UV-vis accuracy and intra-day precision for PRH (n=6) using wavelength 291 nm 

T.C. (µg/mL) Mean C.C. (µg/mL) SD %RSD %Relative 

error 

%Recovery 

16.00 16.15 0.23 1.45 0.96 100.96 

20.00 20.25 0.44 2.17 1.23 101.23 

30.00 30.06 0.55 1.83 0.19 100.19 
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Table 10.4 Inter day precision for PRH using UV-vis confirming acceptable wavelength 291 nm showing 

acceptable rang (n=9) 

TC (µg/mL) Mean 

N=9 

SD %RSD %Relative 

error 

%Recover

y 

16 16.32 0.36 2.19 2.00 102.00 

20 20.15 0.35 1.71 0.78 100.78 

30 30.18 0.58 1.92 0.60 100.60 

 

Table 10.5 Accuracy and intra-day precision according the HPLC methods for additional quality control 

15, 35 and 45 µg/mL (n=3) 

T.C  
µg/mL  

C.C 
Mean± SD 
 µg/mL 

%RSD %Relative error %Recovery 

15 15.1 ± 0.01 0.02 0.72 100.72 

35 34.54 ± 0.03 0.09 1.29 98.70 

45 43.77 ± 0.03 0.008 2.72 97.27 
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Table 10.6 Inter-day precision according to proposed HPLC method for quality control 15, 35 and 45 
µg/mL for IND (n=9) 

 

T.C 
  µg/mL 

Day1 Day2 Day3 C.C 
Mean ± SD  
µg/mL 

%RSD %Recovery 

15 15.56 15.83 15.46 15.62 ± 0.16 1.07 104.13 

35 36.61 34.49 34.75 35.28 ± 1.00 2.83 100.82 

45 44.73 44.26 43.91 44.30 ± 0.36 0.81 98.45 

 

 
Table 10.7 IND method Robustness using 45 μg/mL (n=3) with ± 4 wavelength 248 nm 

 

 
Table 10.8 readings of stability for IND HPLC method showing %RSD and %Recovery within the 
range 80-120% for 100 µg/mL (n=3) as in the peak of Figure 10.7 
 

Sample TC 
μg/mL 

CC 
 μg/mL 

Mean  
μg/mL 

%RSD %Recovery 

252 nm  45 44.03 44.07 ± 0.03 0.07 97.93 

44.10 

44.07 

244 nm 45 43.30 43.30 ± 0.02 0.03 96.23 

43.30 

43.32 

Area (mAU*S) C.C  CC (Mean ± SD) %RSTD % Recovery 

6221.46 106.07 106.36 ± 0.08 0.79 101.15 

6271.90 106.93 

6221.46 106.07 
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Figure 10.7 IND stability of 100 µg/mL stored at 5 ⁰C – 8 ⁰C for one year from calibration curve points 

showing method rigidity 

 

Table 10.9 Method suitability and reproducibility using 10 (µg/mL) of the calibration curve points tested 

on another Agilent HPLC instrument with same conditions and column 

Agilent 1 

AUC 

Agilent 1 C.C 

(µg/mL) 

Agilent 2 

AUC 

Agilent 2 C.C 

(µg/mL) 

P 

value  

%R

SD 

%Reco

very  

225.91 9.44 224.96 9.40 0.66 0.55 94.63 

226.23 9.45 227.40 9.50 

228.11 9.53 226.69 9.47 

 

 

Table 10.10 Raw data for IND inter day precision and accuracy over three consecutive days (n=9) 

Sampl

e 

TC 

(μg/m

L) 

Day 1 

CC 

(μg/

mL) 

Day 

2 

CC 

(μg/

mL) 

Day 3 

CC 

(μg/m

L) 

Mean 

N=18 

%RS

D 

%Relati

ve error 

%Acc

uracy 

%Rec

overy 

Sampl

e A.1  

1 0.86 0.87 0.91 0.89± 

0.02 

2.07 10.80 
 

89.20 89.20 

Sampl

e A.2 

0.88 0.88 0.94 
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Sampl

e A.3 

0.91 0.88 0.91 

Sampl

e A.4 

0.89 0.88 0.90 

Sampl

e A.5 

0.89 0.88 0.91 

Sampl

e A.6 

0.88 0.88 0.91 

Sampl

e B.1 

3 2.98 2.96 3.05 3.00 ± 

0.04 

1.17 0.11 99.89 99.89 

Sampl

e B.2 

2.98 2.96 3.04 

Sampl

e B.3 

2.99 2.98 3.05 

Sampl

e B.4 

2.98 2.97 3.04 

Sampl

e B.5 

2.98 2.95 3.03 

Sampl

e B.6 

2.98 2.97 3.03 

Sampl

e C.1 

5 4.92 4.87 5.00 4.94 ± 

0.05 

0.96 1.27 98.73 98.73 

Sampl

e C.2 

4.94 4.92 5.00 

Sampl

e C.3 

4.94 4.88 4.99 

Sampl

e C.4 

4.94 4.89 4.98 

Sampl

e C.5 

4.92 4.87 4.98 

Sampl

e C.6 

4.94 4.86 5.00 
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Table 10.11 Raw data of calibration curve equation for IND showing CC within acceptable range 80-

120% according to ICH guidelines 

T.C (µg/mL) Average Area (mAU*S) C.C (µg/mL) %RSD % Recovery 

1 55.43 1.17 ± 0.002 0.421 117.32 

5 312.00 5.54 ± 0.001 0.073 110.76 

10 564.90 9.84 ± 0.03 0.294 98.41 

20 1085.34 18.70 ± 0.07 0.359 93.48 

30 1713.96 29.39 ± 0.13 0.458 97.97 

40 2378.80 40.70 ± 0.13 0.331 101.75 

50 2985.37 51.02 ± 0.12 0.236 102.04 

100 5843.11 99.64 ± 0.25 0.252 99.64 

 

 

 

 

Table 10.12 Raw data of the calibration curve PRH showing CC within acceptable range 80-120% 

according to ICH guidelines 

T.C 

µg/mL 

Mean Area 

(mAU*s) 

CC 

Mean ± SD 

µg/mL 

%RSD %Recovery  

1.00 27.24 1.15 ± 0.00 0.12 114.78 

5.00 106.95 4.48 ± 0.01 0.00 89.53 

10.00 226.75 9.48 ± 0.05 0.00 94.80 

20.00 503.01 21.02 ± 0.04 0.06 105.09 

30.00 736.85 30.78 ± 0.02 0.00 102.61 

40.00 935.94 39.10 ± 0.06 0.00 97.74 
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Table 10.13 Raw data of Inter day accuracy and precision PRH (n=9) 
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Figure 10.8 PRH HPLC chromatogram 1 µg/mL 

 

 

  

Figure 10.9 Robustness chromatogram of 20 µg/mL PRH showing sharp peak with mobile phase ratio 

50:30:20 of acetonitrile, methanol, and buffer respectively  
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Figure 10.10 Spray dried particles of Eudragit L100 with IND showing the drug release in buffer (pH 

6.8) with no interference 

 

 

 

 

 

 

Figure 10.11 Calibration curve concentration and retention time PRH using another Agilent HPLC using 

same samples of calibration curve contractions with adjusted range 5-50 µg/mL showing high linearity 

and acceptable absorbance for the 291 nm wavelength 
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Figure 10.12 One of the trials of HPLC column (1) for IND and unsuitability of detection 

 

Figure 10.13 Trials of using another C18 column (2) HPLC IND  
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Figure 10.14 One of the calibration curve concentration 5 µg/mL of IND showing peak sharpness and 

area the run 

 

10.3  Appendix chapter 5 

 

10.3.1 Hot stage microscopy method  

 

This type of microscope was used to detect the polymorphic changes via a video 

camera and observed events. This technique was correlated with those collected from 

the DSC. Observations were recorded as captures using eclipse Ni software and 

camera (Nikon, Japan), with the temperature-controlled stage was used for 

experiments with 4x and 10x lenses. The heating rate was 10°C per minute. The 

starting and end temperature was simultaneous with DSC analysis. Before starting the 

run, a quantity of IND was placed on a slide and placed on the microscopic stage. 

Small adjustments to the image under a 4000-magnification lens using the filter to 

enhance the clarity of the observed events. 
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Figure 10.15 Raw IND (a) and melted IND after 165 ⁰C, then slowly cooled melted IND (c) showing start 

of crystallization at 30⁰C 

 

 

 

Figure 10.16 IND release from all batches of ODTs with obtained spray dried particles in pH 1.2 media 
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with 100 bounds in Y axis  

 

Figure 10.17 Lactose SEM image with low magnification showing a general size of particles 

 

 

Figure 10.18 Mannitol image of SEM showing the shape and size of the particles 
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Figure 10.19 Sorbitol SEM image showing shape irregularity and surface roughness  

 

 

Figure 10.20 IND SEM showing the similarity with mannitol particles 

 

10.4 Appendix chapter 6 

 

 

Table 10.14 P values obtained from all pellets batches using ANOVA illustrating the significant 
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differences between the results 
D

a
ta

 
p-value for All 

batches  

(45,63&90) 

P value for two 
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Figure 10.21 PRH release in buffer media pH 6.8 from ODTs of PRH, F1, F2, F3 and F4 for 24 hours 
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10.5 Appendix chapter 8 

10.5.1 Thermography analysis in detail DSC of all batches without PRH 

   

Figure 10.22 DSC thermogram of all batches showing a clear melting point (MP) of PHC in batches 

2(B),3(C), 4(D) and missing from the batch1 of MCC only (A) along with a distinct Tg of MCC in all 

combinations (E) 

10.5.2  Simulation trials showing the stages of simulation 

 

Figure 10.23 Drawing the geometries 
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Figure 10.24 Compression simulation 

 

 

Figure 10.25 Adjusting the cylinders shapes to match the real compression instrument  
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Figure 10.26 Particle’s simulation trail without pellets 

 

Figure 10.27 The issue with few quantity of particles and small sizes 

 

 



389 
 

 

Figure 10.28 The compaction force for compaction fine particles only during the trials 

 

 

 

Figure 10.29 Pellet’s simulation trial and shape parameters 
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