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THESIS SUMMARY 
Tabletting by direct compression (DC) is the preferred method of tabletting as 

compared to granulation techniques because among other benefits it is simple, quick, 

and cost-effective. However, most pharmaceutical powders are not compressible via 

DC due to poor flowability, compactibility, compressibility, and the lack of proper 

elasticity. As such, formulation scientists use granulation techniques to obtain drug 

and/or excipient agglomerates with suitable compression properties. Due to 

challenges associated with the granulation techniques, co-processing using particle 

engineering techniques has recently become the preferred approach to improve 

powder physicochemical properties for DC to produce high-quality tablets that can 

serve the intended therapeutic purpose. 

Therefore, in this project, composite particles of three drugs (paracetamol, 

indomethacin, and metformin hydrochloride), which are notoriously known for their 

poor tabletting and dissolution properties were prepared and investigated to improve 

their tabletting and dissolution properties. The tabletting deficiency of paracetamol was 

overcome via composite particles prepared through cooling crystallisation and co-

milling. The effect of the milling sequence to improve the flowability of the milled 

paracetamol composite particles was also investigated. The poor tabletability and 

dissolution of indomethacin were overcome via milling and freeze-drying. The poor 

tabletability of metformin HCl was overcome by co-freeze-drying in the presence of 

polyvinylpyrollidone (PVP). The solid-state properties of the engineered particles were 

characterised using SEM, laser diffraction, PXRD, FT-IR and TGA. The packing and 

flowability of the bulk powders were accessed via a density-based measuring 

technique and the tablets were characterised by friability, hardness (tensile strength), 

disintegration and dissolution properties. 

The results showed the composite particles to exhibit modified morphologies, 

hence remarkable tabletting, and dissolution improvements. Composite paracetamol 

particles prepared via cooling crystallisation were polyhedral in the absence of additive 

and irregular lumps in the presence of additives with mean diameters that range from 

55.8 ± 0.2 µm to 155.2 ± 2.2 µm. The tablet tensile strength of commercial paracetamol 

could not be measured because the tablets capped immediately after ejection from 

the tablet die. Remarkably, composite particles showed  ̴4-fold an increase in tensile 

strength as compared to the physical mixture. The composite particles engineered via 
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milling were irregular and become smaller with increasing the milling time from 1 to 15 

min (VMD ranged between 81.7 ± 0.6 and 20.4 ± 0.1 µm). Prolonging the milling time 

up to 20 min did not cause a decrease in particle size in comparison to 15 min (VMD 

= 22.9 ± 1.0 versus 20.4 ± 0.1 µm) which resulted in a decrease in tablet tensile 

strength. Generally, the tensile strength of paracetamol composite particles prepared 

via milling was  ̴5-fold as compared to the physical mixture, which was better than that 

of cooling crystallisation. Composite paracetamol particles prepared using cooling 

crystallisation showed better flow properties (CI = 9.3 ± 0.3 to 15.7 ± 0.2%) than those 

prepared using milling (CI = 29.67 ± 0.6 to 42.7 ± 4.2%). Investigation of the milling 

sequence showed a significant improvement in the flowability of the milled composite 

particles (CI = 41.30 ± 3.1 vs 17.33 ± 0.6%). Although the sequentially milled 

composite particles generate a strong enough tablet to pass friability, the co-milled 

composite particles showed better tablet tensile strength than the sequentially milled 

composite particles (TS = 3.1 ± 0.03 vs 3.9 ± 0.05 MPa). The sequentially milled 

composite particles indicated a ~4-fold increase in tablet tensile strength in 

comparison to the physical mixture which was comparable to that of the tensile 

strength achieved by cooling crystallisation. 

Indomethacin composite particles prepared via milling showed enhancement in 

tablet tensile strength (~7-folds) in comparison to commercial indomethacin, and 

remarkable dissolution (DE (120min) = 91.23 ± 0.25 %, MDT = 9.86 ± 1.4 min and MDR 

= 1.97 ± 0.05 min-1) as compared to commercial indomethacin (DE (120 min) = 2.733 ± 

0.09%, MDT = 57.81 ± 3.1 min, MDR= 0.047 ± 0.01 min-1). As compared to commercial 

indomethacin the composite indomethacin particles prepared via freeze-drying 

showed a ~5-fold increase in tensile strength and improved dissolution (DE (120min), 

83.987 ± 3.83 versus DE (120 min), 2.733 ± 0.09%). Freeze-dried metformin composite 

particles were a mixture of irregular and elongated particles which showed 

improvement (~11-folds) in tablet tensile strength as compared to commercial 

metformin. 

In conclusion, highly crystalline composite particles of the drugs with improved 

physicochemical and mechanical properties were generated with unchanged 

polymorphic forms using particle engineering techniques (Cooling crystallisation, 

milling, and freeze-drying). The improved functional properties generated were 

attributed to the combined effect of change in particle morphology (size and shape), 
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nature of the interaction between drug and excipients and the influence of processing 

conditions. 

Keywords: Direct compression; flowability; tabletability; particle engineering; co-

processing; composite particles; physicochemical properties; compactability 

compressibility; hydrogen bonding; interparticle forces; interactive mixture; cohesivity, 

morphology.  
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It is a remarkable fact that tablets are the most used dosage form in this era 

accounting for more than 80% of all dosage forms (Al-Zoubi et al., 2021; Gil-Chávez 

et al., 2021; Gonnissen, Remon and Vervaet, 2007; Jivraj, Martini and Thomson, 

2000). The principal reason for their continued popularity is that they are easy to 

manufacture. They offer convenience ingestion, dosing accuracy, stability and ease of 

storage compared to liquids and semi-solid dosage forms (Yu et al., 2021; Gonnissen, 

Remon and Vervaet, 2007; Jivraj, Martini and Thomson, 2000). Tablets can be 

manufactured via wet, dry or melt granulation and by direct compression (DC) of active 

pharmaceutical ingredient (API) and excipients mixture (Al-Zoubi et al., 2021). 

Traditionally the processes could include blending, granulation, drying, milling and 

compression. However, the direct compression technique is the most convenient 

method and can reduce several steps (Tran, Lee and Tran, 2021). Yet, the literature 

reported only ≤ 20 % of drug powders are compressible via direct compression into 

tablets (Rose and Kaialy, 2019; Barot et al., 2012). Notwithstanding, DC has superior 

advantages over other tablet manufacturing techniques such as relatively low energy 

consumption, its continuous nature, low capital expense, elimination of heat and 

moisture effect and simplicity during manufacturing processes (Domínguez-Robles et 

al., 2019; Bushra et al., 2008). However, the principal reason for the minimal use of 

DC is that it requires powder with high-quality physicochemical properties such as 

compactability, compressibility, proper elasticity and good flowability (Mangal, Meiser, 

Lakio, et al., 2015). These properties are also known as powder functional properties 

(Mangal, Meiser, Tan, et al., 2015; Kaialy, Larhrib, et al., 2014; Leuenberger, 1982).  

Essentially, particle properties are classified into two groups: fundamental and 

functional properties. Functional properties including flowability, lubricant sensitivity, 

tabletability, disintegration time and dilution potential are determined by fundamental 

properties such as particle size, shape, surface area, porosity, density, and 

morphology. In essence, particles with desirable functional properties can be achieved 

by modifying their fundamental properties (Rojas, Buckner and Kumar, 2012). 

Fundamental properties of the powder and molecular level of pharmaceutical materials 

ultimately influence the processability of formulations and critical quality attributes 

(CQAs) of the final drug products (Hlinak et al., 2006)(Worku et al., 2017). Robust 

manufacturing processes and consistent quality of pharmaceutical products are vital 

in terms of ensuring uninterrupted manufacturing with limited failures and may be 

achieved by controlling and identifying critical material properties (CMPs) of drugs and 
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functional excipients. A lack of precise understanding of the relationship between 

these properties and critical process parameters (CPP) and CQAs of drug products 

prevents the implementation of a quality by design (QbD) approach. Recently, desired 

powder fundamental and functional properties have been achieved via the 

development of co-processed drugs and /or excipient particles for DC. Co-processed 

particles are specific combinations of two or more particles at a sub-particle level 

designed to physically modify their properties in a way not achievable by simple 

physical mixing (Li et al., 2015). Fundamentally development of co-processed particles 

is the research of particle engineering where two or more different particles are 

physically combined into a single-bodied multifunctional particle with better properties, 

essentially possessing better tablettability and flowability (Li et al., 2017). This project 

aims to prepare and critically analysed different co-processed formulations at both 

fundamental and functional levels using various particle engineering techniques with 

a focus to improve their physicochemical properties to achieve desired tabletting by 

DC to cut down the expense and processing steps in comparison to wet granulation. 

1.2 Particle engineering techniques to enhance the physicochemical and mechanical 

properties of composite particles 

Particle engineering is a new discipline offering the theoretical outline for a 

rational design of structured microparticles, it involves the combination of the element 

of multiple disciplines such as formulation science, chemistry, microbiology, colloid 

and interfaces science, solid-state physics, heat, and mass transfer, aerosol and 

powder science, and nanotechnology. Particle engineering requires an extensive 

understanding of the processes of particle formation. Complex structured 

microparticles are challenging to design using an empirical approach alone due to 

several processes and formulation variables required to be set accurately to attain 

desired result (Vehring, 2008). This can be achieved using conventional particle 

engineering techniques including mechanical processes such as comminution through 

(milling, grinding, and crushing) or recrystallisation of particles of solute from solution 

via freeze-drying, spray drying, solvent/anti-solvent techniques and supercritical fluid 

crystallisation (Li et al., 2017).  



19 
 

 

 

Figure 1. Effect of engineered particles on powder fundamental and functional 
properties. 

1.2.1 Cooling crystallisation 

Crystallisation is one of the major particle formation processes for overcoming 

the DC challenges presented by problematic drugs and excipients. For example, the 

crystal habits of mannitol and lactose have been modified to achieve desirable crystal 

sizes with enhanced functional properties such as tabletability, flowability and 

dissolution (Main, Bhairav and Saudager, 2017; Li et al., 2017). The quality of the 

crystals used during tabletting by DC determines the quality of the tablets achieved. 
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The success of any DC process of tabletting and the mechanical properties achieved 

are highly influenced by the quality of the crystals used in the process. For low-dose 

drugs such as indomethacin, the mechanical properties and compaction of the 

excipient are the focal point for particle control (Shekunov and York, 2000). Whereas, 

for high-dose drugs such as paracetamol, binders, and active drug particles are the 

controlling factor (Rose and Kaialy, 2019). Such desirable crystals for DC have been 

previously achieved via antisolvent crystallisation (Kaialy, Larhrib, et al., 2014; Kaialy, 

Maniruzzaman, et al., 2014), or solution methods for instance cooling (Keshavarz et 

al., 2021; Di Martino et al., 1996) or evaporation crystallisation (Weyna et al., 2009), 

the use of crystal modifiers (Barot et al., 2012) and spherical crystallisation (Nokhodchi 

et al., 2007). 

Cooling crystallisation has the advantage of being simple and straightforward: 

based on a single process variable i.e., the temperature is reduced to induce 

crystallisation (Griffin et al., 2017), via three main mechanisms i.e., nucleation, growth, 

and agglomeration (Ó’Ciardhá, Frawley and Mitchell, 2011). Cooling crystallisation is 

employed when the solubility of the solute to be dissolved depends largely on 

temperature (Lenka and Sarkar, 2018). This process can generate solid products 

possessing particles with specific end-use properties such as crystal size distribution, 

crystal behaviour, crystal purity, polymorphic form, and crystallinity (Wang et al., 

2016). However, this technique has the disadvantage of being slow attributed to the 

large width of a metastable zone that needs a high supersaturation degree to 

propagate the induction of crystal growth (Kaialy, Larhrib, et al., 2014). 

Research efforts to optimize paracetamol crystals via cooling crystallisation to 

enhance their pharmaceutical and mechanical properties have been documented. For 

instance, Keshavarz et al., (2021) achieved improved mechanical properties of 

paracetamol in the presence of phenacetin or 4-chloroacetanalide as additives to 

modify the crystal growth of the drug. The additives were found to be adsorbed on the 

paracetamol crystal faces selectively, thereby, inhibiting crystal growth leading to 

crystals with reduced particle size and a 4-fold improved compressibility in comparison 

to commercial paracetamol. Enhanced dissolution of paracetamol was obtained 

through cooling crystallisation in the presence of PEG4000. A mean dissolution time 

of 3 min was attained as compared to 17.2 min commercial paracetamol attributed to 

decreased fine particles and increased particle wettability (Can et al., 2010). 
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Paracetamol with better compressibility was obtained in the presence of 4-

chloroacetanilide at a lower cooling rate. The compressibility was dependent on the 

type of solvent used (Keshavarz et al., 2019). Šimek, Grünwaldová and Kratochvíl, 

(2017) enhanced the compressibility of paracetamol by modifying its particle shape. 

The study engineered and compared plate, irregular and spherical particle shapes of 

different sizes. Superior flow and compressibility were obtained from spherical 

particles as compared to the very poor tabletting property shown by commercial 

paracetamol and the study also established that there is no significant effect of the 

size modification on the tablet compression. Kachrimanis and Malamataris, (1999), 

examined the effect of polymer type and concentration on yield and micrometric, 

melting and compression properties of paracetamol crystallised from water-ethanol. 

The crystal yield was dependent on polymer type; gelatine and PEG showed higher 

crystal yield, but PVP showed lower crystal yield as compared to the commercial 

sample. Gelatine and PVP showed the best mechanical strength. (Al-Zoubi, 

Kachrimanis and Malamataris, 2002), (Di Martino et al., 1996) and (Nicnols and 

Frampton, 1998) all successfully prepared the orthorhombic form of paracetamol via 

cooling crystallisation which is known to exhibit far better tabletability than monoclinic 

form.  

1.2.2. Solvent evaporation 

In this method, a drug or a mixture of a drug and excipient are dissolved in a 

common solvent and then the solvent is evaporated by the application of heat (Prasad 

et al., 2020), then the solute crystallises out from the solution in the form of solid-state 

crystals. For an unsaturated solution at a given temperature, an external heat source 

is supplied that slowly evaporates the solvent until the solution reaches saturation and 

supersaturation and subsequently crystallisation of the solute (Lu et al., 2017). The 

disadvantage of this process is that it has a complex mechanism. For instance, the 

drying process includes several physicochemical processes such as flow, diffusion, 

phase separation crystallisation, gelation, glass transition etc., and the interaction 

between the various processes determines the final structure of the dried material. 

However, the benefit is that the process is fundamentally non-equilibrium, and the 

simplicity of the practical procedure sometimes disguises the complexity of the 

underlying mechanism (Zhou et al., 2017).  
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Some applications about enhancing the pharmaceutical performance of 

paracetamol using a solvent evaporation approach have been previously reported. For 

example, Hiendrawan et al., (2016) prepared co-crystals of paracetamol (PA) with a 

conformer 5-nitroisophthalic acid (5NIP) through the solvent evaporation technique. 

The co-crystal demonstrated improved mechanical properties as compared to 

commercial paracetamol attributed to the presence of 5NIP which showed a higher 

degree of interparticulate bonding (i.e., bonding area and bonding strength), leading 

to a higher plasticity as compared to (PA). A eutectic mixture of aspirin-paracetamol 

(ASP-PA) prepared using solvent evaporation showed higher compressibility, 

tabletability and plastic deformation as compared to commercial paracetamol. The 

better deformation property shown by (ASP-PA) as compared to commercial 

paracetamol was attributed to its layered microstructure which led to the sliding of the 

adjacent layers over one another under compression pressure leading to higher plastic 

deformation and consequently providing a greater interparticulate bonding area (Jain, 

Khomane and Bansal, 2014). Abbas, (2014) formulated a propolis matrix of 

paracetamol-modified release tablets via solvent evaporation method with improved 

tabletability as compared to commercial paracetamol and physical mixtures. 

Hiendrawan, Veriansyah, Soewandhi, et al., (2016) engineered co-crystals of 

paracetamol (PA)- dipicolinic (DPA) using solvent evaporation. Although the same co-

crystals prepared via the supercritical antisolvent (SAS) approach showed better 

dissolution and mechanical properties, PCA-DPA prepared using traditional solvent 

evaporation demonstrated better tabletability as compared to commercial 

paracetamol. 

1.2.3 Anti-solvent crystallisation 

Anti-solvents are a collection of solvents that aid crystallisation when added to 

a crystallisation mixture. In anti-solvent crystallisation, the parent liquor and the solvent 

must be miscible where the solute is insoluble in the anti-solvent. This results in a 

condition in which the effective solubility of the solute in the solution is low but not 

totally inhibited. Crystallisation is induced upon the addition of an anti-solvent to the 

crystallisation mixture (Crisp, Dann and Blatchford, 2011). The benefit of this 

technique is that it is suitable for thermo-labile compounds (Kaialy, Larhrib, et al., 

2014), it also has low sensitivity to most practical disturbances and variations in the 

nucleation and growth kinetics and it does not require the extra time needed for the 
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determination of crystallisation kinetics (Zhou et al., 2006). The limitation of this 

method involves high supersaturation during antisolvent induction zones that lead to 

excess primary nucleation and consequently, fine crystals are formed and thus a 

tendency for particle agglomeration (Yamane, Takayama and Nagai, 1998).  

This technique has been successfully implemented in the literature, for 

example, (Kaialy, Larhrib, et al., 2014) altered the crystal habit of paracetamol via anti-

solvent crystallisation in the presence of various concentrations of additives (0.1, 0.5, 

and 1 % w/w) either polyvinyl alcohol (PVA), Avicel PH 102 (microcrystalline cellulose), 

Brij 58, methylcellulose (MC) or polyethylene glycol (PEG 1500, PEG 6000, and PEG 

8000). The engineered crystals in the presence of Brij® 58 and PEG 6000 

demonstrated superior compatibility and dissolution as compared to commercial 

paracetamol which achieved no tablet at all compression pressures. Xylitol crystals 

were modified using the anti-solvent crystallisation technique in the presence of 

various hydrophilic polymers (polyethene glycol (PEG), polyvinylpyrrolidone (PVP) 

and polyvinyl alcohol (PVA)) as additives at a range of concentrations. Xylitol in the 

presence of PVP or PVA showed significant improvement in tablet hardness and 

dissolution of indomethacin as compared to commercial xylitol (Kaialy, Maniruzzaman, 

et al., 2014). 

1.2.4 Supercritical fluid precipitation (SCFP) 

A supercritical fluid technology uses supercritical fluids, which exhibit unique 

properties of the liquid (insignificant surface tension and solvent power) and gasses 

(transport properties) above their critical point (Girotra, Singh and Nagpal, 2012; 

Esfandiari, 2015; Shoyele and Cawthorne, 2006). Carbon dioxide is the most used 

supercritical fluid (SF) for pharmaceutical purposes and accounts for more than 98 % 

of the applications, due to its low as well as its simply controllable critical temperature 

(31.2 oC) and pressure (7.4 MPa), it has a lower cost, non-toxic and it is a non-

flammability substance (Pasquali, Bettini and Giordano, 2006; York, 1999). 

The advantages of this technique are that it provides high purity products, it 

provides an avenue for crystal polymorphism control, it can process thermolabile 

molecules, it is also a single-step process, easy downstream processing and it is an 

environmentally acceptable technology. More benefits are, it can be used to achieve 

microencapsulation, it can be used to surface coat a drug substance with a polymer 

or co-crystallisation with excipients or host molecules such as cyclodextrins and it can 
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produce micro or nanoparticles with narrow size distribution (Fages et al., 2004). 

Additionally, this technique has high versatility and offers the flexibility to offer 

alternative processing approaches by proper adjustment of the operating conditions 

and chemical and physical parameters such as pressure, temperature flow, drug 

concentration, organic solvent and nature of the supercritical fluid, materials of desired 

crystal form can be engineered (Pasquali, Bettini and Giordano, 2008). However, the 

limitation of this technique is the high expense of large pressure vessels as a result, it 

turns out to be problematic for commercial scale-up (Han and Poliakoff, 2012). 

Co-crystals of paracetamol (PCA)- dipicolinic (DPA) have been previously 

prepared using supercritical antisolvent (SAS) co-crystallisation with improved 

tabletability as compared to the same crystals formed using traditional solvent 

evaporation and commercial paracetamol. The particle sizes of the SAS technique 

were lower than that of traditional solvent evaporation, and the dissolution of PCA-

DPA (SAS) co-crystals performed better than those of traditional solvent evaporation. 

Both PCA-DPA co-crystals from SAS and traditional solvent evaporation showed 

better tabletability than commercial paracetamol (PCA) (Hiendrawan, Veriansyah, 

Soewandhi, et al., 2016). A stability and dissolution study comparison of co-crystals of 

polyvinylpyrrolidone (PVP) – indomethacin (IDMC) prepared via co-milling (COM) and 

supercritical anti-solvent (SAS) showed both COM and SAS to produce superior 

dissolution than commercial paracetamol and SAS crystals with better stability after 6 

months due to slower surface structural relaxation than COM (Lim, Ng and Tan, 2013). 

Paracetamol (PA) and trimethyl glycine (TMG) were co-crystallised using SAS 

approach and co-milling via the ball-mill approach (BM). The SAS co-crystals showed 

lower particle sizes than BM and thus achieved enhanced solubility, dissolution rate 

and tabletability as compared to BM and PCA (Zhao et al., 2018). 

1.2.5 Spray-drying 

In the spray drying technique, the feed is dissolved in a solution and pumped 

into a nozzle the solvent is then evaporated by atomisation into hot gas then dried in 

a special chamber by the pre-heated gas to remove water moisture from the system 

forming dry particles (Arpagaus, 2018). This technique can provide spherical particles 

in a narrow particle size range including free-flowing agglomerates that are attractive 

for the direct compression method of tabletting. Spray drying offers numerous benefits 

such as good reproducibility and the use of a rotary atomizer causes air dispersion to 
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produce a high degree of rotation leading to uniform drying temperature (Yarangsee 

et al., 2021). More advantages are, it is a single-step unit process, and it also allows 

scalability and control of the production process due to known particle formation 

mechanisms (Snyder and Lechuga-Ballesteros, 2008). Particles with wrinkled, porous, 

and spherical morphologies can be generated when the process parameters are 

carefully designed and controlled (i.e., gas and solution feed rate, temperature and 

relative humidity, solute concentration, solvent composition, droplet size, etc) (Healy 

et al., 2014; Claus et al., 2014). However, the disadvantage of spray drying is the 

stability issue due to the amorphization of many materials during spray drying. Another 

issue is the potential for degradation when processing macromolecules due to factors 

such as thermal and high shear stress (Healy et al., 2014). Additionally, in a highly 

unstable and energetic and thermodynamically unstable form, a spray-dried solid will 

overtime return to the least energetic more stable crystalline form (Paradkar and York, 

2016). 

Improved physicochemical properties of several drugs and excipients via spray 

drying have been reported in the literature, for instance, a continuous coating method 

was developed to improve both flowability and tabletability of paracetamol. A 

formulation with 75% paracetamol, 5% PVP and 20% amorphous lactose produced a 

better tensile strength than commercial paracetamol of 1.9 MPa at a compression 

pressure of 288 MPa. This improvement was attributed to the coating of paracetamol 

crystals with amorphous lactose and PVP and the presence of brittle and plastic 

components in the formulation (Vanhoorne et al., 2014). Al-Zoubi et al., (2021), 

prepared paracetamol (PA) and propyphenazone (PRP) separately via co-spray 

drying with hydroxypropyl methylcellulose (HPMC) and hydroxypropyl cellulose (HPC) 

using drug suspensions in polymer solutions as feed liquids. Co-spray dried PCT (15 

% HPC) with neat PRP and co-spray dried PRP (10 % HPMC) with neat PCT showed 

the best tabletting improvement due to the presence of the polymers as shown by their 

higher work of compaction and a solid fraction, higher fracture toughness, and tablet 

strength. PA (15 % HPC) showed the best drug release.  

The use of erythritol, maltodextrin and mannitol in binary drug/excipient mixture 

prepared via co-spray drying with paracetamol at a higher temperature resulted in high 

process yields and high tablet tensile strength due to the increased particle 

fragmentation of erythritol and mannitol mixtures and to the increase in plastic 
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deformation of maltodextrin formulations (Gonnissen, Remon and Vervaet, 2007). A 

comparison of the influence of spray-dried cellulose nanofibers (CNF) and 2 

commercial grades of microcrystalline cellulose (MCC) (i.e., Avicel PH101 and Avicel 

PH102) on the tabletting property of paracetamol showed that CNF has better ability 

to pack with lower porosity than MCC, it also showed good flow property and its 

addition to MCC improves the flowability of MCC. Additionally, CNF showed higher 

brittleness and better tabletability than MCC with better disintegration and dissolution 

(Kolakovic et al., 2011).  

Mini convex-shaped tablets of paracetamol prepared with spray-dried lactose 

showed improved tableting and mechanical stability in comparison to normal sized-

tablets and commercial paracetamol (Lennartz and Mielck, 1998)  

Mangal et al., (2015) prepared an interactive mixture of paracetamol with spray-

dried PVP-leucine composite particles using PVP with different molecular weights. The 

diameter of the co-spray dried particles ranged from 1-10 µm. The glass transition 

temperature (Tg) of the formulation was higher with increasing PVP molecular weight. 

The tensile strength of the formulation increased with a decrease in the (Tg) of the 

composite particles. The high tensile strength obtained was attributed to the lower 

tablet elastic recovery caused by the deformability of the spray-dried PVP-leucine 

composite particles. Al-Zoubi, Odeh and Nikolakakis, (2017), investigated the tableting 

of co-spray-dried metformin HCl in the presence of different hydrophilic polymers. Co-

spray-dried anionic polymers (sodium alginate and sodium carboxymethylcellulose) 

produce improved compactability and tabletability whereas PVP and copovidone 

showed decreased tabletability as compared to spray dried metformin alone. The 

polymers showed the following order in terms of efficiency: sodium alginate > HPMC 

> sodium carboxymethyl cellulose > copovidone > PVP.  

1.2.6 Freeze-drying (lyophilisation)  

Freeze-drying process involves 3-stage operations i.e., the freezing step, and 

primary and secondary drying steps. In the freezing step, the formulation in liquid form 

is cooled until ice growth leads to the matrix formation of glassy ice crystals of water 

and crystalline solute. During the primary drying stage, the ice crystals are removed 

via sublimation thus reducing the pressure of the chamber to lower than the vapour 

pressure of ice, and subsequently, the heat is supplied to produce the temperature 

remove by ice sublimate. The remaining unfrozen water from the primary drying which 
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can amount to up to 15 to 20 % is desorbed during secondary drying normally at high 

temperature and low pressure to achieve preferred low moisture content (Kaialy, Khan 

and Mawlud, 2016).  

Freeze-drying process has the advantage of using very low temperature and pressure 

to produce tablets thus offering an opportunity to engineer heat-sensitive 

pharmaceuticals. In addition, it could be an alternative to overcome the problem of 

nano-particle breakage during compression since nanoparticles are required to remain 

intact for drug release control. Moreover, the water sublimation during the freeze-

drying process provides a high surface area which can be a tool for improving drug 

bioavailability in tablet formulation (Tran, Lee and Tran, 2021). In addition, the 

processed materials show high stability, easy re-formation and can be transported 

easily (Chansanroj and Thanawattanawanich, 2016). However, Freeze-drying has the 

disadvantage of freezing and drying stress such as the creation of ice crystals, and 

changes in pH and concentration of solute (Wang, 2000). 

Attempts to improve the mechanical properties of several poorly compressible 

drugs and excipients for direct compression of conventional tablets have been 

documented in the literature via freeze-drying. For example, Kaialy, Khan and Mawlud, 

(2016) investigated the influence of mannitol concentration on the physicochemical, 

mechanical, and pharmaceutical properties of freeze-dried mannitol for the delivery of 

indomethacin. The study reported that physicochemical, mechanical, and 

pharmaceutical properties of freeze-dried mannitol are dependent on mannitol 

concentration. Decreasing mannitol concentration resulted in decreased true density, 

bulk density, cohesivity, flowability, net charge-to-mass ratio and relative degree of 

crystallinity. In contrast, increasing mannitol concentration is reflected by increased 

breakability, size distribution and size homogeneity of freeze-dried mannitol. The 

dissolution and mechanical properties of lyophilised mannitol tablets improved with 

decreasing mannitol concentration. 

1.2.7 Spray freeze-drying 

Spray freeze-drying is a relatively new drying approach to producing 

biopharmaceutical powders that involve the combination of both freeze-drying and 

spray drying which includes atomization, rapid freezing, and freeze-drying. Apart from 

the processing parameters, several nozzles for instance; ultrasonic and Piezoelectric 
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devices can be used to control the particle size. The drug is molecularly distributed in 

frozen droplets with excipients because of the ultra-fast freezing process leading to 

the formation of porous particles after the sublimation of the ice. SFD has the 

advantage of having the ability to highly process heat-sensitive molecules over SD, 

though studies to confirm the advantage have not been conducted (Wanning, 

Süverkrüp and Lamprecht, 2015). 

1.2.8 Milling 

Milling is the traditional technique of drug powder micronisation. It involves 

micronisation by interparticle collision and attrition (Shoyele and Cawthorne, 2006). 

Milling occurs in 2 steps which are related to the internal structure of a material: firstly, 

the opening of already existing small fractures and secondly, fragmentation forming 

new surfaces using external forces (Naik and Chaudhuri, 2015). hence, milling can 

influence various physical powder properties such as flowability, cohesiveness, 

electrostatic charge etc. (Mackin et al., 2002). During milling, the hardness of the 

material and the fines required governs the type of mill to be selected. For instance, 

sizes up to 5 µm can be produced by jet mills, and thus these particles enhance the 

dissolution of the poorly aqueous drug due to an increase in surface area as indicated 

by the Noyes-Whitney equation. Particles less than 5 µm are best produce by wet mill. 

In capsule and tablet manufacturing, dry milling is often exploited because the 

granulated solid can be reduced to a desired particle size distribution that flows freely 

to aid the generation of uniform-weight tablets. Additionally, if needed, the API or 

excipient may also be reduced to a similar range of particle sizes during processing to 

minimize segregation during blending (Naik and Chaudhuri, 2015).  

The advantage of mechanical milling is that it is simple, cheap, and feasible for 

large-scale production (Can et al., 2010). However, the milling process may present 

several drawbacks to the drug such as mechano-chemical transformation, generation 

of electrostatic charges, agglomeration of fine particles, solid-state reactivity, and drug 

degradation (Lim, Ng and Tan, 2013). The high energy input required in milling can 

lead to contamination or induce disorder and defects. The product or drug particles 

can even generate amorphous regions leading to physicochemical instability of the 

processed material (Chiou et al., 2007; Steckel, Rasenack and Müller, 2003). 
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Several mills have been extensively studied such as ball mills, colloid mills, jet, 

and hammer mills. However, for pharmaceutical applications jet and ball mills are the 

most common (Shoyele and Cawthorne, 2006).  

1.2.8.1 Jet milling 

Jet milling employs high-velocity particle-particle collisions for particle size 

reduction. Ample particles are laid into the chamber where nitrogen at high pressure 

is introduced via the nozzles for the solid particles to be speeded to sonic velocity, 

while flying around the mill particles collision occurs, which results in a subsequent 

fracture. Larger particles will be forced to the chamber's outer perimeter due to high 

centrifugal forces exertion whereas small particles follow via the central discharge 

stream. Particles down to 1µm can be generated depending on the powder feed rate 

and Nitrogen pressure (Telko and Hickey, 2005). Trementozzi et al., (2017) studied 

the flow properties of a jet milled API (D50% = 24 µm) and particle-engineered wet 

milled API (D50% = 70 µm and 90 µm). the findings contradict the notion that powder 

flow properties are directly proportional to particle size distribution because the flow 

functions of all API lots were found to be poor despite the significant difference in 

average particle size (ffc > 4). However, the wet milled API blends (ffc > 4) were better 

than the jet milled blend. Both jet and wet milled blends demonstrated excellent 

tabletability at the drug loading used. 

1.2.8.2 Ball milling 

A pharmaceutical ball mill is operated via filling the sample in a cylindrical 

crushing tool which grinds materials by rotating around a horizontal axis containing 

either stainless steel, flint pebbles or ceramics milling balls (Khadka et al., 2014). The 

process occurs using friction, collision, impingement, shear, or other mechanical 

actions to modify the structure and properties of a material (Soe et al., 2020). Ball 

milling is known to be a simple, economic, and yet powerful technique to produce 

nanostructured and amorphous material (Ghayour, Abdellahi and Bahmanpour, 

2016).  

Ball milling has been used in the literature to prepare co-crystals of paracetamol 

to improve its pharmaceutical functionality in most cases tabletability and to enhance 

the dissolution property of poorly water-soluble drugs such as indomethacin. In the 

case of indomethacin, often the drug is amorphized for dissolution enhancement. For 

instance, in a previous study, the authors compared the effect of the preparation 
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technique (cryo milling at different milling time and by cooling the drug melted at 

different cooling rates) on amorphization and dissolution of indomethacin. It was 

discovered that the samples cooled at different cooling rates showed no significant 

differences in their dissolution profiles. On the contrary, the dissolution of the milled 

sample was dependent on milling time with significant increase rates of 0.28, 0.48, 

and 0.59 µg/ml/cm2 for 120, 180 and 240 min milling time respectively (Karmwar et al., 

2012). In another study, the effect of different compression pressures on the intrinsic 

dissolution rate (IDR) of PVP-indomethacin crystals and glass solution of 

indomethacin prepared via ball milling was investigated. The study concluded that 

compression pressure can affect the IDR of pure amorphous IND, whereas crystalline 

indomethacin and glass solution of IND-PVP were only slightly affected by different 

compression pressure (Löbmann et al., 2014). Several studies have prepared 

amorphous indomethacin co-crystals with high stability via milling (Lim et al., 2016; 

Sharma, Denny and Garg, 2009; Planinšek et al., 2010; Chieng et al., 2009; 

Savolainen et al., 2007; Ayenew et al., 2012; Lenz et al., 2015). In the case of poorly 

compactible drugs such as paracetamol Kaerger, Edge and Price, (2004) investigated 

the effect of particle size and shape on the flowability and compactability of binary 

mixtures of paracetamol and microcrystalline cellulose (MCC) prepared via 

micronisation and solution atomization and crystallisation by sonication (SAXS). It was 

found that SAXS particles exhibited increased bulk and tap density and thus showed 

improved flow due to their spherical particles as compared to the blend containing 

milled particles. The tablets prepared to contain blends of smaller paracetamol 

particles showed significant improvement in compactability as compared to the tablets 

prepared in the presence of larger untreated paracetamol particles. 

1.3 Physicochemical and mechanical properties 

Powder handling and processing operations are reliant on the physicochemical 

properties of powder materials. A proper understanding of these physicochemical 

properties of pharmaceutical powders can enhance the development strategies for 

efficient and cost-effective powder processing (Shah et al., 2017). Tabletting of 

pharmaceutical powders demands substantial knowledge of the fundamental 

properties of powders. These properties include both physicochemical and 

mechanical properties and thus determine the behaviour of the formulation during 

tablet processing (Jain, 1999). Fundamental properties such as particle size, shape, 
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surface area, porosity, density, and morphology can be modified to achieve desired 

functional properties such as compressibility, flow, disintegration, and dissolution 

(Rojas, Buckner and Kumar, 2012). 

 

Figure 2. Physicochemical and mechanical properties of powders. 

1.3.1 Solid state properties 

 Drug substances can exist in a variety of solid forms such as polymorphs, 

solvates, salts, cocrystals and amorphous solids, where each form presents unique 

physicochemical properties that can profoundly influence the bioavailability, 

manufacturability, purification, stability, and other performance of properties of the 

drug (Iacocca, Burcham and Hilden, 2010). Processing of drug product often led to 

change in the polymophic form of the drug due to subjection to a range of conditions 

such as temperature, pressure, water activity and composition. The potential for 

polymorphic form transformation can be significantly reduced by selecting the most 

physically stable solid form of an API to the ambient and environmental conditions the 

API is exposed to during manufacturing (Ticehurst and Marziano, 2015). Processes 

such as crystallisation could produce a drug substance in a variety of polymorphic 

forms which have different energies and differs in their physicochemical properties 

such as melting point, solubility, density, refractive index, the heat of fusion, etc. 
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polymorphic forms have been shown to influence solubility and subsequently 

dissolution rate of several drugs (Hörter and Dressman, 2001). 

1.3.2 Size and size distribution 

 Particle size measurement has become the most widely used physical property 

measurement for pharmaceutical compounds. During the formulation process, particle 

size can be modified by controlled crystallisation or by milling. For a material that is 

poorly aqueous soluble with acceptable permeability, a reduction in particle size 

greatly enhances the absorption of the material into the body by improving the 

dissolution rate through an increase in surface area as explained by the Noyes-

Whitney equation (Iacocca, Burcham and Hilden, 2010). Moreover, particle size has 

been reported to influence tablet tensile strength of composite particles. The 

composite tensile strength was found to decrease with increasing mean particle size 

and decreases with decreasing mean particle size (Fu et al., 2008). 

1.3.3 Particle shape 

 The role of particle shape in the delivery of drug substances has not been fully 

clarified, probably due to the absence of simple techniques to control particle shape. 

Particle size measured simply by diameter for spheres must be redefined because 

non-spherical particles possess two or more distinct dimensions, one length scale may 

dominate the other base on the particle orientation. There is already existing proof 

implying that particle degradation to release therapeutic drug depend on the shape of 

the particle. Many sustain release designs were achieved with a hemispherical particle 

that only permits degradation on the face. Non-spherical particles that have regions of 

distinct thickness could produce unique degradation profiles, as the shape of the 

particle changes over time (Champion, Katare and Mitragotri, 2007).  Particle shape 

is also a key determinant property that affects the physicochemical property of a bulk 

powder. For instance, it is understood that spherical-shaped particles have better flow 

properties than irregular-shaped particles due to fewer interparticle contact points. 

During processing, spherical particles are easier to mix than other shape particles. 

Particles such as flat or elongated prolong the optimal mixing time due to their 

tendency to aggregate (Kaialy, Maniruzzaman, et al., 2014).  

1.3.4 Surface roughness 

 Surface roughness results from fluctuations around a solid surface usually 

measured as a summation of negative and positive deviations from a ‘mean plane’ fit 
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over the surface of interest (Aslani et al., 2010). The surfaces of most material entities 

comprise specific peaks and valleys distribution based on the material structure, or the 

type of processing used. Composite particles which contain a variety of particles have 

roughness values reflecting the configuration of their particulate components. 

Therefore, the degree of surface roughness may affect the mechanical properties of 

the specific composite particles. Scanning electron microscopy (SEM) can be used to 

analyse the surface characteristics of a material. It provides qualitative information 

about the variations on the surface within a 2-D image. Quantitative methods such as 

stylus profilometry, atomic force microscopy (AFM) and non-contact optical 

profilometry (NOP) can also be used to determine parameters of surface roughness 

(Narayan and Hancock, 2003). Narayan and Hancock, (2005) studied the relationship 

between surface roughness, particle size and mechanical properties of a plastic 

(microcrystalline cellulose) and a brittle (Lactose monohydrate) excipient. The study 

reported that for both plastic microcrystalline cellulose and brittle Lactose 

monohydrate surface roughness increases with mean particle size. Lactose 

monohydrate showed a stronger particle size dependence than MCC attributed to the 

magnitude of the compression stress in relation to the yield pressure of the materials 

needed to densify the compacts to a constant solid fraction of 0.85. 

1.3.5 Surface energy 

The surface energy of a crystalline pharmaceutical material has been explained 

to be anisotropic. considering facet-specific surface energy of crystalline material. it is 

proposed that the surface energetics of a bulk crystalline material depends on the 

relative surface energy of different crystal facets. For example, for milled paracetamol, 

it is reported that the dispersive component of surface energy increases with 

decreasing particle size attributed to the surface energy of the weakest attachment 

energy plane for paracetamol crystal (Shah et al., 2017; Heng and Williams, 2006; 

Heng, Thielmann and Williams, 2006). Surface energy has also been linked to face-

specific attachment energies, indicating that a morphology change will lead to a 

change in bulk surface energy. Surface energy has also been reported to affect 

powder flow (Ticehurst and Marziano, 2015). 

1.3.6 Mechanical properties 

 The mechanical properties of a crystalline material could critically be attributed 

to various manufacturing processes of solid dosage forms such as milling, blending, 
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granulation, tabletting and coating. The mechanism of mechanical deformation 

includes plastic, elastic, viscoelastic and fragmentation. Materials with better plasticity 

could possess better compressibility, which is permanent and irreversible after stress 

removal. Good tabletting behaviour anticipates more plastic deformation and less 

elastic recovery (Guo et al., 2021). 

1.3.6.1 Powder compressibility  

Powder compressibility is defined as the ability of the powder to reduce its 

volume under pressure, poor compactability might result in decreased tensile strength 

leading to a tendency for capping, lamination or crushing of tablets (Yu et al., 2021; 

Busignies et al., 2012). Compression involves a reduction in the volume of bulk powder 

due to reducing the gaseous phase. The main mechanism for the initial volume 

reduction is the closer packing of powder particles due to rearrangement. As the 

interparticle distances reduce during the volume reduction process, interparticle bond 

formation occurs, the nature of which depends on the type of bond in the molecular 

structure of the particles (Mohan, 2012). During compaction, the individual particles of 

the powder experience intensive deformation and begin to bond together through van 

der Waals forces, the formation of solid bridges and mechanical interlocking. 

Thereafter, decompression occurs as the two punches begin to move away from each 

other hence compaction pressure drops quickly as the distance between the two 

punches increases, accumulated elastic strain gained during compression recovers 

followed by an increase in the powder bed volume and consequently decreases in 

density. The elastic recovery rate during decompression is one of the primary factors 

responsible for the occurrence of defects such as cracks and fractures of compact 

because quicker elastic recovery is more likely to instigate failure (Wu et al., 2008).  

Compactability of a material is its ability to form a tablet under the compaction 

force (P) effect; (P) is usually characterised by fitting various empirical equations such 

as the Ryshkewitch–Duckworth equation and TS vs P equation; Ryshkewitch and 

Duckworth developed an equation that correlated the TS (σ) and ε, Eq. (1). 

ln(σ) = σₒ –  kbε        (1) 

 𝜀 = 1 −  𝜌
𝜌𝑡𝑟𝑢𝑒

            (2) 

σ =  2𝐹
𝜋𝐷ℎ

          (3) 
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where σₒ is the theoretical σ of the compact at zero porosity, porosity of the compact 

(ε), ρ is the density of the tablet computed from weight and volume of the tablet, ρtrue 

is the true density, kb is the constant representing the bonding capacity, Tensile 

strength σ, the thickness (h), breaking force (F), and diameter (D).  

Poor compactability might result in decreased tensile strength leading to a tendency 

for capping, lamination or crushing of tablets (Yu et al., 2021). A powder could also 

experience reduced mechanical strength when it possesses high elasticity which could 

result in lamination or capping; the elasticity of a powder is determined by parameters 

generated from calculations of energy obtained during unloading and fast elastic 

stretch (FES), however, the powder should not be completely inelastic to enable its 

suitability for tablet disintegration (Armstrong and Haines-Nutt, 1974; Yu et al., 2021). 

The strength of the compact can be determined simply in terms of the 

compressive force needed to fracture a sample across its diameter. This test is 

referred to as the ‘hardness test’. However, the test (breaking load) does not consider 

either the shape or the dimensions of the compacts or the mode of failure. The fracture 

load conversion to tensile strength which considers these factors allows comparison 

between samples of different sizes and shapes. The tensile strength of a tablet is a 

vital characteristic because the tablet requires to be mechanically strong to withstand 

handling, packaging transport and end-use by the patient, as well as to be weak 

enough to break apart in the human system to release its contents. Fundamentally, 

tensile strength above 1.7 MPa will usually excel to withstand commercial manufacture 

and subsequent distribution (Pitt and Heasley, 2013). The tensile strength is therefore 

defined as the maximum strength material can withstand before breaking under tensile 

stress (Sun, Kothari and Sun, 2018). This property was employed in this project to 

quantify the mechanical strength of the tablets. 

1.3.6.2 Friability 

 Friability is a vital quality feature for tablets that can indicate the vulnerability of 

a tablet to the loss of its own particles when subjected to a mechanical shock or 

abrasion such as during storage, transportation or during coating. Friability can be 

influenced by the properties of the material, its mechanical strength, and the tablet 

core structure. Tablets produced from brittle materials are likely to be more friable than 

those formed from plastic material. High tablet friability values are disadvantageous 

for subsequent handling and storage and thus are not acceptable. A common criterion 
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for tablet friability for a given formulation is a weight loss of < 1.0 % for a minimum 

weight of 6.4 g of a specific batch of tablets usually being tested in a friabilator at 25 

rpm for 4 min as included in the USP, ChP, EP and JP (Zhao et al., 2022). 

1.3.7 Bulk and tap density 

In general, density can be defined as a mass of substance in each volume 

occupied by the powder (Kulkarni, Berry and Bradley, 2010). there are two basic 

methods of evaluating the bulk density that can provide a guide to powder flow 

properties. The aerated bulk density (i.e., random loose parking) and the tapped bulk 

density (i.e., random dense parking). The aerated bulk density is obtained when a 

dispersed powder is allowed to settle in a container under gravitational effect, a 

powder with high structural strength will avoid collapse when dispersed in a container 

and will possess a low bulk density. Whereas a powder with weak structural strength 

will easily collapse and generates high bulk density. High inter-particle friction leads to 

low bulk density and vice versa. The tapped bulk density is acquired by tapping the 

aerated sample in its container, cohesive powder will significantly collapse upon 

tapping and vice versa (Abdullah and Geldart, 1999). Bulk and tap densities are 

possibly two of the simplest measurements than can be achieved on the physical 

property of particulate materials. However, they do not significantly affect powder 

performance. Both tap and bulk density is determined by particle size and shape, 

theoretical density, hygroscopicity and surface chemistry. It is difficult to make 

profound conclusions when any of these factors are altered. For instance, when a 

powder is milled, there can be either an increase or a decrease in tap density. An 

increase occurs if the particle size distribution favours powder parking whereas a 

decrease can occur if the increased surface area creates greater interparticle friction 

or if the material tribostatically charges (Iacocca, Burcham and Hilden, 2010). The bulk 

density of a powder changes tremendously depending on the parking of the particles 

such as consolidation, compaction etc hence there is no unique value for a powder 

(Abdullah and Geldart, 1999). Powders with high bulk density show good flowability 

because they pack efficiently (Mangal, Meiser, Lakio, et al., 2015; Mangal, Meiser, 

Tan, et al., 2015). In general, particles with lower density show poor flow properties 

and are more notorious during mixing than particles with higher density having the 

same size and shape distributions because gravitational influence will be lower with 

respect to low-density particles (Kaialy, Maniruzzaman, et al., 2014). 
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1.3.8 Powder flow  

Generally, a powder is the consolidated parking of heterogeneous solid 

particles dispersed in a continuous gas phase where a multitude of interactions is 

exerted (van der Waals, electrostatic, capillary etc.) (Traina et al., 2013). Powder 

flowability can be defined as the easy flow of powder under a specific condition, i.e., 

the consistent flow without assistance (Al-Ali, Alsamarrae and Alali, 2021; Kulkarni, 

Berry and Bradley, 2010). Flow behaviour is multidimensional that depends on 

numerous physical properties it is a consequence of the combination of material’s 

physical characteristics that influence flow, equipment used for processing, handling, 

and storing these materials, and environmental conditions (Ganesan, Rosentrater and 

Muthukumarappan, 2008). Powder properties such as morphology and particle size 

distribution affect its packing and flow habit (Chu et al., 2021). Larger particles 

experience higher gravitational forces relative to inter-particle forces, therefore they 

tend to move freely and exhibit free-flowing habit, in contrast, particles less than (≤ 10 

µm) exhibit higher inter-particle forces relative to gravitational forces and hence tend 

to agglomerate and exhibit poor flow (Mangal, Meiser, et al., 2016). Poor powder 

flowability can lead to several manufacturing problems including undesired weight 

uniformity of tablets, variable tablet tensile strength (TS) and poor dissolution 

performance (Mangal, Meiser, Tan, et al., 2015; Kaialy, Larhrib, et al., 2014; 

Leuenberger, 1982). The flowability of a powder is primarily characterised by the 

calculation of parameters such as Hausner ratio (HR), Angle of repose (AR) and Carr’s 

index (CI) whereas poor compressibility demands substantial compaction force (P) 

during tabletting, therefore may cause damage to the equipment, it is typically 

characterised by parameters after fitting several empirical equations such as Walker, 

Kawakita and Gurnham equation (Yu et al., 2021).  

There are four standard flow measuring techniques: Hall flow tests, density-

based flow measuring techniques, flow function-annular shear tester and wall friction 

(Kulkarni, Berry and Bradley, 2010). In this project, we employed the density-based 

flow measuring techniques to access the flow properties of the resulting powders and 

their relation to tabletting because in recent years the compressibility index (CI) first 

described by Carr or closely related to Hausner’s ratio has emerged as the fast, easy, 

and popular methods for predicting flow properties of the powder. To determine these 
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parameters, it is necessary to ascertain the unsettled apparent volume and final 

tapped volume, or the resultant tapped and bulk density (E Silva et al., 2013). 

The ratio of the tapped bulk density and the aerated or poured bulk density is 

termed the Hausner ratio which is also a measure of cohesion. Higher values of the 

ratio indicate poor powder flow. Essentially the ratio indicates solid’s particles 

rearrange themselves under the effect of external vibration or ease of flow between 

particles. 

Hausner ratio = 
𝑡𝑎𝑝𝑝𝑒𝑑 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑝𝑜𝑢𝑟𝑒𝑑 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦      (4) 

The density values can also be used to calculate carr’s index (CI) which can also be 

used as an indicator of flowability (Kulkarni, Berry and Bradley, 2010). The carr’s index 

can be acquired with a simple calculation:  

CI = 100 (1 - 𝜌𝑏
𝜌𝑡

 )        (5) 

Where 𝜌𝑏 is the freely settled bulk density and 𝜌𝑡 is the tap density of the powder, for 

an easily packed powder the difference between tap and bulk powder will be large, 

hence Carr’s index will be large. Small Carr’s index indicates the likelihood of good 

flowing powder (Hao, 2015). 

1.3.9 Interparticle bonding area 

Interparticle bonding area describes the surface area over which the 

interparticle force actions. The influence of contact area on compactability and 

flowability is mainly determined by considering particle properties such as particle 

surface morphology and size., and physicomechanical behaviour such as 

elastic/plastic and brittle deformation (Nyström et al., 2008). 

1.3.9.1 Elastic/plastic and brittle deformation 

The property of a material that primarily affects the tabletting of powders is the 

deformation behaviour of powder under stress. This may either be an elastic, plastic, 

brittle fracture, or a combination of the three properties. As for elastic deformation, the 

particle deformation is reversible, time-independent and can generate residual 

stresses within the compact during the decompression stage of the compaction 

process (Jain, 1999). In the case of brittle materials, when high pressure is applied to 

form a tablet during compression, interparticle stresses become extreme, leading to 
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fragmentation. Examples of such brittle materials are sucrose, silicon dioxide, lactose, 

and fructose dextrins. In this process, fragmentation causes the number of particles to 

increase forming new and clean bonding surfaces, densification, and infiltration of the 

smaller fragments into the void space. Regarding plastic materials such as PVP, 

crospovidone, starch, maize, sorbitol, gum and guar, fragmentation does not occur 

upon the exertion of stress and release, rather change in particle shape occurs due to 

the sliding of a group of particles (Viscoelastic flow such as microcrystalline cellulose, 

hydroxymethylmethylcellulose). Such deformation generates potential bonding areas. 

(Saha and Shahiwala, 2009). Maghsoodi, (2012) investigated the effect of newly fresh 

surfaces formed by fragmentation during compression while considering Kawashima 

et al findings that emphasised that the production of fresh surfaces by fracturing during 

compression is necessary to strongly bind particles for tabletting. The tensile strength 

of tablets with ground agglomerates was found to drastically reduce as compared to 

the original single crystals attributed to the reason that when the fractured surface was 

exposed to air for a time after breaking, there was no improvement in interparticle 

bonding due to a decrease in the free energy of the surface when adsorbed with air. 

Analysis of the Heckel equation showed that a freshly surface produced by fracture 

increased the plasticity of particles leading to a lower force for compression of the 

agglomerate than that required to compress the original single crystal. 

1.3.9.2 Particle size and shape 

Particle morphology can be described in the concept of size, shape, internal 

structure, and surface properties of particles (Vehring, 2008). Particle size and shape 

are related since the shape is frequently defined as the ratio of characteristic length. 

Particle surface roughness and contact area govern the cohesion and adhesion 

properties of a particle surface. The shape of the powder determines the number of 

contact points between the individual particles which influence interparticle forces. 

Smaller particle sizes less than 10 µm generate poor powder flow due to interparticle 

cohesive force and vice versa, particles > 250 nm are free flowing (Kale, Gadekar and 

Ittadwar, 2011). The compactability of brittle powder is less influenced by particle 

surface texture and particle shape whereas irregular-shaped particles and particles 

with high surface roughness have been documented to favour plastic deformation due 

to high crystal defects and surface asperities (Narayan and Hancock, 2003; Wong and 

Pilpel, 1990). All particles show cohesion and adhesion properties primarily because 
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of attraction between particles (Kale, Gadekar and Ittadwar, 2011). The increase in 

compactability of plastic material has been previously related to decreasing particle 

size attributed to the larger surface area of small particles which leads to larger areas 

for particle-particle interaction in comparison to larger particles. On the contrary, the 

compactability of brittle materials is typically independent of their particle size due to 

the potential of fracture during compression (Eriksson and Alderborn, 1995; Alderborn 

and C, 1982). 

1.4 Interparticle interactions of engineered composite particles 

 There are mainly two basic mechanisms of interactions that occur at the 

particulate level that determines the overall behaviour of a pharmaceutical powder. 

These include frictional force interactions and adhesion force interactions between 

particles or between particles and contacting surfaces. The desirability and 

undesirability of these interactions depend on the process, type of the processing 

material and the intended product. For instance, the interparticle interactions are 

undesirable during the processing of highly cohesive powders because they cause 

unwanted processing issues and losses (Shah et al., 2017). Three different bonding 

types are often discussed in the literature: weak distance forces such as (Van der 

Waals forces, hydrogen bonds and electrostatic forces), solid bridges and mechanical 

interlocking (Adolfsson, Caramella and Nyström, 1998). 

1.4.1 Van der Waals forces 

Van der Waals forces is a term used to describe a few forces including 

dipole/dipole, dipole/non-polar and non-polar/non-polar existing between molecules. 

Although other intermolecular forces like hydrogen bonding may exist, these forces 

are specific to the chemical nature of the material. However, Van der Waals forces 

always exist (Seville, Willett and Knight, 2000), even more, dominant than other 

interparticulate forces when considering dry powder systems. In a molecule, A finite 

electric dipole is generated from a rapid change in electrons' position consequently 

polarising a neighbouring molecule and inducing a dipole leading to an attractive force 

between the two molecules which will then be modified by a third molecule 

(Castellanos, 2007). It is argued that the van der Waals force or dispersion force is the 

principal bonding force behind the tablet strength in pharmaceutical compacts along 

with other several parameters. In essence, the interparticle bonding strength is directly 

proportional to the strength of a tablet (Li et al., 2004). 
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1.4.2 Hydrogen bonding 

Hydrogen bonds are a kind of special electrostatic dipole-dipole interaction 

between hydrogen acceptor and donor, with a directional, straight, and linear structure. 

This bond has a crucial role in maintaining the stability of substances (Luo, Yan and 

Wang, 2015). Hydrogen bonding is considered a relatively strong interparticle bond. 

Pharmaceutical materials such as cellulose, sucrose and microcrystalline cellulose 

bond via hydrogen bonding during compression. However, the effects of hydrogen 

bonding forces powder on flow behaviour are not yet well understood (Mangal, Meiser, 

Lakio, et al., 2015). However, they have been reported to contribute to improved 

tabletability of metformin (Al-Zoubi, Odeh and Nikolakakis, 2017) and paracetamol 

(Rose and Kaialy, 2019). 

1.4.3 Electrostatic interactions  

Usually, pharmaceutical solids are insulators and therefore there is a tendency 

for the material to be charged during handling processes.  Regardless of the 

formulation and the nature of the material used for processing and storage, powder 

handling leads to inter-particle collision and particle collision with the walls of the 

processing equipment which can consequently cause the accumulation of charge on 

particle surfaces. The bulk powder could be triboelectrically charged in many ways 

such as vibrating devices, low and high shear blenders, rotary drums, fluidise beds 

and drying and transport (Kaialy, 2016a). Electrostatic force can create either 

attractive or repulsive interactions between the particles of the powder. Electrostatic 

attractive interactions occur between oppositely charged particles. Whereas 

electrostatic repulsion occurs when colloidal particles with an identical surface charge 

approach each other leading to an overlap of electrical layer (EDL) surrounding 

particles (Luo, Yan and Wang, 2015). Attractive interactions can cause retard powder 

flow through discharge hoppers. It can also lead to the adhesion of particles to the 

processing equipment surfaces subsequently triggering processing issues and undue 

losses whereas repulsive interactions may create instability in the system and thus 

could result in powder segregation (Shah et al., 2017; Young et al., 2007). However, 

they have a negligible effect on tablet tensile strength because of their tendency to 

quickly diffuse over time and under normal humidity, they are relatively weak in 

contrast to Vander Waals forces, (Schulze, 2008; Olsson, Adolfsson and Nyström, 

1996; Karehill and Nyström, 1990; Nyström et al., 2008).  
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1.4.4 Liquid bridging 

There are chances for the formation of physical bridges between two or more 

particles of a powder and the resulting interparticle interactive forces can be sufficient 

to affect powder flowability. Liquids from the environment or from within powder 

particles may condense at a contact point of closely positioned particles causing 

several cohesive liquid bridges known as pendular bridges due to the presence of a 

strong attractive capillary force documented to be over 50-times stronger than Van der 

Waals forces (Hazlett, Schmidmeier and O’Mahony, 2021). 

1.4.5 Solid bridging 

A solid bridging occurs in a polydisperse mixture when small particles bind 

larger cohesionless particles together by bridging the particle-particle space forming 

aggregates (Seiphoori et al., 2020). Under normal temperature and relative humidity, 

a liquid bridge may be further stabilised via transition into a solid bridge through 

evaporation, crystallisation, or solidification of the bridging material consequently 

increasing the magnitude of the interparticle attractive forces. The rapid occurrence of 

these forces influences powder flow and presents challenges in handling and storage. 

On the contrary, careful control of liquid and the subsequent solid bridges can be 

utilised as a means of particle size enlargement which could in turn be used as means 

to aid powder flowability (Hazlett, Schmidmeier and O’Mahony, 2021). Solid bridges 

likely occur during the compaction of certain materials. These particle-particle bridges 

consist of no different bonds from those that hold molecules/ions together into a 

particle, the nature of which depends on the chemical structure of the material 

(Adolfsson, Caramella and Nyström, 1998). Amorphous materials have a higher 

tendency to bond through solid bridges, and the presence of moisture in tablets 

increases the chances of solid bridge formation. It also increases with increasing 

particle size and compression pressure. Their presence in a tablet also retards 

disintegration time (Fuhrer, 1977; Adolfsson, Caramella and Nyström, 1998). 

1.4.6 Mechanical interlocking 

Mechanical interlocking may arise mainly in materials that have rough surfaces 

and/or irregular shape materials leading to mechanical interaction due to hooking 

and/or twisting of particles together and they are believed to be vital for bonding in 

microcrystalline cellulose (Nyström et al., 2008). Such materials that experience this 
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process may have prolonged disintegration, weak compact strength and extremely 

rough surfaces which may also affect powder flowability (Fuhrer, 1977). 

1.4.7 Capillary forces 

These forces occur from the formation of liquid bridges between particles in 

contact with one another in the presence of vapours. The resulting close contact 

between particles in a powder may lead to the occurrence of condensation at the 

contact points even though the vapour partial pressure is lower than that of the liquid 

(Shah et al., 2017).   

1.5 Active pharmaceutical ingredients (API) for co-processing of composite particles 

The concept of coprocessing of excipients in the pharmaceutical industry was 

first introduced in the late 1980s with the introduction of co-processed MCC and 

calcium carbonate. Followed by cellactose (Meggle Co., Wasserburg, Germany) in 

1990, a combination of 25% lactose and 75% cellulose and then followed the most 

widely used co-processed excipient known as silicified microcrystalline cellulose 

(SMCC) (Saha and Shahiwala, 2009). Co-processed particles represent a particular 

mixing of two or more parent particles at a sub-particle level designed to modify their 

physical properties in a manner not attainable by simple physical mixing. This process 

is a research of particle engineering by which two or more different particles are 

physically mixed into a single-bodied multifunctional particle with improved properties 

as in the case often reported for direct compression (DC), better tabletting and powder 

flow (Li et al., 2017). Co-processed pharmaceutical powders offer the benefits of 

producing homogeneous, free flowing directly compressible formulation and reduce 

the production stages in comparison to wet granulation (Saha and Shahiwala, 2009; 

Nachaegari and Bansal, 2004). In this project co-processing of three different active 

drugs (paracetamol, indomethacin, and metformin hydrochloride) in the presence of 

excipients for tabletting by direct compression will be investigated to cut down the 

processing steps and higher expense in consideration of granulation techniques. 

1.5.1 Paracetamol 

Paracetamol (acetaminophen) was discovered in Germany at the end of the 

19th century and was first used in the middle of the 20th century. Because the toxicity 

of over the counter (OTC) analgesics was realised as early as in the 1960s and the 

1970s, paracetamol was considered safe at normal dosage. This led to its increasing 

popularity to the extent that it replaced the more toxic analgesics available at the time 
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(acetanilide and phenacetin) leading to a five-fold increase in paracetamol usage 

between 1978 and 1988. In 1994/95, in the UK, US Canada, Australia and New 

Zealand paracetamol consumption was more than 8 g per person in a year. In other 

developed countries, it was greater than 20 g per person in a year. In the UK alone 

between 1967/68 and 1993/94, the consumption was documented to have increased 

from 1500 million of 500 mg tablets to 4000 million (Sheen et al., 2002). Paracetamol 

when ingested after fasting, is absorbed rapidly attaining peak plasma concentration 

(Cmax) between 30 min and 1 hour 30 min. it shows a first-pass effect which varies as 

a function of dosage or the number of doses or both. It shows identical bioavailability 

on a dosing range between 325 mg to 1 g. It also follows first-order kinetics (linear) 

with an elimination half-life of about 2 to 2.5 hours (Bannwarth and Péhourcq, 2003). 

Paracetamol exists in various identical polymorphic forms. These forms possess 

different free energies leading to variable physical properties that can have a 

significant influence on; (i) solubility and dissolution rate consequently affecting 

bioavailability, (ii) solid-state stability which can influence potency, (iii) deformation 

character affecting compressibility and (iv) Shape and size of the particles influencing 

the density and consequent flowability (Govedarica et al., 2011). The form of 

paracetamol that is mainly used in therapeutic tablets cannot be directly compressed 

(Joiris et al., 1998), this form is referred to as form I polymorphic form known as 

monoclinic, it is the commercial form of paracetamol, stable at room temperature but 

possesses poor flow, poor compactability and wettability. Form II is known as 

orthorhombic, upon compression, it experiences plastic deformation, and it is also 

appropriate for direct compression but not proper for scaling up (Kaialy, Larhrib, et al., 

2014). Moreover, there is also published evidence that there is a third polymorph 

(Form III) observed only during fusing experiments. However, it has been reported to 

be highly unstable and to date, no crystals have been isolated to allow the 

determination of its structure or physicochemical properties (Nicnols and Frampton, 

1998). The tablet formulations of paracetamol contain mostly between 300 to 500 mg 

of active pharmaceutical ingredients (API). Paracetamol tablets demonstrate high cap 

changes during compression. The monoclinic crystal structure of the drug has been 

explained to be the reason for its minimal plastic deformation and poor compaction 

habit. As such, paracetamol tablets are mainly produced by wet granulation (Martinello 

et al., 2006). Therefore, it is often considered a model active pharmaceutical ingredient 
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when developing new techniques for producing new suitable forms for direct 

compression (Ogienko et al., 2011). 

1.5.2 Indomethacin 

Indomethacin is a non-steroidal anti-inflammatory drug that possesses 

analgesic and antipyretic properties for the past 50 years. In the 1960s acetic acid 

derivatives were developed into indomethacin, diclofenac and sulindac. Indomethacin 

was more potent of the mentioned compounds, as such it became a subject of both 

praise and disappointment due to poor aqueous solubility. It was the earliest to enter 

the clinical trial in 1961 and was made available for general prescription in 1965 

(Lucas, 2016). Indomethacin is a potent inhibitor of cyclooxygenase and thus blocks 

the enzymatic conversion of arachidonic acid to prostaglandin G2, a precursor of 

prostaglandin E2 and F2α. Different from aspirin, it binds to cyclooxygenase reversibly 

to the extent that the inhibition last until it is excreted rather than for platelet life 

(Macones et al., 2001). Indomethacin exists in three polymorphic forms, α, β and γ 

forms (Kaneniwa, Otsuka and Hayashi, 1985). The usual oral dose for the treatment 

of musculoskeletal and joint disorders is 25 mg, 2 or 3 times daily with food. 100 mg 

is ingested orally or as a suppository through the rectal route for treatment of morning 

stiffness and night pains. 50 mg 3 times daily for the treatment of acute gouty arthritis 

and 75 mg for dysmenorrhea treatment. The drug is soluble in 1 in 30 of chloroform, 

1 in 40-45 ether, 1 in 50 of ethanol, and soluble in acetone but highly insoluble in water 

(Mesnukul, Yodkhum and Phaechamud, 2009).  The dose of indomethacin required 

per tablet is 25 mg. Therefore, the success of tabletting will depend largely on the 

excipients in the formulation (Barot et al., 2012). 

1.5.3 Metformin 

Metformin (dimethylbiguanide) therapeutic history originated from the 

traditional herbal medicine in Europe to its synthesis and the discovery of its glucose-

lowering activity in the 1920 s. The drug was extracted from Galega officinalis also 

referred to as (goat’s rue) which is rich in guanidine and shown to reduce the level of 

blood glucose in 1918. Guanidine derivatives, including metformin, were synthesized 

and some were in the treatment of diabetes between the 1920s and 1930s except for 

metformin. Their toxicity and the increase in the availability of insulin led to the 

stoppage of their usage. Metformin was rediscovered in the 1940s during the search 

for an anti-malarial drug which proved to treat influenza and lower blood glucose 
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during clinical trials and was first reported to treat diabetes in 1957 by French physician 

Jean Steme (Song et al., 2021; Bailey, 2017). Metformin is slowly and incompletely 

absorbed from the gastrointestinal tract with a documented absolute bioavailability of 

50 to 60 % (Basak, Kumar and Ramalingam, 2008). The drug is mainly used for the 

management of non-insulin-dependent diabetes mellitus which enhances glucose 

tolerance by lowering both basal and postprandial plasma glucose. It has a short half-

life of 1.5 to 1.6 h (Martínez-Gómez et al., 2017). Metformin hydrochloride is a highly 

water-soluble drug (> 300 mg/ml at 25 oC; pKa = 2.8 and 11.5) (Ofori-Kwakye et al., 

2016). It is used in the treatment of type 2 diabetes and administered as a high-dose 

tablet. It is also a poorly compactible drug with a high tendency to form agglomerates 

during storage (Hansen and Kleinebudde, 2021). Because of its poor mechanical 

properties, formulation scientist must employ the granulation technique to produce 

drug/excipient agglomerate with suitable compression properties, even though the 

technique is expensive, complex and require several processing steps than direct 

compression. (Al-Zoubi, Odeh and Nikolakakis, 2017). 

1.6 Aims and objectives 

 The quality of a tablet depends on several tablet properties such as the 

dissolution behaviour of the API, the flowability of the drug-excipient mixture, crushing 

strength and the friability of the resultant tablet. However, most pharmaceutical 

powders do not form tablets under compression pressure by the direct compression 

method of tabletting (DC) due to their poor compactability. Therefore, in most cases, 

formulation scientists must use granulation techniques to obtain drug and/or excipient 

agglomerates with suitable compression properties. Granulation methods of tabletting 

are time-consuming with several processing steps, they also offer high chances of 

solvent toxicity, and they are also more expensive than the direct compression method 

of tabletting. For this reason, there is a need to manipulate the physicochemical 

properties of poorly compressible pharmaceutical powders before tabletting to enable 

the attainment of quality tablets to achieve the desired therapeutics.  

Physicochemical defects of pharmaceutical powders for DC could be improved 

by particle engineering and robust DC tabletting could present tremendous benefits in 

achieving continuous manufacturing processes. This study aimed to prepare a variety 

of composite particles of poorly compactible drugs (paracetamol and metformin HCl) 

and a poorly soluble drug (Indomethacin) via various particle engineering techniques 
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to provide particles capable of being directly compressed into strong tablets to 

overcome the potential toxicity, time consumption and cost of granulation step of 

tabletting.   

The objectives include: 

1. To engineer and investigate the mechanical properties of paracetamol 

composite particles prepared via cooling crystallisation as compared to 

commercial paracetamol and physical mixing. 

2. To explore the effect of milling time on the mechanical properties of 

indomethacin and paracetamol composite particles as compared to their 

corresponding commercial drugs and physical mixtures. 

3. To examine the effect of milling sequence on the compactability and flowability 

of the milled composite particles. 

4. To investigate the effect of engineered diluents via freeze-drying on the 

mechanical properties of composite particles as compared to their 

corresponding physical mixture containing commercial diluents. 

5. To study the influence of co-freeze-drying of metformin composite particles on 

their mechanical properties in comparison to commercial metformin. 
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2.1 Materials 
Paracetamol (PA, 4-hydroxyacetanilide; acetaminophen; 4-acetamidophenol, > 

98.0 %), was purchased from Sigma Aldrich UK.  Metformin hydrochloride (1,1-

Dimethylbiguanide hydrochloride > 98.0 %), Indomethacin (C19H16ClNO4 > 98.0 %), 

polyvinylpyrrolidone K30 (PVP K30, average molecular weight: 40,000) and l-Leucine 

(C6H13NO3 (s)-2-Amino-4-methylpentanoic acid) were purchased from Tokyo 

chemical industry (Tokyo, Japan). Sodium Starch glycolate (Primojel®) and α-Lactose 

monohydrate were purchased from DFE Pharma (Germany), Ethanol (> 98.0 %) used 

for crystallisation of paracetamol was purchased from University of Wolverhampton 

and distilled water respectively. 

2.2 Methods 

2.2.1 Scanning electron microscopy 

The electron micrographs were obtained by gently mounting a representative 

portion of each sample on an aluminium stub (G301, Agar Scientific, Essex, UK) with 

double-sided adhesive carbon tabs (G3347N, Agar Scientific). To maximize the 

electrical conductivity on the sample surface, the sample was coated with gold (15 nm 

layer thickness) using a sputter coater (Em scope SC500, Quorum Technologies, 

Laughton, UK) in an argon atmosphere prior to observation. Field emission scanning 

electron microscope (Zeiss EV0050, Germany) with an acceleration voltage of 10 kV 

and a beam current of 10 µA. The same protocol was used to examine the morphology 

of different excipients and drugs used in all the investigations.  

2.2.2 Laser diffraction analysis 
 The particle size analysis was conducted using a Malvern Mastersizer 2000 

(Malvern Instruments, Germany) laser diffraction particle size analyser coupled with a 

dry sampling system (Aero S, Malvern instruments UK). The laser diffractometer 

covered a range of particle size between 0.1 and 3500 µm. A background reading was 

taken before the measurement. The dispersion air pressure was adjusted to 2.0 bar. 

The feed rate was adjusted to 30% and the time of the measurement was 5 s. the 

particle sizes at 10% (d10%), 50% (d50%, median diameter), and 90% (d90%) of the 

volume distribution, and the volume mean diameter (VMD, the average diameter 

based on the unit volume of a particle) were calculated automatically using the Malvern 

software (version 2.20). The span (calculated using Eq. (6)) of the volume distribution 

was used as a measure of the width of the distribution of the size relative to the 
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diameter. Three samples were measured for each sample and the results were 

averaged. 

𝑆𝑝𝑎𝑛 = 𝑑90− 𝑑10

𝑑50
         (6) 

2.2.3 Fourier transform infrared spectroscopy 

Alpha Platinum-ATR Fourier transform infrared (FT-IR) spectrophotometer 

(Bruker, USA) was used to analyse the samples. Before each measurement, a 

background spectrum of air was assimilated under laboratory conditions (22 ℃, 50% 

RH), after which a few milligrams of each sample were placed at the center of the 

sample stage and clamped by lowering the top of the arm of the sample stage. The 

samples were scanned over a wavenumber range of 650 – 4000 cm-1 with a 1 cm-1 

resolution. The spectrum produced for each sample was an average of 15 scans and 

was processed using Opus software (Version 7.5.18, Massachusetts USA). 

2.2.4 Thermogravimetric analysis (TGA) 

The sample was accurately weighed and analyzed using (Perkin-Elmer thermal 

analysis series 7, Norwalk, USA). A mass calibration of 100 mg was set, and each 

sample was heated with a temperature range from 30 ℃ to 600 ℃ at a heating rate of 

10 oC/min. The internal atmosphere was maintained by purging a nitrogen gas at 20 

ml/min and the mass reduction of the sample was measured as a function of 

temperature. 

2.2.5 Powder X-ray Diffraction (PXRD) 

PXRD was conducted to compare the crystal phase of each sample using a 

Pan analytical Empyrean Diffractometer (PAN analytical, Almelo, The Netherlands) 

with Cu Kα radiation (1.54056 A) operated under laboratory conditions (22 ℃, 50% 

RH). A representative portion of each product was placed in a sample holder and a 

glass slide was used to smooth the surface, then the sample was scanned between 

2θ values of 10 to 50 with a step-by-step increase of 0.010/s at 30 rpm. Silicon 

standard was used to calibrate the instrument and the reproducibility of the PXRD 

patterns for each sample was verified by multiple patterns of three different specimens.  

2.2.6 Bulk properties 

Three samples of each formulation were accurately made up to 10 ml into three 

separate 10 ml glass measuring cylinders using a plastic funnel and the bulk weight 

and volume of each were recorded. The cylinder was tapped for 100 taps using a 
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(Tapped Density Tester, Copley Scientific, UK) under laboratory conditions (22 0C, 

50% RH) and the reduced volume of the powder bed was recorded after every 50 and 

100 taps. The bulk density (Db), Tap density (Dt) and Carr’s index (CI) was calculated 

using: 

CI = (𝐷𝑡−𝐷𝑏
𝐷𝑡

) × 100         (7) 

Kawakita and Ludde’s equation were used to determine the compressibility of the bulk 

powder: 
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𝑎
          (8)    

                                                           

C = 
𝑉ₒ−𝑉𝑛

𝑉ₒ
           (9) 

Where C is Volume reduction, n is tap number, 𝑉ₒ and Vn are the powder bed volumes 

at the initial and nth tapped state, respectively. The cohesivity constant (1/b) is 

obtained from the intercept of the linear plot of n/c versus n through modified Kawakita 

and Ludde’s equation.  

2.2.7 Compression of tablets 

Tablets were prepared using a manual single punch Specac press (KBR 

25.011: Gemini BV. The Netherlands) with 13 mm (High dose) or 6 mm (Low dose) 

diameter flat-faced punches to generate round tablets. Tablets were compressed at 

increasing compression pressure of 37, 74, 111, 148, 185, and 222 MPa under load 

for 10 ± 1s dwell time. The tablet thickness and diameter were measured immediately 

and after 24 hours to allow elastic recovery and possible hardening of the tablet and 

were then stored in a desiccator.    

2.2.8 Crushing strength and capping tendency 

The tablet’s crushing strength was measured using a motorized Vankel Tablet 

Hardness tester (Benchsaver VK 200, USA). The tensile strength (TS) of each tablet 

was determined by the force required to fracture the tablet by diametral compression. 

The results were generated as mean and standard deviation (SD) of three 

determinations and (TS) was calculated equation: 
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TS = 
2𝐹

𝜋𝐷𝑡
           (10)  

where D is the diameter (mm), t is the thickness (mm), and F is the force exerted to 

fracture the tablet. 

2.2.9 Friability test 

Ten tablets compressed at a specific compression pressure of some of the 

samples were selected randomly, and the tablets were accurately weighed (initial 

weight). The tablets were placed in a friability tester and rotated at a constant speed 

of 25 rpm for 4 min in the Erweka friability tester. The tablets were cleaned from loose 

dust and reweighed (final weight) and the weight loss % (friability) was calculated 

using the below equation.  

% Friability = 𝑤𝑖−𝑤𝑡
𝑤𝑖

 × 100        (11) 

Where: Wi = collective weight of tablets before testing. Wt = collective weight of tablets 

after testing. 

2.2.10 Content uniformity 

Five samples were randomly withdrawn from different spots of each formulation 

to evaluate the quantity of the drug in the mixture. 20 mg of each sample was weighed 

and dissolved in 100 ml Phosphate buffer. Each solution was analysed to determine 

the drug content using an ultraviolet spectrophotometer (Biochrom WPA Biowave II 

UV/visible, Cambridge, UK) at a wavelength corresponding to the sample under 

investigation. A calibration curve for the concentration of the drug was constructed 

with a coefficient of determination of R2 = 1. The samples were diluted for the drug 

concentrations to fall within the range covered by the calibration curve. The degree of 

the drug’s content homogeneity was evaluated using the percentage coefficient of 

variation (%CV: the ratio of the standard deviation of drug content to the average drug 

content in the sample expressed as a percentage). A higher %CV value indicates a 

decrease in drug content homogeneity.  

2.2.11 Dissolution 

The invitro dissolution profile of the tablets was examined using (Erweka 

DT700, Germany) dissolution apparatus, with a dissolution medium of 900 ml 

equilibrated to (37 ± 0.5) oC at 50 rpm using the rotating paddle method. Three tablets 

were tested for each formulation, samples were withdrawn from dissolution flasks at 
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predetermined time intervals (2, 4, 6, 8, 10, 15, 20, 25, 30, 35, 40, 50, 55, 60, 70, 80, 

90, 100, 110, and 120 min)(indomethacin and metformin HCl samples) or (5, 10, 15, 

20, 25, 30, 40, 50, 60, 75, 90, 105, 120, 140, 160, 180) (for paracetamol samples). 

The amount of the drug was analysed using a spectrophotometer (UV-160, Shimadzu, 

Japan) at a wavelength specific to the drug under investigation. The dissolution 

efficiency (DE), mean dissolution time (MDT), and mean dissolution rate (MDR) was 

calculated using the following equations: 

DEt = 
∫ 𝑦 ×𝑑𝑡

𝑡
0

𝑦100
 × 100        (12) 

The dissolution efficiency was computed from the area under the dissolution curve up 

to the time, t, expressed as the percentage of the area of the rectangle and y is the 

percent amount of the drug dissolved at time t. 

MDT = 
∑ 𝑡𝑗∆𝑀𝑗

𝑛
𝑗=1

∑ 𝑡𝑗∆𝑀𝑗
𝑛
𝑗=1

        (13) 

MDT was determined as the meantime the drug took to dissolve under in vitro 

dissolution conditions where j is the sample number, n is the number of dissolution 

sample times, tj is the midpoint of the jth time period (calculated from [t + (t-1)/2]) and 

ΔMj is the additional amount of the drug dissolved between tj and t-1. The mean 

dissolution rate. 

MDR = 
∑ ∆𝑀𝑗/∆𝑡

𝑛
𝑗=1

𝑛
        (14) 

MDR was calculated as the percent release of the drug every min. where n is the 

number of dissolution times, Δt is the time at the midpoint between t and t−1 

(calculated from [t + t−1)/2]) and ΔMj is the additional amount of the drug dissolved 

between tj and t−1 (Kaialy, Khan and Mawlud, 2016). 

2.2.12 UV calibration curve 

 The calibration curve for each drug was conducted by preparing a stock solution 

of the drug under investigation and subsequently diluting it with distilled water. From 

the stock solution, one concentration was withdrawn and was half diluted into eight 

various concentrations. The UV absorbance reading of each solution was measured 

at a specific wavelength corresponding to the drug under investigation using s 

UV/Visible spectrophotometer (UV-160, Shimadzu, Japan). Distilled water was used 
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as a reference and the absorbance versus concentration of solutions was plotted to 

generate the calibration curve. The straight-line equation values were used to compute 

the drug dissolution profile. 

2.2.13 Statistical analysis 

The statistical analysis was performed using the one-way analysis of variance 

(ANOVA) test to compare mean results, considering statistical probability (P) values 

less than 0.05 as indicative of significant difference. In the case indicative of significant 

difference, Tukey’s Honestly Significant Difference (HSD) post hoc test was 

performed. Data were expressed as mean ± standard deviation (SD).
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CHAPTER 3.0: ENGINEERING PARACETAMOL COMPOSITE 

PARTICLES BY COOLING CRYSTALLISATION 
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3.1 Introduction 

 In comparison to the granulation techniques of tabletting, direct compression 

(DC) is the most preferred and straightforward method where blending, and material 

feeding to tabletting is the only process steps (Dhondt et al., 2022). However, over 80 

% of pharmaceutical powders are not compressible into tablets by direct compression 

because of poor compactability and poor powder flowability (Rose and Kaialy, 2019). 

Paracetamol is among the drugs that exhibit poor compressibility and poor flowability, 

and the tabletting of paracetamol shows a high tendency to cap (Govedarica et al., 

2011). To overcome the poor mechanical properties of paracetamol for direct 

compression, for the first-time crystal engineering in the presence of 

polyvinylpyrrolidone (PVP), l-Leucine, and sodium starch glycolate (Primojel®) by 

cooling crystallisation will be investigated.  

Cooling crystallisation is simple and straightforward: based on a single process 

variable i.e., the temperature is reduced to induce crystallisation (Griffin et al., 2017). 

Cooling crystallisation can produce solid products consisting of particles with specific 

end-use properties such as crystal size distribution, crystal behaviour, crystal purity, 

polymorphic form, and crystallinity (Wang et al., 2016). Therefore, this study aimed to 

engineer paracetamol composite particles in the presence of Primojel® as a 

disintegrant. PVP, due to its plastic deformation habit (Mangal, Lakio, et al., 2016), 

and it presents the possibility for hydrogen bond formation with the amine group of 

paracetamol compound (Rose and Kaialy, 2019) and l-Leucine as a flow additive 

mostly used in dry powder inhaler research. l-Leucine has been reported capable of 

reducing interparticulate adhesive forces. It improves dispersibility, as well as 

aerodynamic particle size due to its surfactant habit. l-Leucine (C6H13NO2) is an 

endogenous amino acid that is classified as generally recognised as safe excipient 

(GRAS) (Kaialy and Nokhodchi, 2016). l-Leucine has also been investigated as a 

lubricant in paracetamol tablet formulation for direct compression when co-spray dried 

with PVP. The presence of l-Leucine resulted in increased particle size, higher surface 

concentration, reduced surface energy, and lower bulk cohesion which resulted in 

improved homogeneity and powder flow when blended with paracetamol compared to 

the mixture containing spray dried PVP alone and the mixture containing commercial 

PVP alone. Both spray-dried PVP and spray-dried PVP-Leucine demonstrated 

improved compactibility (Mangal, Meiser, Lakio, et al., 2015).  
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3.2 Preparation of paracetamol-excipients crystals by cooling crystallisation 
An aqueous solution containing 20 % hydroethanolic solution was heated up to 

40 ℃ and the mixture components were added in the following manner: l-Leucine-

PVP-Paracetamol-PG under constant stirring of 200 rpm at a temperature of 70 ℃. 

After being wholly dissolved all solutions were removed from heating and allowed to 

settle and cool (uncovered) under stirring. The crystals were recovered by vacuum 

filtration and dried in an oven (Memmer, Durham, UK) at 60 ℃ for 12 hours. The dried 

crystals were stored in sealed glass vials at room temperature until required. 

3.3 Results and discussion 

3.3.1 Crystallisation and crystal yield 

 Paracetamol is slightly soluble in water, the use of cosolvents increases its 

aqueous solubility (Romero et al., 1996). As such ethanol was chosen as a cosolvent 

due to its less toxicity in pharmaceutical dosage form compared to other solvents such 

as methanol and dioxane etc. Crystallisation of the samples was performed using a 

20 % (v/v) hydroethanolic solution. After dissolving the samples in the hydroethanolic 

solution, the time taken for the appearance of the first visible particles was quicker for 

composite particles in the absence of PVP (Table 1) as compared to the composite 

particles in the presence of PVP. In the absence of PVP, particles were visualised 

within 30 to 40s whereas, in the presence of 5 % (w/w) PVP, the particles were 

observed within 50 to 70 s. When the concentration of PVP was increased to 10 % 

(w/w), the time was 150 to 180 s. Overall, the percentage yield of the samples in the 

absence of PVP was higher than the samples in the presence of PVP (Table 1). The 

percentage yield decreased further from 67 % to 60 % (Table 1) when the 

concentration of PVP was increased to 10 % (Table 21). The percentage yield 

obtained in the present study was comparable to Garekani et al., (2000) results (83.5 

% in the absence of PVP vs 67.5 % in the presence of PVP). 
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Table 1. Percentage yield of different products prepared in the presence of a varying 

concentration of polymer (PVP), glidant (l-Leucine) and disintegrant (Primojel®). 

Formulations (F) Paracetamol 

(PA) 

Polyvinyl 

pyrrolidone 

(PVP k30) 

N-acetyl-

l-Leucine 

(l-

Leucine) 

Primojel® 

(PG) 

Crystal 

Yield 

(%) 

CPA 100% - - - 86 

PA-Leu 95% - 5% - 84 

PA-PVP 95% 5% - - 77.5 

PA-5%(PVP/Leu) 90% 5% 5% - 67 

PA-10%(PVP/Leu) 80% 10% 10% - 60 

PA-

10%(PVP/Leu/PJ) 

70% 10% 10% 10% 65.05 

PM 70% 10% 10% 10% Physical 

Mixture 

 

In addition, a comparative study on the effect of different polymers on the 

crystallisation of paracetamol showed PVP to produce a lower percentage yield than 

agar, gelatine, and polyethylene glycol (Kachrimanis and Malamataris, 1999; Femi-

Oyewo and Spring, 1994; Simonelli, Mehta and Higuchi, 1970). This could be 

attributed to the ability of PVP to form a layer on freshly crystallised surfaces by 

maintaining the hydrogen bond network with paracetamol particles or due to the 

solubility of PVP in ethanol and the effect of their interaction on induction of primary 

heterogeneous nucleation and crystal growth or inhibition due to viscosity and 

molecular movement of the polymer in solution (Kaialy, Larhrib, et al., 2014; 

Kachrimanis and Malamataris, 1999). l-Leucine was found to present minimal effect 

on percentage yield producing 84 % as compared to 86 % (Table 1) when PA was 

crystallised with no additive. 

3.3.2 Characterisation of particle size and shape 

The drug and the excipients showed different sizes and shapes as observed by 

SEM (Figure 3). l-Leucine showed larger rectangular crystals (Figure 3a), Primojel® 

revealed spherical shape particles with traces of broken spheres (Figure 3b), PVP was 

visualised as oval-shaped particles (Figure 3c),  
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Figure 3. SEM photographs of (a) commercial l-Leucine (b) commercial PVP (c) 

commercial Primojel® (d) commercial paracetamol (e) paracetamol crystallised alone 

(f) paracetamol crystallised in the presence of l-Leucine (g) paracetamol crystallised 

in the presence PVP (h) paracetamol crystallised in the presence of 5% l-Leucine and 

PVP (i) paracetamol crystallised in the presence of 10% l-Leucine and PVP (j) 

paracetamol crystallised in the presence of 10% l-Leucine, PVP and Primojel® (k) 

physical mixture. 
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  Commercial paracetamol (PA) (Figure 3d) showed rod-like or elongated 

particles with traces of fine particulates on their surfaces. This corresponds to previous 

reports in the literature (Hiendrawan, Veriansyah, Soewandhi, et al., 2016; Kaialy, 

Larhrib, et al., 2014). After crystallisation with no additives, it reveals an entirely 

different morphology transforming from rod-like crystals (Figure 3d) to a polyhedral-

angular structure (Figure 3e) with an increase in VMD from 56.5 µm ± 2.3 µm to 71.8 

µm ± 1.1 µm (Table 2).  

Table 2. Particle size analysis of commercial paracetamol (PA), Physical mixture 

(PM). Paracetamol crystallised alone (CPA), paracetamol crystallised in the presence 

of l-Leucine (PA-Leu), paracetamol crystallised in the presence of PVP (PA-PVP), 

paracetamol crystallised in the presence of 5% l-Leucine and PVP (PA-5%(PVP + 

Leu)), paracetamol crystallised in the presence of 10% l-Leucine and PVP(PA-

10%(PVP + Leu)), paracetamol crystallised in the presence of 10% l-Leucine and PVP 

(j) paracetamol crystallised in the presence of 10% l-Leucine, PVP and Primojel (PA-

10%(PVP + Leu + Pj)). Data expressed as a mean ± SD, n = 3. 

Product D10%(µm) D50%(µm) D90%(µm) VMD (µm) Span 

PA 10.6 ± 1.1 56.7 ± 1.0 94.1 ± 1.1 56.5 ± 2.3 2.6 ± 

1.0 

PM 14.4 ± 1.2 69.7 ± 1.1 169.5 ± 1.5 81.7 ± 0.6 2.2 ± 

2.2 

CPA 16.6 ± 1.3 64.5 ± 1.2 143.2 ± 2.1 71.8 ± 1.1 2.0 ± 

2.1 

PA-5%Leu 38.6 ± 3.2 160.4 ± 

6.0 

293.0 ± 

23.6 

155.2 ± 

2.2 

1.5 ± 

2.0 

PA-5%PVP 24.8 ± 0.4 94.2 ± 0.8 168.3 ± 2.9 97.8 ± 0.3 1.5 ± 

1.4 

PA-5%(PVP/Leu) 45.8 ± 3.7 104 ± 2.9 169.3 ± 5.6 109.2 ± 

0.6 

1.2 ± 

1.2 

PA-10%(PVP/Leu) 17.3 ± 0.4 43.4 ± 1.6 95.1 ± 1.7 55.8 ± 0.2 1.4 ± 

0.8 

PA-10%(PVP/Leu/PJ) 28.0 ± 2.6 68.4 ± 1.3 115.7 ± 1.6 71.5 ± 1.2 1.2 ± 

1.1 
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Additionally, the SEM images for commercial paracetamol revealed a substantial inter-

particle distance whereas the crystallised PA in the absence of additive showed lumps 

of interlocked particles between larger and smaller polyhedral particles. This may arise 

due to solid bridge attractive forces formed from stabilised liquid bridges during 

crystallisation since it is known that a liquid bridge may be further stabilised via 

transition into a solid bridge through evaporation, crystallisation, or solidification of the 

bridging material consequently increasing the magnitude of the interparticle attractive 

forces (Hazlett, Schmidmeier and O’Mahony, 2021). 

  Indeed, the addition of a small amount of ‘effective additive’ could influence the 

micrometric properties such as the size and shape of engineered crystals (Davey, 

1982). PA crystallised in the presence of 5% (w/w) leucine (PA-5%Leu) (Figure 3e), 

showed a similar shape (polyhedral structure) but with distinctly larger crystal size 

compared to paracetamol crystallised in the absence of additives (Figure 3e). It has 

been reported that l-Leucine impacts only smoothness on particle surfaces when used 

at a concentration below 5 %, with no significant effect on the particle shape except 

when at a higher concentration (Li et al., 2017; Mangal, Meiser, Tan, et al., 2015). A 

similar impact was observed under the protocols used in this work.  

Paracetamol crystallised in the presence of 5% (w/w) PVP showed slightly irregular 

shape particles with a reduced particle size as compared to PA crystallised in the 

presence of 5% l-Leucine. Paracetamol prepared in the presence of 5% leucine and 

5% PVP (Table 1) showed lumps of irregular particles (Figure 3). When the 

concentration of both additives was increased to 10% (w/w) (PA-10%(PVP/Leu)) the 

crystals become flaky (Figure 3i). Paracetamol crystallised in the presence of 10% 

each of PVP, l-Leucine, and Primojel showed an additional big lump of Primojel 

crystals due to its insolubility in aqueous media as compared to PA-10%(PVP/Leu). 

PM reveals the presence of paracetamol, PVP, l-Leucine and Primojel particles as 

described above. 

Conclusively, it is obvious that l-Leucine and PVP impacted the particle size 

and shape of the growing paracetamol particles distinctly. It has been previously 

reported that during crystallisation, additives could be adsorbed on the surface of 

newly growing crystals and that the degree to which the adsorption occurs depends 

on the additive’s chemical and structural properties. Therefore, different additives 
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could potentially have a different impact on crystal growth and morphology. Potentially, 

the additive competes for a site during the layer-by-layer crystal growth process and 

hence could interrupt the intermolecular interactions between growth layers leading to 

the formation of crystals of a different habit (Davey, 1982).  

3.3.3 Solid state characterisation 

 Commercial paracetamol was analysed as received and the drug was found to 

exhibit the diffraction pattern of form I (monoclinic paracetamol) (Figure 4) as 

previously reported (Nicnols and Frampton, 1998; di Martino et al., 1996), the intensity 

peaks are comparable to that of the crystallised product with sharp characteristic 

diffraction angles of 12.14o, 13.85o, 15.49o, 16.70o, 18.21o, 20.34o, 23.47o, 24.31o, 

26.56o, and 27.13o 2θ (Figure 4).  

 

Figure 4. Powder X-ray diffraction PXRD patterns of commercial paracetamol (PA), 

Physical mixture (PM), paracetamol crystallised alone (CPA), paracetamol crystallised 

in the presence of l-Leucine (PA-Leu), paracetamol crystallised in the presence PVP 

(PA-PVP), paracetamol crystallised in the presence of 5% l-Leucine and PVP (PA-

5%(PVP + Leu)), paracetamol crystallised in the presence of 10% l-Leucine and 

PVP(PA-10%(PVP + Leu)), paracetamol crystallised in the presence of 10% l-Leucine 

and PVP (j) paracetamol crystallised in the presence of 10% l-Leucine, PVP and 

Primojel (PA-10%(PVP + Leu + Pj)).  
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The absence of high diffraction peaks at 10.35o, 21.85o and 24.03o represents the less 

stable orthorhombic form of paracetamol as previously described (Al-Zoubi, 

Kachrimanis and Malamataris, 2002; Nicnols and Frampton, 1998; di Martino et al., 

1996) in the diffraction pattern of the products confirms that the initial monoclinic form 

has been retained regardless of the crystallisation conditions. This is vital because 

although the orthorhombic form is suitable for direct compression, it is not suitable for 

scaling up (Rose and Kaialy, 2019; Kaialy, Larhrib, et al., 2014). 

 The FT-IR bands of form I (monoclinic paracetamol) were visualised in the 

spectra of commercial paracetamol as reported by Ivanova, (2005) and all the bands 

representing the functional groups in the commercial paracetamol were present in the 

products with no shifts (Figure 5) indicating that the nature of the interaction between 

PVP, l-Leucine and paracetamol in the present study may not be solely through 

hydrogen bonding or the bonding may be weak not to reflect a frequency shift at the 

fingerprint region of the spectra. Intermolecular hydrogen bond interactions between 

the hydrogen donor moieties of PA (i.e., N-H or O-H) and the hydrogen acceptor 

carbonyl group of PVP (C=O) should be reflected by frequency shifts in the N-H, O-H, 

and C=O stretches (Rose and Kaialy, 2019).  
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Figure 5. Fourier transform infrared (FT-IR) spectra of commercial paracetamol 

Physical mixture (PM), paracetamol crystallised alone (CPA), paracetamol crystallised 

in the presence of l-Leucine (PA-Leu), paracetamol crystallised in the presence PVP 

(PA-PVP), paracetamol crystallised in the presence of 5% l-Leucine and PVP (PA-

5%(PVP + Leu)), paracetamol crystallised in the presence of 10% l-Leucine and 

PVP(PA-10%(PVP + Leu)), paracetamol crystallised in the presence of 10% l-Leucine 

and PVP (j) paracetamol crystallised in the presence of 10% l-Leucine, PVP and 

Primojel® (PA-10%(PVP + Leu + Pj)). 

The absence of the diagnostic bands at 1614, 1507, 1626, 1513, and 1453 cm-1 for C-

C aromatic stretching for form II as reported by Ivanova, (2005) and Al-Zoubi, 

Kachrimanis and Malamataris, (2002), confirms the PXRD diffraction patterns 

indicating that crystallisation protocols used in this work did not alter the polymorphic 

form of the drug. This is vital because undesired polymorphic transformation during 

crystallisation is a common limitation during manufacturing processes (Fujiwara et al., 

2005). Additionally, the crystal form of drugs produced during crystallisation has been 

reported to have a possible influence on its dissolution and subsequent bioavailability 
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(Singhal and Curatolo, 2004). Moreover, for most crystallisation techniques, there is a 

common limitation of high solvent remaining in the product even after drying 

(Martinello et al., 2006) In this work, the absence of increased broad peak around 3250 

- 3400cm-1 due to OH stretching and the absence of the shift due to hydrogen bond 

formation for C=O vibrational stretching towards lower frequency around 1558 to 1552 

cm-1 on the  FT-IR spectra (Ping et al., 2001; Mizuno et al., 1995) (Figure 5)  ruled out 

the presence of the solvent after drying for 24hours. All the products showed 

characteristics bands the same as commercial paracetamol. This is further confirmed 

by thermogravimetric analysis (TGA) (Figure 6) indicating no unusual weight loss 

around any of the solvent's evaporation temperatures. 

 

Figure 6. Thermographs of commercial paracetamol Physical mixture (PM), 

paracetamol crystallised alone (CPA), paracetamol crystallised in the presence of l-

Leucine (PA-Leu), paracetamol crystallised in the presence PVP (PA-PVP), 

paracetamol crystallised in the presence of 5 % l-Leucine and PVP (PA-5%(PVP + 

Leu)), paracetamol crystallised in the presence of 10% l-Leucine and PVP(PA-

10%(PVP + Leu)), paracetamol crystallised in the presence of 1 0% l-Leucine and 

PVP (j) paracetamol crystallised in the presence of 10 % l-Leucine, PVP and Primojel 

(PA-10%(PVP + Leu + Pj)). 
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 The TGA curves of commercial paracetamol and crystallised products showed 

weight loss only in the temperature range between 190 to 350 oC corresponding to the 

melting point of the monoclinic form (Rose and Kaialy, 2019); then significant weight 

loss occurred due to degradation (Hughey et al., 2011). 

3.3.4 Bulk properties 

Comparing commercial paracetamol (PA) and the crystallised composite 

particles (Table 3). Paracetamol crystallised in the absence of additives (CPA), 

paracetamol crystallised in the presence of 5 % (w/w) l-Leucine (PA-5%Leu) and 

paracetamol crystalised in the presence of 5 % (w/w)PVP (PA-5%PVP) all showed 

higher bulk and tap densities in comparison to commercial paracetamol whereas 

paracetamol crystallised in the presence of 5 % (w/w) l-Leucine and 5 % (w/w) PVP 

(PA-5%(PVP/Leu)), paracetamol crystallised in the presence of 10 % (w/w) l-Leucine 

and 10 % (w/w) PVP (PA-10%(PVP/Leu)) and paracetamol crystallised in the 

presence of 10% l-Leucine, 10% PVP and 10% Primojel® (PA-10%(PVP/Leu/PJ)) all 

showed lower tap and bulk densities as compared to commercial paracetamol (Table 

3). The higher tap and bulk densities showed by CPA, PA-5%Leu and PA-5%PVP as 

compared to commercial paracetamol were caused by their increased VMDs (Table 

3). In addition, the elongated habit of commercial paracetamol particles (Figure 3) 

could exhibit poorer powder parking as compared to the polyhedral particles of CPA, 

PA-5%Leu and PA-5%PVP leading to lower tap and bulk densities. PA particles 

(Sigma Aldrich UK) have been reported to show lower true density than crystallised 

paracetamol assumed to be due to pronounced internal friction between the 

commercial paracetamol particles because of their elongated crystal habit (Kaialy, 

Asare-Addo, et al., 2014).  
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Table 3. Bulk density (Db), (g/cm3), Tap density (Dt), (g/cm3) and CI (%) of commercial 

paracetamol (PA), Physical mixture (PM), paracetamol crystallised alone (CPA), 

paracetamol crystallised in the presence of l-Leucine (PA-Leu), paracetamol 

crystallised in the presence PVP (PA-PVP), paracetamol crystallised in the presence 

of 5% l-Leucine and PVP (PA-5%(PVP + Leu)), paracetamol crystallised in the 

presence of 10% l-Leucine and PVP(PA-10%(PVP + Leu)), paracetamol crystallised 

in the presence of 10% l-Leucine and PVP (j) paracetamol crystallised in the presence 

of 10% l-Leucine, PVP and Primojel® (PA-10%(PVP + Leu + Pj)). Data expressed as 

a mean ± SD, n = 3. 

Paracetamol products Bulk density (Db), 

(g/cm3) 

Tap density (Dt), 

(g/cm3) 

CI (%) 

PA

  

0.40 ± 0.09 0.54 ± 0.17 44.3 ± 

0.6 

CPA 0.45 ± 0.00 0.56 ± 0.01 16.7 ± 

1.5 

PA-5%Leu 0.55 ± 0.00 0.66 ± 0.00 9.3 ± 0.6 

PA-5%PVP 0.45 ± 0.00 0.60 ± 0.00 22 ± 1.0 

PA-5%(PVP/Leu) 0.35 ± 0.01 0.45 ± 0.01 19.3 ± 

0.6 

PA-10%(PVP/Leu) 0.31 ± 0.00 0.37 ± 0.02 15.3 ± 

0.6 

PA-10%(PVP/Leu/PJ) 0.36 ± 0.01 0.45 ± 0.01 15.7 ± 

0.6 

PM 0.33 ± 0.01 0.60 ± 0.03 42.0 ± 

3.0 

 

The lower tap and bulk densities showed by PA-5%(PVP/Leu), PA-10%(PVP/Leu) and 

PA-10%(PVP/Leu/PJ) as compared to commercial paracetamol were attributed to the 

combined effect of their decrease VMDs (Table 3), irregular shape, and rough surface 

texture (Figure 3). Rose and Kaialy, (2019) associated reduced particle size with a 

reduction in bulk and tap densities which could lead to increased tablet tensile 

strength. The irregular shape and rough surface particles have been reported to 



75 
 

induce additional interparticulate void space between particles during parking (Kaialy 

and Nokhodchi, 2012), and powders with better parking typically present higher bulk 

densities and thus achieve better flowability than powders with poor parking (Mangal, 

Meiser, et al., 2016; Castellanos, 2007; Abdullah and Geldart, 1999). The higher bulk 

density showed by the physical mixture (PM) (Table 3) as compared to the crystallised 

form PA-10%(PVP/Leu/PJ) could be attributed to its slightly higher particle mean 

diameter (VMD = 81.7 µm ± 0.6 µm vs 71.5 µm ± 1.2 µm) (Table 2) and change in 

particle shape (Figure 3). 

 Commercial paracetamol showed a high CI value (CI = 44.3 % ± 0.6 %) (Table 

3) indicating its very poor flow behaviour. All the crystallised composite particles 

showed lower CI values than commercial paracetamol indicating improved flowability 

(CI = 44.3 % ± 0.6 % vs 44.3 % ± 0.6 %, 16.7 % ± 1.5 %, 9.3 % ± 0.6 %, 22 % ± 1.0 

%, 19.3 % ± 0.6 %, 15.3 % ± 0.6 %, 15.7 % ± 0.6 %) (Table 4). The improved flow 

behaviour exhibited by the crystallised composite particles as compared to commercial 

paracetamol could be attributed to their higher VMDs (Table 2) which could lead to 

reduced interparticle contact points leading to reduced interparticle cohesion, except 

for PA-10%(PVP/Leu) which achieved similar mean particle sizes to commercial 

paracetamol (VMD = 56.5 µm ± 2.3 µm vs 55.8 µm ± 0.2 µm). The better flowability 

showed by PA-10%(PVP/Leu) as compared to commercial paracetamol could be 

down to the differences in their particle shapes. Thus, irregular particles as in the case 

of PA-10%(PVP/Leu) flow better than elongated particles of commercial paracetamol. 

This could be attributed to the pronounced internal friction between commercial 

paracetamol particles due to their elongated habit. The free-flowing habit showed by 

(PA-5%Leu) was caused by the presence of 5% l-Leucine which produced particles 

with higher mean sizes than all the crystallised composite particles (Table 2). l-Leucine 

has been reported to influence powder flow via two main processes. First, because of 

its saturation, it can enrich at the interface of air-water due to its surface activity in an 

aqueous solution. Second, it can sublime to form vapour which can deposit on the 

surface of drug particles through heterogeneous nucleation (Raula et al., 2010). The 

higher CI value showed the composite particles crystallised in the presence of 5 % 

and 10 % (w/w) PVP (Table 3) as compared to PA-5%Leu was caused by their 

irregular particle shape which could create a high degree of mechanical interlocking 

resulting in decreased powder flow and enhanced compactability. 
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 In conclusion, PVP (binder) and l-Leucine (flow aid) present opposite effects on 

powder mixture and are expected to conflict with one another’s impact (Mangal, 

Meiser, et al., 2016). As such, it is essential to attain an ideal balance of excipient flow 

and compactibility during tablet manufacturing. The improved flowability shown by the 

crystallised products in comparison to commercial paracetamol will play a significant 

role in achieving successful die filling during tabletting, uniform tablet weight, and thus 

desired drug content uniformity (Kaialy, Larhrib, et al., 2014).    

3.3.5 Mechanical properties 

 It has been previously reported that crystallisation process can generate 

crystals with improved or reduced mechanical properties (Chow et al., 2012).  

 

 

Figure 7. Tablet tensile strength profile of commercial paracetamol (PA), Physical 

mixture (PM), paracetamol crystallised alone (CPA), paracetamol crystallised in the 

presence of l-Leucine (PA-Leu), paracetamol crystallised in the presence PVP (PA-

PVP), paracetamol crystallised in the presence of 5% l-Leucine and PVP (PA-5%(PVP 

+ Leu)), paracetamol crystallised in the presence of 10% l-Leucine and PVP(PA-

10%(PVP + Leu)), paracetamol crystallised in the presence of 10% l-Leucine and PVP 

(j) paracetamol crystallised in the presence of 10% l-Leucine, PVP and Primojel® (PA-

10%(PVP + Leu + Pj)). Data expressed as a mean ± SD, n = 3. 
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Figure 7 shows the tablet tensile strength profiles for commercial paracetamol and the 

various paracetamol composite particles. The tabletability profiles were determined 

over a series of compression pressures (37, 74, 111, 148, 185, and 222 MPa). The 

tablet tensile strength was found to be dependent on the compression pressure except 

for paracetamol crystallised in the absence of additives (CPA) and paracetamol 

crystallised in the presence of 5 % (w/w) l-Leucine (PA-5%Leu) which both showed 

maximum tensile strength at 74 MPa, after which the tablet tensile strength showed 

deterioration (Figure 7).  

The tensile strength for the commercial paracetamol could not be measured at 

all compression pressures due to immediate caping after ejection from the tablet dies. 

As such the tensile strength for commercial paracetamol was taken as zero (Figure 

7). A similar outcome has been previously reported for commercial paracetamol 

(Sigma Aldrich, Gillingham, UK) and was suggested to be due to the high elasticity 

and poor bonding behaviour of plane paracetamol particles (Hiendrawan, Veriansyah, 

Soewandhi, et al., 2016; Kaialy, Larhrib, et al., 2014; Garekani et al., 2000). In contrast 

to the tabletability profile of the composite particles, paracetamol crystallised in the 

absence of additives (CPA) and paracetamol crystallised in the presence of 5 % l-

Leucine (PA-5%Leu) achieved a similar tensile strength profile with a slight 

improvement in tablet tensile strength as compared to commercial paracetamol 

(Figure 7). The improvement observed for CPA and PA-5%Leu could be attributed to 

a change in morphology following crystallisation where the elongated needle habit of 

commercial paracetamol transformed into a polyhedral particle shape (Figure 4). It has 

been reported that polyhedral paracetamol particles exhibit better mechanical 

properties than elongated needle paracetamol particles (Rose and Kaialy, 2019; 

Kaialy, Larhrib, et al., 2014). The presence of 5 % (w/w) PVP as an additive further 

improved the tensile strength of the composite particles as compared to CPA and PA-

5%Leu (Figure 7), where paracetamol crystallised in the presence of 5 % PVP (w/w) 

(PA-5%PVP) showed a comparable tensile strength to paracetamol crystallised in the 

presence 5 % (w/w) PVP and 5 % (w/w) Leu (PA-5%(PVP/Leu)). A remarkable 

improvement in tensile strength was observed when the concentration of PVP and l-

Leucine was increased to 10% (w/w) PVP (PA-10%(PVP/Leu)) as compared to the 

composite particles crystallised in the presence of 5 % (w/w) PVP and/or l-Leucine. It 

has been reported that PVP improve the mechanical properties of crystallised 
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paracetamol due to the induction of plasticity thereby deforming more easily during 

compression (Kachrimanis and Malamataris, 1999). In addition, their irregular particle 

shape (Figure 4) could increase interparticle contact points and increase bonding area 

hence an enhanced degree of densification during compression. A superior 

improvement was observed upon the addition of a disintegrant (Primojel) (PA-

10%(PVP/Leu/PJ)) in comparison to PA-10%(PVP/Leu) (Figure 7). The enhanced 

tensile strength showed by 10%(PVP/Leu/PJ) as compared to the physical mixture 

(PM) indicates the impact of the crystallisation process employed in the present study 

on the mechanical properties of paracetamol. The slight improved tensile strength 

showed by the PM (Figure 7) in comparison to commercial paracetamol, crystallised 

paracetamol in the absence of additives and crystallised paracetamol in the presence 

of 5 % l-Leucine was caused by the mixture of plastic material (PVP) and a brittle 

material (commercial paracetamol). It has been reported that enhanced tablet 

mechanical strength can be achieved by mixing a brittle material and a plastically 

deforming material (Paul et al., 2018; Larhrib and Wells, 1998).  

3.3.6 Dissolution studies 

 The dissolution of commercial paracetamol was not measured because the 

drug did not form a tablet at all compression pressures. Paracetamol crystallised in 

the absence of additives and paracetamol crystallised in the presence of 5% l-Leucine 

formed very weak tablets most of which capped immediately after ejection from the 

tablet die while others during handling and storage and like commercial PA, the 

formulation was not analysed for dissolution. The formulations in the presence of both 

5 and 10% leucine and PVP failed to disintegrate after 30 min as such were not 

analysed for dissolution. Figure 8 shows the dissolution profile of PA-

10%(PVP/Leu/PJ) and the physical mixture. The crystallised paracetamol achieved 

faster dissolution than PM showing a complete drug dissolution in less than 10 min. 

The irregular shape of the crystallised paracetamol crystals may be the reason for the 

superior dissolution due to multiple crystal faces and thus potential contact areas with 

dissolution media which could present better wettability. On the other hand, the higher 

cohesivity shown by the physical mixture could decrease the effective surface area for 

dissolution and thus lower dissolution as compared to the crystallised formulation. 
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Figure 8. Dissolution profile for physical mixture and crystallised paracetamol in the 

presence of 10% PVP, Leu, and PJ. Data expressed as a mean ± SD, n = 3. 
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Table 4. Percentage dissolution, dissolution efficiency (DE), Mean dissolution time 

(MDT) and mean dissolution rate (MDR) of the Physical mixture and crystallised 

paracetamol in the presence of PVP. l-Leucine and primojel®. Data expressed as a 

mean ± SD, n = 3. 

Time (min) 
 

PM C(PA/PVP/Leu/PJ) 

5 63.5 ± 18.5 89.7 ± 2.6  
10 82.1 ± 5.2 93.2 ± 2.7 

15 89.1 ± 1.6 94.5 ± 1.2 

20 91.2 ± 1.3 95.8 ± 1.7 

25 92.6 ± 2.9 96.6 ± 2.3 

30 94.1 ± 1.9 96.7 ± 2.3 

40 94.6 ± 1.7 97.1 ± 1.8 

50 94.8 ± 1.7 97.2 ± 1.6 

60 95.0 ± 1.5 97.4 ± 1.4 

75 96.0 ± 1.1 97.7 ± 1.4 

90 96.8 ± 1.3 98.3 ± 1.9 

105 97.6 ± 1.1  98.5 ± 1.9 

120 97.9 ± 1.2 98.9 ± 1.7 

140 98.6 ± 0.6 99.1 ± 1.3 

160 99.6 ± 0.2 99.7 ± 0.4 

180 
 

100 ± 0.0 100 ± 0.0 

DE180 min (%) 93.96 ± 0.5 96.44 ± 1.2 

MDT (min) 10.87 ± 0.9 6.40 ± 2.2 

MDR (min-1) 1.20 ± 0.0 1.22 ± 0.0 
 

3.4 Conclusion 

In conclusion, Flow and compactability additives present challenging opposing 

effects. They both rely upon interparticulate forces.  In essence, flow additives optimize 

flowability by minimizing interparticulate forces. On the contrary, “binders” improve 

compactability by maximizing interparticulate forces. Therefore, binders and flow 

additives present opposite effects on powder mixture and are expected to conflict with 

one another’s impact. As such it is highly vital to attain an ideal balance of excipient 

flow and compressibility at a specific particle size to achieve qualitative tablet 

formulation. Despite these challenges, we have demonstrated that it was possible to 

prepare highly crystalline paracetamol powder with improved compactability for DC 

via cooling crystallisation technique in the presence of both flow and compactability 

aids to produce good quality tablets. 
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4.1 Engineering of paracetamol composite particles by co-milling 

4.1.1 Introduction 

The poor tabletting behaviour of paracetamol has been described in terms of 

its crystal structure which is based on a monoclinic crystal system and the poor plastic 

deformation (Kaerger, Edge and Price, 2004). To address this problem, the vast 

majority of the literature has adopted crystal modification by crystallisation, most of 

which resulted in the formation of an orthorhombic polymorph of paracetamol which is 

unsuitable for scaling up to an industrial requirement because it is thermodynamically 

unstable and to this point, only a small quantity has been produced (Nicnols and 

Frampton, 1998; Di Martino et al., 1996; Sacchetti, 2006; Al-Zoubi, Kachrimanis and 

Malamataris, 2002). Other researchers have adopted crystal modification in the 

presence of PVP, for example, a sintered form of paracetamol with induced plasticity 

and improved compressibility has been prepared via crystallisation from dioxane 

followed by a controlled drying process (Fachaux et al., 1993). However, there was a 

limitation of failure to eliminate the residual solvent from the final product. Garekani et 

al., (2000) improved the compression properties of paracetamol by modifying its 

crystal shape via crystallisation in the presence of PVP. However, the extent to which 

PVP influences the compression habit was not determined even though the final 

product showed up to 4 to 4.5 PVP content. On the other hand, particle size 

modification via milling is simple, cheap, and easy to scale up. Milling can influence 

various physical powder properties such as flowability, cohesiveness, electrostatic 

charge, tabletability, dissolution and thus bioavailability (Mackin et al., 2002). Yet there 

are very few published studies regarding the milling of paracetamol, for example, 

(Heng, Thielmann and Williams, (2006) reported the effect of milling on the surface 

properties of form I paracetamol crystals where the crystals were obtained by cooling 

methanol and acetone saturated solutions followed by slow solvent evaporation from 

the saturated solutions. The product was then ball-milled and sieved into different 

particle-size fractions. The study concluded that milling exposes a hydrophobic 

surface for paracetamol form I crystals which increase with increasing the particle size. 

However, this study does not consider the effect of particle size on the flowability and 

the compressibility of paracetamol for direct compression. In another study, the 

influence of the size and shape of paracetamol particles on the flow and compression 

of paracetamol mixture was reported. The paracetamol particles were prepared via 

micronisation and solution crystallisation by sonication (SAXS). Each was blended in 
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the presence of microcrystalline cellulose. All the formulations showed poor powder 

flow with improved tabletting as compared to untreated paracetamol. However, the 

limitation is that the tensile strength obtained for untreated, micronized and SAXS 

formulations was very low to pass friability (TS = 0.35 MPa ± 0.05 MPa, 0.65 MPa ± 

0.09 MPa, 0.59 MPa ± 0.12 MPa) (Kaerger, Edge and Price, 2004). Such tensile 

strength may only be sufficient for small batches where the tablets are not subjected 

to large mechanical stress (ElShaer et al., 2015; Pitt and Heasley, 2013). Despite 

these efforts, studies on the effects of milling conditions, such as milling time, on the 

tabletting performance of paracetamol have not been published even though the 

quality of the particles obtained via milling technique is dependent on the processing 

parameters such as milling speed, milling environment, milling machine, temperature, 

milling time and chemical composition of the powder mixture. These parameters must 

be carefully optimized when developing a product (Can et al., 2010). Therefore, this 

study aims to investigate the effect of milling time on the tabletting properties of 

paracetamol in the presence of generally recognised as safe (GRAS) additives, i.e., 

PVP (polyvinylpyrrolidone), l-Leucine and sodium starch glycolate (Primojel). 

4.1.2 Engineering of paracetamol composite particles  

The paracetamol composite particles in the presence of PVP, l-Leucine and 

primojel were prepared using Fritsch pulverisette 6, equipped with two 80ml grinding 

bowls (Agate – SIO2 - with steel casing), containing 9 Stainless steel – Fe-Cr Abrasion 

resistance balls. The mill was operated at a rotational speed of 400 rpm for all the 

samples milled at different milling times: (1, 5, 10, 15 and 20 min). The grinding balls 

crushed and disintegrated the material in a grinding bowl. The rotation of the griding 

bowl about its axis and the rotating supporting disc caused centrifugal forces to act 

upon the material and the grinding bowl. The centrifugal forces alternately act in the 

same and opposite directions because of the rotation of the grinding bowl and the 

supporting disc in opposite direction. This results in a frictional effect. The grinding 

balls ran along the inner wall of the grinding bowl leading to the balls impacting against 

the opposite wall of the grinding bowl, after which, the formulation was collected and 

stored in glass vials for 1 day (22 ℃, RH = 50 %) to allow charge relaxation to occur.  
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4.1.3 Result and discussion 

4.1.3.1 Content uniformity 

 The percent drug content uniformity values of paracetamol composite particles 

showed sufficient uniformity (%CU = 110.2 % ± 7.3 %, 110.3 % ± 7.2 %, 105.5 % ± 

3.2 %, 102.9 % ± 2.2 %, 103.8 % ± 0.8 %, 109.9 % ± 1.5 %) and the %CV values 

satisfied the acceptance level (%CV = 6.7 %, 6.5 %, 3.0 %, 0.7 %, 1.3 %) indicating 

sufficient paracetamol homogeneity in all the composite particles.  

4.1.3.2 Morphology 

Commercial paracetamol showed the usual rod-like particles (Figure 9a), PVP 

showed spherical particles with traces of broken spheres (Figure 9b), l-leucine 

particles showed a rectangular shape (Figure 9c) and Primojel® showed an oval 

shape particle (Figure 9d).  

The SEM images of the physical mixture showed the presence of paracetamol, 

l-leucine, PVP, and Primojel® particles (Figure 9e). The particles of the physical 

mixture (Figure 9e) were visualised in the SEM images to be larger than the particles 

of the co-milled mixtures. The SEM images of the co-milled mixtures showed the 

particle size to decrease with increasing milling time from 1 to 20 min (Figure 9f-9j). 

The variety of the particle shapes as appeared in the physical mixture for the 

respective excipients have changed following milling to a range of irregular shape 

particles, especially at longer milling time from 10 to 20 min. This was caused by 

particle fracture resulting from particle collisions. It has been reported that the milling 

process produces a significant change in the morphology of composite particles due 

to particle deformation from interparticle welding and fracture (Toozandehjani et al., 

2017). 
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Figure 9. Scanning electron micrographs (SEM) of (a) commercial paracetamol (PA) 

(b) PVP (C) l-Leucine (d) Primojel® (e) physical mixture (PM), (f) 1 min (g) 5 min (h) 

10 min (i) 15 min and (j) 20 min. 



86 
 

Laser diffraction analysis showed the VMD of the particles to decrease from 

81.7 µm ± 0.6 µm to 20.4 µm ± 0.1 µm with increasing the milling time from 1 to 15 

min (Table 4), which agrees with the SEM images (Figure 9). However, increasing the 

milling time from 15 to 20 min slightly increased the VMD from 20.4 µm ± 0.1 µm to 

22.9 µm ± 1.0 µm (Table 4). Although the increase is not statistically significant (p > 

0.05), this could indicate either interparticle aggregation or agglomeration occurring as 

particle size reduction reached a threshold. It has been reported that particle size could 

increase during the milling process as particle size reduction reaches maximum either 

through aggregation or agglomeration taking place simultaneously to breakage. 

Particle aggregation occurs at shorter milling time by the weak, reversible adhesion of 

particles due to van der Waals forces whereas agglomeration occurs at longer milling 

times leading to a very compact, irreversible adhesion of particles due to chemical 

forces (Fadda et al., 2009).  

Table 4. Particle size distribution for commercial paracetamol, PVP, Primojel®, 

physical mixture, and co-milled mixtures 1 min, 5 min, 10 min, 15 min and 20 min. The 

data represent particle size at 10% (D10%), 50% (D50%) and 90% (D90%) of the volume 

distribution, the volume mean diameter (VMD) and the span of the volume distribution. 

Data expressed as a mean ± SD, n = 3. 

Products D10%(µm) D50%(µm) D90%(µm) VMD (µm) Span 

PA 58.4 ± 15.8 144.0 ± 9.9 262.0 ± 15.6 154.0 ± 11.3 1.5 ± 0.1 

PVP 24.7 ± 6.2 88.3 ± 1.9 192.0 ± 17.0 100.2 ± 5.4 1.9 ± 0.1 

PJ 15.8 ± 3.7 46.2 ± 1.2 159.0 ± 2.8 71.3 ± 5.9 3.5 ± 0.4 

Leu 11.8 ± 0.4 39.9 ± 4.4 147.0 ± 1.4 58.5 ± 7.0 3.1 ± 0.1 

PM 14.4 ± 1.2 69.7 ± 1.1 169.5 ± 1.5 81.7 ± 0.6 2.2 ± 2.2 

1 min 7.72 ± 0.1 44.8 ± 2.1 123.0 ± 4.5 56.3 ± 3.5 2.6 ± 0.3 

5 min 3.5 ± 0.5 17.3 ± 1.2 54.8 ± 3.6 24.1 ± 3.1 2.9 ± 0.2 

10 min 2.63 ± 0.3 13.3 ± 0.4 53.9 ± 0.2 22.4 ± 0.6 3.8 ± 1.7 

15 min 2.82 ± 0.1 13.3 ± 0.6 48.0 ± 1.6 20.4 ± 0.1 3.4 ± 0.4 

20 min 2.83 ± 0.2 15.7 ± 0.1 53.3 ± 2.7 22.9 ± 1.0 3.2 ± 1.3 

Particle size growth during milling was also previously reported where milling 

of meloxicam with no additive for over 10min resulted in apparent particle size growth 

due to aggregation (Bartos et al., 2016). The span values increased from 2.2 ± 2.2 to 
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3.8 ± 1.7 with increasing milling time from 1 to 10 min indicating the broadening of the 

particle size distribution due to particle fracture. At longer milling times from 15 to 20 

min, no further significant increase in span value (p > 0.05) (span = 3.8 ± 1.7 to 3.4 ± 

0.4 and 3.2 ± 1.3) (Table 4) indicating that the particle fracture has reached a 

threshold. The slight lower span value shown by 20 min in comparison to 15 min could 

indicate that particle aggregation or agglomeration have superseded particle fracture. 

Similarly, the content of the fine particulate D10% increased from 14.4 µm ± 1.2 µm to 

2.63 µm ± 0.3 µm with increasing the milling time from 1 to 10 min. At a longer milling 

time of 15 to 20 min, D10% slightly increased from 2.63 µm ± 0.3 µm to 2.83 µm ± 0.2 

µm. The effect of such fine particulates can significantly reflect on powder’s 

fundamental and functional properties.  

4.1.3.3 Solid state characterisation 

Commercial paracetamol and the milled mixtures exhibited comparable 

diffraction angles at 12.10o, 13.83o, 15.5o, 16.7o, 18.29o, 20.4o and 24.40o 2ϴ (Figure 

10) corresponding to monoclinic form as previously documented in the literature (Rose 

and Kaialy, 2019).  
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Figure 10. Powder X-ray diffraction (PXRD) patterns of commercial indomethacin, 

physical mixture, and milled mixture (1, 5, 10, 15 and 20 min). 

The diffraction peaks at 10.35o, 21.85o, and 24.03o 2ϴ corresponding to the less stable 

orthorhombic form of paracetamol, which is unsuitable for scaling up were absent, 

indicating the retainment of the original monoclinic form after subjecting to mechanical 

milling conditions. 

 The FT-IR spectra (Figure 11) support the PXRD pattern (Figure 10) confirming 

the monoclinic nature of commercial paracetamol and the milled composite particles 

including the monoclinic absorption band at 806cm-1, the C=O stretching mode at 1653 

cm-1, the N-H bending and stretching mode at 1564 cm-1 and 3325 cm-1 respectively. 

The absence of the FT-IR bands for orthorhombic form at 1614, 1507, 1626, 1513, 

and 1453 cm-1 as previously documented (Al-Zoubi, Kachrimanis and Malamataris, 

2002; Nicnols and Frampton, 1998; Di Martino et al., 1996) further indicates that there 

is no polymorphic form transformation from the original monoclinic form to 

orthorhombic form.  
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Figure 11. Fourier Transform Infrared (FT-IR) spectra of commercial indomethacin 

and processed products indicating molecular interaction between PA, PVP, leucine 

and PJ. 

The absence of the frequency shift around N-H, O-H or C=O stretches in the spectra 

of the milled composite particles at the fingerprint region as compared to commercial 

paracetamol ruled out any significant hydrogen bond interactions between (C=O, H 

acceptor) of PVP and N-H or O-H moieties (H-donors) of PA. However, the intensity 

of the absorption peaks (Figure 11) decreased with increasing milling time from 1 to 

15 min and slightly increased at 20 min of milling. This could be due to increased 

hydrophobic interactions between PA, PVP and l-Leucine particles such as Van der 

Waals forces which decreased at 20 min of milling due to interparticle mechanofusion 

of fine particulates (Otte and Carvajal, 2011). 



90 
 

 The TGA curves (Figure 12) for the milled mixtures showed rapid weight loss 

in the temperature range between 200 oC and 280 oC corresponding to the stable 

monoclinic form. This was caused by thermal degradation and decomposition (Hughey 

et al., 2011).  

 

Figure 12. Thermographs of mixtures milled at different milling times (1, 5, 10 15, and 

20 min) 

However, a slight drop in weight has been observed with regards to the mixture milled 

for 20 min between 70 to 100 oC (Figure 12). This could be due to the presence of a 

small amount of free surface water. Prolonging the milling time by up to 20 min may 

have caused induced water occlusion from the milling environment due to the 

presence of hygroscopic polymer (PVP). Such moisture could have a detrimental 

influence on powder flowability through interparticle forces such as liquid bridging and 

capillary forces or affect the surface microstructure of particles by a dissolution-

precipitation process consequently affecting the compactability of the particles that are 

exposed to the water (Rose and Kaialy, 2019; Leuenberger, 1982; Finot and Suresh, 

1996).  

 In conclusion, the co-milled composite particles did not undergo polymorphic 

form transformation in comparison to commercial paracetamol regardless of the milling 
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time used in the present study. However, prolonging the milling time could reduce 

milling efficiency causing apparent particle growth through aggregation or 

agglomeration of fine particles. Prolong milling in the presence of hygroscopic polymer 

such as PVP could also cause the occlusion of moisture from the milling environment 

which could consequently affect the mechanical properties of the composite particles.  

4.1.3.4 Powder density and flowability 

The bulk and tapped densities of commercial paracetamol, the physical mixture 

(PM) and the milled mixtures are presented in Table 5. Commercial paracetamol (PA) 

showed slightly higher bulk density and lower tap density in comparison to the physical 

mixture (PM) (Table 5). The bulk and the tap densities of the physical mixture and the 

milled mixtures were not statistically different (p > 0.05) (Table 5).  

Table 5. Cohesivity (1/b), bulk density (Db), tap density (Dt) and Carr’s index CI (%) 

for commercial indomethacin (IND), physical mixture (PM) and mixtures milled at 1, 5, 

10, 15 and 20min. Data expressed as a mean ± SD, n = 3. 

Samples (1/b) Db (g/cm3) Dt (g/cm3) CI (%) 

PA  4.7 ± 0.7 0.40 ± 0.09 0.54 ± 0.17 44.3 ± 0.6 

PVP 17.0 ± 7.0 0.30 ± 0.20 0.30 ± 0.30 10.3 ± 0.6 

PJ 13.6 ± 8.8 0.40 ± 0.40 0.50 ± 0.40  12.3 ± 0.6 

Leu 0.5 ± 0.0 39.90 ± 4.40   147.00 ± 1.40 5.5 ± 7.0 

PM 4.7 ± 2.7 0.34 ± 0.30 0.57 ± 0.43 29.7 ± 0.6 

1 min 28.7 ± 3.2 0.35 ± 0.01 0.58 ± 0.01 29.3 ± 1.2 

5 min 22.8 ± 4.0 0.35 ± 0.01 0.57 ± 0.01 32.3 ± 1.5 

10 min 23.2 ± 4.9 0.33 ± 0.00 0.58 ± 0.00 38.0 ± 1.0 

15 min 13.6 ± 6.4 0.32 ± 0.01 0.59 ± 0.04 41.3 ± 3.1 

20 min 6.7 ± 2.8 0.29 ± 0.03 0.57 ± 0.01 42.7 ± 4.2 

 

The physical mixture showed a significantly reduced CI value as compared to 

commercial paracetamol (CI = 29.67 % ± 0.6 % vs 44.3 % ± 0.6 %) (Table 5) indicating 

improved powder flow. This was caused by the presence of l-Leucine. The cohesivity 

values of the milled mixtures showed a decreasing trend from 28.7 ± 3.2 to 6.7 ± 2.8 

with increasing milling time from 1 to 20 min. The CI values of the milled mixtures 

showed an increasing trend from 29.3 % ± 1.2 % to 42.7 % ± 4.2 % with increasing 
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milling time from 1 to 20 min indicating a reduction in powder flowability. The increasing 

trend in CI values regarding the milled mixtures was caused by their smaller particle 

sizes and irregular particle shapes which generate strong interparticle forces. It has 

been previously reported that two identically shaped particles with different particle 

sizes show different Carr’s index values.  Larger particles reflect efficient parking in a 

conditioned and low-stress state and thus show lower cohesivity and lower Carr’s 

index than smaller particles. Irregular-shaped particles show less efficient parking and 

thus produce a higher Carr’s index (Fu et al., 2012). 

4.1.3.5 Mechanical properties 

 Commercial PA achieved no tensile strength (TS) at all compression pressures 

(37, 74, 111, 148, 185 and 222 MPa) (Figure 13) because the tablet capped 

immediately after ejection from the tablet die. This trend has been previously 

documented (Kaialy, Larhrib, et al., 2014) for (Sigma Aldrich, Gillingham, UK; British 

pharmacopoeia (BP) reference standard) and was assumed to be due to the high 

elasticity and poor bonding habit of plain paracetamol particles. 

 

 

Figure 13. Tablet tensile strength for PA, physical mixture and mixtures milled at 

different milling times (1, 5, 10, 15 and 20 min). Data expressed as a mean ± SD, n = 

3. 
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The tensile strength (TS) for all the composite particles showed increasing trend with 

increasing compression pressure (Figure 13) (37 < 74 < 111 < 148 < 185 < 222 MPa). 

For example, the physical mixture (PM) showed that, with the compression pressure 

increasing from 37 to 222 MPa, the tensile strength of the tablets increased from 0.2 

MPa ± 0.02 MPa to 0.8 MPa ± 0.01 MPa.  

The physical mixture showed improved tensile strength in comparison to 

commercial paracetamol. This is because the PM contains a mixture of a brittle 

material (PA) and a plastically deforming material (PVP). It has been previously 

reported that improved tablet tensile strength can be achieved by mixing a fragmenting 

material and a plastically deforming material (Kaialy, Larhrib, et al., 2014; Larhrib and 

Wells, 1998; Rose and Kaialy, 2019). In addition, the distinctive morphological 

properties of paracetamol, PVP, l-Leucine and primojel as observed by the SEM 

(Figure 9e) could improve the compactability of the mixture due to a high number of 

physical interparticle contacts leading to an increased level of particle deformation and 

thus increased extent of bond formation during compression (Kaialy, Larhrib, et al., 

2014; Wong and Pilpel, 1990). Further improvement in tablet tensile strength was 

observed when the mixture was milled for 1 min from 185 to 222 MPa in comparison 

to the physical mixture (0.8 ± 0.01 MPa vs 1.04 MPa ± 0.08 MPa at 222 MPa) (Figure 

13). In general, the tensile strength of the milled mixtures increased with increasing 

milling time from 1 to 15min (TS = 1.04 MPa ± 0.08 MPa, 2.6 ± 0.07 MPa, 3.1 ± 0.03 

MPa, 3.9 ± 0.05 MPa) (Figure 13). This was caused by the reduced trend in the 

mixtures particle volumes mean diameters (VMD) (Table 4) from 1 to 15 min, leading 

to increased interparticle surface area for contact and cohesion and thus lower void 

spaces leading to the greater strength of interparticulate bonding than larger particles 

(Eichie and Kudehinbu, 2009; Leyva, 2009; Okor, Eichie and Ngwa, 1998; Itiola and 

Pilpel, 1986). The mixture milled for 20 min showed deterioration in tablet tensile 

strength as compared to the mixture milled for 15 min (TS = 3.9 ± 0.05 MPa vs 3.4 ± 

0.04 MPa) (Figure 13). This corresponds to reduced VMD (Table 4), and the reduced 

absorption intensity shown by the FT-IR spectra (Figure 12). It has been previously 

reported that extensive milling could cause particle agglomeration to supersede 

particle fracture leading to deteriorated milling proficiency causing reduce particle 

surface area (Loh, Samanta and Sia Heng, 2015), consequently, leading to high void 

spaces which could form compacts with weak inter-particulate bonding. The absence 
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of a shift in the fingerprint region of the FT-IR spectra (Figure 11) could indicate that 

the improved tensile strength showed by the milled mixtures was a result of a reduced 

particle size effect not due to a higher degree of PVP-Paracetamol intermolecular 

interaction. The presence of a bipolar l-Leucine in the mixture could interrupt PVP-

paracetamol hydrogen bond interactions due to higher electronegativity. 

4.1.3.6 Dissolution properties 

The dissolution profile of PM and the milled mixtures are shown in Figure 14. 

The composite particles milled for 15 min showed the fastest dissolution profile among 

the composite particles investigated (Figure 14) which was further reflected by the 

highest dissolution efficiency (DE (180 min) = 94.5 ± 0.6%) (Table 6) and the shortest 

mean dissolution time (MDT =  9.89 ± 0.8 min) whereas the composite particles milled 

for 20 min showed the slowest dissolution profile as indicated by the lowest dissolution 

efficiency (DE (180 min) = 47.03 ± 1.71 %) and the highest mean dissolution time (MDT 

= 29.20 ± 3.1 min) (Table 6).  
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Figure 14. Dissolution profiles of commercial indomethacin (IND), physical mixture 

(PM) and milled mixture (1, 5, 10, 15 and 20 min). Data expressed as a mean ± SD, n 

= 3. 
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Table 6. Percentage dissolution, dissolution efficiency (DE), mean dissolution time 

(MDT) and mean dissolution rate (MDR) of the physical mixture (PM) and milled 

mixtures (1, 5, 10, 15 and 20 min). Data expressed as a mean ± SD, n = 3. 

Time (min) 
 

PM 1 min 5 min 10 min 15 min 20 min 

5 63.5 ± 
18.5 

19.8 ± 
3.8  

35.2 ± 
6.8  

71.9 ± 
7.5 

64.2 ± 
19.5  

18.9 ± 
5.2  

10 82.1 ± 
5.2 

30.1 ± 
1.2 

63.0 ± 
14.2 

78.7 ± 
2.7 

81.8 ± 
4.8 

31.2 ± 
5.3 

15 89.1 ± 
1.6 

42.4 ± 
2.1 

77.8 ± 
4.8 

81.5 ± 
3.9 

90.3 ± 
2.6 

46.9 ± 
5.4 

20 91.2 ± 
1.3 

53.6 ± 
3.7 

86.1 ± 
3.0 

85.5 ± 
7.0 

92.0 ± 
0.6 

53.9 ± 
2.1 

25 92.6 ± 
2.9 

66.6 ± 
3.5 

91.4 ± 
0.9 

86.4 ± 
7.9 

93.5 ± 
2.7 

66.3 ± 
9.4 

30 94.1 ± 
1.9 

75.5 ± 
4.4 

91.6 ± 
0.9 

88.8 ± 
6.8 

94.4 ± 
2.4 

72.1 ± 
6.6 

40 94.6 ± 
1.7 

87.6 ± 
6.2 

92.8 ± 
0.4 

91.2 ± 
6.4 

95.1 ± 
1.7 

80.9 ± 
4.4 

50 94.8 ± 
1.7 

92.5 ± 
3.5 

93.0 ± 
0.2 

91.6 ± 
6.3 

95.7 ± 
1.1 

87.1 ± 
1.9 

60 95.0 ± 
1.5 

94.0 ± 
4.6 

93.2 ± 
0.1 

92.1 ± 
5.1 

96.6 ± 
0.7 

89.7 ± 
0.4 

75 96.0 ± 
1.1 

94.6 ± 
4.8 

94.5 ± 
1.8 

93.1 ± 
5.3 

97.1 ± 
1.2 

91.5 ± 
1.5 

90 96.8 ± 
1.3 

94.8 ± 
4.8 

95.1 ± 
1.8 

93.5 ± 
4.0 

97.4 ± 
1.3 

92.2 ± 
1.6 

105 97.6 ± 
1.1  

97.8 ± 
3.0 

95.3 ± 
1.8  

93.5 ± 
4.9 

97.9 ± 
1.3 

93.2 ± 
2.1 

120 97.9 ± 
1.2 

97.9 ± 
3.1 

96.4 ± 
1.6 

94.5 ± 
3.9 

98.5 ± 
1.6 

94.2 ± 
1.1 

140 98.6 ± 
0.6 

98.0 ± 
3.1 

96.8 ± 
1.9 

95.1 ± 
3.1 

99.2 ± 
0.6 

95.7 ± 
0.6 

160 99.6 ± 
0.2 

98.3 ± 
2.8 

98.0 ± 
1.4 

96.4 ± 
2.6 

99.3 ± 
0.6 

96.9 ± 
1.3 

180 
 

100 ± 0.0 100 ± 0.0 100 ± 0.0 99.9 ± 
4.9 

100 ± 0.0 100 ± 0.0 

DE180 min 

(%) 
93.96 ± 
0.5 

86.40 ± 
2.0 

89.77 ± 
1.2  

90.83 ± 
4.4 

94.5 ± 
0.6 

83.78 ± 
1.7 

MDT (min) 10.87 ± 
0.9 

24.5 ± 
3.6 

16.62 ± 
2.1 

15.51 ± 
7.9  

9.89 ± 
0.8 

29.20 ± 
3.1 

MDR (min-

1) 
1.20 ± 
0.0 

1.13 ± 
0.0 

1.18 ± 
0.0 

1.16 ± 
0.1 

1.21 ± 
0.0 

1.05 ± 
0.0 

 

In general, the dissolution profile of the milled composite particles increased 

with increasing the milling time from 1 to 15 min (Figure 14) which was further reflected 
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by the increasing trend in dissolution efficiency (DE (180 min) = 86.40 ± 2.0%, 89.77 ± 

1.2%, 90.83 ± 4.4%, 94.5 ± 0.6%) and the decreasing trend in the mean dissolution 

time (MDT = 24.5 ± 3.6 min, 16.62 ± 2.1 min,15.51 ± 7.9 min, 9.89 ± 0.8 min) (Table 

6). However, prolonging the milling time to 20 min caused the dissolution efficiency to 

decrease in comparison to 10 min (DE (180min) = 83.78 ± 1.7% versus 94.5 ± 0.6%) and 

the mean dissolution time to increase from 9.89 ± 0.8 min to 29.20 ± 3.1 min. The 

decreased dissolution profile at 20 min of milling as compared to 15 min was caused 

by higher cohesive forces as particle size reduction reached a threshold (Table 6) 

which could potentially reduce the effective surface area for dissolution. Additionally, 

particle aggregation or agglomeration could occur leading to possible particle size 

growth (VMD = 20.4 ± 0.1 µm vs 22.9 ± 1.0 µm) (Table 4). This may reduce drug-

excipient inter-particle contact due to reduced particle surface volume, thus, lower 

exposure of the drug to the dissolution media, consequently reduced the drug’s 

wettability and dissolution. It has been reported that prolong milling may reduce milling 

efficiency over time due to a reduction in effective surface area for dissolution and thus 

may reduce bioavailability (Loh, Samanta and Sia Heng, 2015).  

4.1.4 Conclusion 

Composite particles with improved micrometric, mechanical and dissolution 

properties were successfully prepared in the presence of PVP, l-Leucine and sodium 

starch glycolate (Primojel®) by co-milling technique. There was no induced 

polymorphic form transformation by the composite particles in comparison to the 

commercial paracetamol regardless of the mechanical milling conditions used in the 

present study. However, prolonged milling in the presence of hygroscopic polymer 

such as PVP could cause the occlusion of moisture from the milling environment which 

could consequently affect the mechanical properties of the composite particles. 

Moreover, prolonging the milling time could reduce milling efficiency causing apparent 

particle growth through aggregation or agglomeration of fine particles. Therefore, 

milling time is a vital parameter during co-milling as it alters the physicochemical 

properties of the prepared composite particles, and an optimum milling time needs to 

be determined. Further studies will focus on improving the flowability of the milled 

mixtures by investigating the effect of using various glidants. 
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4.2 Engineering of indomethacin composite particles by co-milling 

4.2.1 Introduction 

The success of direct compression (DC) tabletting depends on the nature of the 

drug to be formulated. For high-dose drugs such as paracetamol, binders, and active 

drug particles will be the controlling factor (Rose and Kaialy, 2019). whereas for low-

dose drugs such as indomethacin, the mechanical properties and compaction of the 

excipients will be the focal point for particle control (Shekunov and York, 2000), 

because in most cases, excipients constitute more than 50% of the tablet formulation 

and thus to a large extent govern the outcome of the formulation since a tablet total 

weight is typically desired to be higher than 200mg for convenient handling (Sun, 

Aburub and Sun, 2017; Kaialy and Nokhodchi, 2012).  

Indomethacin is a non-steroidal anti-inflammatory drug that possesses 

analgesic and antipyretic properties (Lucas, 2016). The usual oral dose for the 

treatment of musculoskeletal and joint disorders is 25mg, 2 or 3 times daily with food. 

The drug is soluble in 1 in 30 of chloroform, 1 in 40-45 ether, 1 in 50 of ethanol, and 

soluble in acetone but highly insoluble in water (Mesnukul, Yodkhum and 

Phaechamud, 2009). Because of its poor solubility in aqueous media, its absorption 

and bioavailability are limited due to poor dissolution behaviour in the gastrointestinal 

fluids (Karmwar et al., 2012). In addition, the tabletting of low-dose drugs such as 

indomethacin in comparison to high-dose drugs is faced with a unique challenge of 

difficulty in meeting the tablet blend content uniformity. In fact, content uniformity is an 

ultimate concern because sub-potent tablets are not effective and super-potent tablets 

lead to serious side effects. Hence inadequate tablet content uniformity can lead to 

rejected tablet batches (Sun, Aburub and Sun, 2017). To alleviate the solubility and 

dissolution problem associated with indomethacin, often salt formation technique is 

used. This technique, however, is limited because it cannot be achieved with neutral 

compounds and under dissolution conditions, salt often transforms into its free acid or 

base form (Karmwar et al., 2012). Other studies in the literature resort to the 

amorphisation technique via milling to improve the dissolution of indomethacin (Lim et 

al., 2016; Sharma, Denny and Garg, 2009; Planinšek et al., 2010; Chieng et al., 2009; 

Ayenew et al., 2012; Lenz et al., 2015). However, the problem is that amorphous 

materials may have lower stability than their crystal forms due to higher energy levels 

(Lim et al., 2013). The use of metastable polymorphic forms to improve dissolution is 
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also limited since they tend to transform into thermodynamically more stable forms 

during processing, dissolution, and storage (Karmwar et al., 2012).  

Milling, however, alleviates the content uniformity challenges associated with 

the tabletting of low-dose drugs (Sun, Aburub and Sun, 2017), it also increases the 

surface area of the pharmaceutical compounds by reducing the particle size and 

subsequently improving the dissolution rate and bioavailability (Kumar, Kumar and 

Tomer, 2021). Yet there is no published study on the effect of milling time to improve 

the physicochemical deficiencies associated with tabletting of indomethacin via direct 

compression technique. Therefore, the present work aimed to study the influence of 

milling time on the tabletting properties of indomethacin composite particles prepared 

in the presence of lactose, PVP, l-Leucine and sodium starch glycolate (Primojel).   

4.2.2 Engineering Indomethacin-excipients composite particles  

The Indomethacin composite particles in the presence of α-lactose 

monohydrate, PVP, l-Leucine and Primojel® were prepared using Fritsch pulverisette 

6, equipped with two 80 ml grinding bowl (Agate – SIO2 - with steel casing), containing 

9 Stainless steel – Fe-Cr Abrasion resistance balls. The mill was operated at a 

rotational speed of 400 rpm for all the samples milled at different milling times (1, 5, 

10, and 15 min). The grinding balls crushed and disintegrated the material in a grinding 

bowl. The rotation of the griding bowl about its axis and the rotating supporting disc 

caused centrifugal forces to act upon the material and the grinding bowl. The 

centrifugal forces alternately act in the same and opposite directions because of the 

rotation of the grinding bowl and the supporting disc in opposite direction. This results 

in a frictional effect. The grinding balls ran along the inner wall of the grinding bowl 

leading to the balls impacting against the opposite wall of the grinding bowl, after 

which, the formulation was collected and stored in glass vials for 1 day (22 oC, RH = 

50 %) to allow charge relaxation to occur. 

4.2.3 Result and discussion 

4.2.3.1 Content uniformity 

The percentage drug content uniformity and the %CV were acceptable 

indicating sufficient homogeneity in the indomethacin content and accurate and 

reproducible milling process (% content uniformity = 116.4 % ± 2.0 %, 114.1 % ± 0.6 

%, 103.2 % ± 1.1 %, 113.1 % ± 0.9 %, 108.2 % ± 1.5) (%CV = 1.7 %, 0.5 %, 1.1 %, 

1.4 %, 1.4 %).  
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4.2.3.2 Characterisation of particle size and shape 

The analysis of the resulting powder from laser diffraction showed that the 

physical mixture possesses increased VMD values, but reduced span values in 

comparison to the commercial indomethacin. This was caused by the variation in the 

VMDs (Table 7) of the drug and the respective excipients used in the formulation. As 

expected, it is obvious from the VMD values that the milling process reduced the VMD 

of the composite particles by increasing the milling time from 1 to 15 min (Table 7). 

whereas the span values (Table 7) increased with increasing the milling time from 1 

to 10 min. There was no further increase in span value from 10 to 15 min. indicating 

the broadening of the particle size distribution within the milled mixture due to particle 

fracture up to 15 min. This can further be confirmed by the decreasing trend in (D50%) 

values (Table 7). However, this was not expected because as the milling process 

proceeds, irregularities of the size distribution are expected to minimize (reduce span 

values), shifting most of the particles around average particle sizes (D50%). Ulusoy, 

Yekeler and Hiçyilmaz, (2003) reported that a shorter milling time of up to 16 min can 

generate inconsistently broader particle size distribution. A similar outcome was 

observed up to 15 min.  
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Table 6. Particle size distribution for commercial indomethacin, excipients, physical 

mixture, and milled mixture at various milling times. The data represent particle size 

at 10 % (D10%), 50 % (D50%) and 90 % (D90%) of the volume distribution, the volume 

mean diameter (VMD) and span of the volume distribution. Data expressed as a mean 

± SD, n = 3. 

Samples D10%(µm) D50%(µm) D90%(µm) VMD (µm) Span 

IND 7.7 ± 0.1 32.0 ± 0.5 159.0 ± 7.1 65.0 ± 0.1 4.9 ± 0.2 

PVP 20.3 ± 0.6 89.6 ± 1.1 180.0 ± 1.6 96.4 ± 1.9 1.8 ± 0.0 

Lactose 5.7 ± 0.1 35.8 ± 0.2 96.3 ± 1.0  43.5 ± 1.1 2.5 ± 0.1 

Leucine 47.0 ± 0.2 156.0 ± 0.1 285.0 ± 0.2 165.0 ± 0.5 1.5. ± 0.0 

Primojel® 23.7 ± 0.1 42.5 ± 1.1 71.1 ± 0.2 45.1 ± 0.2 1.1 ± 0.0 

PM  16.6 ± 1.3 64.5 ± 1.2 143 ± 2.1 74.5 ± 1.4 2.2 ± 0.1 

Co-milled mixture 

1 min 18.1 ± 3.2 55.9 ± 6.0 106.0 ± 23.6 58.6 ± 1.1 1.6 ± 0.0 

5 min 4.1 ± 0.4 28.2 ± 0.8 76.2 ± 2.9 35.0 ± 0.6 2.6 ± 0.5 

10 min  3.0 ± 0.2 23.4 ± 2.9 69.2 ± 5.6 30.3 ± 0.3 2.8 ± 0.1 

15 min  2.8 ± 0.4 21.4 ± 1.6 62.6 ± 1.7 27.6 ± 0.4 2.8 ± 0.3 

 

In principle, particle breakage begins after 1 min of milling. This is evident by 

the significant decrease in VMD and increases in span value between 1 and 5 min. 

Between 5 to 10 min the increase was very minimal and at 10 and 15 min, the span 

values remain the same no further increase. Similarly, no further significant (P > 0.05) 

decrease in VMD was obtained when the milling time was increased from 10 min to 

15 min, as confirmed by the SEM (Figure 15). Additionally, the identical span value at 

10 and 15 min further confirms that particle fracture has reached its limits. This agrees 

with Fadda et al., (2009) suggestion that particle fracture occurs at an early stage of 

milling followed by an equilibrium between re-agglomeration and de-agglomeration. 

Therefore, it is paramount to determine the limits to which particle fracture or size 

reduction ceases during the milling process. Continued milling can lead to apparent 

particle size growth through fine particle mechanofusion (Otte and Carvajal, 2011).  

The content of the fine particulates increased with increasing the milling time, 

as evident by lower D10% values (Table 7), which can also be observed in the SEM 

images. This is vital because it has been reported that the presence of fine particulates 
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promotes interparticle bonding and mechanical interlocking leading to improved 

compactibility and subsequently tablet tensile strength (Liu et al., 2013; Li et al., 2004).  

 

 

Figure 15. Scanning electron micrographs (SEM) of (a) commercial indomethacin 

(IND), (b) PVP, (c) l-Leucine, (d) Primojel®, (e) physical mixture (PM), (f) 1 min, (g) 5 

min, (h) 10 min and (i) 15 min. 

4.2.3.3 Solid state characterisation 

 Like commercial indomethacin, all the composite particles under investigation 

showed the sharp characteristic diffraction angles of γ-indomethacin at 11.6o, 21.9 o 

and 26.7 o 2θ (Figure 16), ruling out the presence of the unstable form of indomethacin 

(α-indomethacin).  
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Figure 16. Powder X-ray diffraction (PXRD) patterns of commercial indomethacin, 
physical mixture, and milled mixture (1, 5, 10 and 15 min). 

This confirms that the initial crystalline state of γ-indomethacin has been retained for 

all the milled composite particles regardless of the milling time used. This is valuable 

because it allows long-term physical stability of the mixtures during storage. However, 

the intensity of the characteristic peaks slightly decreased as compared to the physical 

mixture, indicating a reduction in crystallinity. 

Commercial indomethacin was analysed as received for FT-IR and the FT-IR 

spectra confirm it to be γ indomethacin as reported by Taylor and Zografi, (1997). 

When compared to the composite particles, all the characteristics of the absorption 

band representing the functional groups in the commercial indomethacin were present 

in all the composite particles (Figure 17). However, it has been observed that the 

intensity of the characteristic peaks slightly decreased with increasing the milling time 

from 1 to 10 min. Indicating a stronger trend in intermolecular interactions up to 10 

min.  At 15 min, the absorption intensity reduced significantly indicating reduced 

intermolecular interaction as compared to 10 min.  Additionally, the high-intensity 

absorption bands at 1712 cm-1 and 1688 cm-1 representing the asymmetric acid C=O 

and the benzoyl of the cyclic dimer in the commercial indomethacin have been 
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distorted to almost a single broad peak in all the milled composite particles except for 

the physical mixture (Figure 17).  

 

Figure 17. Fourier Transform Infrared (FT-IR) spectra of commercial indomethacin 

and processed products indicating hydrogen bond formation between indomethacin, 

PVP and leucine. 
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Figure 18. Structure of indomethacin, PVP and l-Leucine 

It is known that high mechanical energy input during milling may lead to disruption of 

indomethacin dimers in the presence of PVP resulting in intermolecular hydrogen 

bonding between the OH group of the carboxylic acid of IND and the C=O of PVP 

(Sharma, Denny and Garg, 2009). In this work l-Leucine is present and due to its 

bipolar nature, its carboxylic acid moiety may assume high electronegativity and will 

tend to interact with the OH group of the carboxylic acid of IND. Therefore, the extent 

to which IND will interact with either PVP (Binder) or l-Leucine (Lubricant) will depend 

on higher electronegativity. From the FT-IR spectra (Figure 17) a broad peak has 

appeared on the spectra of the physical mixture at 3434 cm-1 due to OH stretching, the 

same position as the OH stretching in the spectra of PVP. This indicates a strong 

interaction between IND and PVP. Compared to the milled composite particles, this 

peak is absent rather than a sharp band at 3444 cm-1 due to the NH3 stretch of l-

leucine. Therefore, it is assumed that the peak that appears only in the physical 

mixture is due to the possibility that, under blending conditions, the proton of the 

carboxylic acid moiety of l-Leucine is intact, the conditions are not enough to impact 

the interaction between the two polar moieties of the l-leucine molecule thereby 

rendering carboxylic acid of the PVP molecule more prone to hydrogen bonding due 

to higher electronegativity. In contrast, under milling conditions, the amine moiety NH2 

of l-Leucine interacts with its carboxylic acid forming NH3
+ allowing COO- interaction 

with the OH group of the carboxylic acid of IND. 

In conclusion, it can be assumed that indomethacin interacts stronger with the 

binder (PVP) under the blending conditions used. On the other hand, under milling 

conditions, indomethacin interacts stronger with the Lubricant (s-Leucine) rather than 
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PVP and this interaction can consequently have a significant influence on the powder's 

functional properties such as mechanical properties and dissolution rate. 

4.2.3.4 Bulk properties 

Commercial indomethacin showed lower cohesivity and tap density, higher 

bulk, and CI values than the physical mixture. The bulk and the tap densities of the 

physical mixture are lower than that of the bulk and tap densities of composite particles 

milled for 1, 5, 10 and 15 min (Table 8). This is due to variable tap and bulk densities 

of the respective excipients used in the mixture. The bulk and the tap densities of the 

milled composite particles showed a decreased with increasing the milling time from 

1 to 15 min (Table 8). The cohesivity and CI values of the milled composite particles 

showed an increasing trend with increasing the milling time from 1 to 15 min. The 

decreasing trend in bulk and tap density of the milled mixture with respect to milling 

time was caused by a reduction in VMD (Table 8). 

Table 7. Cohesivity (1/b), bulk density (Db), tap density (Dt) and Carr’s index CI (%) 

for commercial indomethacin (IND), physical mixture (PM) and mixtures milled at 1,5, 

10 and 15 min. Data expressed as a mean ± SD, n = 3. 

Product Cohesivity (1/b) Db (g/cm3) Dt (g/cm3) CI (%) 

IND 4.1 ± 3.0  0.34 ± 0.31 0.4 ± 0.36 34.33 ± 0.6 

PM 4.7 ± 2.7 0.34 ± 0.30 0.5 ± 0.43 29.67 ± 0.6 

1 min 3.5 ± 2.8 0.53 ± 0.01 0.8 ± 0.02 31.00 ± 1.7 

5 min 4.4 ± 3.6 0.37 ± 0.00 0.7 ± 0.01 40.11 ± 0.6 

10 min 6.1 ± 2.4 0.36 ± 0.02 0.61 ± 0.03 40.67 ± 2.3 

15 min 10.8 ± 6.6 0.33 ± 0.01 0.60 ± 0.02 42.67 ± 1.2 

 

Although the tap and the bulk densities of the milled composite particles decreased 

with increasing the milling time, the bulk and the tap densities of the physical mixture 

and the commercial indomethacin are lower than that of the milled composite particles 

indicating that there was no correlation between the bulk and tap densities, and the 

tensile strength of the formulations. 

Commercial indomethacin showed poor flowing and cohesive habit (CI = 34.33 

% ± 0.6 %) (Table 8). The presence of 10 % (w/w) improved the flowability of the 

physical mixture in comparison to commercial indomethacin (CI = 29.67 % ± 0.6 %) 
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(Table 8). The CI values and the cohesivity values of the milled composite particles 

increased with increasing the milling time from 1 to 15 min. (CI, from 31.00 % ± 1.7 % 

to 42.67 % ± 1.2 %) ((1/b), from 3.5 ± 2.8 to 10.8 ± 6.6) (Table 8), indicating their poor 

flow behaviour due to their strong interparticle cohesive forces attributable to their 

lower VMDs (Table 7). The strong interparticle forces contribute to their high 

compressibility because of their resulting inefficient packing and high voidage which 

makes their structures collapse significantly during consolidation (Rose and Kaialy, 

2019). 

4.2.3.5 Mechanical properties 

To evaluate the mechanical properties of the composite particles, the tablets 

were examined under various compression pressures (37, 74, 111, 148, 185 and 222 

MPa).  The tensile strength of the tablets formed at different milling times was plotted 

against the above-mentioned compression pressures applied during the formation of 

the tablets (Figure 19). Regardless of the milling time, there was no correlation 

between the tensile strength of the tablet and the various compression pressure 

(Figure 19). For example, all the tablets are considerably strong at the lowest 

compression pressure (37 MPa, TS = 3.2 MPa to 5.2 MPa). This is valuable because 

desirable tablet strength can be achieved at a reasonable compression pressure.  

Commercial Indomethacin showed poor tablet tensile strength with the highest 

tensile strength of only 0.8 MPa ± 0.08 MPa at a compression pressure of 74 MPa 

(Figure 19). The physical mixture showed further improvement in tensile strength as 

compared to the commercial paracetamol achieving the TS of 4.1 MPa ± 0.03 MPa at 

148 MPa. This was caused by the presence of excipients, especially PVP. Presence 

of only 5 % (w/w) PVP by tumble mixing as is the case in the present study led to 

improved mechanical properties of up to 0.5 MPa ± 0.0 MPa (Rose and Kaialy, 2019). 
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Figure 19. Tablet tensile strength for commercial indomethacin, physical mixture and 

mixtures milled at different milling times (1, 5, 10 and 15 min). Data expressed as a 

mean ± SD, n = 3. 

The composite particles milled for 1 min exhibited a comparable tensile strength 

profile to the physical mixture with the highest TS of 3.9 MPa ± 0.07 MPa at 111 MPa 

(Figure 19). Further improvement was achieved when the composite particles were 

milled for 5 and 10 min (TS = 6.1 ± 0.07 MPa at 3000 MPa and 6.2 ± 0.26 MPa at 

2000 MPa respectively). This was caused by the decrease in VMD (Table 7) from 5 to 

10 min. Indeed, small size particles enhance compactibility due to an increase in 

contact surface area (Mangal, Meiser, Lakio, et al., 2015).  The tensile strength of the 

composite particles deteriorated when the mixture was milled for 15 min as compared 

to 10 min (TS = 5.6 MPa ± 0.22 MPa at 1500 MPa vs 6.2 MPa ± 0.26 MPa at 2000 

MPa) (Figure 19). This corresponds to a decrease in the intermolecular interactions 

showed by the mixture in the FT-IR spectra (Figure 17). This was caused by particle 

aggregation resulting from forces such as van der Waals and electrostatic as particle 

size reduction reached the maximum.  It is known that prolong milling may cause 

particle agglomeration to supersede particle fracture leading to reduce milling 
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efficiency over time causing the particle surface area to reduce (Loh, Samanta and 

Sia Heng, 2015). The reduction in particle contact surface area could reduce 

interparticulate contact points leading to a decreased degree of densification during 

compression and thus decreasing mechanical strength (Rose and Kaialy, 2019). 

4.2.3.6 Dissolution studies 

In the present study, a poorly aqueous soluble drug (indomethacin) has been 

studied to determine the effect of milling time on the drug's dissolution behaviour. All 

the composite particles were milled and analysed under the same protocol varying 

only in milling time. Except for physical mixture and commercial indomethacin tablets 

were not subjected to any milling process. However, the physical mixture was 

processed using a tumble blender for 30 min at 50 rpm.  

The results of the dissolution studies for the physical mixture and all the milled 

composite particles showed a significant increase when compared to the commercial 

indomethacin (Table 9, Figure 20) at pH 7.2. The increase in dissolution rate of the 

physical mixture (Figure 20) could be due to several factors such as the presence of 

disintegrant, the type of excipients used and the morphology of the particles in the 

drug-excipients mixture. For instance, lactose possesses irregularly shaped particles. 

It has been reported that irregular xylitol particles improve the dissolution of 

indomethacin due to their higher surface volume than smooth surface particles and 

that rougher particle surface in contact with drug particles tend to generate minimal 

contact area resulting in higher exposure of the drug to the dissolution media and 

consequent drug wettability. Additionally, they may cause an increase in the 

abundance of polar groups (Kaialy, Larhrib, et al., 2014). 
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Figure 20. Dissolution profile of commercial indomethacin (IND) and the composite 

particles milled for 1, 5, 10 and 15 min. 
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Table 9. Percentage dissolution, dissolution efficiency (DE), Mean dissolution time 

(MDT) and mean dissolution rate (MDR) of commercial paracetamol (PA), physical 

mixture (PM) and milled mixtures (1, 5, 10, 15 and 20 min). Data expressed as a mean 

± SD, n = 3. 

 
Time (min) 

IND PM 1 min 5 min 10 min 15 min 

2 0.2 ± 0.1 4.6 ± 0.9 5.8 ± 0.8  6.0 ± 1.0  6.1 ± 0.6 3.4 ± 0.8  
4 0.3 ± 0.1 12.5 ± 

1.8 
16.6 ± 
3.1 

21.2 ± 
2.9 

21.9 ± 
2.0 

14.6 ± 
1.4 

6 0.4 ± 0.0 19.4 ± 
1.7 

29.5 ± 
6.6 

36.9 ± 
6.9 

39.6 ± 
2.4 

28.3 ± 
4.2 

8 0.4 ± 0.1 27.1 ± 
3.1 

40.8 ± 
8.4 

51.1 ± 
8.2 

54.5 ± 
2.0 

38.0 ± 
6.4 

10 0.5 ± 0.1 41.6 ± 
13.3 

50.6 ± 
8.4 

61.9 ± 
9.8 

65.4 ± 
1.1 

47.8 ± 
6.5 

15 0.8 ± 0.1 51.1 ± 
5.3 

70.5 ± 
8.4 

81.5 ± 
9.7 

84.1 ± 
3.3 

69.6 ± 
8.4 

20 1.0 ± 1.0 65.9 ± 
3.1 

83.8 ± 
4.1 

89.0 ± 
6.0 

93.2 ± 
1.8 

84.3 ± 
6.5 

25 1.3 ± 0.1 74.9 ± 
4.0 

89.9 ± 
1.9 

94.6 ± 
3.1 

96.5 ± 
1.2 

93.1 ± 
3.1 

30 1.5 ± 0.1 80.8 ± 
3.5 

94.7 ± 
0.7 

96.4 ± 
2.6 

97.0 ± 
1.0 

95.7 ± 
1.6 

35 1.7 ± 0.1 85.3 ± 
4.3 

95.4 ± 
0.9 

96.6 ± 
2.8 

97.5 ± 
1.2 

96.2 ± 
1.4 

40 1.9 ± 0.0 87.9 ± 
4.1 

96.1 ± 
1.6 

96.8 ± 
2.8 

97.6 ± 
1.0 

96.8 ± 
1.4 

50 2.4 ± 0.0   91.9 ± 
2.5   

96.4 ± 
1.6 

97.3 ± 
2.1 

97.8 ± 
1.1 

97.2 ± 
0.8 

55 2.8 ± 0.2 94.3 ± 
3.0 

96.9 ± 
0.9 

97.9 ± 
1.5 

98.0 ± 
1.1 

97.3 ± 
0.9 

60 2.9 ± 0.1 95.2 ± 
2.7 

97.7 ± 
0.6 

98.1 ± 
1.5 

98.1 ± 
1.1 

97.5 ± 
0.6 

70 3.2 ± 0.1 96.0 ± 
2.4 

97.9 ± 
0.6 

98.3 ± 
1.4 

98.1 ± 
1.0 

97.8 ± 
0.9 

80 3.6 ± 0.2 97.3 ± 
1.8 

98.7 ± 
1.0 

99.1 ± 
0.6 

98.3 ± 
1.0 

97.9 ± 
1.1 

90 4.0 ± 0.2 98.6 ± 
1.3 

99.7 ± 
0.2 

99.2 ± 
0.5 

98.6 ± 
1.0 

98.0 ± 
1.2 

100 4.4 ± 0.3 99.7 ± 
0.1 

99.7 ± 
0.1 

99.4 ± 
0.3 

98.9 ± 
0.9 

98.5 ± 
1.2 

110 4.8 ± 0.3 99.9 ± 
0.1 

99.9 ± 
0.1 

99.4 ± 
0.4 

99.2 ± 
0.7 

99.3 ± 
0.6 

120 5.3 ± 0.4 99.9 ± 
0.1 

99.9 ± 
0.00 

99.9 ± 
0.0 

100 ± 00 100 ± 00 

DE180 min 

(%) 
2.73 ± 
0.1 

78.61 ± 
7.9 

85.6 ± 
1.1 

90.31 ± 
2.5  

91.23 ± 
2.5 

88.99 ± 
1.9 
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MDT (min) 57.81 ± 
3.1 

19.84 ± 
2.9 

13.5 ± 
1.3 

10.7 ± 
1.6 

9.86 ± 
1.4  

12.43 ± 
1.8 

MDR (min-

1) 
0.05 ± 
0.0 

1.50 ± 
0.3 

1.7 ± 0.1 1.9 ± 0.1 1.97 ± 
0.0 

1.72 ± 
0.1 

 

Furthermore, l-leucine could minimize Van der Waals forces between the drug-

excipients mixtures, thereby increasing the effective surface area for dissolution. 

Superdisintegrant primojel (PJ) has been reported to enhance the dissolution of poorly 

water-soluble drugs by possible deagglomeration of the drug particles by the 

disintegrant particles through solid deposition on the surface of the swelling 

disintegrant particles (Bolhuis, Zuurman and te Wierik, 1997; Wierik et al., 1992). 

Additionally, the presence of highly soluble excipients such as PVP and α-lactose 

monohydrate could improve the drug's exposure to the dissolution media and thus 

improve wettability. α-lactose monohydrate as a filler has been reported to improve 

disintegration and consequently dissolution rate due to high solubility in the dissolution 

media (Bolhuis, Zuurman and te Wierik, 1997). 

The dissolution pattern of the milled composite particles was faster than that of 

the physical mixture (Table 9, Figure 20). The dissolution profile of the milled 

composite particles increased with increasing the milling time from 1 to 10 min (Figure 

20) which was further reflected by the increasing trend in dissolution efficiency (Table 

9) (DE (120min) = 85.64 % ± 1.12 %, 90.31 % ± 0.25 % and 91.23 % ± 2.53 %) and the 

decreasing trend in mean dissolution time (MDT = 13.49 ± 1.3 min, 10.66 ± 1.6 min, 

9.86 ± 1.4 min) (Table 9). Indeed, the solubility of a drug particle is intrinsically related 

to its particle size as evident by the particle size result (Table 7). This was attributed 

to an increase in the surface area available for solvation as the particle size is reduced 

further and further (Lim, Ng and Tan, 2013; Cavalieri et al., 2011). Prolonging the 

milling time up to 15 min caused the dissolution pattern to deteriorate as compared to 

10 min of milling. This was caused by particle agglomeration which occurred from 

milling balls colliding the particles to the wall of the container as particle size reduction 

reached maximum which led to reduced milling efficiency over time causing a 

reduction in the effective surface area of the particles and subsequently affecting 

dissolution and thus bioavailability. 

Further studies could be conducted to evaluate the effect of fines on the 

physicochemical, mechanical, and pharmaceutical properties of indomethacin. 
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4.2.4 Conclusion 

In conclusion, co-milling can be used to produce highly crystalline bulk powder 

formulation with enhanced mechanical and dissolution properties. The resulting 

particle morphology specifically particle size and shape are crucial to the success of 

tabletting via milling as such the effect of milling time during the milling process cannot 

be ignored. Milling time is a vital parameter during processing as it alters the 

physicochemical properties of indomethacin formulations and an optimum milling time 

needs to be determined. Further studies will focus on improving the flowability of milled 

mixtures by investigating the effect of other milling parameters such as milling 

sequence. 

4.3 Effect of milling sequence on the physicochemical properties of composite 

particles for direct compression 

4.3.1 Introduction 

 Successful tabletting by direct compression (DC) is the net result of three 

essential powder attributes i.e., high compactability to ensure that the tablets are 

strong enough to withstand handling during manufacturing and transportation, 

excellent content uniformity to guarantee consistent drug dose, and good powder flow 

to warrant rapid and reproducible powder filling into the tablet die to reduce tablet 

weight variation (Mangal, Meiser, Tan, et al., 2015; Mangal, Meiser, Lakio, et al., 

2015). Most pharmaceutical powders (≤ 80 %) lack the required flow and 

compactability for tablet production (Rojas, Buckner and Kumar, 2012; Armstrong and 

Haines-Nutt, 1974). Particle micronisation by milling alleviates the content uniformity 

and compactability challenge. However, particle size reduction is accompanied by 

poor powder flow leading to tablet weight variations if not properly addressed. This 

can adversely influence several critical quality attributes such as unit dose uniformity 

(Sun, Aburub and Sun, 2017). It is however surprising that there is no published study 

to improve the flowability of milled powders considering that the performance of a 

milled powder is determined by several variables relating to the milling process such 

as milling time, milling sequence, milling temperature, milling equipment, milling 

speed, and milling environment. To address this challenge, for the first time this study 

aimed to investigate the effect of milling order on the flow and tabletting performance 

of paracetamol composite particles in the presence of PVP, l-Leucine and sodium 

starch glycolate (Primojel®). 



114 
 

4.3.2 Method 

The Paracetamol composite particles in the presence of PVP, l-Leucine and 

Primojel® were prepared using Fritsch pulverisette 6, equipped with two 80ml grinding 

bowls (Agate – SIO2 - with steel casing), containing 9 Stainless steel – Fe-Cr Abrasion 

resistance balls. The mill was operated at a rotational speed of 400 rpm. The 

composite particles were milled varying the sequence of mixing in the following order. 

5min (PA+PVP) + 5 min (PJ) + 5min (Leu), 5 min (PA+PVP) + 5 min (Leu) + 5 min 

(PJ), 5 min (PA + Leu) + 5 min (PJ) + 5 min (PVP). The composite particles were 

crushed and disintegrated in a grinding bowl by grinding balls. The rotation of the 

griding bowl about its axis and the rotating supporting disc caused centrifugal forces 

to act upon the material and the grinding bowl. The centrifugal forces alternately act in 

the same and opposite directions because of the rotation of the grinding bowl and the 

supporting disc in opposite direction. This results in a frictional effect. The grinding 

balls ran along the inner wall of the grinding bowl leading to the balls impacting against 

the opposite wall of the grinding bowl, after which, the formulation was collected and 

stored in glass vials for 1 day (22 oC, RH = 50 %) to allow charge relaxation to occur 

4.3.3 Result and discussion 

4.3.3.1 Content uniformity 

 The percentage content uniformity obtained from the composite particles 

ranged between 101.2 % ± 1.2 and 107.4 % ± 2.3 %, indicating adequate drug content 

uniformity in all the composite particles and the %CV varies between 2.0 % and 2.8 % 

suggesting acceptable homogeneous paracetamol content in all the composite 

particles. 

4.3.3.2 Characterisation of particle size and shape 

The physical mixture (PM) showed the presence of paracetamol, PVP, l-

Leucine and Primojel® particles (Figure 21e). The 15 min co-milled formulation 

showed lumps of welded particles (Figure 21f). It has been previously reported that 

during milling particles are fractured and welded due to severe plastic deformation until 

reaching a steady state (Toozandehjani et al., 2017). The formulation consisting of l-

Leucine added from the beginning of the milling time and PVP added towards the end 

of the milling time ((PA+Leu)+PJ+PVP) (Figure 21g) showed aggregated particles 

indicating high degree of powder cohesiveness. Particle aggregation occurs at shorter 

milling times due to weak, reversible adhesion of particles cause by Vander Waals 

forces whereas agglomeration occurs at longer milling times due to large magnitude 
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of chemical forces leading to formation of a very compact, irreversible adhesion 

(crystallization, welding) of particles (Fadda et al., 2009). The formulation containing 

PVP added from the beginning of the milling time and l-Leucine added at the middle 

of the milling time ((PA+PVP)+Leu+PJ) (Figure 21h) showed less cohesive particles  

in comparison to when l-Leucine was added from the beginning of the milling time 

((PA+Leu)+PJ+PVP) (Figure 21g). The formulation containing l-Leucine added 

towards the end of the milling time ((PA+PJ)+PVP+Leu) (Figure 21i) showed non 

agglomerated dispersed particles indicating lower level of  interparticle cohesion as 

compared to when l-Leucine was added from the beginning or at the middle of the 

milling time.  
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Figure 21. SEM images of commercial paracetamol (PA), PVP, l-Leucine (Leu), 

Primojel®, physical mixture (PM) and sequentially milled composite particles. 
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Commercial Paracetamol showed significantly higher VMD in comparison to 

the physical mixture (p < 0.05) (VMD = 154.0 ± 11.3 µm vs 81.7 ± 0.6 µm) (Table 10). 

This was caused by the high cohesivity of paracetamol powder which could not be 

fully deagglomerated by the laser diffraction injection force during measurement. The 

physical mixture showed significantly higher VMD in comparison to the milled 

composite particles (p < 0.05) (VMD = 81.7 µm ± 0.6 µm vs 29.6 µm ± 3.5 µm, 27.1 

µm ± 0.6 µm, 24.8 µm ± 2.1 µm, 20.4 µm ± 0.1 µm) (Table 10).  

It was also obvious that the sequential milling influenced the VMD of the 

composite particles in comparison to the 15 min co-milled composites. The co-milled 

(15 min) composite particles showed slightly lower VMD in comparison to the 

sequentially milled composite particles (VMD = 20.4 µm ± 0.1 µm vs 29.6 µm ± 3.5 

µm, 27.1 µm ± 0.6 µm, 24.8 µm ± 2.1 µm) (Table 10). Analysis of the combination 

sequence ((PA + PVP) + (PJ) + (Leu), (PA + PVP) + (Leu) + (PJ), (PA + Leu) + (PJ) + 

(PVP)) indicates that the difference in the VMD between the sequentially milled 

composites is related to the VMD of the final excipient added. For example, the VMD 

of Leu, PJ and PVP are 165.0 µm ± 0.5 µm, 45.1 µm ± 0.2 µm and 100.2 µm ± 5.4 µm 

respectively and the VMD of the Leu sequence composites was higher than that of 

PVP and PJ (VMD = 29.6 µm ± 3.5 µm vs 27.1 µm ± 0.6 µm vs 24.8 µm ± 2.1 µm 

respectively). 

The content of the fine particulates (D10%) values between the various 

sequences and the 15 min co-milled composites were statistically similar (p > 0.05) 

(Table 10). The span values of the sequences were slightly higher than that of 15 min 

co-milled composites (Table 10) indicating less uniformity of the particle size 

distribution. Moreover, this could mean that the particles of the sequences are more a 

mixture of larger and smaller particles than the 15 min co-milled composites. Mixture 

of coarse-smaller particles exhibits less cohesive forces than small-small particles and 

therefore shows better flowability (Kaialy, 2016b). 
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Table 8. Particle size distribution for commercial paracetamol, PVP, Primojel®, 

physical mixture, and the composite particles ((PA + PVP) + (PJ) + (Leu), (PA + PVP) 

+ (Leu) + (PJ), (PA + Leu) + (PJ) + (PVP). The data represent particle size at 10% 

(D10%), 50% (D50%) and 90% (D90%) of the volume distribution, the volume mean 

diameter (VMD) and span of the volume distribution. Data expressed as a mean ± SD, 

n = 3. 

Products D10%(µm) D50%(µm) D90%(µm) VMD (µm) Span 

PA 58.4 ± 

15.8 

144.0 ± 

9.9 

262.0 ± 

15.6 

154.0 ± 

11.3 

1.5 ± 

0.1 

PVP 24.7 ± 

6.2 

88.3 ± 

1.9 

192.0 ± 

17.0 

100.2 ± 

5.4 

1.9 ± 

0.1 

PJ 23.7 ± 

0.1 

42.5 ± 

1.1 

71.1 ± 0.2 45.1 ± 0.2 1.1 ± 

0.0 

Leu 47.0 ± 

0.2 

156.0 ± 

0.1 

285.0 ± 

0.2 

165.0 ± 

0.5 

1.5 ± 

0.0 

PM 14.4 ± 

1.2 

69.7 ± 

1.1 

169.5 ± 

1.5 

81.7 ± 0.6 2.2 ± 

2.2 

15 min 2.82 ± 

0.1 

13.3 ± 

0.6 

48.0 ± 1.6 20.4 ± 0.1 2.1 ± 

0.4 

(PA + PVP) + (PJ) + 

(Leu) 

2.50 ± 

0.1 

17.8 ± 

2.1 

75.2 ± 4.5 29.6 ± 3.5 4.1 ± 

0.3 

(PA + PVP) + (Leu) + 

(PJ) 

2.29 ± 

0.4 

14.8 ± 

1.5 

62.8 ± 2.8 24.8 ± 2.1 4.1 ± 

0.4 

(PA + Leu) + (PJ) + 

(PVP) 

2.32 ± 

0.1 

14.3 ± 

0.3 

69.2 ± 0.1 27.1 ± 0.6 4.7 ± 

1.0 

  

4.3.3.3 Solid state characterisation 

The FT-IR spectra of the commercial paracetamol showed the absorption 

bands for the N-H stretching and bending mode at 3320 cm-1 and 1560 cm-1 

respectively, and the C=O stretching mode at 1652 cm-1 corresponding to the 

monoclinic paracetamol (form I) (Figure 20) (Hiendrawan, Veriansyah, Soewandhi, et 

al., 2016; Kaialy, Larhrib, et al., 2014).  
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Figure 22. Fourier Transform Infrared (FT-IR) spectra of commercial paracetamol, 

physical mixture, and the composite particles (PA + PVP) + (PJ) + (Leu), (PA + PVP) 

+ (Leu) + (PJ), (PA + Leu) + (PJ) + (PVP), indicating hydrogen bond formation between 

paracetamol and PVP.  

The FT-IR diagnostic bands representing the functional groups in the commercial 

paracetamol were present in the physical mixture and all the milled composite 

particles. The absence of the diagnostic bands at 1614 cm-1, 1507 cm-1, 1226 cm-1, 

1513 cm-1, and 1453 cm-1 in all the composite particles indicates the absence of the 

orthorhombic form of paracetamol (Al-Zoubi, Kachrimanis and Malamataris, 2002). A 

shift occurred at the N-H stretching diagnostic band towards a higher frequency from 

3320 cm-1 in the case of commercial paracetamol to 3325 cm-1 for the milled composite 

particles and at the fingerprint region from 1690 cm-1 in the commercial paracetamol 

and the physical mixture to 1700 cm-1in the spectra of the milled composite particles 

(Figure 22). This indicates hydrogen bond interactions between the N-H, H donor of 
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paracetamol and the carbonyl group (C=O), the hydrogen acceptor of PVP. 

intermolecular hydrogen bonding is reflected by a frequency shift in the N-H, O-H or 

C=O stretches (Rose and Kaialy, 2019; Akiladevi et al., 2011). The spectra of the 

physical mixture showed only one frequency shift at the N-H stretching diagnostic 

band towards a higher frequency from 3320 cm-1 to 3325 cm-1, there was no shift at 

the fingerprint region as compared to the spectra of the milled composite particles, the 

band appeared at the same position as the commercial paracetamol at 1690 cm-1. 

This indicates weaker intermolecular hydrogen bond interaction under blending 

conditions as compared to the milling conditions. The physical mixture showed an 

insignificant change in absorption intensity in comparison to the commercial 

paracetamol (Figure 22), indicating a low level of interparticle interaction. The milled 

composite particles showed a significant reduction in absorption intensity in 

comparison to the physical mixture between 3500 cm-1 and 2500 cm-1 (N-H stretching), 

between 1705 cm-1 and 1685 cm-1 (amide stretching) (Figure 22). This indicated a 

higher level of intermolecular hydrogen bonding between paracetamol and PVP. 

Further reduction in absorption intensity was observed between 1652 cm-1 to 1609 cm-

1 (amide I, carbonyl stretch), between 1600 cm-1 between 1562 cm-1 and 1507 cm-1, 

and between (amide II, N-H in-plane deformation) and between 1500 cm-1 and 1520 

cm-1 (aryl C=H, C=H symmetric bending), indicating the presence of week hydrophobic 

interactions between paracetamol and PVP (Rose and Kaialy, 2019). The absorption 

intensity decreased in the following order (PA < PM < (PA + Leu) (PJ)+(PVP) < 

(PA+PVP) (PJ)(Leu) and (PA+PVP) (Leu)(PJ) < 15 min co-milled). Therefore, the FT-

IR indicated the milling sequence to influence PA-PVP intermolecular interactions. For 

example, the two sequentially milled composite particles containing PVP added from 

the beginning of the milling ((PA+PVP) (PJ)(Leu) and (PA+PVP) (Leu)(PJ)) exhibited 

a higher degree of PA-PVP interactions in comparison to when PVP was added after 

10 min of milling ((PA + Leu) (PJ)+(PVP)). The spectra also indicated that the nature 

of PA-PVP interactions could be through both hydrogen bonding and other weak 

hydrophobic interactions. The FT-IR spectra showed no indication of any strong 

intermolecular interaction between PA and l-Leucine. 

The TGA curves of commercial paracetamol, the 15 min co-milled and the 

sequentially milled composite particles (Figure 23) showed no weight loss below 100 

℃ indicating that the presence of a hygroscopic polymer (PVP) or milling conditions 
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did not cause occlusion of any significant amount water from the environment. The 

weight loss occurred in the temperature range between 180 and 250 oC which is in 

consistent with the stable form I (monoclinic) (Hiendrawan, Veriansyah, Soewandhi, 

et al., 2016; Tiffour et al., 2019).  

 

 

Figure 23. Thermogravimetric analysis (TGA) of the commercial paracetamol (PA), 

15 min co-milled composite particles (15 min), (PA+PVP) + PJ + LEU, (PA+PVP) + 

Leu + PJ, (PA + Leu) + PJ + PVP. 

The 15 min co-milled composite particles showed a slight shift towards lower melting 

onset. This could be attributed to its lower VMD in comparison to commercial 

paracetamol and the sequentially milled composite particles because smaller particles 

of the same material could exhibit lower resistance to heat transfer than larger particles 

and thus lower melting point (Kaialy, Alhalaweh, et al., 2012). 

4.3.3.4 Bulk properties 

 The physical mixture showed lower bulk density, higher tap density and slightly 

lower CI value than commercial paracetamol. The bulk and tap densities, the CI values 

of the physical mixture and the 15 min co-milled composite particles are statistical 

similar (p > 0.05) (Table 12). The bulk densities between the sequentially milled 

composite particles and the 15 min co-milled composite particles were also similar 
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except for ((PA + PVP) + (PJ) + (Leu)) which showed slightly higher bulk density (Db 

= 0.40 ± 0.00 gcm-3, 0.34 ± 0.00 gcm-3, 0.33 ± 0.00 gcm-3) (Table 11). The tap density 

of the 15 min co-milled composite particles was slightly higher than that of the 

sequentially milled composite particles. This is not in agreement with previous reports 

which showed that a reduction in bulk density leads to increased tensile strength 

(Nokhodchi et al., 2007; Rose and Kaialy, 2019). 

 A Carr’s index value between 5-15 % indicates excellent flow, from 12-16 % 

indicated good flow, from 18-21 % indicates fair flow and from 23-28 % indicates poor 

flow properties of a material (Nokhodchi et al., 2015).  

Table 9. Cohesivity (1/b), bulk density (Db), tap density (Dt) and Carr’s index CI (%) 

for commercial paracetamol, PVP, Primojel®, physical mixture (PM), and the 

composite particles varying milling order ((PA + PVP) + (PJ) + (Leu), (PA + PVP) + 

(Leu) + (PJ), (PA + Leu) + (PJ) + (PVP)). Data expressed as a mean ± SD, n = 3. 

Composite Particles Bulk density (Db) 

(g/cm3) 

Tap density (Dt) 

(g/cm3) 

CI (%) 

PA 0.40 ± 0.09 0.54 ± 0.17 44.30 ± 

0.6 

PVP 0.30 ± 0.20 0.30 ± 0.30 10.30 ± 

0.6 

PJ  0.40 ± 0.40 0.50 ± 0.40 12.30 ± 

0.6 

Leu 39.9 ± 4.40 147.0 ± 1.40 5.50 ± 7.0 

PM 0.33 ± 0.01 0.60 ± 0.03 43.00 ± 

3.0 

15 min co-milled 0.32 ± 0.01 0.59 ± 0.04 41.30 ± 

3.1 

(PA+PVP) + (PJ) + 

(Leu) 

0.40 ± 0.00 0.45 ± 0.00 17.33 ± 

0.6 

(PA+PVP) + (Leu) + 

(PJ) 

0.34 ± 0.00 0.47 ± 0.02 24.67 ± 

2.3 

(PA + Leu) + (PJ) + 

(PVP) 

0.33 ± 0.00 0.46 ± 0.01 24.67 ± 

1.2 
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For industrial-scale tablet manufacturing, a Carr’s index between 21 and 25 is 

considered acceptable (Leane et al., 2015). 

 Commercial paracetamol powder showed poor-flowing highly cohesive 

behaviour (CI = 44.30% ± 0.6%) (Table 11). Such a high carr’s index of commercial 

paracetamol is attributed to the needle particle shape which exhibits a high angle of 

internal friction leading to poor powder flow (Podczeck and Miah, 1996). The 

composite particles co-milled for 15 min showed a slight reduction in the Carr’s index 

value as compared to the commercial paracetamol (CI = 41.30 % ± 3.1 % vs 44.30 % 

± 0.6 %) (Table 11). Such a decrease in CI indicates improve powder parking and 

flowability. This was probably caused by the presence of 10 % (w/w) l-Leucine. The 

milling sequence significantly reduced the carr’s index of the milled composite particles 

in comparison to the 15 min co-milled composite particles (CI = 41.30 % ± 3.1 % vs 

17.33 % ± 0.6 %, 24.67 % ± 2.3 % and 24.67 % ± 1.2 %). Such an improvement could 

be attributed to the nature of the particle-particle interaction within the milled composite 

particles. Sequence milling likely generates adhesive forces rather than cohesive 

forces due to a wide particle size distribution as indicated by the higher span values 

shown by the sequence milling in comparison to the 15 min co-milling (2.1 ± 0.4, vs 

4.1 ± 0.3, 4.1 ± 0.4, 4.7 ± 1.0) (Table 10). This could indicate that there are more large-

small particle interactions rather than small-small interparticle interactions which could 

lead to the smaller particles adhering to the active sites of the lager particles preventing 

small-small interparticle agglomeration thereby reducing interparticle attractive forces 

and improving powder flow. The addition of the flow aid after 10 min of milling ( (PA + 

PVP) + (PJ) + (Leu)) in comparison to after 5 min of milling ((PA + PVP) + (Leu) + 

(PJ)) and adding the flow aid from the beginning of the milling ((PA + Leu) + (PJ) + 

(PVP)) showed the best powder flow (CI = 17.33 % ± 0.6 % vs 24.67 % ± 2.3 % and 

24.67 % ± 1.2 %) (Table 11). Such improve powder flowability may be due to the 

slightly higher bulk density in comparison to 15 min co-milled, ((PA + PVP) + (Leu) + 

(PJ)) and ((PA + Leu) + (PJ) + (PVP)) (Db = 0.40 gcm-3 ± 0.00 gcm-3, 0.34 gcm-3 ± 0.00 

gcm-3, 0.33 gcm-3 ± 0.00 gcm-3) (Table 11). It is also possible that the impact of the l-

Leucine on the flowability of the composite particles is governed by a particular particle 

size. 
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 Conclusively, it was obvious that the addition of the flow aid towards the end of 

the milling time (after 10 min) showed incredible improvement in the flowability of the 

milled composite particles in comparison to the addition of the flow aid from the 

beginning of the milling.  Such a better flowability obtained from the sequentially milled 

composite particles in comparison to the physical mixture and the 15 min co-milled 

composite particles will be beneficial in achieving uniformity in tablet weight leading to 

sufficient content uniformity. Moreover, it will also be valuable in achieving a 

successful die filling during tablet production. It could also lead to reducing expenses 

in handling, transportation, and storage. 

4.3.3.5 Mechanical properties 

 The tensile strength (Figure 24) of commercial paracetamol was not measured 

because the tablets were capped immediately after ejection from the tablet die. Such 

a poor mechanical property has been previously reported for commercial paracetamol 

(Sigma Aldrich, Gillingham, UK) to occur due to the high elasticity and poor bonding 

behaviour of plain paracetamol particles (Kaialy, Larhrib, et al., 2014). 
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Figure 24. Tablet tensile strength profile for the physical mixture (PM), and the 

composite particles varying milling order ((PA + PVP) + (PJ) + (Leu), (PA + PVP) + 

(Leu) + (PJ), (PA + Leu) + (PJ) + (PVP)). Data expressed as a mean ± SD, n = 3. 

For all the composite particles under investigation, the table tensile strength increased 

with increasing the compression pressure. For example, with the compression 

pressure increasing from 37 to 222 MPa, the tensile strength increased from 0.2 MPa 

± 0.02 MPa – 0.8 MPa ± 0.01 MPa, from 0.5 MPa ± 0.07 MPa – 2.4 MPa ± 0.03 MPa, 

from 0.4 MPa ± 0.02 MPa – 3.1 MPa ± 0.10 MPa, from 0.5 MPa ± 0.03 – 3.1 MPa ± 

0.03 MPa, from 0.8 MPa ± 0.03 MPa – 3.9 MPa ± 0.05 MPa for the Physical mixture 

(PM), (PA + Leu) + (PJ) + (PVP), (PA + PVP) + (PJ) + (Leu), (PA + PVP) + (Leu) + 

(PJ) and 15 min co-milled composite particles respectively (Figure 24).  

In comparison to the sequentially milled composite particles, the 15 min co-

milled composite particles showed superior tablet tensile strength (TS = 3.9 MPa ± 

0.05 MPa vs 3.1 MPa ± 0.03 MPa, 3.1 MPa ± 0.10 MPa, 2.4 MPa ± 0.03 MPa at 222 

MPa) (Figure 24). The two composite particles sequentially milled with PVP added 

from the beginning of milling showed better tensile strength in comparison to the 

composite particles milled with PVP added after 10 min of milling (TS = 3.1 MPa ± 

0.03 MPa, 3.1 MPa ± 0.10 MPa vs 2.4 MPa ± 0.03 MPa at 222 MPa) (Figure 24). While 



126 
 

the reduction in the VMD (Table 10) could contribute to the improved tensile strength 

showed by the milled composite particles due to the increased surface area for 

bonding, the superior tabletting shown by the 15 min co-milled (TS = 3.9 MPa ± 0.05 

MPa, VMD = 20.4 µm ± 0.1 µm ) in comparison to the sequentially milled composite 

particles and the better tablet tensile strength showed by the composite particles 

sequentially milled with 10 % (w/w) PVP added from the beginning of the milling ((PA 

+ PVP) + (PJ) + (Leu), TS = 3.1 MPa ± 0.03 MPa, VMD = 29.6 µm ± 3.5 µm), ((PA + 

PVP) + (Leu) + (PJ), TS = 3.1 MPa ± 0.10 MPa, VMD = 24.8 µm ± 2.1 µm)  in 

comparison to when 10 % (w/w) PVP was added after 10 min of milling (PA + Leu) + 

(PJ) + (PVP), TS = 2.4 MPa ± 0.03 MPa, VMD = 27.1 µm ± 0.6 µm) was a result of a 

higher level of PVP-PA interaction through hydrogen bonding as indicated by the 

decreasing trend in the FT-IR absorption intensity (Figure 22) rather than a reduction 

in particle size. 

The present study showed that milling with the binder from the beginning of 

milling together with the drug achieved better tablet tensile strength in comparison to 

when the flow aid was milled with the drug from the beginning of milling. Further 

studies could be performed to investigate the effect of milling sequence on low-dose 

drugs where the excipients constitute more than 50 % of the total weight of the tablet.  

4.3.3.6 Dissolution studies 

  The dissolution profile and the dissolution data of the physical mixture and the 

milled composite particles are shown in figure 25 and table 13. All the composite 

particles produced tablets with remarkable dissolution profile which was further 

reflected by the dissolution efficiency data (Table 12).  
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Figure 25. The dissolution profile of the physical mixture (PM), and the composite 

particles varying milling order ((PA + PVP) + (PJ) + (Leu), (PA + PVP) + (Leu) + (PJ), 

(PA + Leu) + (PJ) + (PVP)). Data expressed as a mean ± SD, n = 3. 

Such a remarkable dissolution profile showed by the tablets was caused by their 

reduced VMD (Table 10) leading to increased effective surface area for dissolution 

and thus could increase bioavailability. 
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Table 10. The disintegration time, mean dissolution time (MDT), mean dissolution rate 

(MDR) and dissolution efficiency (DE) of the physical mixture (PM), and the composite 

particles varying milling order ((PA + PVP) + (PJ) + (Leu), (PA + PVP) + (Leu) + (PJ), 

(PA + Leu) + (PJ) + (PVP)). Data expressed as a mean ± SD, n = 3. 

Time (min) 
 

PM (PA+PJ)+P
VP+Leu 

(PA+PVP)+
Leu+PJ 

(PA+Leu)+
PJ+PVP 

15 min 

2 50.1 ± 6.1 73.9 ± 0.8  60.9 ± 0.9  60.7 ± 0.5 64.1 ± 19.4  
4 73.8 ± 3.1 79.5 ± 1.2 69.6 ± 5.2 66.4 ± 10.2 81.8 ± 4.7 

6 83.3 ± 5.6 82.3 ± 0.8 79.1 ± 3.2 72.7 ± 12.8 89.8 ± 2.5 

8 88.6 ± 0.9 82.3 ± 0.8 84.0 ± 0.6 82.8 ± 6.1 92.0 ± 0.9 

10 89.8 ± 1.8 82.7 ± 0.7 84.3 ± 0.6 87.6 ± 5.6 93.5 ± 2.7 

15 90.4 ± 0.8 89.5 ± 2.0 84.7 ± 0.5 88.8 ± 4.8 94.3 ± 2.4 

20 90.7 ± 0.9 90.4 ± 2.3 87.6 ± 1.7 94.6 ± 0.1 95.1 ± 1.7 

25 91.4 ± 0.7 91.6 ± 3.1 88.3 ± 0.9 94.9 ± 0.4 95.7 ± 1.1 

30 92.3 ± 1.7  92.1 ± 3.1 89.1 ± 0.2 95.5 ± 0.4 96.5 ± 0.7 

35 92.6 ± 2.0 92.7 ± 2.1 89.4 ± 0.5 95.8 ± 0.6 97.0 ± 1.3 

40 94.9 ± 3.7 93.7 ± 2.4 89.8 ± 0.0 96.6 ± 1.3 97.3 ± 1.3  
50  96.2 ± 4.2   95.1 ± 2.4 96.3 ± 5.6 96.8 ± 1.4 97.8 ± 1.4 

55 99.1 ± 0.5 96.2 ± 2.5 98.0 ± 2.7 97.6 ± 0.4 98.3 ± 1.5 

60 99.3 ± 0.5 98.3 ± 2.1 98.1 ± 2.6 98.5 ± 1.0 98.9 ± 0.6 

70 99.7 ± 0.2  99.2 ± 0.5 98.4 ± 2.5 98.8 ± 1.0 99.0 ± 0.6 

80 99.9 ± 0.1 99.6 ± 0.3 99.7 ± 0.2 99.1 ± 0.7 99.6 ± 0.5 

90 99.9 ± 0.1 99.8 ± 0.1 99.8 ± 0.2 99.4 ± 0.3 99.7 ± 0.3 

100 99.9 ± 0.1 99.9 ± 0.0 99.9 ± 0.2 99.7 ± 0.0 99.8 ± 0.2 

110 99.9 ± 0.0 99.9 ± 0.0 99.9 ± 0.1 99.0 ± 0.0 99.9 ± 0.2 

120 99.9 ± 0.0 100 ± 0.00 99.9 ± 0.0 99.9 ± 00 100 ± 00 

DE180 min 

(%) 
94.67 ± 0.7 94.39 ± 1.1 93.13 ± 0.9  94.72 ± 1.2 96.28 ± 0.5 

MDT (min) 6.39 ± 0.9 6.73 ± 1.4 8.24 ± 1.1 6.33 ± 1.4  4.5 ± 0.6 

MDR (min-

1) 
2.3 ± 0.0 2.2 ± 0.0 2.22 ± 0.0 1.97 ± 0.1 2.40 ± 0.0 

 

4.3.4 Conclusion 

 Investigating the effect of one variable independently among milling parameters 

on the tabletting performance for direct compression (DC) is challenging because 

manipulating one parameter will alter the other. For example, milling time generates 

highly compressible powder and establishes a limit to which milling efficiency seizes 

but produces poor powder flow adversely affecting tablet weight variation. The present 

study has established that the milling sequence can generate pharmaceutical powders 

that exhibit a balance between compactability and flow for a successful tablet 

formulation by direct compression. Co-milling of the drug with a binder from the 

beginning of the milling and the addition of the flow aid towards ending the milling time 
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generates tablets with a balance between powder compactability and flow in 

comparison to co-milling and other sequences. Therefore, milling sequence is a critical 

process in tablet formulation as it favourably alters the physicochemical properties of 

composite particles for direct compression of tablets. 
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CHAPTER 5.0: ENGINEERING OF INDOMETHACIN AND 

METFORMIN HCl COMPOSITE PARTICLES BY FREEZE-DRYING 
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5.1 Indomethacin composite particles prepared in the presence of freeze-dried 

diluents: lactose, mannitol, mannitol and lactose composite. 

5.1.1 Introduction 

The selection of a suitable excipient for tablet formulation development requires 

meticulous knowledge of their compaction and flow properties because each 

chemically distinctive pharmaceutical excipient possesses unique powder properties 

which influence its performance for a specific formulation application. Successful tablet 

formulation will depend upon attaining the right balance of plastic character and brittle 

fracture within the compression mixture which depends on the compressibility 

character of the drug and excipients (Chen et al., 2008). Mannitol and lactose are 

brittle excipients commonly use as fillers in direct compression (DC), dry granulation 

(DG) and wet granulation (WG) (Kaialy and Nokhodchi, 2016; Kaialy, Khan and 

Mawlud, 2016). Although lactose is widely used as a filler or diluent due to its low 

expense and good compaction habit, lactose monohydrate that is commonly used for 

tabletting may not be suitable for moisture-sensitive drugs and it may present a 

discolouration effect when formulated with amines (Maillard reaction) and alkaline 

materials (Leane et al., 2015; Chateau, 2012; Yoshinari et al., 2003). Furthermore, it 

shows unpredictable physicochemical character during pharmaceutical processing 

such as milling or crystallisation (Kaialy and Nokhodchi, 2015). For example, α-lactose 

monohydrate has been reported to change its form or to contain traces of both α-

lactose monohydrate and anhydrous β-lactose after crystallisation (Paul et al., 2018). 

Anhydrous β-lactose possesses poor flowability and can pick up moisture at elevated 

humidity causing a change in tablet dimension (Yoshinari et al., 2003). Additionally, 

moisture presents a serious threat to drug stability. Therefore, formulation scientists 

focus attention on excipients with minimum water content and lowest possible 

hygroscopicity and lactose monohydrate already contains an amount of water which 

can cause stability issues to a drug substance (Kaialy and Nokhodchi, 2012b). On the 

contrary, mannitol is becoming highly attractive in solid dosage forms because it 

shows the lowest hygroscopicity among the most common excipients used as fillers 

or binders. In addition, most available mannitol grades in the market unlike lactose, 

contain an exceptionally low amount of reducing sugars, thereby presenting a low 

tendency to undergo Maillard-reaction with the API (Kaialy and Nokhodchi, 2012b; 

Kaialy et al., 2011). Moreover, because mannitol does not raise the level of blood 
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glucose as compared to lactose, it is especially suitable for diabetic pharmaceutical 

formulations (Kaialy and Nokhodchi, 2015). However, because mannitol grades are 

often more expensive than lactose, there are no financial incentives to select mannitol 

over lactose if mannitol does not possess more beneficial properties for a successful 

tablet formulation design (Kaialy and Nokhodchi, 2012a, 2012b). Nonetheless, 

mannitol can be beneficially processed or mixed with other direct compression 

excipients, to provide a superior ready-to-use excipient (Pharmacia Lettre et al., 2011), 

that can facilitate the tabletting process while reducing the quantity of the excipient 

without losing tabletting features and specific properties of the individual excipients 

(Taylor and Zografi, 1997).   

Therefore, the first goal of the present study is to characterise and compare the effect 

of unprocessed lactose (CL) and mannitol (CM) as well as (Man/Lac-mix) (C-L/M) to 

provide a superior ready-to-use excipient reducing the quantity of each excipient 

without losing their tabletting features in a co-blended indomethacin formulation to 

facilitate their appropriate selection in tablet formulation for direct compression. 

Another goal was to compare each unprocessed excipient to its corresponding 

engineered form by freeze-drying. 

5.1.2 Methods 

5.1.2.1 Engineering of lactose, mannitol, mannitol, and lactose composite by freeze-

drying 

Freeze drying of mannitol, lactose and the simultaneous combination of 

mannitol and lactose was performed by dissolving each material in distilled water such 

that the final volume of each solution is 100 ml, each solution was obtained by 

introducing it into 500 ml round-bottomed flasks (Shotts DURAN) and subsequently 

the flask containing the solution was kept in a freezer (– 20 ℃) for 24 hours. The flasks 

encompassing the frozen formulations of solutions were quickly placed on the shelves 

of a Christ Beta 1–8 LD Freeze Dryer (Martin Christ Gefriertrocknungsanlagen GmbH, 

Osterode am Harz, Germany) using manifolds. The primary drying was performed at 

a shelf temperature of −40 ℃ vacuum pressure of 0.500 Mbar and a safety pressure 

of 0.770 Mbar while the final drying was performed at a shelf temperature of –25 ºC, 

the vacuum pressure of 0.370 and a safety pressure of 0.633 Mbar). The freeze-dried 

products were collected after 72 hrs and transferred into sealed glass vials until used. 
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5.1.2.2 Preparation of indomethacin formulations 

The composite particles were prepared by mixing indomethacin and excipients 

commercial or freeze-dried (PVP, Lactose, Leucine and Primojel®) in the ratio of 

(1:1:1:1:1) making a total weight of 125 mg. the blending was performed in a (6.5 cm 

× 8 cm) cylindrical aluminium container using a tubular mixer (Maschinenfabrik, Basel, 

Switzerland) at a speed of 50 rpm for 30 minutes in the laboratory conditions (22 ℃, 

RH = 50%). After, the formulation was collected and stored in glass vials for 1 day (22 

℃, RH = 50%) to allow charge relaxation to occur. 

5.1.3 Results and discussion 

5.1.3.1 Content uniformity 

A mixture is considered uniform when its drug content uniformity ranges 

between 90% and 110% (Williams et al., 2002). The percentage drug content 

uniformity for the mixtures containing commercial and freeze-dried diluents (lactose, 

mannitol, or lactose + mannitol mixture) ranges between (100.01 ± 1.03 to 109.19 ± 

1.36) indicating adequate indomethacin content in all the mixtures and efficient mixing 

and mixing conditions. 

5.1.3.2 Particles morphology 

 In agreement with previous studies (Kaialy and Nokhodchi, 2012a, 2012b, 

2012c), commercial lactose showed irregular particles (Figure 26a), commercial 

mannitol particles exhibited the typical angular-sub angular shape with rough surfaces 

(Figure 26c).  
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Figure 26. SEM images showing (a) commercial lactose (CL), (b) freeze-dried lactose 
(FDL), (c) commercial mannitol (CM), (d) freeze-dried mannitol (FDM), (e) freeze-dried 
lactose/mannitol mix (co-FD(M+L)), (f) physical mixture commercial lactose (PMCL), 
(g) physical mixture freeze-dried lactose PMFDL, (h) physical mixture mannitol (PMM) 
(i) physical mixture freeze-dried mannitol PMFDM, (j) physical mixture-
mannitol/lactose PM(CL+CM), (k) physical mixture freeze dried lactose/mannitol PM-
co-FD(L+M). 
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Following Freeze-drying, commercial lactose transformed from irregular small 

particles with rough surfaces (Figure 26a) to elongated flattened particles with traces 

of spherical particles and lumps of irregular particles (Figure 26b). in addition, the 

volume mean diameter (VMD) of commercial lactose increased from 57.9 ± 6.5 µm to 

101 ± 2.1 µm (Table 13). The traces of spherical and irregular particles as appeared 

in the SEM of the freeze-dried lactose (FDL) (Figure 26b) and their larger VMDs (Table 

13) in comparison to commercial lactose could be due to the unusual habit of lactose 

at the beginning of freeze-drying. Lactose forms an impermeable skin on the top 

surface of the ice cake at the beginning of freeze-drying which leads to slow initiation 

of sublimation during drying (Chen et al., 2008). This may likely allow more time for 

the particles to form a large granular framework which may lead to the generation of 

large particles as compared to the particles of commercial lactose. It has been 

proposed that solutions with a high concentration of lactose up to 10% have a low 

freezing point which can provide more time to form non-spherical and irregular 

particles (Rahmati et al., 2013).  
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Table 11. Particle size analysis of untreated indomethacin, commercial excipients, 

freeze-dried diluents, and co-blended formulations. Data expressed as a mean ± SD, 

n = 3 

Product D10%(µm) D50%(µm) D90%(µm) VMD (µm) Span 

IND 58.4 ± 15.8 144.0 ± 9.9 262.0 ± 15.6 154.0 ± 11.3 1.5 ± 0.1 

PVP 24.7 ± 6.2 88.3 ± 1.9 192.0 ± 17.0 100.2 ± 5.4 1.9 ± 0.1 

CL 9.7 ± 0.1 34.3 ± 0.8 139.0 ± 14.1 57.9 ± 6.5 3.8 ± 0.3 

CM 20.3 ± 1.3 70.2 ± 0.3 150.4 ± 2.0 80.3 ± 1.4 3.6 ± 0.2 

PJ 15.8 ± 3.7  46.2 ± 1.2 159.0 ± 2.8 71.3 ± 5.9 3.5 ± 0.4 

Leu 11.8 ± 0.4 39.9 ± 4.4 147.0 ± 1.4 58.5 ± 7.0 3.1 ± 0.1 

PMCL 68.4 ± 0.9 130.0 ± 2.8 207.0 ± 1.4 134.4 ± 1.9 1.2 ± 0.1 

PMCM 19.6 ± 0.2 100.0 ± 0.2 553.4 ± 0.4 210.0 ± 2.2 5.3 ± 0.2 

(CL+CM) 15.8 ± 1.1 70.0 ± 0.4 302.0 ± 0.3 119.0 ± 1.2 4.1 ± 2.4 

FDM 7.04 ± 3.0 89 ± 2.6 377 ± 6.5 150.0 ± 2.4 4.2 ± 1.3 

FDL 7.29 ± 0.2 70.3 ± 1.6 241 ± 5.1 101.0 ± 2.1 3.3 ± 2.1 

FD(L+M) 10.8 ± 2.2 60.2 ± 0.5 202 ± 3.2 86.4 ± 1.6 3.2 ± 0.2 

PM-FDL 12.8 ± 2.1 61.5 ± 1.6 219 ± 23.1 106 ± 3.8 3.9 ± 1.6 

PM-FDM 16 ± 0.7 84.8 ± 6.1 343 ± 66.6 153 ± 6.2 4.2 ± 0.3 

PM-co-FD(L+M) 15.5 ± 0.2 64.6 ± 0.5 239 ± 7.0 99.4 ± 6.6 3.5 ± 1.4 

 

Freeze-dried mannitol (FDM) showed elongated particles (Figure 26d) with increased 

volume mean diameter as compared to commercial mannitol (VMD from 80.3 µm ± 

1.4 µm to 150 ± 2.4 µm) (Table 13). Previous studies suggested that a fast-growing 

face in one direction during freeze-drying could be the reason for the formation of 

elongated particles of mannitol during freeze-drying. Another theory suggested that 

solvent adsorption in a particular preferable crystal surface can lead to a higher energy 

requirement for the removal of crystal-solvent bonds consequently suppressing crystal 

growth on that specific surface resulting in the formation of elongated mannitol 

particles (Kaialy and Nokhodchi, 2015). The mixture of freeze-dried mannitol and 

lactose FD(M+L) showed particles with compacted lumps of irregular less elongated 

particles as compared to freeze-dried (FDM), (Figure 26e) with lower VMD in 

comparison to freeze-dried mannitol (FDM) and freeze-dried lactose (FDL) (VMD = 

86.4 ± 1.6 vs 150 ± 2.4 µm and 101 ± 2.1 µm respectively). The particles are relatively 
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less uniform in terms of size and shape as compared to FDM. This could be due to the 

formation of various nucleation points during freeze-drying leading to heterogeneous 

crystal growth causing the formation of crystals with different morphologies (Kaialy and 

Nokhodchi, 2012b). In general, although FDM, FDL and FD(M+L) all showed larger 

VMDs (Table 13) in comparison to their commercial counterparts, the mixtures 

prepared in the presence of the FDM, FDL, and FD (M+L) exhibited lower VMDs 

(Table 13) in comparison to the mixtures prepared in the presence of their commercial 

counterparts. This could be attributed to differences in morphologies of the mixture 

components (Figure 26) which could consequently lead to less accuracy of the size 

measurement by laser diffraction since the data generated are only a representation 

of the average values from the volume size distributions obtained from scattered light 

of different particles orientation (Kaialy, Khan and Mawlud, 2016). The high span 

values as shown by all the composite particles (Table 13) indicate a wide particle size 

distribution. Such powders could exhibit increased powder packing density which 

could lead to decreased powder flow (Leane et al., 2015; Chateau, 2012).  

5.1.3.3 Solid state characterisation 

PXRD patterns showed commercial lactose to consist of α-lactose 

monohydrate (Figure 27a) and commercial mannitol to consist of α- and β-mannitol 

(Figure 27c). Freeze-dried mannitol showed α-, β-, and δ-mannitol (Figure 27d) 

whereas freeze-dried lactose consists of α- and β-lactose (Figure 27b). Co-freeze-

dried lactose:mannitol consisted of α-, β-, δ-mannitol as well as α-lactose monohydrate 

(Figure 27f). Both freeze-dried mannitol and co-freeze-dried lactose:mannitol showed 

the presence of δ-mannitol which was absent in the PXRD pattern of commercial 

mannitol (Figure 27). The polymorphic forms of the diluents investigated in this study 

are summarised in Table 2. The presence of δ-mannitol may produce tablets with 

better mechanical properties than those containing α- and β-mannitol alone (Kaialy, 

Khan and Mawlud, 2016; Yoshinari et al., 2003). It has been reported that mannitol 

grades containing α-, β-, and δ-forms do not undergo phase transformation under 

compression pressure leading to good phase stability during compression (Paul et al., 

2018).  
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Figure 27. PXRD pattern of (a) commercial lactose (CL), (b) freeze-dried lactose 

(FDL), (c) commercial mannitol (CM), (d) freeze-dried mannitol, (FDM) and (e) co-

freeze-dried lactose: mannitol mixture, co-FD(L+M). 

The FT-IR spectra of commercial lactose showed the specific absorption bands for α-

lactose monohydrate at 3500 cm-1 and 915 cm-1 (Figure 28a), whereas the freeze-

dried lactose showed the diagnostic bands of α-lactose monohydrate at 3500 cm-1 and 

915 cm-1 and β-lactose at 950 cm-1 (Figure 28b) (Kaialy and Nokhodchi, 2012b)  
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Figure 28. Fourier transformed infrared (FT-IR) spectra of (a) commercial lactose 

(CL), (b) freeze-dried lactose (FDL), (c) commercial mannitol (CM), (d) freeze-dried 

mannitol (FDM), (e) commercial lactose:mannitol mixture (CL+CM) and (f) co-freeze-

dried lactose:mannitol mixture co-FD(L+M). 
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 Commercial mannitol showed the typical FT-IR spectra of β-mannitol mannitol 

(Pharmacia Lettre et al., 2011) (Figure 28c). The FT-IR spectra of freeze-dried 

mannitol (Figure 28d) showed specific peaks at the fingerprint region for α-mannitol 

(at 1258 cm-1 and 1190 cm-1) and β-mannitol (at 954 cm-1 and 926 cm-1) (Kaialy et al., 

2011) (Figure 28c). The physical mixture of commercial lactose:mannitol (CL+CM) 

showed the absorption band for anhydrous β- lactose at 983 cm-1. The FT-IR spectra 

of (CL+CM) (Figure 28e) and the co-FD(L+M) (Figure 28f) indicated the presence of 

α-lactose (at 3509 cm-1 and 926 cm-1), α-mannitol (at 1258 cm-1 and 1190 cm-1), β-

mannitol (928 cm-1), and δ-mannitol (963 cm-1).  

The TGA curves of commercial lactose (CL) and freeze-dried lactose (FDL) 

showed weight loss in the temperature range between 130℃ to 135℃ and 40℃ to 

170℃ respectively, due to dehydration from lactose monohydrate. It has been 

previously reported that crystalline α-lactose monohydrate could show two weight loss 

in the temperature range between 40 and 130℃ due to loss of surface water and 

between 130 and 170℃ due to loss of water of crystallisation, then there was a 

significant weight loss due to degradation (Figure 29a) (Listiohadi et al., 2009; 

Cavalieri et al., 2011).  

 

Figure 29. Thermogravimetric analysis (TGA) of (a) commercial and freeze-dried 

lactose (CL and FDL), (b) commercial and freeze-dried mannitol (CM and FDM), (c) 

physical mixture of commercial lactose:mannitol (CL+CM) and co-freeze-dried 

lactose:mannitol (co-FD(L+M)). 

The TGA curve of freeze-dried lactose showed a more pronounced weight loss in 

comparison to commercial lactose (Figure 29a). This was caused by the presence of 

anhydrous α–lactose which was further confirmed by the PXRD pattern (Figure 27). It 
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has been previously reported that anhydrous α–lactose is unstable, more hygroscopic 

and contains more surface water than α–lactose monohydrate (Listiohadi et al.,2009; 

Figura et al., 2007; Figura et al., 1993). Commercial mannitol (CM) and freeze-dried 

mannitol (FDM) all showed weight loss in the temperature range between 270℃ and 

320℃ which agrees with previous report (Al-Khattawi et al., 2015). There was no 

weight loss below 100℃ (Figure 29b), indicating the absence of a significant amount 

of free surface water or solvent in the case of FDM. Commercial lactose:mannitol 

mixture (CL+CM) showed weight loss in the temperature range between 150℃ and 

155℃ (Figure 29c) due to dehydration from lactose monohydrate then a significant 

weight loss occurred due to thermal degradation. Interestingly, there was no weight 

loss in the TGA curve of co-FD(L+M) below 170℃. In addition, the TGA curve of co-

FD(L+M) showed a shift towards lower melting onset in comparison to CL+CM (Figure 

29c). This could be due to their significantly lower particle size (VMD = 86.4 µm ± 1.6 

µm versus 249.0 µm ± 0.8 µm) (Table 13). Smaller particles could exhibit slightly lower 

melting point than larger particles of the same material due to a lower resistance to 

heat transfer (Kaialy et al., 2012). The same can be said as in the case of CM versus 

FDM (VMD = 296.2 µm ± 1.4 µm versus 150.3 µm ± 1.4 µm) (Figure 29b). 

5.1.3.4 Powder density and flowability 

Contrary to a previous report where reduction in bulk and tap densities occurred 

because of reduced particle size (Rose and Kaialy, 2019). In the present study freeze-

dried lactose, freeze-dried mannitol and the simultaneous combination of freeze-dried 

mannitol and lactose all showed lower bulk and tap densities despite having larger 

VMDs (Table 13) in comparison to their commercial counterparts. For example, 

commercial lactose (CL) showed higher bulk and tap densities, and a lower CI value 

than freeze-dried lactose (FDL) (Table 14). (VMD = 57.9 µm ± 6.5 µm vs 101 µm ± 2.1 

µm) (Table 13). Therefore, it is likely that the bulk and tap densities and CI values of 

material are more related to particle shape than size as both are determined by the 

degree of powder parking. It has been previously documented that the flowability of 

powders decreases as their particle shape becomes more irregular. In addition, needle 

shape particles showed poor flowability due to the high angle of internal friction 

(Nokhodchi et al., 2015). 



139 
 

Table 12. Bulk density (Db), (g/cm3), Tap density (Dt), (g/cm3) and CI (%) of 

commercial excipients and co-blended formulations.  Data expressed as a mean ± SD, 

n = 3 

Product 

 

Db (g/cm3) Dt (g/cm3) CI (%) 

IND 0.3 ± 0.3 0.4 ± 0.4 34.3 ± 0.6 

PVP 0.3 ± 0.2 0.3 ± 0.3 10.3 ± 0.6 

CL 0.3 ± 0.3 0.4 ± 0.4 17.7 ± 1.5 

CM 0.3 ± 0.3 0.3 ± 0.3 7.0 ± 1.7 

CL+CM 0.3 ± 0.3 0.4 ± 0.4 25.7 ± 0.6 

PJ  0.4 ± 0.4 0.5 ± 0.4 12.3 ± 0.6 

Leu 39.9 ± 4.4 147.0 ± 1.4 5.5 ± 7.0 

PMCL 0.3 ± 0.3 0.5 ± 0.4 29.0 ± 1.0 

PMCM 0.3 ± 0.3 0.5 ± 0.4 27.3 ± 1.2 

PM(CL+CM) 0.3 ± 0.3 0.5 ± 0.4 28.6 ± 3.0 

FDL 0.1 ± 0.1 0.2 ± 0.1 22.7 ± 4.2 

FDM 0.1 ± 0.1 0.1 ± 0.1 23.3 ± 4.2 

Co-FD(L+M) 0.1 ± 0.1 0.1 ± 0.1 24.7 ± 3.1 

PM-FDL 0.3 ± 0.2 0.4 ± 0.4 32.0 ± 2.0  

PM-FDM 0.3 ± 0.3 0.4 ± 0.4 24.3 ± 0.5 

PM-co-FD(L+M) 0.2 ± 0.2 0.4 ± 0.3 31 ± 1.0 

 

Indeed, powders with higher bulk densities achieve better packing and therefore, 

produce better flowability than powders with lower bulk densities (Mangal, Lakio, et 

al., 2016; Mangal, Meiser, Lakio, et al., 2015). The slight reduction in bulk density of 

the composite particles prepared in the presence of freeze-dried lactose (Db = 0.4 

g/cm3 ± 0.4 g/cm3) in comparison to the composite particles prepared in the presence 

of commercial lactose (Db = 0.5 g/cm3 ± 0.4 g/cm3) was caused by the reduced bulk 

and tap densities of the freeze-dried lactose as compared to the bulk and tap densities 

of commercial lactose (Db = 0.3 g/cm3 ± 0.3 g/cm3 vs 0.1 g/cm3 ± 0.1 g/cm3, Dt = 0.4 

g/cm3 ± 0.4 g/cm3 vs 0.1 g/cm3 ± 0.1 g/cm3) (Table 14). Similarly, the reduction in bulk 

density of the composite particles prepared in the presence of freeze-dried mannitol 
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(Db = 0.4 g/cm3 ± 0.4 g/cm3) in comparison to the composite particles prepared in the 

presence of commercial mannitol (Db = 0.5 g/cm3 ± 0.4 g/cm3) was caused by the 

reduced bulk and tap densities of the freeze-dried mannitol as compared to the bulk 

and tap densities of commercial mannitol (Db = 0.3 g/cm3 ± 0.3 g/cm3 vs 0.1 g/cm3 ± 

0.1 g/cm3, Dt = 0.4 ± 0.4 g/cm3 vs 0.1 g/cm3 ± 0.1 g/cm3) (Table 14).  

The composite particles prepared in the presence of simultaneous combination 

of freeze-dried mannitol and lactose (PM-FD (M+L)) showed lower bulk and tap 

densities in comparison to the composite particles prepared in the presence 

simultaneous combination of commercial lactose and mannitol (PM (M+L)) (Db = 0.2 

g/cm3 ± 0.2 g/cm3 vs 0.3 g/cm3 ± 0.3 g/cm3, Dt = 0.4 g/cm3 ± 0.3 g/cm3 vs 0.5 g/cm3 ± 

0.4 g/cm3) (Table 14). 

In conclusion, a Carr’s index between 21 and 25 is considered appropriate for 

industrial-scale tablet manufacturing (Leane et al., 2015). As such, none of the 

formulation blends could achieve a suitable Carr’s index (Table 14) except for the 

freeze-dried mannitol mixture. The reason for such mixtures' high Carr’s index has 

been reported to be either due to weak flow aid function or due to the size of the host 

particles which can control the flow aid action. Therefore, the flow enhancement that 

can be achieved may vary as a function of host particle size (Mangal, Meiser, et al., 

2016). However, parking density depends on the shape of a particle (Leane et al., 

2015; Chateau, 2012). Likely, the tap density experiment could not accurately estimate 

the flowability of non-spherical particles since it is obvious that non-spherical particles 

have more parameters (i.e., shape, orientation, and size) than spherical particles. 

5.1.3.5 Mechanical properties 

 Tablet tensile strength is the combined effect of fundamental powder bonding 

strength and bonding area between particles (Paul et al., 2019). By applying the 2 

MPa criterion (Paul and Sun, 2017; Osei-Yeboah et al., 2015; Pitt and Heasley, 2013) 

for sufficient tablet tensile strength, Commercial indomethacin (IND) exhibited the 

overall low tabletability (Figure 30) below 1.0 MPa over the entire compression 

pressure range (37, 74, 111, 148, 185 and 222 MPa) (TS = 0.82 MPa ± 0.08 MPa at 

74 MPa). Such tensile strength may only be sufficient for small batches where the 

tablets are not subjected to large mechanical stress (ElShaer et al., 2015; Pitt and 

Heasley, 2013).  
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Figure 30. Tablet tensile strength profile of commercial excipients and co-blended 

formulations. Data expressed as a mean ± SD, n = 3  

There was no correlation between compression pressure and the tensile strength of 

commercial indomethacin and the composite particles (Figure 30). The composite 

particles showed a remarkable improvement in tensile strength in comparison to 

commercial indomethacin (Figure 30). The composite particles prepared in the 

presence of freeze-dried lactose (PM-FDL) and commercial lactose (PML) showed 

superior tensile strength among all the composite particles under investigation (TS = 

4.2 MPa at 148 MPa) (Figure 30). This is because lactose showed lower VMD (Table 

14) as compared to mannitol and the mixture of both mannitol and lactose. Smaller 

particles have a larger specific surface area, and higher charge density than larger 

particles leading to an increased number of contact points between the particles and 

therefore increased the prospect of bond formation during compression (ElShaer et 

al., 2015). The composite particles prepared in the presence of a simultaneous 

combination of freeze-dried lactose and mannitol (PM-FD(M+L)) outperformed the 

composite particles prepared in the presence of freeze-dried mannitol alone (PM-

FDM), the simultaneous combination of commercial lactose and mannitol PM(M+L), 



142 
 

and the composite particles prepared in the presence of commercial mannitol (PMM) 

(TS = 4.1 MPa ± 0.26 MPa vs 3.6 MPa ± 0.18 MPa vs 3.4 MPa ± 0.10 at 222 MPa 

respectively) (Figure 30). Such superior tabletability is attributed to their lower VMD 

and the less elongated crystal habit (Figure 26) exhibited by FD(M+L) in comparison 

to FDM. Mannitol particles with elongated particle shapes have been reported to show 

more resistance to developing bonding areas during compression and thus produced 

lower mechanical strength (Paul et al., 2018). The superior tabletting showed by 

FD(M+L) in comparison to PM(M+L) was caused by the presence of δ mannitol in 

FD(M+L) particles which is absent in the particles of commercial mannitol (Figure 26). 

δ-mannitol exhibit superior tabletability than β-mannitol (Kaialy, Khan and Mawlud, 

2016; Yoshinari et al., 2003). The inferior tabletting property showed by commercial 

mannitol was caused by their large VMD as indicated by laser diffraction (Table 13). 

Larger particles have been previously associated with lower tabletability due to smaller 

bonding areas during compression (Paul et al., 2019).  

5.1.3.6 Dissolution studies 

The dissolution rate of indomethacin tablets was significantly improved (Figure 

31) when formulated in the form of a physical mixture with commercial or freeze-dried 

diluents (Lactose, mannitol or Lac/Man-mix). Such improvement could be attributed to 

a number of reasons such as; the type of excipients, morphology and their aqueous 

solubility. For example, there could be a possible amino acid solubilizing effect, in this 

case, l-leucine was present in all the composite particles. Amino acids such as 

Arginine (Ojarinta et al., 2017; ElShaer et al., 2011) and lysine (ElShaer et al., 2011)  

could act as counter ions and cause dissociation of IND in dissolution media.  
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Figure 31. Dissolution profile of indomethacin and co-blended formulations (a) 0-120 

min, (b) 0-40 min. Data expressed as a mean ± SD, n = 3 

l-Leucine could also minimize Van der Waals forces between IND particles, thereby 

increasing the effective surface area for dissolution leading to improve drug wettability 

and consequently improved dissolution. Irregular morphology of lactose and angular 

sub-angular morphology of mannitol (Figure 26) could improve drug wettability due to 

their particles' higher surface volume. Such particles, in contact with drug particles, 

tend to generate minimal contact area resulting in higher exposure of the drug to the 

dissolution media and they may also cause an increase in the abundance of polar 

groups (Kaialy, Maniruzzaman, et al., 2014). Superdisintegrant primojel (PJ) 

enhances the dissolution of poorly water-soluble drugs by possible deagglomeration 

of the drug particles by the disintegrant particles through solid deposition on the 

surface of the swelling disintegrant particles (Bolhuis, Zuurman and te Wierik, 1997; 

Wierik et al., 1992). additionally, the presence of highly soluble excipients such as α-

lactose monohydrate as a filler improves disintegration and consequently dissolution 

rate (Bolhuis, Zuurman and te Wierik, 1997).  
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A simultaneous combination of freeze-dried mannitol and lactose showed a superior 

dissolution profile whereas freeze-dried mannitol showed the lowest dissolution profile 

among the composite particles investigated (Figure 26) (DE (120 min) = 83.987 % ± 3.83 

% vs 71.667 % ± 2.89 %) (MDT = 22.54 min ± 2.89 min vs 28.17 min ± 4.46 min). The 

dissolution profiles of commercial mannitol, commercial lactose, commercial mannitol 

and lactose mixture and freeze-dried lactose are not significantly different (p > 0.05) 

(Figure 31). The low dissolution profile showed by the composite particles prepared in 

the presence of freeze-dried mannitol in comparison to FD(M+L), PMM, PML, and 

PM(M+L) was caused by their higher VMD (Table 13) and the highly crystalline 

elongated morphology of the particles (Figure 26). The superior dissolution shown by 

the simultaneous combination of freeze-dried mannitol and lactose as reflected by the 

highest dissolution efficiency (DE (120min), 83.987 % ± 3.83 %) (Table 15) was caused 

by their smaller VMD (Table 13) and irregular and less elongated morphology as 

compared to freeze-dried mannitol alone. Particles with irregular shapes could 

decrease drug-excipient contact area leading to a higher degree of drug exposure to 

the dissolution media and consequently enhancing drug wettability (Kaialy, 

Maniruzzaman, et al., 2014). the improved dissolution profile shown by the composite 

particles in comparison to commercial indomethacin (DE180 = 77.960 % ± 3.61 %, 

78.607 % ± 7.92 %, 80.703 % ± 1.80 %, 81.067 % ± 3.60 % vs  2.733 % ± 0.09 %) 

(Table 15) was caused by the presence of different particle shapes of the formulation 

components (Figure 26). Particles with different shapes expose different relative areas 

of crystal faces to the dissolution medium leading to different intrinsic dissolution rates 

(Kaialy, Larhrib, et al., 2014). 
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Table 15. Percentage dissolution, dissolution efficiency (DE), Mean dissolution time 

(MDT) and mean dissolution rate (MDR) of indomethacin and co-blended formulations. 

Data expressed as a mean ± SD, n = 3. 

Time 
(min) 
 

IND IND:CL IND:FD
L 

IND:CM IND:FD
M 

IND:CL:
CM 

IND:co-
FD(L+M
) 

2 0.2 ± 
0.1 

4.63 ± 
0.9 

2.5 ± 
1.3  

1.9 ± 
0.2  

2.7 ± 
0.8 

2.4 ± 
0.3  

2.3 ± 
1.0  

4 0.3 ± 
0.1 

12.5 ± 
1.8 

8.4 ± 
3.3 

6.8 ± 
0.9 

5.1 ± 
1.9 

8.8 ± 
1.9 

6.8 ± 
0.5 

6 0.4 ± 
0.0 

19.4 ± 
1.7 

15.3 ± 
4.5 

13.0 ± 
1.1 

8.4 ± 
1.5 

16.6 ± 
3.4 

17.0 ± 
1.2 

8 0.4 ± 
0.1 

27.1 ± 
3.1 

20.7 ± 
5.6 

19.5 ± 
0.9 

13.9 ± 
4.3 

26.2 ± 
5.5 

20.9 ± 
0.7 

10 0.5 ± 
0.1 

41.7 ± 
13.4 

33.7 ± 
1.9 

27.4 ± 
1.1 

18.8 ± 
6.2 

33.9 ± 
4.9 

30.1 ± 
3.6 

15 0.8 ± 
0.1 

51.1 ± 
5.4 

45.9 ± 
9.6 

49.0 ± 
2.1 

34.0 ± 
7.7 

54.1 ± 
7.6 

47.1 ± 
3.4 

20 1.0 ± 
1.0 

66.04 ± 
3.2 

61.1 ± 
11.7 

60.1 ± 
4.1 

46.3 ± 
9.4 

67.5 ± 
6.6 

61.2 ± 
0.8 

25 1.3 ± 
0.1 

75.03 ± 
4.1 

70.4 ± 
10.1 

70.1 ± 
6.2 

57.1 ± 
11.2 

77.4 ± 
4.6 

75.0 ± 
7.0 

30 1.5 ± 
0.1 

80.8 ± 
3.5 

76.3 ± 
6.4 

77.7 ± 
6.4 

66.4 ± 
10.5 

82.2 ± 
4.1 

79.6 ± 
5.5 

35 1.7 ± 
0.1 

85.4 ± 
4.3 

82.3 ± 
1.3 

82.1 ± 
3.3 

72.9 ± 
7.4 

86.1 ± 
3.9 

82.4 ± 
5.8 

40 1.9 ± 
0.0 

88.0 ± 
4.2 

84.3 ± 
3.2 

85.7 ± 
1.2 

78.3 ± 
5.0 

87.6 ± 
2.8 

85.5 ± 
5.7 

50 2.4 ± 
0.0  

 92.0 ± 
2.5 

88.9 ± 
1.7 

88.0 ± 
3.0 

85.5 ± 
4.8 

91.7 ± 
2.7 

88.1 ± 
4.4 

55 2.8 ± 
0.2 

94.3 ± 
3.0 

90.2 ± 
1.5 

90.1 ± 
1.9 

88.4 ± 
3.2 

93.2 ± 
2.0 

90.0 ± 
3.5 

60 2.9 ± 
0.1 

95.2 ± 
2.7 

92.3 ± 
0.4 

92.1 ± 
2.0 

89.7 ± 
2.7 

95.4 ± 
1.5 

91.6 ± 
4.0 

70 3.2 ± 
0.1 

96.1 ± 
2.3  

93.9 ± 
0.8 

92.9 ± 
2.3 

93.1 ± 
0.6 

96.7 ± 
2.1 

92.7 ± 
3.5 

80 3.6 ± 
0.2 

97.1 ± 
1.6 

95.1 ± 
0.2 

94.9 ± 
1.8 

94.8 ± 
1.6 

98.4 ± 
1.5 

94.2 ± 
2.3 

90 4.0 ± 
0.2 

97.3 ± 
1.8 

97.6 ± 
0.9 

97.0 ± 
2.4 

96.2 ± 
1.6 

99.5 ± 
0.8 

96.1 ± 
2.7 

100 4.4 ± 
0.3 

98.7 ± 
1.3 

98.7 ± 
0.8 

97.1 ± 
2.2 

96.8 ± 
1.8 

99.8 ± 
0.0 

96.5 ± 
1.9 

110 4.8 ± 
0.3 

99.8 ± 
0.0 

99.2 ± 
0.8 

98.8 ± 
0.8 

97.8 ± 
0.6 

99.9 ± 
0.2 

98.3 ± 
0.3 

120 5.3 ± 
0.4 

100 ± 
0.0 

100 ± 
0.00 

100 ± 
0.0 

100 ± 
00 

100 ± 
00 

100 ± 
00 
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DE180 min 

(%) 
2.73 ± 
0.1 

83.25 ± 
2.2 

80.667 
± 2.0 

80.24 ± 
2.0  

76.18 ± 
3.5 

83.14 ± 
1.9 

80.34 ± 
2.3 

MDT 
(min) 

57.81 ± 
3.1 

20.10 ± 
2.7 

23.2 ± 
2.4 

23.71 ± 
2.4 

28.6 ± 
4.3 

20.23 ± 
2.3 

23.6 ± 
2.8 

MDR 
(min-1) 

0.05 ± 
0.0 

1.58 ± 
0.2 

1.40 ± 
0.0 

1.36 ± 
0.0 

1.19 ± 
0.1 

1.46 ± 
0.0 

1.40 ± 
0.0 

 

Conclusively, the present study showed that a simultaneous combination of lactose 

and mannitol has outperformed mannitol alone with respect to desirable tensile 

strength (Figure 30) and showed the best dissolution (Figure 31) (Table 13) as 

compared to all the formulations. As such, despite the high advantages of using 

mannitol in tablet production such as good compressibility, high physical and chemical 

stability, and low toxicity (Kaialy, Khan and Mawlud, 2016), the high effort that is 

required in mannitol production leads to its high expense of 6 Euro/kg of crystalline 

quality to 18 Euro/Kg for spray dried DC quality (Ohrem et al., 2013), cannot be 

ignored. On the contrary, some of the limitations of lactose such as patient intolerance 

could be answered by using lactose and mannitol simultaneously. Their combination 

reduces their quantity and thereby reducing mannitol cost and eliminating or 

minimizing the risk of lactose intolerance because the intolerance effect of lactose has 

been reported not to be triggered in a patient by the presence of a small amount in a 

tablet (Kaialy, Khan and Mawlud, 2016; Ohrem et al., 2013; Picksak and Stichtenoth, 

2009). 

5.1.4 Conclusion 

Since drug absorption and bioavailability depend on having the drug substance 

in a dissolved state, such improved indomethacin dissolution, as well as tabletting 

characteristics, shown by the mixtures is highly crucial to the overall tablet behaviour. 

The present study showed that the simultaneous combination of lactose and mannitol 

has produced the best dissolution and outperformed the mechanical strength of 

mannitol alone. Therefore, the simultaneous mixture of mannitol and lactose as a 

diluent in tablet production by direct compression may present better benefits than 

using mannitol or lactose alone because their combination reduces their quantity and 

thereby reducing mannitol cost and eliminating or minimizing the risk of lactose 

intolerance. 

Further studies could be performed to vary the ratio of the diluents in the formulation 

mixture and analyse their impacts on flowability, tabletability and dissolution. 
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5.2 ENGINEERING OF METFORMIN-PVP COMPOSITE PARTICLES BY FREEZE-

DRYING 

5.2.1 Introduction 

Crystal engineering is based on the understanding of intermolecular 

interactions in the solid state and the utilization of such understanding in designing 

novel products with desirable pharmaceutical character (Nanubolu et al., 2013; 

Desiraju and Parshall, 1989). Strong hydrogen bonds generally dominate crystal 

parking in multifunctional molecules because of their ability to control and direct the 

formation of certain supramolecular aggregates in the solid states. The role of weaker 

hydrogen bonds is mostly to stabilize the crystal parking as determined by strong 

hydrogen bonds, the strengths of which depend largely on the nature and polarity of 

the acceptor and the donor groups (Nanubolu et al., 2013). One potential way to take 

advantage of the strong hydrogen bond motifs to achieve desirable compressible 

powders is to crystallise materials that possess complementary functional moieties 

(Ferretti, Bertolasi and Pretto, 2004). For example, metformin HCl (NH2 or NH, H 

donor) – PVP (C = O, H acceptor) via (spray-drying) (Al-Zoubi, Odeh and Nikolakakis, 

2017). Paracetamol (N-H or O-H, H donors) - PVP (C = O, H acceptor) via (High shear 

mixing) (Rose and Kaialy, 2019).  

Metformin hydrochloride is an oral antidiabetic agent which belongs to the 

biguanide group. It is freely soluble in water but slowly and incompletely absorbed 

from the gastrointestinal tract with 50 to 60 % bioavailability (Basak, Kumar and 

Ramalingam, 2008). Metformin HCl shows a deficiency of poor compressibility during 

tabletting by direct compression, often leading to weak tablets with a high tendency 

for capping resulting in unacceptable tablets (Barot et al., 2010). Therefore, there is a 

requirement in the pharmaceutical industry to provide a metformin HCl directly 

compressible powder with good flowability to overcome the usual granulation step, 

which is expensive and time-consuming. To solve this problem, different techniques 

have been previously used such as wet granulation, melt granulation, recrystallisation 

from solution and spray drying (Cai et al., 2013; Cantor, Kothari and Koo, 2009; Barot 

et al., 2012; Raval et al., 2014; Barot et al., 2010; Al-Zoubi, Odeh and Nikolakakis, 

2017). But there has not been any published attempt to improve the tabletting 

problems of metformin HCl in the presence of PVP by freeze-drying. Therefore, In the 

present study, for the first time, the Met-PVP composite particles will be investigated 

via co-freeze-drying to characterise their interactions to achieve directly compressible 
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powder that can withstand handling, packaging, storage and intended end-user 

therapeutic target. 
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5.2.2 Engineering of metformin-PVP composite particles 

The composite particles under investigation were prepared by dissolving the 

material in distilled water such that the final volume of each solution is 100ml, each 

solution was introduced into 500 ml round-bottom flasks (Shotts DURAN) and 

subsequently, the flask was kept in a freezer (-20 oC) for 24 hours. The flasks 

encompassing the frozen formulations of solutions were quickly placed on the shelves 

of a Christ Beta 1–8 LD Freeze Dryer (Martin Christ Gefriertrocknungsanlagen GmbH, 

Osterode am Harz, Germany) using manifolds. The primary drying was performed at 

a shelf temperature of −40 oC vacuum pressure of 0.500 Mbar and a safety pressure 

of 0.770 Mbar while the final drying was performed at a shelf temperature of –25 ºC, 

the vacuum pressure of 0.370 and a safety pressure of 0.633 Mbar. The freeze-dried 

formulations were collected after 72 hrs, each product was then transferred into a 

sealed glass vial until used. 

5.2.3 Results and discussion 

5.2.3.1 Characterisation of particle size and morphology 

Commercial metformin (CM) showed a prismatic crystals habit (Figure 30b). 

This agreed with previous reports, which showed that metformin crystals typically 

exhibited prismatic habit (Al-Zoubi, Odeh and Nikolakakis, 2017; Benmessaoud et al., 

2016).   
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Figure 32. SEM photographs of Commercial metformin (CM), Physical mixture (PM), 

FDM-(PM/PVP), FD (95%MET-5%PVP), FD (90%MET-10%PVP).  

Following freeze-drying in the absence of additives, metformin crystals transformed 

from prismatic habit to elongated needle habit with traces of flaky elongated crystals 

(Figure 32c), whereby the particle mean diameter of the commercial metformin 

significantly reduced (p < 0.05) from 154.0 ± 11.3 µm to 57.9 ± 6.5 µm (Table 17). This 

could be advantageous because the reduced VMD showed by the freeze-dried 

metformin in comparison to the commercial metformin could mean that the ice crystals 

formed from metformin solution during freezing are small. Large ice crystals could 

damage drug constituents or may cause phase separation, or they may lead to the 

formation of large pores which may allow more occlusion of air in the matrix causing 

an oxidation reaction to occur in the final product (Petzold and Aguilera, 2009).  

The particles of metformin freeze-dried in the presence of 5% (w/w) PVP (Figure 32d) 

were less elongated and compact in comparison to the freeze-dried metformin in the 
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absence of PVP (Figure 32d). Additionally, the presence of 5% (w/w) PVP increased 

the VMD of the freeze-dried metformin in the absence of PVP (VMD = 57.9 µm ± 6.5 

µm vs 71.3 µm ± 2.9 µm) (Table 16). Increasing the concentration of PVP from 5 % 

(w/w) to 10 % (w/w) further decreased the volume mean diameter of the freeze-dried 

metformin in the presence of 5 % (w/w) PVP as confirmed by the SEM (Figure 32e) 

(VMD = 71.3 µm ± 2.9 µm vs 58.5 µm ± 2.0 µm) (Table 16). Therefore, the decreasing 

trend in the VMD for metformin freeze-dried in the presence of 5 and 10 % (w/w) PVP 

in comparison to metformin freeze-dried in the absence of PVP, could be because 

PVP may have created a layer on the newly formed freeze-dried metformin crystal 

surfaces preventing the formation of large ice crystals. The carbonyl group (>C=O) of 

PVP has previously shown the ability to maintain a H-bond network with metformin 

crystals by associating with the positively charged ammonium ion (-NH3
+) of metformin 

(Al-Zoubi, Odeh and Nikolakakis, 2017). The physical mixture showed the presence 

of spherical PVP particles attached to the clefs of large prismatic metformin crystals 

(Figure 32f). 
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Table 13. Particle size analysis commercial metformin (CM), physical mixture (PM), 

freeze-dried metformin physically mixed with PVP, co-freeze-dried metformin in the 

presence of 5% (w/w) PVP, co-freeze-dried metformin in the presence of 10% (w/w) 

PVP. Data expressed as a mean ± SD, n = 3 

Product D10%(µm) D50%(µm) D90%(µm) VMD (µm) Span 

CM 58.4 ± 

15.8 

144.0 ± 

9.9 

262.0 ± 

15.6 

154.0 ± 

11.3 

1.5 ± 

0.1 

PVP 24.7 ± 6.2 88.3 ± 1.9 192.0 ± 

17.0 

100.2 ± 5.4 1.9 ± 

0.1 

FDM 9.7 ± 0.1 34.3 ± 0.8 139.0 ± 

14.1 

57.9 ± 6.5 3.8 ± 

0.3 

FDM(PM-PVP) 20.3 ± 1.3 70.2 ± 0.3 150.4 ± 2.0 80.3 ± 1.4 3.6 ± 

0.2 

FD (95%M-

5%PVP) 

15.8 ± 3.7  46.2 ± 1.2 159.0 ± 2.8 71.3 ± 2.9 3.5 ± 

0.4 

FD (90%M-

10%PVP) 

11.8 ± 0.4 39.9 ± 4.4 147.0 ± 1.4 58.5 ± 2.0 3.1 ± 

0.1 

PM 68.4 ± 0.9 130.0 ± 

2.8 

207.0 ± 1.4 134.4 ± 1.9 1.2 ± 

0.1 

 

5.2.3.2 Solid state characterisation 

In addition to the changes in the particle size and shape, PXRD analysis was 

used to examine whether freeze-drying or the presence of hydrophilic polymer caused 

any changes in the solid state of the drug. Two polymorphic forms of the drug have 

been reported. Form A and B, with form A being more stable than B (Al-Zoubi, Odeh 

and Nikolakakis, 2017; Benmessaoud et al., 2016). The diffraction pattern of 

commercial metformin exhibited sharp diffraction peaks at 12.16o, 17.59o, 24.46o, 

25.40o, 37.09o 2θ (Figure 33), which is consistent with the reported pattern for form A 

(Bhatt et al., 2020; Raza, Javeria and Rashid, 2020; Corti et al., 2007). 
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Figure 33. Powder X-ray diffraction pattern of Commercial metformin (CM), Physical 

mixture (PM), FDM-(PM/PVP), FD (95%MET-5%PVP), and FD (90% MET-10% PVP).  

The physical mixture and the freeze-dried composite particles in the absence of PVP 

and those in the presence of PVP exhibited diffraction peaks comparable to that of 

commercial metformin indicating the detainment of the crystal structure of the original 

drug regardless of the freezing conditions. However, commercial metformin and 

freeze-dried metformin in the absence of PVP showed a higher absorption intensity in 

comparison to the composite particles in the presence of PVP. Among the composite 

particles prepared in the presence of PVP, the physical mixture showed a higher 

absorption intensity in comparison to the freeze-dried composite particles in the 

presence of PVP. And the absorption intensity decreased further with increasing the 

PVP concentration from 5 % (w/w) to 10% (w/w) for the freeze-dried composite 

particles (PM > 5% PVP+M > 10% PVP+M) (Figure 33). This indicates that the freeze-
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dried composite particles exhibited lower crystallinity with increasing PVP content in 

comparison to the physical mixture, freeze-dried metformin in the absence of PVP and 

commercial metformin. This agrees with a previous report where PVP reduced the 

crystallinity of metformin due to the ionic interactions with the drug (Al-Zoubi, Odeh 

and Nikolakakis, 2017). 

The FT-IR characteristics bands of the form A polymorph of metformin (Figure 

34) were present in the spectra of commercial metformin, freeze-dried metformin in 

the absence of PVP, and all the composite particles (Figure 34). The FT-IR spectrum 

showed the presence of the typical bands at 3369 cm-1 and 3285 cm-1 corresponding 

to N-H primary stretching vibration and a band at 3145 cm-1 related to N-H secondary 

stretching (Jagdale et al., 2011; Patil et al., 2010). 

 

Figure 34. FT-IR spectra of Commercial metformin (CM), Physical mixture (PM), 

FDM-(PM/PVP), FD (95%MET-5%PVP), FD (90%MET-10%PVP). indicating 

hydrogen bond formation between metformin and PVP. 
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Analysis of the Met-PVP molecular structures indicates that the negatively charged 

an-ionic carboxyl group (— COO-1) of PVP can participate in ionic interactions with the 

positively charged ammonium moiety (-NH3
+) of metformin. This can be confirmed by 

the increased absorption intensity and band broadening between 3400 cm-1 - 3000 cm-

1 for the composite particles in the presence of PVP as compared to the commercial 

metformin, which was more pronounced for the freeze-dried composite particles at 

higher PVP content (10 % w/w) as compared to the lower PVP content (5 % w/w) 

(Figure 34). 

The TGA curves of commercial metformin and the composite particles showed weight 

loss in the temperature range between 236 ℃ and 260 ℃ corresponding to the melting 

point of stable form A (Al-Zoubi, Odeh and Nikolakakis, 2017). Then there was rapid 

weight loss due to degradation (Mady et al., 2019). 

 

Figure 35. Thermogravimetric analysis (TGA) of Commercial metformin (CM), 

Physical mixture (PM), FDM-(PM/PVP), FD (95%MET-5%PVP), FD (90%MET-

10%PVP).  

There was no weight loss below 100oC indicating the absence of free surface water 

from the solvent in all the composite particles (Figure 35). The TGA curves for the 

freeze-dried composite particles showed a slight shift towards a lower melting onset 

in comparison to the physical mixture and commercial metformin (Figure 35). This 
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variation can be attributed to the lower VMDs of the composite particles prepared in 

the presence of PVP as compared to that of commercial metformin and the physical 

mixture (VMD = 57.9 µm ± 6.5 µm, 80.3 µm ± 1.4 µm, 71.3 µm ± 2.9 µm, 58.5 µm ± 

2.0 µm vs 154.0 µm ± 11.3 µm and 134.4 µm ± 1.9 µm) (Table 16). Smaller particles 

could have slightly lower melting points than lager particles of the same material due 

to lower resistance to heat transfer (Kaialy, Alhalaweh, et al., 2012). 

5.2.3.3 Bulk properties 

  All the composite particles exhibited lower bulk and tap densities, and higher 

CI values (Table 17) than commercial metformin except for the physical mixture which 

showed lower CI value than commercial metformin. PM and FDM-(PM/PVP) showed 

higher cohesivity and higher bulk and tap densities than the composite particles 

freeze-dried in the presence of PVP (Table 17). The cohesivity, tap and bulk densities 

of the composite particles prepared in the presence of 5 % and 10 % (w/w) PVP are 

statistically similar (p > 0.05). The reduction in bulk and tap densities of the physical 

mixture in comparison to the commercial metformin was caused by the presence of 

10 % (w/w) PVP powder, whose bulk and tap density values are lower than that of 

commercial metformin. The reduction in tap and the bulk densities of the freeze-dried 

metformin physically mixed with 10 % (w/w) PVP was caused by the change in particle 

shape (Needle-shape) (Figure 32c) of the freeze-dried metformin in comparison to the 

prismatic commercial metformin particles (Figure 32b). the reduction in the tap and 

bulk densities of the freeze-dried metformin in the presence of 5 % and 10 % (w/w) 

PVP in comparison to commercial metformin and the physical mixture was caused by 

their considerably reduced VMDs (Table 16). The reduction in bulk density has been 

previously reported to increase tablet tensile strength (Nokhodchi et al., 2007; Rose 

and Kaialy, 2019; Kaialy, Asare-Addo, et al., 2014). 
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Table 14. Bulk density (Db), (g/cm3), Tap density (Dt), (g/cm3) and CI (%) of 

Commercial metformin (CM), Physical mixture (PM), FDM-(PM/PVP), FD (95%MET-

5%PVP), FD (90%MET-10%PVP). Data expressed as a mean ± SD, n = 3 

Products 1/b Db (g/cm3) Dt (g/cm3) CI (%) 

CM 29.8 ± 11.8 0.4 ± 0.3 0.4 ± 0.3 13.7 ± 1.5 

PVP 16.0 ± 7.0 0.3 ± 0.2 0.3 ± 0.3 10.3 ± 0.6 

FDM 21.1 ± 13.6 0.1 ± 0.1 0.1 ± 0.1 29.3 ± 1.2 

FDM-(PM/PVP) 18.2 ± 4.8 0.2 ± 0.3 0.3 ± 0.4 29.3 ± 2.3 

FD (95%M-5%PVP) 15.1 ± 3.0 0.1 ± 0.1 0.1 ± 0.1 26.0 ± 0.0 

FD (90%M-10%PVP) 15.8 ± 6.2 0.1 ± 0.1 0.1 ± 0.1 22.7 ± 1.2 

PM 23.4 ± 9.3 0.3 ± 0.3 0.3 ± 0.3 10.7 ± 1.1 

 

Commercial metformin and the physical mixture showed free-flowing habits (CI = 

10.7% ± 1.1% and 13.7% ± 1.5% respectively). This was caused by their higher VMDs 

in comparison to the freeze-dried composite particles. Moreover, the physical mixture 

(PM) exhibited a random mixing pattern (Figure 32), where a mixture is blended with 

a large and smaller particle of different morphology (i.e., spherical PVP and prismatic 

metformin) (Figure 32) (VMD = 154.0 µm ± 11.3 µm and 100.2 µm ± 5.4 µm) (Table 

16) which can lead to repulsive forces thereby opposing interparticle adhesion and 

cohesion (Saharan et al., 2008). Reduced inter-particle adhesion and/or cohesion 

could reduce interparticle agglomeration thereby improving flowability. The higher CI 

value showed by freeze-died metformin and the freeze-dried composite particles in 

the presence of PVP in comparison to commercial metformin was caused by their 

needle-shaped particles and traces of irregular particles in the case of composite 

particles in the presence of 10% (w/w) PVP (Figure 32). Needle shape particles exhibit 

poor flowability due to the high angle of internal friction (Kaialy, Larhrib, et al., 2014) 

and irregular particles have shown to exhibit poorer flow than rounded particles 

(Nokhodchi et al., 2015).  

5.2.3.4 Mechanical properties 

 Tensile strength is defined as the maximum strength material can withstand 

before breaking under tensile stress (Sun, Kothari and Sun, 2018). Good 

compressibility and compactibility are fundamental properties of compressible crystals 
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(Nokhodchi et al., 2015). The tabletability plots of the tensile strength (TS) vs 

compression pressure are shown in Figure 36. The tablets were examined over a 

series of compression pressures (37, 74, 111, 148, 185 and 222 MPa).  

 

Figure 36. Tablet tensile strength of Commercial metformin (CM), Physical mixture 

(PM), FDM-(PM/PVP), FD (95%MET-5%PVP), FD (90%MET-10%PVP). Data 

expressed as a mean ± SD, n = 3. 

A tensile strength above 1.7 MPa will usually excel to withstand commercial 

manufacture and subsequent distribution (Pitt and Heasley, 2013). Therefore, 

commercial metformin (CM), freeze-dried metformin physically mixed with PVP (FDM 

(PM-PVP)) and physical mixture (PM) all formed very weak tablets less than 0.5MPa 

(TS = 0.5 MPa ± 0.01 MPa, 0.3 MPa ± 0.02 MPa, 0.3 MPa ± 0.00 MPa respectively) 

(Figure 36) and are therefore considered as failed tablets. The poor tabletting of 

commercial metformin could be attributed to its isotropic and stiff interaction topology 

(Bhatt et al., 2020). The poor tabletting habit exhibited by the two mixtures (i.e., FDM 

(PM-PVP) and PM) could be attributed to the combined effect of poor bonding 

behaviour of metformin particles and the mixing pattern “random mixing effect” which 
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could generate repulsive forces and in turn oppose inter-particle adhesion and 

cohesion.  

A remarkable improvement in tensile strength was achieved when metformin was 

freeze-dried in the presence of 5% (w/w) PVP as compared to commercial metformin 

and the physical mixture. The tablet tensile strength increased with increasing the 

compression pressure. For example, with the compression pressure increasing from 

37 to 222 MPa, the tensile strength increased from 1.4 MPa to 5.0 MPa for the 

composite particles freeze-dried in the presence of 5 % (w/w) PVP.  Superior tabletting 

improvement was achieved when the PVP content was increased to 10% (w/w) in 

comparison to 5 % (w/w) PVP content. The tablet tensile strength increased from 2.0 

MPa to 5.5 MPa with increasing the compression pressure from 37 MPa to 222 MPa. 

The actual tensile strength achieved by the composite particles in the presence of 10 

% (w/w) PVP could not be measured by the machine (Vankel Tablet Hardness Tester, 

Benchsaver VK 200, USA) because the maximum crushing force the tablet tester 

could measure is 35N and the tablet achieved this at 2500 psi. At 3000psi, the machine 

could not break the tablet and could not accurately display a crushing force of material 

stronger than 35N. The tablets generated by the co-freeze-dried composite particles 

are remarkable even at the lowest compression pressure (Figure 36). The remarkable 

tabletting behaviour showed by the freeze-dried composite particles in the presence 

of PVP in comparison to the commercial metformin and the physical mixture was 

caused by a higher level of M-PVP ionic interactions caused by the freeze-drying 

process. Polymers improve the tensile strength of a tablet through their effect on the 

strength of interparticle bonding and by altering particle deformability and plasticity 

due to amorphous content. The presence of polymer on a particle surface inhibits 

crystal growth and promotes the creation of amorphous regions (Al-Zoubi, Odeh and 

Nikolakakis, 2017). In addition, their lower VMDs in comparison to the physical mixture 

and the commercial metformin could also contribute to their improved tablet tensile 

strength. 

5.2.3.5 Dissolution studies 

Figure 37 shows the dissolution data of the physical mixture and metformin 

freeze-dried in the presence of 5 % and 10 % (w/w) PVP. All the formulations showed 

similar dissolution profiles. However, the physical mixture showed slightly slower drug 

release as compared to the co-freeze-dried formulations. About 67 % of the drug was 



160 
 

released by the physical mixture after 3min as compared to over 71 % released from 

the co-freeze-dried formulations. A complete drug dissolution was achieved within the 

first 10 min indicating fast drug release for all the formulations. This is advantageous 

because of the low solubility of metformin in lipid media and hence the drug has low 

chances of passing cell membrane. As such, dissolution is the critical quality control 

parameter for the drug as it directly influences absorption. Fast dissolution is required 

to enhance the contact time of the dissolved drug with the absorption mucosa (Umeta 

et al., 2021). 

 

Figure 37. Dissolution profile of Physical mixture (PM), FD (95%MET-5%PVP), FD 

(90%MET-10%PVP). Data expressed as a mean ± SD, n = 3 
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Table 15. Percentage dissolution, dissolution efficiency (DE), Mean dissolution time 

(MDT) and mean dissolution rate (MDR) of the physical mixture (PM), 95%Met-

5%PVP and 90% Met-10%PVP. Data expressed as a mean ± SD, n = 3. 

Time (min) 
 

PM 95%Met+5%PVP 90%Met+10%PVP 

2 88.6 ± 0.3 94.5 ± 2.3  93.6 ± 1.4  
4 95.7 ± 0.9 96.9 ± 0.5 96.7 ± 0.6 

6 96.7 ± 0.5 97.8 ± 0.8 96.6 ± 0.2 

8 97.0 ± 0.7 98.3 ± 0.2 96.8 ± 1.1 

10 97.7 ± 0.7 98.9 ± 0.1 97.3 ± 0.5 

15 98.1 ± 0.4 99.0 ± 0.2 97.4 ± 0.1 

20 98.4 ± 0.4 99.1 ± 0.0 98.4 ± 0.1 

25 98.4 ± 0.3 99.2 ± 0.1 99.3 ± 0.1 

30 98.5 ± 0.3  99.3 ± 0.0 99.4 ± 0.3 

35 98.6 ± 0.4 99.4 ± 0.0 99.3 ± 0.4 

40 98.6 ± 0.4 99.4 ± 0.0 99.4 ± 0.5 

50 98.8 ± 0.3   99.5 ± 0.1 99.4 ± 0.1 

55 98.9 ± 0.3 99.6 ± 0.1 99.4 ± 0.1 

60 98.9 ± 0.2 99.6 ± 0.1 99.7 ± 0.3 

70 99.0 ± 0.3  99.8 ± 0.1 99.8 ± 0.3 

80 99.2 ± 0.2 99.9 ± 0.0 99.9 ± 0.4 

90 99.3 ± 0.2 100 ± 0.0 99.9 ± 0.5 

100 99.4 ± 0.2 99.9 ± 0.0 99.9 ± 0.1 

110 99.9 ± 0.0 99.9 ± 0.0 99.9 ± 0.1 

120 99.9 ± 0.0 100 ± 0.00 100 ± 0.0 

DE180 min (%) 97.81 ± 0.3 98.47 ± 0.0 98.66 ± 0.1  
MDT (min) 2.43 ± 0.0 1.83 ± 0.0 1.60 ± 0.1 

MDR (min-1) 2.65 ± 0.3 2.48 ± 0.0 2.49 ± 0.0 
 

5.2.4 Conclusion 

Engineered metformin with improves micrometric and mechanical properties 

was prepared by freeze-drying in the presence of hydrophilic polymer. Crystal 

morphology of the metformin products was influenced by freeze-drying protocol and 

the presence of polymer while retaining the original polymorphic form of the drug. The 

change in the engineered particle size, shape and the nature of polymer-drug 

interaction influenced the compaction habit of metformin crystals. Although the 

reduction in crystallinity was observed from PXRD results, it is not expected to affect 

drug stability over time. The reduced crystallinity was attributed to the Met-PVP crystal 

formation through strong ionic interactions. However, the polymer is expected to 

improve the stability of the product by occupying the free polar –NH group of the drug 
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preventing quick occlusion of moisture from the solvent or environment. Crystal 

modification through particle engineering via co-freeze-drying is an efficient means to 

generate desired crystals with improved physicochemical and mechanical properties 

to suit the requirement for desired pharmaceutical application.
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CHAPTER 6.0: GENERAL CONCLUSION AND FUTURE DIRECTIONS 
Solid oral dosage forms present multiple advantages such as easy product 

handling, expedient physical and chemical stability, high throughput, and low expense 

during manufacturing. However, to ensure consistent product performance, the solid-

state character of API and excipients must be highly understood. Over the last decade, 

much discussion has occurred based on the physicochemical properties’ requirement 

of a drug candidate. The sole approach employed by pharmaceutical industries is the 

selection of compounds containing limited physicochemical problems and developing 

them via simple dosage forms systems. However, formulation scientists must face and 

handle numerous challenging compounds such as compounds having poor solubility, 

flowability and compactability, especially when considering tablet dosage forms. 80% 

of drug powders are not compressible into tablets, 50 % of drug candidates that fail 

clinical trials are due to safety and efficacy limitations while the rest of the 40% fails 

because of constraints in solubility and drug interactions. Additionally, during drug 

development, the expense of developing a new drug entity averagely can reach up to 

approximately 150 to 350 million dollars; however, it cost significantly less to develop 

new administration approaches that can present improved efficacy, bioavailability and 

minimal dose frequency leading to minimal side effects for already existing drugs. For 

this reason, there is constant pressure in the pharmaceutical industries to utilize the 

full capacity of a drug compound for the delivery of quality medications. To address 

this issues, co-processing via particle engineering techniques to alter drugs and/or 

excipients physicochemical properties have proved to be highly efficient. 

In this project, three challenging model drugs (Paracetamol, Indomethacin and 

Metformin HCl) and two widely used excipients diluents (Mannitol and Lactose) were 

investigated; Paracetamol is a poorly compactible drug. It presents a high tendency of 

capping during compression. It is often considered as a model drug when developing 

new techniques for producing new suitable forms for direct compression. The 

tabletting deficiency of paracetamol was overcome via drug-excipient co-

crystallisation and co-milling in the presence of PVP, Leucine and Primojel®. Both 

techniques generate tablets with improved tensile strength. However, tablets 

generated via milling showed superior tensile strength as compared to cooling 

crystallisation whereas cooling crystallisation showed better flowability than the milled 

formulations. For the crystallised products, flow and compaction additives were critical 
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in determining the success of the tablets because both rely upon interparticulate 

forces. Binders increase interparticulate forces while flow aid decrease interparticulate 

forces as such it is vital to attain an ideal balance of excipients flow and compressibility 

in tablet formulations. As for the milled formulations, milling time is a vital parameter 

during processing as it alters the physicochemical properties of the prepared 

formulations and an optimum milling time needs to be determined. Milling sequence 

have proved to be highly efficient in improving the flowability of the milled composite 

particles. Even though co-milling has shown to exhibit better compactability than the 

sequentially co-milled composite particles, the right sequence of milling produced a 

balance between the flow and compactability, in this case milling with the binding from 

the beginning of milling and then adding the flow aid towards the end of the milling 

time.  

In the case of Indomethacin, its poor water solubility was overcome via good 

quality tablets prepared through milling and diluent freeze-drying. Because of its 

potency, only 25mg is required per tablet. As such, properties of the formulation 

excipients were highly crucial in determining the success of the tablets. Currently, 

there is no indomethacin tablet in the UK due to the challenges the drug present during 

tablet formulation. Co-milling and co-processing with freeze-dried diluent successfully 

generate tablets with improved tensile strength and dissolution rates as compared to 

untreated indomethacin. However, contrary to the tensile strength data obtained from 

milling of high dose paracetamol where the tablet tensile strength increased with 

increasing the compression pressure, the tablet tensile strength with regards to the 

low-dose indomethacin was not dependent on the compression pressure. Milling time 

was vital in determining the performance of the co-milled indomethacin formulation 

because prolonging the milling time caused deterioration in milling efficiency overtime. 

The tablets made via diluent freeze-drying were remarkable with regards to improve 

dissolution and tabletting. Although all the commercial and freeze-dried diluents 

showed incredible dissolution and tabletting as compared to commercial 

indomethacin, freeze-dried and commercial lactose showed the best tensile strength 

respectively whereas combination of lactose and mannitol as co-diluents showed the 

best dissolution. Overall, the tablets prepared via co-milling were far superior to those 

that were made through co-blended freeze-dried diluents. The poor taletability of 

metformin HCl was overcome via co-freeze-drying in the presence of PVP. Metformin-
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PVP generates tablets with outstanding compactibility. The morphology and the type 

of bonding interactions between the drug-polymer (ionic interactions) were crucial to 

the success of the tablets. Finally, this project demonstrated that engineered 

composite particles prepared via particle engineering present bulk powders with 

multiple functionalities. The use of co-engineering techniques on poorly compactible 

and poorly soluble drugs offers great prospects at enhancing dissolution and 

mechanical performance of pharmaceutical powders through manipulation of their 

physicochemical properties. 

Future investigations will consider studying the effect of milling sequence on 

low dose drugs where in most cases excipients represents more than 50 % of the total 

weight of a tablet. Investigation on the drug release of freeze-dried metformin-PVP 

composite particles is also recommended. For instance, complete drug release was 

achieved in less than 10 min. such a fast dissolution is disadvantageous because of 

the low solubility of metformin in lipid media and hence the drug has low chances of 

passing cell membrane. As such, dissolution is the critical quality control parameter 

for the drug as its directly influence absorption. Fast dissolution is required to enhance 

the contact time of the dissolved drug with the absorption mucosa. However, in some 

cases, prolong release tablets are preferred to prevent excessive absorption. Since 

engineered diluents at a ratio of (1:1:1: 1:1) influenced the physicochemical properties 

of indomethacin in comparison to commercial diluent, the effect of the engineered 

diluent while varying their concentration should be investigated.  

 Research is required to improve the density-based powder flow measuring 

technique because parking density depends on the shape of a particle as such non-

spherical particles will have more parameters (i.e., shape, orientation, and size) to 

consider than spherical particles. More particle engineering techniques should be 

investigated such as solid dispersion, spray-drying, supercritical fluid technology or 

holt melt extrusion, etc. Additionally, because freeze-dried solid dispersion has been 

successful, freeze dried-antisolvent crystallisation can be a prospect of investigations. 
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