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Abstract  

Particle engineering for drug delivery (DD) has gained enormous research 

interests in recent years, with continuous development of new technological 

platforms and improvement of existing ones. Unlike most other technologies, the 

electrohydrodynamic atomisation (EHDA), has been shown to have more 

advantages in the fabrication of nano- and micro-sized drug particulates. With the 

advent of the recent pandemic and huge demand for large scale industrial 

application of nanotechnology, there is now more emphasis on the need for 

further advancement and upscaling of the EHDA technology. 

The research presented in this thesis employed the use of EHDA technologies in 

the engineering of drug particles and application of QbD technique in its 

optimisation and subsequent upscaling of the process. The work presented in this 

research is a proof-of-concept; demonstrating the capacity for upscaling of this 

promising technology. This was first achieved by the utilisation of the EHDA 

technique in the nanofabrication of indomethacin (INDO) crystal, with the 

intention of achieving nanocrystals with sustained or improved particle properties 

for DD.  

QbD technique was used in the optimisation of the process with an experimental 

model engendered using 23 full factorial screening design. This design of 

experiment (DoE) was achieved by carrying out a risk assessment (RA) of the 

critical quality attributes (CQAs) and critical process parameters (CPP) and using 

these to establish a quality target product profile (QTPP) yielding nanocrystals of 

desired particle properties with 395nm size. The nanonisation of crystal particles 

using this technology opens a new frontier in crystal engineering. 

Further modification and remodelling lead to the design of a quadrant nozzle 

system and 8-nozzle system with capabilities of large scale electrospraying of 

drug particles. Studies on the droplet dynamics showed the impact of the electric 

field from each nozzle on the spray pattern altering the spray projection of INDO 

in ethanol (EtOH). The voltage utility graph also demonstrated a higher energy 

requirement in the formation of stable cone-jets in the upscaled system. 

Hereafter, based on the result obtained from this work, QbD was subsequently 
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employed in the optimisation of cone-jet formation of chloramphenicol (CAM) and 

polyvinyl pyrrolidone (PVP) using single nozzle, as well as spraying head 

designed for improved formulation flow such as multi-tip emitter (MTE) device 

and flute spraying head. 

Characterisation of the particles formed from the INDO in EtOH formulation 

showed stable, nano-sized particles while retaining the physico-chemical 

properties of INDO. Consequently, characterisation of the fabricated particulates 

yielded stable polymeric nanoparticles (NPs) which demonstrated a proper 

incorporation of the CAM in PVP with a steady release profile.  

This analysis shows a promising potential for the use of this novel upscaling 

designs in the pharmaceutical industries for the fabrication of both micro- and 

nano-sized composites, whilst requiring an in-depth exploration of the design 

functionality in different particle engineering remit. 
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Chapter 1: Introduction 

1.1 Fundamentals 

Industrial application of nanotechnology has seen increased application in recent 

years especially in pharmaceutical, cosmetic, food, and agriculture industries, 

highlighting the importance of exploring the many frontiers of key aspects of these 

industries such as healthcare where drug delivery and tissue engineering are 

integrating nanotechnology in the mass production of its nanoparticles and 

nanofibers. This has further increased the need for research into these two major 

healthcare nanofeatures in order to overcome the transition glitches that are 

associated with taking small-scale laboratory production to mass industrial 

manufacturing. The ability to seamlessly increase nanoparticles (NPs), and/or 

nanofibers (NFs) generation (output) via increased formulation flow (input) is a 

high-impact research area that is of huge interest to the pharmaceutical 

industries. 

Several technologies yielding particulate have been developed and continue to 

be in use, but not all have the capabilities of particle engineering on a nanoscale. 

Superficial fluid technology, solvent evaporation, spray drying, and freeze drying 

are some of the technologies that have been used to generate particulates. 

Although these technologies have successfully yielded particulate with various 

morphologies, they have the drawback of the inability of generating nano-sized 

particles in a reproducible manner. Some of these technologies also require the 

incorporation of high temperatures and/or sheer stress into their process 

conditions, and these are capable of inducing degradation of the products, 

especially in the case of biomaterials, such as protein molecules or active 

pharmaceutical ingredients (APIs). Incorporating a quality by design (QbD) 

technique into some of these particle engineering techniques has not been so 

robust. 

Pharmaceutical QbD involves a systematic approach to drug development that 

focuses on product and process understanding to achieve some predefined 

objectives with huge consideration for quality risk management and sound 

science. It is believed that when applying the concept of QbD, quality has to be 
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built into the product or process at the drug development stage. Certain input 

factors have effects on the process and drug products, and design of experiment 

(DoE) have been used to gain a deeper knowledge of the input factors and their 

effects and interactions on the output response of the analytical methods and 

pharmaceutical products. One pharmaceutical technology used in the fabrication 

of particulates that gained enormous incorporation of the QbD concept into its 

process is electrohydrodynamic atomisation (EHDA). 

The EHDA technology has found huge relevance in the pharmaceutical industry 

due to its potential in the fabrication of micro- and nanostructures. It is a versatile 

method that atomises liquid to produce particulates with uniform sizes and 

morphologies. The principle of this technology is based on liquid jet formation by 

utilising electrical forces to atomise exiting liquid at the tip of the nozzle resulting 

in droplet formation that ends up as particles or fibres on collection. A unique 

quality of this technology is that QbD techniques can be deployed in the 

manipulation of process parameters and physical properties to achieve 

atomisation objectives, such as the production of particulates with controlled size 

and shape. EHDA is a simple one-step process that can be easily manipulated 

to achieve optimal conditions in the fabrication of particulates at ambient 

temperature in a cost-effective manner. 

Crystal formation using diverse techniques such as solvent evaporation and 

nanocrystallisation has been the focus of research for several years however 

there has been not much emphasis on the use of EHDA technology in the 

fabrication of crystal particles. A large number of APIs in pharmaceutical 

industries exist in crystalline form, hence the focus on research that utilise the 

EHDA technology in the fabrication of crystal structures, shapes, and forms on a 

nanoscale.  

With the advent of the global pandemic caused by the emergence of the novel 

coronavirus, coupled with the huge global demand for vaccines and other 

pharmaceutical products that rely on nanotechnology, there is now a renewed 

focus on nanoparticle engineering. The EHDA technology is a key part of these 

needed solutions and therefore requires enormous research attention. Upscaling 

the EHDA system in a bid to increase the output of the process is of huge 
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importance to the pharmaceutical industries as research emphasis is now on the 

replicability of the system as it transits from small-scale laboratory setting to large-

scale industrial manufacturing. 

1.2 Aims and Objectives 

This research aims at showing the inherent capabilities of EHDA as a potential 

method of micro- and nano-crystal fabrication. It was important to show the 

workings of EHDA technique, especially in the incorporation of QbD concept, 

resulting in the generation of nanocrystals and other nanostructures of desirable 

properties. 

The research also aims to show the potential of the EHDA fundamental principles 

and its utilisation in the upscaling of the process and its possible use in 

pharmaceutical industries. The work intends to design, utilise and optimise the 

upscaled EHDA process for increased production output. 

To accomplish this, a series of studies were conducted: 

• Optimisation of the essential parameters single needle EHDA  

• Fabrication of micro- and nano-crystals via optimised EHDA system 

• Development, utilisation, and testing of a robust QbD model 

• Development and utilisation of a flute system for EHDA atomisation 

• Development and utilisation of the flute system for encapsulation 

• Development and utilisation of the quadrant and 8-nozzle system 

• Modification of the multi-tip emitter device (MTE) for a more stable jetting 

and increased formulation flow. 

1.3 Structure of thesis 

Chapter 1 is an introduction to the thesis; providing a brief insight into the 

deployment of EHDA technique and other technologies in the fabrication of micro- 

and nano-crystals whilst integrating the QbD concept. This chapter briefly 

touches upon the potential of the EHDA technique in the large-scale fabrication 

of nanostructures via upscaling. Chapter 2 will further explore the areas 

highlighted in chapter 1. A detailed literature review will explore the different 

conventional and current technologies to date that are used to generate 
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particulates, whilst highlighting their fundamental principles and application. The 

literature also delves into the QbD concept and the application of the different 

elements in pharmaceutical production. Chapter 3 profiles the materials and 

methods utilised in this study. Chapter 4 to 6 contains the experimental and 

exploratory studies carried out for the chosen thesis subject. Chapter 4 consists 

of the optimisation, fabrication, and characterisation of crystal particles. Analysis 

showed the crystal nature of the fabricated particles. Chapter 5 demonstrates the 

potential for upscaling of the EHDA technology. It explores the design and 

fabrication of the quadrant and 8-nozzle system and its application in the 

industrial production of NPs. The characterisation studies showed the capacity 

for increased formulation flow and subsequently larger production output in 

comparison to the conventional single nozzle system. Chapter 6 looks at the 

development and optimisation of the flute spraying system as well as the 

optimisation of the MTE device and their application alongside the single nozzle 

in the encapsulation of NPs. QbD was integrated into the design and used as a 

tool to gain a further understanding of the process. The in-vitro release studies 

showed the release profile of the electrosprayed NPs while the characterisation 

studies revealed the physicochemical properties. Chapter 7 provides a summary 

of the findings of the thesis and gives insight into possible future work in utilising 

this technology.  
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Chapter 2: Literature Review 

2.1    Technologies Yielding Particulates 

2.1.1  Introduction 

Several particle engineering methods have been explored over the years with the 

aim of improving the physicochemical properties of active pharmaceutical 

ingredients (API), these influence on the safety and efficacy of the drug products. 

The aim of the particle engineering and the goal of the drug delivery system 

design will determine the approach or technology to deploy (Patel et al., 2015). 

These would usually involve manipulating the particle morphology or size to 

achieve a more stable or efficacious drug outcome (Wu et al., 2011). 

2.1.2   Role of Particulates in Drug Delivery 

The role of morphology, size, and stability of drug particles in drug delivery cannot 

be overemphasized, these drug properties determine the safety and efficacy of 

the final drug product. The safety of the drug depends on the stability of the 

particles and their excipients, and how they are affected by factors such as 

temperature, light, pH, oxidation, and enzyme activities. Similarly, the efficacy of 

a drug is largely dependent on the bioavailability of the component drug particles 

and this in turn is dependent on several factors, such as absorption rate, lipid 

water solubility, molecular size, the effect of food as well as CYP450, degree of 

ionisation, physical form, chemical nature, Dosage forms, formulation, 

concentration, first-pass metabolism, energy-dependent efflux transporters, drug 

metabolism, and biotransformation. The effects of these factors are largely 

affected by the particle morphology and size, therefore there is a need to pay 

particular attention to the engineering of these drug particles. The technologies 

that are applied in the design and engineering of these particulates will also be 

examined. 
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2.2    Particle Engineering  

Particle engineering has experienced increased focus in research in recent years 

due to the immediate benefit derived from the process. The demand for a suitable 

pharmaceutical dosage form has increased with the expanding markets. A great 

effort is devoted to satisfying the demand for better formulations, improved 

product stability, patient compliance, and reducing the toxicity of API without 

affecting the therapeutic efficacy. A wide range of dosage forms are available 

such as oral (e.g. capsules, tablets, lozenges, and powder), topical (e.g. 

Ointments, creams, gels, sprays, transdermal patches, and microneedles), 

pulmonary (e.g. inhalers and nebulizers) and parenteral dosage forms 

(intravenous, subcutaneous and intramuscular injections). In the last decades, 

particulate carriers have been comprehensively utilized in pharmaceutical 

applications to produce appropriate dosage forms with desirable features. One of 

these unique features is that they can carry/adsorb API and deliver them to the 

target organs thus reducing their toxicity and improving their therapeutic efficacy 

(De Jong & Borm, 2008). Particulate carriers can be easily injected 

subcutaneously or intramuscularly to provide controlled or prolonged release 

depots (McLennan et al., 2005; Sonavane et al., 2008). Nanoparticles are also a 

very popular drug carrier for oral delivery. They are able to improve drugs 

solubility, protect them from stomach degradation, target their delivery to specific 

sites in the GIT, achieve sustained release, and provide efficient drug delivery 

(Ensign et al., 2012). Inhalation or aerosolization of particulate drug carriers (e.g. 

polymeric nanoparticles and solid lipid nanoparticles) can be used for targeted 

pulmonary drug delivery for achieving topical action and treating pulmonary 

diseases (Paranjpe & Müller-Goymann, 2014). Particulate drug carriers with 

optimized characteristics can be exploited to enhance the penetration of drugs 

through skin layers, achieve controlled release and reduce the undesirable drug 

adverse effect (Castro & Ferreira, 2008). The size of the particulate carrier is one 

of the determinants of their applicability and efficacy. There is a great research 

interest in the manufacture of particles in the micro-or nano-size owing to the 

known effect of size reduction on the solubility (Merisko-Liversidge & Liversidge, 

2011), bioavailability (Wu et al., 2004) and targeting effect (Sonavane et al., 
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2008). In addition, the particulate carrier to be administered through some routes 

such as pulmonary (Paranjpe & Müller-Goymann, 2014) or intravenous 

(Sonavane et al., 2008) should be within a certain size range. 

Over the decades, a broad variety of engineering methods have been employed 

to produce particles with optimized properties. The selection of a proper 

manufacturing route is a crucial issue that should be considered before particle 

production. The physicochemical properties of particles such as morphology, 

size, charge, composition, purity, crystallinity, and functionality are ultimately 

controlled by the methodology for their production (Bang & Suslick, 2010; 

Nandiyanto & Okuyama, 2011). These properties in turn determine the potential 

application of particles, the capability of administering them through the desired 

route and their biological fate and impact after administration (Bang & Suslick, 

2010; Morachis et al., 2012). The following table shows different applications of 

dosage forms and their applicable particle sizes.   
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Table 2.1 Dosage Forms and Particle Size Applicability 

Typical 
application 

Typical dosage form Average 
particle size 

range 

References 

Oral  Tablet, Capsule 0.2 µm (Jurney et al., 2017) 

Liquid, solution or 

suspension, powder or 

Liquid 

0.169-10 µm (Jurney et al., 2017; 

Liversidge & Cundy, 1995) 

solid crystals 0.3-250 µm (Winslow & Matreyek, 

1951) 
Topical Cream, Gel, Liniment or 

Balm, Lotion, 

20-400 nm (Müller et al., 2000; Schulz 

et al., 2002) 
Ear drops, Eye drops 0.254-5 µm (Desai et al., 2013; 

Sireesha & Prakash, 2012) 
Skin patch (transdermal) 20-200 nm (Alvarez-Román et al., 

2004; Shim et al., 2004) 
Suppository Rectal (eg enema) 0.2-0.8 µm (Sznitowska et al., 2001) 

Vaginal (eg douche, 

pessary, etc) 

10-500 nm (Gupta et al., 2011) 

Inhalation Aerosol, Inhaler, 

Nebuliser, Vaporiser 

1-5 µm (Crowder et al., 2002; 

Martin, 2002; US Food and 

Drug Administration, 2002) 

Parenteral 

injection 

Intradermal, 

Intramuscular, 

500 nm to 

1µm 

(Brazeau et al., 2011) 

Intravenous, 15-200 nm (Cho et al., 2009; 

Sonavane et al., 2008) 

Subcutaneous 40-300 nm (Hobbs et al., 1998; 

Oussoren et al., 1997) 

Particle size plays a huge role in its applicability in drug delivery. Inhalers with 

therapeutic drug particles between 0.57-8 µm show effective deposition at the 

target site in the lungs (Zhang et al., 2002). Nanoparticles below 100 nm diameter 
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have been investigated for ocular drug delivery (Cavalli et al., 2002), 300-400 nm 

range of chitosan nanoparticles was also found to be ideal for improved 

absorption of insulin following nasal instillation (Fernández-Urrusuno et al., 

1999). 

The engineering method, pharmaceutical process, and the number of steps also 

play a key role in the size distribution, morphology, surface charges, 

hygroscopicity, and applicability of the particle (Kaialy, 2016). Additionally, the 

effect of critical formulation parameters of engineering methodology (e.g. 

pressure, temperature, solvent, and shear rate) on the API efficacy and stability 

should be considered while choosing the manufacturing route.  

Controlling the pressure of the fluid in high-pressure homogenization (HPH) 

technology determines the micronisation that will occur. Pressurised Carbon 

dioxide and 1,1,1,2-tetrafluoroethane have yielded desired nanoparticles upon 

controlled pressure release (Kluge et al., 2012).  Suitable size and morphology 

will yield optimum cellular uptake of nanoparticles (Win & Feng, 2005). On the 

other hand, various investigative methods have been employed during particle 

formation to optimise the temperature inputs during particle engineering (Vehring, 

2008), higher temperatures have also been found to increase the extent of 

aggregation of nanoparticles (De & Robinson, 2004) and this has a huge effect 

on the drug stability. The solvent type used during particle engineering 

determines the extent of dissolution in a homogenous system, and these play a 

huge role in the stability and efficacy of nanoparticles (Savjani et al., 2012), and 

solvent-particle interaction also found to influence stable nanoparticle 

aggregation (Hammons et al., 2013). Shear rate and nanoparticles geometry 

have been shown to play a key role in its uptake by endothelial cells and therefore 

should be considered in the size and morphology of nanoparticles (Jurney et al., 

2017). 
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Figure 2.1 A schematic diagram showing particulates structures and their size ranges. 
(Arruebo et al., 2007) 

 

2.2.1  Nanocrystal in Drug Development 

Pharmaceutical companies over the years have realised the importance of nano-

sizing of crystalline drug particles that are poorly soluble and have incorporated 

a universal approach in the commercial development of drug delivery platforms 

yielding a more soluble drug molecule. This understanding of the various 

biopharmaceutical characteristics of less soluble drugs has led to researchers 

successfully overcoming previous nanocrystal processing challenges, such as 

long milling time and abrasions (Möschwitzer, 2013). Although the in vivo 

performance of nanocrystals is still being researched, they have been shown to 

interact durably with biological cells and tissues long term. They have also led to 

the development of what is now known as hybrid nanocrystals which involve 

fluorophores physically embedded into crystal lattice (Lu et al., 2019). During drug 

development, pharmaceutical industries are now looking to alternative 

formulation pathways such as nanocrystals and nanosuspensions in dealing with 

poorly soluble drugs resulting in enhanced permeability, dissolution, and 

bioavailability due to the higher surface/volume ratio conferred on the particles 

by nano-crystallization (Wang et al., 2012). 
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2.2.2  Nanocrystal Performances (In vivo) 

Several factors are considered when assessing the in vivo performance of 

nanocrystals; such as the safety profile of the nanocrystals as well as the level of 

toxicity if any that it exerts on cells or tissues. During new drug design and 

development, safety assessment is one of the most important considerations, 

hence the need to consider the toxicity of the drug candidate. For most poorly 

soluble drugs, higher concentrations of the API crystals may be needed to 

achieve the required bioavailability. During the formulation of injectable solutions, 

for instance, there may be a need for the addition of a higher amount of 

cosolvents or solubilizers, which may in turn increase the risks of toxicity (Korttila 

et al., 1976). Another major concern is the possible precipitation or 

recrystallization of the drug in the blood thereby increasing the risk of toxicity of 

the drug. Hence, there is also a need to consider incorporating precipitation 

inhibitors into drug formulations to prevent recrystallization of the drug in the 

bloodstream, for example, when hydroxypropylmethylcellulose (HPMC) was co-

administered with itraconazole-loaded mesoporous silicate at ratios of 1:4:6 

(itraconazole:mesoporous: HPMC), the absorption level was increased by 60% 

compared to loaded drug without precipitation inhibitors (Van Speybroeck et al., 

2010). Similarly, non-steroidal anti-inflammatory drugs (NSAIDs) such as 

diclofenac or ibuprofen result in localised irritation due to the apparent 

precipitation of the drugs at the mucosal surface further restricting drug delivery 

to the mucosal. (Agnihotri & Vavia, 2009).  

2.2.3  Safety of Nanocrystals 

In considering the safety of crystals, the particle size is of huge importance in 

whatever dosage form it is intended for. In intravenous (IV) administration, for 

instance, it is vital to stringently control the constituent particles if they are larger 

than 5 µm owing to the fact that particles larger than 5µm may result in blockade 

of the capillary or phlebitis and/or embolism. When these dosage forms are 

formulated using fine nanoparticles, these risks are greatly reduced and the 

safety profile of the medication is increased (Langille, 2013). Formulation of fine 
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nanocrystal particles into nanosuspensions makes it easy for gastrointestinal 

absorption (Liversidge & Conzentino, 1995) and is more tolerable to the mucosal, 

and are less irritating to the pulmonary and ocular systems. Nanocrystals are also 

more tolerated as nebulizers compared to micro-sized crystals which are 

sometimes also lost in the upper respiratory tracts (Kraft et al., 2004). 

Nanonization of crystalline drug particles generally increases the surface area 

thereby increasing solubility and dissolution, which then increase absorption 

rates (Rahim et al., 2017). 

2.2.4 Nanocrystal Engineering and Drug Delivery 

To achieve an intelligent and efficient drug delivery of nanocrystal drug particles, 

nanoparticle engineering is an integral part of the process (Choi et al., 2005). The 

site of administration also influences the choice of preparation method to deploy. 

The stabilizer coating used in fabricating the nanocrystals is chosen based on the 

stabilizer effect anticipated. The interaction between the drug and polymeric 

stabilizers is also considered in the process, as well as functional group 

interactions between specific groups in drugs and stabilizers. Although it has not 

been well understood a standardised way of stabilizer selection for a drug, the 

resultant steady-state particle size is dependent on the diverse process 

parameters employed as well as the surface energy of the drug and polymer 

(Choi et al., 2005). In drug delivery, magnetic nanoparticles have been used 

recently to achieve targeted drug delivery, however, the challenges currently 

encountered during preparation such as strong magnetic response, suitable 

particle size, biocompatibility, and high surface area are being researched with a 

goal to achieve enhanced drug delivery. According to (Dong et al., 2011) the drug 

carboxylic group interaction with the carboxylate groups of the magnetic carriers 

enhances the loading efficiency of ibuprofen and increases the surface area of 

the nanocrystal clusters up to 141m2g-1. The fate of nanocrystals in the human 

body system is currently being researched, though the accurate quantitation of 

the different nanocrystals is still a major challenge owing to the inability to confirm 

whether the signals observed in the in vivo experiments can be used to represent 

the crystals. Different routes have been assessed to determine the drug delivery 
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efficiency of engineered nanocrystals such as oral, intravenous, dermal, ocular, 

pulmonary, and intramuscular (Lu et al., 2017). 

2.2.4.1 Nanocrystal Preparation  

The method of nanocrystal preparation can be grouped into three major 

categories; combination technique, top-down (nanosizing), and bottom-up 

(crystal growth or nucleation). The combination technique involves the initial 

preheating of the drug suspension and is then followed by a combination of 

techniques used in either top-down or bottom-up techniques. It has been used to 

obtain nanocrystals of less than 100 nm with narrow size distribution and has also 

been used to overcome challenges faced by deploying the top-down and bottom-

up techniques. NANOEDGE preparation for instance is a combination of 

microprecipitation and high-pressure homogenization (HPH) (Rabinow et al., 

2004). The top-down technique is also known as nanonisation and it is used to 

obtain nano-sized crystals by a process known as media milling or HPH using 

high-pressure milling or in a media micro-fluidisation to reduce coarse drug 

crystal to fine particles (Sudhakar et al., 2014, Van Eerdenbrugh et al., 2008). 

The bottom-up technique involves careful precipitation and evaporation yielding 

crystal particles. Its major advantage is in its use in the fabrication of thermolabile 

and thermostable drugs due to its characteristic low energy and low heat 

generation. It involves a low-cost simple instrumental setup and antisolvent 

precipitation as well as supercritical fluid technology (SCF) (Chan & Kwok, 2011; 

Chung et al., 2012). 

2.2.4.2 Polymorphism in Pharmaceutical Solids 

Polymorphism in drug particles is defined as the existence of new drug 

substances with crystalline forms that appear different in their physical properties. 

This occurs when chemical compounds undergo crystallisation in different 

internal structures and may include pseudopolymorphs (solvation or hydration 

product) and amorphous forms (ICH Q6A, 1999). The physicochemical 

instabilities that occur in crystals play a huge role in the common occurrence and 

the drug properties of amorphous pharmaceutical solids. While preventing 
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crystallisation can help amorphous drugs enter or keep them in their amorphous 

state, some pharmaceutical solids exist originally in their amorphous states. 

Diverse particle engineering platforms employed in the fabrication of API can 

result in different polymorphic forms (Yu, 2001). Two common molecular 

conformations exist in indomethacin for instance (α- and γ-forms), with the α- form 

more stable than the γ-forms (Aubrey-Medendorp et al., 2008). However, in 2013, 

Surwase and other scientists reported new polymorphs of indomethacin (ε-, ζ-, 

and η- forms) in addition to the already existing (α-, β-, γ-, and δ- forms). They 

observed that differences in pH values at different temperatures (5 °C and 25 °C) 

played a role in the formation of the different polymorphs. They also found that 

with an increasing pH and temperature, there was an observed increase in the 

rate of crystallisation and a decrease in the onset of crystallisation (Surwase et 

al., 2013). 

2.2.4.3 Biopharmaceutical Classification System  

Biopharmaceutical classification system (BCS) is a drug classification system 

employed to classify APIs based on their permeability in the intestinal membrane 

or human fraction absorbed from a dose, as well as the minimum aqueous 

solubility within pH range of 1-7.5. During new drug discovery and development, 

BCS classification plays a vital role in decision-making. They are also useful when 

obtaining waivers in in-vivo bioequivalence studies (Ku, 2008). APIs are grouped 

into four different classes based on their solubility, permeability, and transporter 

effect. BCS class I drugs have high solubility and extensive metabolism with a 

minimum transporter effect. BCS class II drugs have low solubility, extensive 

metabolism, and efflux transporter effects which predominate in the guts with an 

absorptive and efflux transporter effect that occurs in the hepatic cells. BCS class 

III drugs have high solubility, poor metabolism, and a predominant absorptive 

transporter effect which may be modulated by efflux transporters. BCS class IV 

drugs have low solubility, and poor metabolism with important absorptive and 

efflux transporter effects (Poovi & Damodharan, 2018). During drug development, 

the solubility and permeability of potential drug candidates are critical to the drug 

development process due to their effect on the bioavailability of the drug. These 
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can be influenced by the ionisation of drugs in solution. The pKa of drug 

candidates is an integral part of the drug ionisation as it measures how a proton 

is tightly held in a Bronsted acid. It is the dissociation constant (Ka) of an acid in 

its negative base-10 logarithm. It measures the strength of an acid using 

numbers. Stronger acids have lower pKa values as they have a greater ability to 

donate protons. pKa is sometimes referred to as a constant but it is not truly a 

constant as it depends on the solvent dielectric constant (ɛ), ionic strength (I), 

and temperature (T) (Reijenga et al., 2013). Drugs with pKa values less than 5.5 

have been reported to show notable differences in their solubility and dissolution 

rates in simulated intestinal fluids in comparison to bicarbonates and also suggest 

a lesser phosphate concentration for in vitro dissolution studies (Sheng et al., 

2009). 

2.2.5 Particles Engineering Platforms 

Engineering methods are employed for particle manufacture in order to produce 

particles with optimized properties in terms of morphology, size, and composition. 

Emulsion nanoparticles and microparticles have been engineered to provide 

greater control of the release profile of drugs, as well as drug targeting in tissues 

and cells such as tumour targeting and cerebral diseases (Mohamed & van der 

Walle, 2008). Supercritical fluids technologies have recently been sort after due 

to concerns with drug degradation and the desire for better control of particle size 

during particle engineering, Supercritical Assisted Atomisation (SAA) has 

become a desired technology (Porta et al., 2005). In this technique, supercritical 

CO2 in a liquid solution is sprayed through a nozzle leading to atomization and 

solid microparticle formation (Reverchon & Della Porta, 2003). Supercritical fluid 

technology has been applied in various nanomaterials production due to its ability 

to control the size and morphology of the particles. Supercritical H2O and CO2 

have been extensively used in biomedical applications to fabricate hybrid and 

inorganic nanomaterials (Byrappa et al., 2008). The rotary evaporation technique 

is used to remove solvent from samples through evaporation (Kim et al., 2011). 

The sonocrystallisation process can be achieved with the use of ultrasound 

energy to control the nucleation process. This technique makes it possible for 
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crystal size distribution and morphology of the crystals to be controlled (De Castro 

& Priego-Capote, 2007; Iyer & Gogate, 2017). Spraying technology involving 

droplet atomisation has become a vital particle engineering platform with the 

spray drying technique being widely used to produce both nanoparticles and 

microparticles from volatile solvents using drying air (Peltonen et al., 2010). Some 

spraying techniques such as electrospraying do not involve drying air, but rather 

employ the application of an electrohydrodynamic process for particle formation 

(Mehta et al., 2017; Nguyen et al., 2016). On the other hand, electrospinning 

produces fibres using the same principles (Bock et al., 2011; Rasekh et al., 2014) 

to make layered fibre in transdermal dressings for drug delivery.  Cryogenic 

technologies, on the other hand, are currently being perfected for the 

micronization of physically unstable and thermolabile drug substances, this has 

been employed in the particle engineering of drugs that cannot be processed 

through conventional techniques (Rogers et al., 2001).  

The schematic diagrams below represent the various particle engineering 

platforms with their different components; 
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2.2.5.1 Supercritical Fluid Technologies  

2.2.5.1.1   Particles from gas-saturated solution (PGSS) 

 

Figure 2.2-a Schematic diagram showing the set-up of PGSS. (Martín et al., 2010) 

2.2.5.1.2 Rapid expansion of supercritical solution (RESS) 

 

Figure 2.2-b Schematic diagram showing the set-up of RESS (Esfandiari, 2015) 
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2.2.5.1.3 Supercritical fluid extraction of emulsions (SFEE) 

 

Figure 2.2-c Schematic diagram showing the set-up of SFEE extraction system 
(Chattopadhyay et al., 2007) 

 

2.2.5.1.4 Supercritical fluid-assisted atomisation (SAA) 

 

Figure 2.2-d Schematic diagram showing the set-up of SAA (Reverchon & Della Porta, 
2003) 
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2.2.5.1.5 Precipitation with compressed fluid anti-solvent 
(PCA)/(GAS)/(SAS) 

 

Figure 2.2-e Schematic diagram showing the set-up of PCA (Falk et al., 1997) 

 

Figure 2.2-f Schematic diagram showing the set-up of GAS (Esfandiari, 2015) 
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Figure 2.2-g Schematic diagram showing the set-up of SAS (Magnan et al., 2000) 
 

 

2.2.5.2 Rotary Evaporation  

2.2.5.2.1 Solvent removal by evaporation 

 

Figure 2.2-h Schematic diagram showing the set-up of solvent evaporation method 
(O'Donnell & McGinity, 1997) 
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2.2.5.3 Sonocrystallization 

Consists of two major steps: Nucleation and crystal growth 

 

Figure 2.2-i Schematic diagram showing the set-up of Sonocrystallisation setup (Abbas 
et al., 2007) 

 

 

2.2.5.4 Spraying Technology 

2.2.5.4.1  Spray drying  

Involves 4 major steps;  

• Atomisation of feed solution  

• Spray-contact  

• Drying of sprayed droplets 

• Separation of dried particles from the air 

The particle size range is usually between 5 and100 µm 
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Figure 2.2-j Schematic diagram showing the set-up of Nano Spray Dryer (Li et al., 
2010) 

 

2.2.5.4.2   Electrohydrodynamic Atomisation (EHDA) 

2.2.5.4.2.1 Electrospraying 

 

Figure 2.2-k Schematic diagram showing the set-up of Electrospraying (Parhizkar et 
al., 2016) 
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2.2.5.4.2.2 Electrospinning 

 

Figure 2.2-l Schematic diagram showing the set-up of Electrospinning (Yao et al., 
2017) 

 

2.2.5.5 Cryogenic technologies 

2.2.5.5.1 Spray Freezing into Vapour Over Liquid (SAF/L) 

 

Figure 2.2-m Schematic diagram showing the set-up of Spray Freezing into Vapour 
over Liquid (Ishwarya et al., 2015) 
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2.2.5.5.2   Spray Freezing into Cryogenic Fluids (SFL) 

 

Figure 2.2-n Schematic diagram showing the set-up of the novel SFL Atomization 
process utilizing liquid nitrogen as the cryogenic medium (Rogers et al., 2002) 

 

2.2.5.5.3   Ultra-Rapid Freezing (URF) 

 

Figure 2.2-o Schematic diagram showing the set-up of URF (Overhoff et al., 2007) 
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2.2.5.5.4  Thin Film Freezing (TFF) -Spray freezing onto solid surfaces 

 

Figure 2.2-p Schematic diagram showing the set-up of TFF (Beinborn et al., 2012) 

 

2.2.6    Atomisation Methods for Particle Engineering 

The various particle engineering platforms employ either atomisation or non-

atomisation technique in the formation of nanoparticles and microparticles. 

Although non-atomisation techniques have been mostly used, various techniques 

involving the atomisation of drug particles have recently been wildly used in the 

pharmaceutical industry such as spray drying, and fluid bed granulation 

(O'Sullivan et al., 2019; Kivikero et al., 2009). They are also applied in various 

other industries (Dunkley, 2013).  

Atomisation involves the breakdown of liquid particles into smaller particles, the 

smaller droplets leading to a high surface area in the liquid phase leading to high 

evaporation rates (Lefebvre, 1980).  Pneumatic or air blast atomisation has been 

used in various technological fields of science to atomise particles by decreasing 

droplet size with an increased gas velocity (Liu & Wang, 2019). In pressure or 

airless atomisation, the energy required for the atomisation is from the fluid 

pressure, the fluid resistance as it is expelled from the atomiser orifice cause 
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breakup of the fluid leading to atomisation (Fernando et al., 2000; Naz et al., 

2013). This usually yields a broad droplet size distribution (Adiga et al., 2007). 

The air-assisted airless atomisation applies the same principles as airless 

atomisation but requires additional pressure using air pressure (Iqbal et al., 

2013). Ultrasonic atomisation produces droplets from the fluid passing through 

vibrating surfaces at high frequencies, this electromagnetic system because fluid 

breaks up (Avvaru et al., 2006). This has been used with other spray-drying 

techniques for microencapsulation (Freitas et al., 2004). Centrifugal atomisation 

uses centrifugal forces to break up liquid ligaments or sheets into fine droplets 

and has been used to assess particle size and morphology (Xie et al., 2004). 

Electrohydrodynamic Atomisation (EHDA) applies electric fields in an 

electrospraying process in the atomisation of low-flowing liquid into small droplets 

(Rezvanpour et al., 2012). This fascinating tool is used to produce diverse forms 

of micro- and nanoparticles under a controlled system with a voltage generator 

to supply the electrical energy required for the formation of charged droplets (Xie 

et al., 2015). Various atomization technologies are shown in table 2.3.  
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Table 2.2 The Various Atomisation Methods Employed in Pharmaceutical Industries 

a. Pneumatic or air blast atomisation 

 

(Matas & Cartellier, 2013) 

b. Pressure or airless atomisation 

 

(Schmid, 2012)  

c. Air-assisted atomisation 

 

(Ye et al., 2015) 

d. Ultrasonic atomisation 

 

(Alavi & Harimkar, 2017)  

e. Centrifugal atomisation 

 

(Sungkhaphaitoon et al., 2017)  

f. Electrohydrodynamic Atomisation 

 

(Haj-Ahmad et al., 2018) 
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2.2.6.1 Electrohydrodynamic Atomisation 

Although EHDA has been employed across several industries, its use in the 

pharmaceutical industries in recent decades has shown its relevance and has 

encouraged further research into optimising the process due to the numerous 

advantages of the holistic technology (Ali, et al., 2021). In the 19th century, Lord 

Rayleigh who later won a noble prize in Physics spent most of his academic 

career at the University of Cambridge, experimenting and documenting various 

theories. In 1897 he observed the effect of electric fields on flowing liquid, this 

was the first documented EHDA activity and further research by Zeleny in 1914 

before Antonin Formhals patented it in 1934 (Bhardwaj & Kundu, 2010; Frenot & 

Chronakis, 2003). This marked the beginning of the concept of EHDA. This was 

taken several steps further by Geoffrey Ingram Taylor when he published his 

observations on his electrically driven jets in 1969, a concept that would later be 

referred to as ‘Taylor jets cone’, upon which the EHDA is based. In EHDA 

systems a combination of nozzle diameter, flow rate, pressure, and electrical field 

at the liquid surface determine the atomisation capacity (Borra et al., 2004; 

Prajapati & Patel, 2010). The principle is based on an electric field exerting its 

force on a flowing conducting medium (formulation) to produce a stable Taylor 

cone through the optimization of the various process parameters of the system 

setup to engineer both micro- and nano-particles (Mehta, et al. 2017).  

2.2.6.2 Electrospraying Process 

The stability of the EHDA mode depends on the electrical discharge regime either 

continuous or impulse. Various types of jet modes can be observed during the 

atomisation of droplets due to electrostatic forces which lead to breakup of the 

jet. Cone jet mode is the most important spraying mode as the liquid meniscus 

forms a regular axisymmetric cone with a thin jet usually less than 100 µm in 

diameter at its apex and this could stretch along the capillary axis (Prajapati & 

Patel, 2010). The various modes are shown below:  
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Figure 2.3. Diagram showing the various types of jetting modes during the 

electrospraying process (Prajapati & Patel, 2010) 
 

The variables of the process parameters such as setup configuration, flow rate, 

surfactant, organic salt, and polymer concentration play a huge role in the droplet 

size, which in turn determines the size and morphology of the particle formed (Xie 

et al., 2006). Narrow particle size distribution and large surface area have been 

highly sort after particle quality due to their effect on dissolution time and 

bioavailability of drug particles after administration (Hintz & Johnson, 1989).  

2.2.7 Role of Atomisation Technology in Healthcare 

Healthcare delivery system over the years has received a major boost with the 

application of atomisation technology. Apart from the high dissolution rate 

conferred on particles due to the larger surface area of nanoparticles which has 

revolutionised the rate of bioavailability of drug particles during treatment, recent 

developments in drug delivery can be traced to advancements in atomisation 

technology such as the use of EHDA technology to engineer and spray 

nonbiodegradable nanocomposite polymer for the treatment of arterial occlusion 

in coronary artery disease (Bakhshi et al., 2011; Zamani et al., 2016). A novel 

microencapsulation technology employs the atomisation of polyelectrolyte 
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complex beads to generate size-controlled particles that can be used in the 

treatment of child pulmonary dysplasia or emphysema, multiple sclerosis, and 

pulmonary fibrosis (Herrero et al., 2006). Microencapsulation technology has also 

been employed in controlled drug release, sodium alginate microcapsules have 

been shown to be structurally resistant to acid pH of the stomach, but in the 

alkaline condition of the intestine the core materials are released (Yoo et al., 

2006), The use of micro and nanoparticles in controlled drug release has helped 

patients with fewer side effects, greater therapeutic control and has led to better 

patient acceptance of drug dose (Mansour et al., 2010). Accurate on-line control 

of particle diameter and narrow size distribution has also been employed to 

reduce drug dose while maintaining therapeutic effect. This is shown in the 

formulation of monodispersed aerosol particles of drugs used in the treatment of 

asthma which is believed to help ameliorate the side effects of asthma medication 

(Esposito‐Festen et al., 2007; Ijsebaert et al., 2001). In recent years metal and 

metal oxide nanoparticles have been synthesised alongside antimicrobial agents 

using atomisation technology to successfully address the challenges of antibiotic 

resistance (Azam et al., 2012; Panáček et al., 2006). 

Personalised medicine involves tailoring medical interventions to patients on an 

individual basis, considering disease risk or predicted response using molecular 

analysis of genes and information about the environment. Personalised medicine 

has been employed in respiratory medicine practice such as in the treatment of 

Chronic Obstructive Pulmonary Disease (COPD) (Mathioudakis et al., 2013; 

Woodruff et al., 2015) as well as asthma treatment (Vanfleteren et al., 2014). This 

has evolved in recent years and atomisation technology has also contributed 

greatly to this evolution. Fusing biomarkers into smart microneedle coatings, 

using the EHD atomisation system in a controlled and selectable process to 

obtain the coated particle in the desired size, this has a huge prospect in drug 

systems and lab-chip testing (Khan et al., 2014). Atomisation has also been used 

to deliver microparticulate vaccines in a sustained release system using an 

aqueous polymer matrix to protect and deliver the vaccine to breast cancer cells 

(Chablani et al., 2012). The potential of atomisation in the microencapsulation of 

therapeutic peptides and proteins was evident in the work by (Pabari et al., 2011), 
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where micro and nanoparticles of model monoclonal antibodies trastuzumab are 

developed using spray drying systems in order to study their resistance to 

physical and thermal stress. This is vital in keeping the stability of model 

monoclonal antibodies such as trastuzumab, pertuzumab, and docetaxel; human 

epidermal growth factor receptor (HER-2) which has been used in breast cancer 

treatment (Swain et al., 2015). An aggressive sub-type of breast cancer called 

Triple negative breast cancer (TNBC) shows some prospects in treatment due to 

recent successes in studies carried out on injectable hydrogels produced with 

coaxial EHD atomisation technique (Davoodi et al., 2017). In this study, Cisplatin 

and Paclitaxel embedded into the injectable hydrogel ultimately showed their 

ability to trigger the programmed cell death of breast cancer cells and reduction 

in spheroid growth within 14 days. 

Recently, in tissue engineering and regenerative medicine, hybrid sol-gel micro, 

and nanofibres have been successfully sprayed using atomisation technology, 

overcoming challenges previously experienced with its ion release, mechanical 

properties, fibre diameter, ion exchange, and cell response yielding a viscosity 

profile that is time controlled and temperature dependent (Greenhalgh et al., 

2017). More recently, regenerative methods have shown some research 

prospects in the priming approaches for intervertebral disc (IVD) regeneration 

using EHD atomisation technologies to carryout microencapsulation of bone 

marrow stromal cells (BMSC) (Naqvi et al., 2018) and have opened a new horizon 

for therapeutics that can be gotten off the shelf. Table 2.3 shows the various 

atomization technologies currently employed in delivering therapy to patients with 

diverse disease conditions within the healthcare sector.  
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Table 2.3 The healthcare applications of atomization technologies 

Types of therapy  Diseases Nanoparticles 

types 

References  

Personalised 

medicine 

COPD 

 

 

Asthma 

Nanocorns 

(sulphide 

nanoparticles) 

 

Polymeric 

nanoparticles 

(Teranishi et al., 2004) 

 

 

(Matsuo et al., 2009) 

Antimicrobial 

resistance 

Antibacterial 

and antifungal  

Metals and metal 

oxide nanoparticles 

(Dizaj et al., 2014) 

Regenerative 

method/tissue 

engineering 

Bone tissue 

engineering 

Biodegradable 

Nano- and micro- 

fibres 

(Greenhalgh et al., 

2017; Shin et al., 

2004) 

Controlled release Mesoporous 

materials 

 

Porous hollow 

nanoparticles 

(PHNP) 

Encapsulation 

materials 

Albumin based 

nanoparticles 

Silica nanorods 

Fe3O4 

Nanoparticles 

 

Micro- 

Nanocapsules 

(Elzoghby et al., 2012) 

(Giri et al., 2005)  

 

(Cheng et al., 2009) 

 

(Ai et al., 2003) 

Cancer treatment  Lung cancer 

 

 

Breast cancer 

Polymeric 

nanoparticles, 

liposomes, solid 

lipid nanoparticles 

Polymeric 

microparticles 

(Lee et al., 2015)  

 

 

(Chablani et al., 2012) 
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2.2.8 Future Prospective of Atomization Technologies  

Nanoparticle drug carriers have become increasingly used in drug delivery owing 

to the advantage it possesses in solubility and other positives, such as protection 

from stomach degradation and accuracy in targeted delivery. Various engineering 

technologies have been developed in recent times to engineer particles and this 

revolutionary technology has led to numerous therapeutic successes in various 

medical treatments, especially nanomedicine. Whereas the gains recorded in 

research advancements in areas such as tissue regeneration and the use of 

metal nanoparticles to address the challenges of antibiotic resistance, moving the 

efficiency from the laboratory to the manufacturing industry may still have certain 

limitations. The future direction of research should involve optimising and 

upscaling the engineering of the nanoparticles to further increase the efficiency 

and accuracy of drug delivery. 
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2.3     Application of Quality by Design (QbD) in Drug Manufacturing 

The quality of pharmaceutical products has been established to be directly 

connected to the efficacy and safety of the product. This discovery led the Food 

and Drug Administration (FDA) to create new guidelines and launch the FDA’s 

current Good Manufacturing Practises (cGMP) for this century. It has significantly 

increased pharmaceutical product quality awareness, which defines the exact 

quality medicines are required to have (Haleem et al., 2015). 

Generally, in the pharmaceutical industry, quality by test (QbT) systems are 

usually used in product development which involves raw materials testing, 

keeping drug substance manufacturing processes fixed, and ensuring product 

quality by carrying out end product testing. However, the target products may be 

impacted by substances, this uncertainty and inadequate understanding of the 

process have been identified as major limitations in detecting the causes of failure 

in this system. This has made it imperative for manufacturers, to sometimes 

starting processes all over after understanding and resolving the failure. The 

common resultant outcome of this is a variation in products causes the cost 

efficiency and safety of the drug to become poor. To overcome this limitation, it 

became necessary to introduce the quality by design (QbD) concept, which 

involves a transformation into a risk-based approach, this is more scientific and 

a move away from the earlier empirical process. In QbD, instead of building 

testing into the process, quality is built in. As a result, QbD is a more efficient and 

flexible system for the development of quality into products leading to reduced 

cost and increased manufacturing efficiency (Zhang & Mao, 2017). 
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Figure 2.4  Schematic diagram  QbT vs QbD (Zhang & Mao, 2017) 

 

Dr. Joseph M. Juran, the inventor of the concept of QbD in the 1970s was a 

pioneer of quality. He founded this concept on the idea that product design must 

be done with quality in mind, and he stated that problems that arise from quality 

are connected to product design (Mishra et al., 2018). The theory fundamental to 

QbD involves an optimisation strategy which is systematically implemented. By 

this, quality is designed into the process, and an understanding of how the 

process variables and responses relate to the system quality helps to generate a 

control strategy that guarantees the continuous production of quality products. 

The automobile industry was the first to apply the QbD concept, where Toyota 

developed quality assurance systems to consistently produce high-quality cars 

and parts. Hence, throughout the automobile production process information 

obtained from audits, testing, and inspection, are analysed and these help in 

assuring quality into the product (Juran et al., 1999).  

In 2004, QbD was introduced to the Chemistry Review process of Chemistry 

Manufacturing and Control (CMC) with the objective to improve the 

pharmaceutical manufacturing practice and ensure the quality and safety of drug 

products using knowledge obtained from science and engineering (Zhang & Mao, 

2017).  
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Janet woodcock defined good quality pharmaceutical products as 

uncontaminated and available, consistently delivering benefits therapeutically 

and reliably as indicated in the product label (Woodcock, 2004).  

The United States Food and Drug Administration (FDA) has been promoting QbD 

as a science-based risk management approach to enhancing pharmaceutical 

development all through the life cycle of a product. While the International 

Conference on Harmonisation (ICH Q8) -R2 gave the definition of QbD as “a 

systematic approach to pharmaceutical development that begins with predefined 

objectives and emphasizes product and process understanding and process 

control, based on sound science and quality risk management” (ICH, 2009). 

 

The implementation of QbD in drug development and process design involves a 

deeper understanding of the process of manufacturing as well as the sources 

from which variabilities can occur and then evaluating these factors. This will 

involve process analytical techniques (PAT) and the tools are integral to Qbd as 

it provides an understanding of the continuous manufacturing process (Zhang & 

Mao, 2017).   

 
Figure 2.5. Quality by Design Framework (Davis & Schlindwein, 2018) 

 

2.3.1 Quality by Design (QbD) Elements 

All the elements of QbD are interconnected and can be carried out step by step 

from identifying the product quality objectives to monitoring and improvement of 

the finished product. After the objectives are identified, the quality target product 

profile (QTPP) is set, and a risk assessment (RA) is carried out to determine 
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critical process parameters (CPPs) and critical quality attributes (CQAs). These 

factors as well as the responses obtained are used to produce a design of 

experiment (DoE), which is tested and verified using various statistical tools to 

determine which of the process parameters has effects on the product quality 

(Pallagi et al., 2015). The information obtained can then be used to identify the 

design space as well as set control strategies for the continuous production of 

quality products. 

 
Figure 2.6 QbD Element Flowchart (Dahmash et al., 2018) 

 

2.3.1.1 Establishment of QTPP and TPP 
 

The process of QbD starts with the establishment and clear definition of the 

quality target product profile (QTPP). In defining the QTPP, it has been described 

as the prospective summary of the quality characteristics of a drug product that 
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should be achieved to ensure the desired quality, safety, and efficacy of the drug 

product (Taticek & Liu, 2015). In determining the QTPP, the (TPP) has to be well-

defined and well-understood. The TPP gives the summary of drug development 

capturing parameters such as the drug indication, contraindication, clinical 

requirements, route of administration, dosage form, usage, warnings, container 

closure system, adverse reaction, overdose as well as their goals requirement. 

In QTPP together with the various TPP aspects, content uniformity, stability 

testing, and assay are quality targets that are determined and added (Izat et al., 

2014).  

 

2.3.1.2 RA Process 
The assessment and review of risks to the quality of drug products across the 

product lifecycle as well as the control and communication of these findings is 

referred to as the Quality risk management (QRM) process. Generally, risk 

assessment involves a process of systematically organizing information that 

supports risk decisions following the process of risk management (ICH Q9, 2005). 

Material attributes and process parameters are identified via these processes and 

how they impact the desired products is documented. RA involves identifying 

potential hazards as well as evaluating and analysing associated risks that may 

occur when exposed to the hazards.  
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Figure 2.7  Showing the process of QRM (ICH Q9, 2005) 

 

 

Some essential risk management tools used in risk structuring, data organisation, 

and facilitation of decision-making include the Ishikawa or fishbone diagram 

(cause and effect diagram), process mapping, check sheet, and flow charts. 

Using these tools, it is possible to track problems and identify critical parameters 

required in process development (Gyulai, 2018). Failure mode effects and 

criticality analysis (FMECA), Preliminary hazard analysis (PHA), Failure mode 

effects analysis (FMEA), and Hazard operability analysis (HAZOP) are common 

tools used in the evaluation of operating parameter effects on manufacturing (Izat 

et al., 2014). 

While applying the approaches of risk assessment, the importance of the quality 

attribute of products can be evaluated in various ways as the critical attributes of 

products have been found to affect the efficacy and safety of the product. 

Appropriate process protocols and analytical controls are implemented to control 

the attributes as regulatory requirements (Taticek & Liu, 2015). 
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2.3.1.3 Determination of CMAs, CPPs, and CQAs 
In achieving the desired product, several manufacturing steps are followed. 

Hence, the importance of identifying parameters that are critical to product 

efficacy, safety, and quality. CMAs, CPPs, and CQAs are some of the established 

parameters (Yu, 2008). The Product CQAs are determined based on the 

available data and information as well as recognised QTPP and RA. ICH 

guidelines state that CQA captures all product properties relating to chemical, 

physical, biological, or microbiological characteristic which are within the required 

distribution, range, or limit to ensure product quality of the desired specification. 

CPP has a direct effect and significantly influences the outcome of the product 

when it goes out of the range of operation. CPP captures the type of processing 

equipment, its operational and environmental conditions as well as the settings 

of the equipment. CMAs and CPPs are material parameters and process 

parameters whose variability can significantly affect the CQAs of products, hence 

the need for monitoring and control as required in the ICH guidelines (Patel et al., 

2013). 

2.3.2 Process Development in the Pharmaceutical Industry 

Process design is the first stage in product development and gives in-depth 

information about the process of commercial manufacturing as well as the 

manufacturing scale intended. The information provided includes the facility, 

equipment, material transfer, and manufacturing variables, these are considered 

during process design. In designing a process, CQAs and QTPP are some of the 

important factors that should be considered (Yu, 2008).  

2.3.2.1 Design of experiment (DoE)  
DoE is used in the determination of the relationship between all the variables that 

affect product output. The variables in DoE are process parameters and material 

attributes, while the outputs are expressed as the CQAs. The data obtained from 

the DoE are used to ascertain the critical factors which have effects on the CQAs. 

The data is also used to determine the synergies and interactions between the 

variables.  It also helps to identify the interactions and synergies between factors. 
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The ranges of the CQAs that are deemed acceptable are used to create the 

design space of CPPs (Patel et al., 2013). 

2.3.2.2 Design Space 
The design space according to ICH Q8 (R2) is a combination of multidimensional 

interaction of process parameters and input variables, such as material attributes 

shown to provide quality assurance (ICH, 2009). Design space uses prior 

knowledge and literature, modelling experimental design as well as a risk 

assessment to show the relationship between CPPs and CQAs that significantly 

affect the product. There are acceptable values for the associated CQAs with 

proven acceptable ranges (PAR) for CPPs contained in the design space. Single-

unit and multiple-unit operations as well as the entire process can be constructed 

using the design space (Patel et al., 2013). The knowledge obtained from the 

processes during the development of the product is summarised in the knowledge 

space. This helps in the understanding of the critical factors and product 

requirements. The normal operating range also referred to as the control space 

is situated inside the design space. It defines the CPPs and CMAs’ lower and 

upper limits. Within the control space, these limits are routinely controlled for 

process parameters and materials to ensure that the product qualities are 

reproducible. A control space that is smaller than the design space is an 

indication of a robust process. Therefore, strict control of the operational process 

is essential in ensuring the adherence of the process to the design space (Yu, 

2008). 
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Figure 2.8 Diagram showing links between knowledge space, control space, and 

design space 
 

2.3.2.3 Control Strategy 
To assure the performance of the process and quality of the product, there is a 

need to use the process understanding from the current products to derive a 

planned set of control, this is called a control strategy. Here all parameters 

relating to drug products and their attributes are controlled, frequency of 

monitoring finished product specifications, their methods and conditions of 

operations are also monitored (ICH Q10, 2008). PAT was initiated by the FDA to 

help in the identification of pharmaceutical processes, control and simulation. 

PAT uses prompt measurement, control, and analysis of performance and critical 

quality attributes of both in-process and raw materials to guarantee the final 

product quality. In recent times, the FDA has approved numerous applications 

with the implementation of PAT including the processes manufacturing of generic 

and new drug products. PAT is a vital tool as it focuses on improved knowledge 

and understandingof the process (Yu, 2008). Risk assessment and periodic 

review can be used to make control strategy more efficient and accurate. 

Controlling factors such as material attributes that are inputted into the process 

such as packaging materials, excipients, and drug substances are part of control 

strategies. Even utility, environmental factors, and operational conditions need a 

control strategy e.g. determining and controlling the impact of drying on 
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degradation and size distribution on dissolution. These need a monitoring 

programme and model verification (Jain, 2014).         

2.3.2.4 Continuous Improvement and Lifecycle Management  
Continuous improvement has become a vital element of modern quality systems. 

By eliminating wasted efforts in manufacturing capable of impeding the viability 

of the process and good quality products, continuous improvement aims to 

improve the efficiency and process. One of the backbones of continuous 

improvement is the Pharmaceutical Quality System (PQS) it helps in the 

identification and implementation of the necessary enhancement of quality 

systems, consistent improvement of the process and requirement, improvement 

of product quality, increase in quality, and reduction of variability. Quality Risk 

Management (QRM) can also be applied in continuous improvement to prioritize 

and identify areas that need to be improved. In order to achieve continuous 

improvement, compliance with product specifications and improvement of 

processes must be within the design space. Continuous improvement also 

involves changing design space and updating of control strategy, installation of 

on-line measurements, utilising new equipment with similar designs, adjusting 

process set point, redesigning processing steps, and advancement of control 

techniques (Patel et al., 2013).  

2.4      Conclusion 

As particle engineering continues to gain increased focus, it is expected that the 

diverse platforms will continue to be explored to provide innovative ways of 

enhancing the performance of APIs through improved drug properties. The EHDA 

technology has been shown to be a platform with numerous advantages in the 

fabrication of particles yielding the desired size distribution, particle size, density, 

shape, surface chemistry, flow properties, and structural properties. The unique 

one-step particle formation process shown in the technology was subjected to 

optimisation of its process parameters during this research. The following 

research chapter will show the employment of QbD techniques in the optimisation 

of the process yielding desired drug properties. Unlike other existing particle 

engineering platforms that have been deployed in the fabrication of large 
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quantities of drug particles, such as in freeze drying or spray drying, large particle 

production has not been extensively explored in particle engineering. This 

research involves the design, fabrication, and deployment of the EHDA upscaling 

process.  
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Chapter 3: Materials and Methods 

All the materials used and a detailed description of the applied techniques 

throughout this research project will be described in this chapter.  

3.1     Materials                                                                                     

3.1.1   Active Pharmaceutical Ingredients (API) 

3.1.1.1 Indomethacin (INDO) 
INDO was chosen in this research largely due to its several side effects which 

are largely due to its low solubility. It is a widely administered BCS class II drug 

and is classified as a non-steroidal anti-inflammatory pharmaceutical drug 

(NSAID)  (Lucas, 2016). The chemical formula is named in IUPAC as 2-[1-(4-

chlorobenzoyl)-5-methoxy-2-methylindol-3-yl] (Zeleňák et al., 2016) (see Figure 
3.1). INDO is a non-selective inhibitor of cyclooxygenase enzymes (COX-1 and 

COX-2). It has different pharmacological functions such as anti-inflammatory, 

analgesic, and antipyretic properties (Lucas, 2016). Moreover, the latest studies 

have shown its additional function in treating tumour-targeted delivery (Lee et al., 

2017) and minimizing the risk of cancer diseases (Zeng et al., 2020). For 

instance, studies approved its chemotherapeutical effects against colon cancer 

and the treatment of Alzheimer’s disease (Karkhah et al., 2021; Zeng et al., 

2020).  In this project, INDO was used in its pure crystal form. INDO (>99.99%) 

of TLC grade was purchased from Sigma-Aldrich Co, SIGMA-ALDRICH CHEMIE 

GmbH, (Germany). All chemicals used in the experiment were of analytical grade.  

 
Figure 3.1 Chemical Structure of INDO 
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3.1.1.2 Chloramphenicol 
It is an antibiotic pharmaceutical drug (Feder et al., 1981), and has been chosen 

in this research due to its use in ocular administration, with the aim of finding 

ways to further prolong its release within a polymeric mix and provide patients 

with lasting antimicrobial effects. It is identified using the IUPAC chemical 

structure as 2,2-dichloro-N-[(1R,2R)-1,3-dihydroxy-1-(4-nitrophenyl) propan-2-yl] 

acetamide (IARC Working Group on the Evaluation of Carcinogenic Risks to 

Humans, 1990). The chloramphenicol antibiotic has been used against different 

bacterial infections, including gram-positive and gram-negative bacteria (Tihan et 

al., 2015). It has also been used to treat most anaerobic bacteria (Feder et al., 

1981; Wada et al., 2021). Studies have approved the treatment of 

chloramphenicol for ocular (Drago, 2019) and dermal applications (Shen et al., 

2018). Chloramphenicol had significantly enhanced bioavailability and prolonged 

release profile using sulfobutyl ether-β-cyclodextrin compound for ocular 

administration (Shen et al., 2018). A recent study investigated the application of 

poly (ethylene glycol) (PEG) polymer loaded with chloramphenicol electrospun 

nanofibers showed an excellent antibacterial effect against both gram-negative 

and gram-positive bacteria (Arbade et al., 2020). The material was purchased 

from Sigma-Aldrich, (Dorset, UK) purity ≥98%. According to this project, 

chloramphenicol material was loaded into Polyvinylpyrrolidone (PVP) polymer 

and encapsulated using the EHDA method. The chemical structure of 

chloramphenicol is shown in (Figure 3.2).  
 

 
Figure 3.2 Chemical structure of chloramphenicol 
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3.1.2 Polymers 

3.1.2.1 Polyvinylpyrrolidone (PVP) 40,000 MW 
It is a non-toxic water-soluble polymer synthesised from the N-vinylpyrrolidone 

monomer. It can be also soluble in polar solvents such as urea and alcohol. PVP 

has been chosen in this research as it has great physical compatibility, adhesion, 

complexing, and better realistic solubility in aqueous solutions than organic ones 

(Koczkur et al., 2015).   Due to its favourable properties, it has been used for 

several functions such as a binder and stabiliser in wet granulation to prepare 

tables (Keleb et al., 2004), an expanding agent for blood plasma in trauma victims 

(Nickerson & Carter, 1959), also as a drug carrier in drug delivery system (Yang 

et al., 2021). The material was purchased from Sigma-Aldrich, (Dorset, UK). PVP 

was used as a cargo carrier with the aim of creating nanoparticles using the 

EHDA method. Also, different studies showed that PVP performs well and with 

very good properties in the electrospraying technique (Librán et al., 2017a). 

Below, (Figure 3.3) shows the core structure of PVP.   

 
Figure 3.3 The substrate structure of PVP 

 

 

3.1.3 Solvents 

3.1.3.1 Ethanol 
It is an organic solution referred to as simple alcohol. It was bought from Fisher 

Scientific (Loughborough, UK) ≥ 99% TLC grade and used in this research as a 
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solvent to help in the dissolution of both INDO and chloramphenicol. The physical 

properties of ethanol such as density, viscosity, surface tension, conductivity, and 

relative permeability have made it a solvent of choice in electrospraying (Gan et 

al., 2015), this has informed the use of EtOH in this research. The chemical 

structure of ethanol is described in (Figure 3.4). 

 

 
Figure 3.4 Chemical structure of ethanol 

 

 

3.1.3.2 Phosphate Buffer Saline (PBS) 
 

A pH of 7.4 buffer is maintained normally when it is freshly prepared as media for 

other materials. It is commonly used in biological research due to its non-toxic 

and isotonic features in recent times (Briuglia et al., 2015). PBS was used as a 

buffer in this project to prepare formulations and as a vehicle for drug release 

studies due to its ability to mimic human physiological pH.  

3.1.4 Preparation of 2% (w/v) INDO Formulation 

2% (w/v) of INDO in ethanol solution was prepared for the electrospraying 

experiment. This concentration was arrived at after several preliminary tests 

showed higher concentrations did not show complete dissolution of the drug. 2g 

of INDO was weighed and transferred into a beaker containing accurately 

measured 100 ml of EtOH. Measurements were done using an analytical balance 

(Mettler-Toledo PB303-S, Switzerland) and transferred into the beaker. The 
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beaker was sealed using a parafilm to prevent evaporation and placed on a 

magnetic stirrer (B212, J.Bibby Science Product Limited, Staffordshire, UK). The 

solution was allowed to stir at 250 rpm until completely dissolved. Preparations 

were carried out at room temperature.  
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3.2  Methods 

3.2.1 Liquid properties 

3.2.1.1 Viscosity 
The viscosity property of a sample is a measurement of the liquid internal friction 

at a certain flow when a liquid layer moves against another. The viscosity of a 

liquid can be determined through a sine-wave vibro viscometer (Figure 3.5). The 

principle of the viscosimeter requires two gold-plated sensors which are 

resonated by a driving current at 30 Hz frequency. As a result, the potential 

difference in the viscous drag between the two gold-plated sensor is determined 

as the driving current.  

 
Figure 3.5 Digital image of an A&D SV-10 sine-wave vibro viscometer 
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3.2.1.2 Surface tension  
It is a property of a liquid that allows it to resist as minimum surface area as 

possible due to the cohesive nature of the liquid molecules. The determination of 

the surface tension of the liquid in this research was performed using the DuNuoy 

ring method (Figure 3.6). Surface tension was measured by the required force, 

that was needed to eliminate the platinum ring from the surface of the liquid into 

the gas phase.  

The mechanism of the surface tension experiment is based on using external 

forces to place the ring onto the surface of the liquid, then lift the ring off the liquid 

surface. The surface tension of a liquid is correlated to the amount of the applied 

force needed to remove the ring from the liquid using the following equation: 

σ = F L cos θ 

 

Where: σ = surface tension (N/m) F = force (N) L = wetting length of the ring (m) 

cos θ = contact angle between the liquid and the ring. 

 

 
Figure 3.6 Digital Image of White Electrical Instrument Co. OS Torsion Balance 

 

3.2.1.3 The electrical conductivity 
Using an electrical conductivity meter (see figure 3.7), the ability of an electrical 

current that passes through a liquid was measured. The electrical conductivity 
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meter consists of a probe holding four electrodes. Once the probe is placed in 

the sample, the current is initiated through the end of the probe.  

 

 
Figure 3.7 Digital image of a Mettler Toledo FiveGo electrical conductivity meter 

 

 

3.2.2   Properties of Formulation Constituents 

In addition to the reasons stated in (Section 3.1.1.1), INDO was chosen in this 

experiment due to its morphology and shape in its pure form and the need for its 

crystal engineering to produce a more desirable physical property (Pathak et al., 

2013). INDO belongs to the Biopharmaceutical Classification System (BCS) class 

II drug with high permeability and low solubility. These NSAIDs are administered 

for the treatment of mild to severe pain such as joint stiffness and inflammation 

caused by gout, tendonitis, and arthritis. INDO exists in various polymorphic 

forms with the α form as the metastable and γ as the commonly occurring stable 

form. Table 3.1 shows the physicochemical properties of INDO. 
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Table 3.1 Properties of INDO crystals 

 

 

Solvent properties such as surface tension, electrical conductivity, density, and 

other physicochemical properties are essential for the electrospraying process. 

The solubility of INDO in the solvent is also of importance as the drug is expected 

to be soluble and non-degradable in the solvent when used in electrospraying. 

EtOH has been known for its favourable electrospraying properties, such as 

viscosity, surface tension, and electrical conductivity. Table 3.2 shows the 

physicochemical properties of EtOH. 

 
Table 3.2 Physicochemical Properties of EtOH 
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3.2.3   In-Vitro Release Experiment 

In-vitro drug release studies refer to carrying out a test in a laboratory 

environment that simulates physiological conditions. In vitro release test involves 

the release of the API from its carrier and measures the amount of the released 

drug in conditions simulating the physiological environment. To perform an in-

vitro experiment, the prepared formulations are suspended in PBS with a pH of 

7.1 to 7.4 and located in a shaking water bath at 37 °C temperature. Samples are 

withdrawn in intervals at a certain time and calculated using UV 

spectrophotometry. This will be the quantified concentration of the released drug. 

In this experiment, drug encapsulation efficacies were not carried out, therefore 

drug loading calculations were based on theoretical 100% drug loading. 

3.2.4   Electrohydrodynamic atomization 

The conventional electrospraying set-up is based on five main parts: infusion 

pump(s) (a single needle electrospraying). An infused syringe(s) pump filled with 

the formulation, a conductive needle, a high-voltage supply, and a collection plate 

shown in Figure 3.8.  

Different types of electrospraying heads were used to substitute the nozzle heads 

throughout this research; the flute nozzle electrospraying head, quadrant nozzle 

electrospraying head, and 8-nozzle electrospraying head. The formulation is 

infused into a spraying nozzle via silicone tubing at a certain flow rate controlled 

by the infusion pump(s). The voltage is applied to the stainless-steel nozzle. The 

electrospraying procedure was applied to the infused formulation when the 

applied voltage exceeds the surface tension of the liquid at the nozzle tip resulting 

in the fabrication of particles. 
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Figure 3.8 A digital image of a conventional EHDA system 

 

3.2.5   Scanning electron microscope (SEM) 

It is a traditional microscopic method that scans the surface of the materials using 

an electron beam. This method can collect distinct information about the material 

such as composition, morphology, and surface topography. The electrons 

proceed through a consequence of lenses and apertures. Once interacting with 

the surface of the sample, the electrons translated signals either in reflecting 

sample surface (backscattered electrons) or transferring sufficient energy of 

atoms (secondary electrons). The produced results are carried throughout these 

electrons with high-resolution images that are interpreted and displayed in three-

dimensional format.  Because of the high-resolution images of SEM (more than 

1 nm) with 3D dimensions, it is becoming a common method used in research. 

For instance, the collected sprayed samples have to be coated with gold or 

carbon to allow conductivity to the samples. Afterward, the coated samples are 

mounted onto aluminium stubs with double adhesive tape. Then, the aluminium 

stubs are loaded and inserted into the main chamber of the SEM apparatus. The 

following figure 3.9 shows a digital image of an SEM microscope.  
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Figure 3.9. Digital image of Carl Zeiss Evo 15 SEM Machine 
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3.2.6   X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive constructive microstructural analytical 

technique that determines the crystallinity of a powder, the condition of the 

sample (crystalline or amorphous phase), the distribution of the material, and the 

size of the crystals. This technique is a common method to analyse the structure 

and orientation of crystal particles. The detectors of XRD use a large area that 

allows the probe to go deep into the lattice structures to analyse the 

microcrystalline materials. Several types of techniques have been used to identify 

the crystallinity of materials using XRD.  One of the most common XRD 

diffractometers is a wide-angle goniometer using a powder method. In this 

method, Cu Kα radiation is applied to monochromatic X-rays using a filter with K 

absorption wavelength in the range of Kβ and Cu Kα wavelengths or by a 

monochromator (crystal reflection) (Iwashita 2016).  XRD ensures that the X-ray 

beams interact with the atomic planes at certain angles as it leaves the crystals. 

The identification of materials (crystalline or amorphous) based on the produced 

peaks. The sharper peaks on the chart mean more crystalline products, while 

amorphous products do not induce any peaks. Figure 3.10 shows the second-

generation Brucker XRD.  

 

 
Figure 3.10 Digital image of a Bruker 2nd Generation D2 Phaser 
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3.2.7 Thermal gravimetric analysis (TGA) 

It is a thermic analytical method in which the mass of the sample is observed 

while the temperature increases over time at a constant rate. It determines the 

physical and chemical properties of the sample such as desorption, absorption, 

phase transitions, adsorption, and thermal stability. The sample is inserted and 

heated in an inert atmospheric chamber using nitrogen gas and the changes in 

the sample mass are measured as a function of temperature. The mass loss can 

be due to bond decomposition or to evaporation of volatile solvents and absorbed 

water.  However, a result of weight gain in a sample can be also due to absorption 

or oxidation. Figure 3.11 shows Pyris Perkin Elmer TGA. 

 

 

 
Figure 3.11 Digital image of Pyris Perkin Elmer TGA Machine 
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3.2.8 Differential Scanning Calorimetry (DSC) 

DSC is a thermal scanning technique that is used to measure the energy changes 

within a sample whilst the heating is applied. Furthermore, DSC can measure the 

difference in the heat amount that is required to increase the temperature of a 

sample. Whilst heat is applied, the sample undergoes different changes including 

chemical (hydrolysis) and physical (melting). As a result, the sample either emit 

energy (exothermic) or need heat energy (endothermic). DSC records these 

energy differences through peaks seen in the thermograms as a function of 

temperature. DSC is shown in the following image below figure 3.12. 

 

 
Figure 3.12 A digital image of Pyris Perkin Elmer DSC Machine 
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3.2.9 Attenuated total reflection Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) 

This method is used to confirm and analyse organic structures in a sample 

whether solid, liquid, or gas. It is the most popular spectroscopy that has been 

applied to determine the identity of unknown compounds. This spectroscopy can 

be used to measure the photoconductivity, emission, and absorption infrared 

spectrum of a sample. FTIR method is a non-destructive sensitive technique in 

which it effectively determines materials qualitatively and quantitatively. The FTIR 

spectrometer produces high-resolution data over a large spectral range 

simultaneously. In practice, the sample is set on a crystal where an IR arrives 

allowing total internal reflection. The internal reflection of the IR radiations through 

the crystal leads to a temporary wave that reaches beyond the surface of the 

sample and penetrates the compound deeply. FTIR-ATR detects and determines 

the structural function groups of a sample as deep as 1μm. The deep penetration 

of ATR-FTIR influences by many factors such as the type of the crystal IR, the 

wavelength of the wave, and the angle of incidence on material crystals. Spectra 

of absorbance as a function of wavelength are then attained with absorption 

peaks in response to the functional groups that appear in the material. Figure 
3.13 is an image of A Bruker FTIR Platinum-ATR spectrophotometer. 

 
Figure 3.13 A digital image picture of Bruker FTIR Platinum-ATR spectrophotometer 
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3.2.9    Statistical Software (JMP software) 

It is an operational study that was used to create a design of experiment using 

JMP software, version 14.3.0 (SAS Institute Inc.). JMP is a statistical software in 

which scientists and expert engineers are able to inspect data and create new 

approaches. In the past decades, the earlier version of JMP software was 

established in October 1989 and released by Apple Macintosh. Subsequently, in 

1995, JMP became available to windows operators. Graphical interactivity is the 

focus of JMP. The latest version of JMP is effectively obtained in several 

applications such as scripting interactive graphs deep analysis and design of 

experiments (Sall et al., 2017). The larger the content of the information the better 

the resultant experimental design of JMP data. JMP’s graphical user interface 

(GUI) creates a more interactive plots connecting data dynamically to each other 

(Jones & Sall, 2011). 

3.2.10     EHDA Set-up and Process 

The EHDA process was performed at room temperature (25 °C) at a relative 

humidity of 50% RH using the single nozzle design. This set-up has a Harvard 

Apparatus 11-Elte syringe pump (Harvard Apparatus, Edenbridge, UK) which 

pumps the prepared solution from a syringe through a silicone tubing into a 

conducting capillary needle. The needle is connected to a high voltage supply 

(Glassman High Voltage, Inc., High Bridge, New Jersey) that produces the 

electrical forces responsible for the atomisation of the droplets at the nozzle tip. 

The formulation containing INDO and EtOH was placed in a 5ml syringe and then 

connected to the syringe pump and the pump was started and calibrated by 

imputing the required flow rates. The voltage supply was applied until a steady 

cone jet was formed. The different parameter settings (flow rate, voltage supply, 

and deposition) were adjusted in line with the objectives of the experiment and 

design space determined by the QbD analysis. 
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Chapter 4: QbD Approach to Nanocrystallisation Using 
Electrohydrodynamic Atomisation 

 

4.1    Introduction 

This chapter explores system optimisation using the QbD approach in electrical 

atomisation with the aim of achieving engineered NC particles. The result shows 

the potential of this application in the fabrication of crystal and co-crystal 

particulates with the required sizes and doing so in a predictable manner. 

4.2    Background 

The need to make poorly soluble crystalline drugs into more soluble NCs using 

one or more of the various nanocrystallisation processes has received increased 

research focus in recent years. Nanosized crystal particles form drug 

nanosuspensions if they are stabilised by surfactants, polymers, or both.  Drugs 

for oral administration that fall into the BCS Class II (low solubility and high 

permeability) and Class IV (low solubility and low permeability) have been 

universally accepted for the delivery of drug nanosuspension (Keck & Müller, 

2006). Further classification such as the Developability Classification System 

(DCS) has also been developed and proposed by Butler and Dressman. Their 

proposal considered drug molecules in terms of their relevance to bioavailability 

by classifying dissolution rate-limiting drugs and solubility rate-limiting drugs into 

DSC Class IIa and Class IIb respectively (Keck & Müller, 2006). The demand for 

the nanonisation of crystal particles to improve their properties drives the need to 

employ diverse technologies to efficiently achieve nanocrystallisation. 

Several technologies have been used in the past decades to engineer NCs such 

as solvent evaporation (Feng et al., 2017; Shojaeiarani et al., 2019; Yu et al., 

2017), freeze-drying (Abdallah & Kamal, 2018; Bullard et al., 2020; Piazza et al., 

2020), spray drying (Khatib et al., 2020; Arzi & Sosnik, 2018; Zhu et al., 2019) 

spray flash evaporation (Coty et al., 2020), supercritical fluid technology (Fontana 

et al., 2018) and anti-solvent crystallisation (Zhou et al., 2018). Some applications 



100 
 

for nanocrystallisation also involve a combination technology that utilises a high-

energy step such as high-pressure homogenisation. However, this will first go 

through a pre-treatment step eg NANOEDGETM which involves a precipitation 

step and then an annealing step (Shegokar & Müller, 2010). Annealing helps to 

reduce the surface energy by thermal relaxation of the high-energy particle. 

In carrying out the process of nanocrystallisation in an optimised manner in order 

to guarantee a high degree of precision, accuracy, and predictability, it is 

important to explore technologies such as the EHDA system that has been known 

to employ analytical, statistical, and risk management in its approach to drug 

design and manufacture via a one-step process. The QbD approach utilises its 

elements to achieve this, to ensure the quality of medicine. QbD has been 

employed as a systematic method for the development of pharmaceutical 

processes and it begins with predefined objectives. It also places a huge 

emphasis on understanding the process as well as the product whilst 

emphasising the role of process control in the QbD process. This procedure 

follows the science and quality risk management guidelines outlined by the ICH 

Expert Working Group (ICH Expert Working Group, 2018). By applying the QbD 

concept, the process is monitored continuously and this can then be regulated to 

guarantee consistent product quality while the process is designed to ensure that 

the product consistently meets the product quality attributes (Nadpara et al., 

2012). To apply QbD to electrospraying a Quality Target Product Profile (QTPP) 

is generated for the nanocrystals. The QTPP is then used to determine the Critical 

Quality Attributes (CQAs) of the process. The risk assessment (RA) is carried out 

to find the Critical Process Parameters (CPPs) that the process requires. Then 

the CPPs and CQAs are used in creating the Design of Experiment (DoE), as 

well as generating the contour profiler to determine the design space which can 

then be used to produce the optimum process parameters required to generate 

the CQAs of the crystal particles (Khademolqorani et al., 2014). 
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4.3  Materials and Methods 

4.3.1   Materials 

In this study, INDO was used as the API. Details on INDO are contained in 

Section 3.1.1.1 

4.3.2  Methods  

4.3.2.1 Formulation Preparation 
The formulation, 2% (w/v) INDO was prepared as described in Section 3.1.4 and 

used in this study. 

4.3.2.2 EHDA Set-up and Process 
The EHDA process was performed in ambient conditions using the single nozzle 

design. This set-up has a Harvard Apparatus 11-Elte syringe pump (Harvard 

Apparatus, Edenbridge, UK) which pumps the prepared solution from a syringe 

through a silicone tubing into a conducting capillary needle. The needle is 

connected to a high-voltage supply (Glassman High Voltage, Inc., High Bridge, 

New Jersey) that produces the electrical forces responsible for the atomisation of 

the droplets at the nozzle tip. The formulation containing INDO and EtOH was 

placed in a 5 ml syringe and then connected to the syringe pump and the pump 

was started and calibrated by imputing the required flow rates. The voltage supply 

was applied until a steady cone jet was formed. The different parameter settings 

(flow rate, voltage supply, and deposition), were adjusted in line with the 

objectives of the experiment and design space determined by the QbD analysis.  

4.3.2.3 Particle Characterisation  

4.3.2.3.1 Scanning Electron Microscopy (SEM) Imaging 

INDO particles deposited on the collection plate were all collected on microscopic 

glass slides and then analysed using an SEM machine, Carl Zeiss EVO HD15 

SEM (Carl Zeiss, Cambridge, UK). The collected NC were gold-coated for 2mins 

via a rotary-pumped sputter coater (Q150R ES, Quorum Technologies Ltd, East 

Sussex). This was done to improve conductivity and prevent the overcharging of 
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the particles. The coated particles were placed on the sample holders on the SEM 

machine. Each sample was rotated and focused one at a time and then 

subsequently analysed. High-resolution electron micrographs were then obtained 

at different areas of the glass slides. 

4.3.2.3.2 Size Distribution Determination of Electrosprayed Particles 

The SmartTiff Software and origin Pro Software were used in combination with 

the data obtained from the SEM images to determine the size distribution of the 

NPs. 

4.3.2.3.3 Differential Scanning Calorimetry (DSC) 

The electrosprayed INDO particles from the experiments were collected and 

analysed using the DSC (Jade DSC, Perkin Elmer, USA). Each sample obtained 

was weighed and placed on a pan. Using the pan sealing unit, the lid was crimped 

onto the pan. Weights between 5 mg and 13 mg of the INDO NPs as well as the 

electrosprayed were measured and used in the analysis. The samples to be 

analysed were placed on the auto-sampler carousel on the Jade Differential 

Scanning Calorimeter. All three samples analysis were done at a temperature 

range of 0 – 200 °C and a heating rate of 10 °C/min. The sample were then loaded 

onto the instrument using a robotic arm and the experiment was started. After 

completion of the sample analysis, the sample was then unloaded, and the next 

sample was loaded until all three samples were analysed. 

4.3.2.3.4  Fourier Transform Infrared Spectroscopy (FTIR) 

The electrosprayed INDO particles were analysed using the FTIR machine (FT-

IR Spectrometer, Bruker, Alpha, Germany) at a resolution of 2 cm-1. Spectra 

between 4000 and 650 cm-1 were recorded after correction of the baseline. Prior 

to testing, a background scan was carried out and then a small amount of the 

samples was placed on the FTIR machine, and the clamp was closed. Each 

sample was run and scanned ten times and the infrared peaks were then labelled 

using the software. Data was exported at the completion of the experiments; the 

clamp was then opened, and the sample was removed. The instruments were all 
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cleaned for the next experiment. The same procedure was followed for 

subsequent experimental samples.  

4.3.2.3.5 X-ray Powder Diffraction (XRD) 

The electrosprayed INDO particles collected on the deposition plate were 

analysed using the Bruker 2nd Generation D2 Phaser XRD machine (Bruker UK 

Ltd, Coventry, UK). The samples were placed in a sample holder, and then the 

powder height was levelled equally. This was then transferred into the XRD 

machine. The sample was fitted into the holding position and rotated one after 

the other for analysis. The XRD hood was then shot and then analysis was carried 

out. This was done by controlling the sample locations using the computer 

monitor screen attached to the XRD machine. After the analysis of samples, the 

machine was stopped, and the samples were taken out. New samples were 

placed and analysed following the initial procedure. 

4.3.2.4 QbD Application in Electrospraying of INDO Crystals 

4.3.2.4.1 Defining QTPP and CQA 

Table 4.3 shows the QTPP of the target crystal that is critical to the quality of 

drug desired as the end product. The CQA as well as the properties of the crystal 

being targeted helps in defining the QTPP of this crystallisation process. 
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Table 4.1 QTPP showing the criticality of the target properties as well as their 
justifications 
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4.3.2.4.2 Evaluation of RA 

The evaluation of the risks associated with the process is essential before the 

electrospraying process is carried out. It helps to find out which of the parameters 

can impact on the CQA of the crystal particles or are capable of causing the 

quality of the target crystal particle to fail. This is represented in a diagram similar 

to that of a fish bone. Figure 4.1 below shows a fishbone diagram of the risk 

assessment describing the critical variables with high-risk factors coloured in red.  
 

 
Figure 4.1 Variables critical to the quality attributes of electrosprayed NCs 

 

The three variables in the method that has been selected to have an impact on 

the process were put in their different risk factor categories as shown in Table 
4.4 The applied voltage was chosen due to its effect on the electrospraying 

process by the impact of the electric forces on the droplet formation as well as 

the eventual particle size (Agostinho et al., 2018). Error in the experiment may 

occur if the voltage applied is outside that indicated by the design space. The 

velocity of the liquid also has a huge influence on the process, as the flow rate 

increases, the droplet size also increases leaving a larger particle size (Rai et al., 

2017; Yao et al., 2008). Therefore, the flow rate of the formulation was also 

selected as a risk factor. The third parameter which is the deposition distance 

also has an impact on the particle morphology (Husain et al., 2016). The table 
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below shows the risk factors of the variables on the CQAs such as particle size, 

surface feature, and agglomeration. 
Table 4.2 Preliminary RA for Crystal NP Production 

 
 

4.3.2.4.3 Design of Experiment (DoE) 

To start an experimental design, the first step is to synthesise information 

historically about the type of experiments previously carried out as well as the 

analytical methods applied, the solvents that were selected and why they were 

selected, excipients that were previously used and why they were selected. This 

information was then used to form an experimental design platform which is 

required for the application of QbD in the electrospraying process. Preliminary 

studies were first performed to ascertain the suitable drug concentration as well 

as the solvent requirement for the dissolution of the INDO crystals as these are 

vital variables in the formulation to be used and are likely to have an impact on 

the formation of stable jets. The parameters that were determined for the 

electrospraying process were tested severally to ascertain that they are 

achievable. The impact of the process parameters applied in the system on the 

size of the particles formed was determined via a systematic study. The DoE was 

generated using the JMP Pro Software (version 14.3.0 SAS Institute Inc.). The 

application of screening design was carried out to determine the impact of the 

different parameters having an effect on the process output and to what extent. 

To scrutinize the impact of the process parameter on the surface features and 

particle characteristics of the electrosprayed particles, two centre-pointed full 

factorial designs were generated. By adding centre points to the design, the 
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model was made more robust, and its productive power was enhanced. When 

centre points are introduced into designs, they make the responses non-linear 

thereby adding robustness to the design (Anderson et al., 2021).  

The DoE is used to determine the critical versus non-critical parameters that can 

impact the quality attributes of the product. This versatile concept can be used as 

a tool for a deeper understanding of the optimisation of process conditions as well 

as how process parameters are affected (Shaikh et al., 2017). A design with 3 

factors with 2 levels which is a full factorial screening design (23) was employed 

in this study. A deposition distance of 10 cm and 25 cm, a flow rate of 10 µL/min, 

and 30 µL/min and applied voltage at 17 kV and 25 kV were the 3 variables that 

were experimented with at 2 levels. Randomised experimental procedures were 

employed to reduce errors in the system. Table 4.5 shows the full factorial design 

and its responses for the electrosprayed INDO particles. 
 

Table 4.3 Responses to Factorial Design of INDO 

 
 

4.3.2.4.4 Scoring Chart of Particle Appearance 

After analyzing and documenting responses, the particles collected were ranked 

based on their appearances and surface features. The particles were ranked 

based on their surface smoothness or roughness, and their shape (spherical or 

elongated). Their degree of agglomeration was also ranked, from no 
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agglomeration to very high agglomeration. These rankings were done between 1 

and 5. Table 4.6 below shows a chart of how the responses were measured.  

 
Table 4.4 Particle Yield Response ranking 

 
  



109 
 

4.4    Result and Discussion  

4.4.1     Preliminary Characterisation of Engineered Particles 

After successfully forming cone jets and obtaining particulates, it was important 

to carry out characterisation testing on the particles to determine how the different 

parameter settings have affected the particle yield. This will be used to test the 

QbD model to determine its applicability and make necessary recommendations. 

This characterisation will also help to determine the degree of crystallinity of the 

particulate yield and any possible effects of the various parameter settings on the 

crystallinity levels. This will also help to determine if the electrospraying process 

has led to any changes in the physicochemical properties of the formed particles. 

4.4.2  SEM Image Analysis 

Spraying the formulation at the different parameter settings yielded different 

particles with various features as seen in the scanning electron micrographs of 

INDO particles in Figure 4.2 these were then obtained and analysed. Particles 

obtained were shown to be distinct in shape with varying degrees of roughness 

and agglomeration. These are largely due to the impact of the different parameter 

settings on the cone jet formation. Hence, droplet formations are different for each 

setting leading to the formation of particulates that are distinct. Several studies 

have shown that the different parameter settings have different influences on 

particle formation during electrospraying (Ding et al., 2005; Widiyandari et al., 

2007). The diverse shapes seen in the particles formed are from the resulting 

droplets as they are projected from the nozzle tips. As they travel between the 

nozzle tip and the collection plate, the volatile solvents evaporate from the 

droplets leaving behind dry particles which assume the initial shapes of the 

droplets (Parhizkar et al., 2016). The agglomeration observed in the particles 

formed is likely due to the hygroscopicity of INDO which may become closely 

assembled if environmental factors such as humidity as well as the particle 

density are not favourable leading to the formation of larger agglomerates (Mehta 

et al., 2017; Rasekh 2016). Figure 4.2 shows the different parameter settings of 

the process resulting from the QbD optimisation of the system. 
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Figure 4.2 SEM Micrograph of Electrosprayed INDO Particles 
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ImageJ software program (1.52a) was used to determine the size of the particles 

presented on the SEM microgram and then the individual samples were further 

analysed using Origin Pro (version 9.6, 2019) to determine the size distribution 

of the sample particles. Figure 4.3 shows the particle size distribution of the 

individual samples used in the experimental runs. 

 

4.4.3 Particle size Distribution 

 
Figure 4.3 Particle Size Distribution of Experimental Samples 

 

From the size distribution graph in Figure 4.3 shown above, it can be observed 

that the narrowest distribution in particle sizes is found in sample-F5 and sample-

F6. Their mean sizes respectively are measured to be 236 nm and 212 nm. The 

common parameters for both samples are applied voltage and flow rate which 

are both at 25 kV and 10 µL/min respectively. This is in line with several studies 

that have shown the influence of applied voltage and flow rate on the size of 

particles formed (Gómez-Estaca et al., 2012). 
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4.4.4 Analysis of Particle Response 

 
Figure 4.4 Plot of actual particle size against Predicted Particle Size 

 
 

The actual by predicted plot shown in Figure 4.4 above represents the plot of the 

actual particle size obtained against the predicted particle size. The red dots on 

the graph represents the two mid-point formulations. This analysis shows there 

is a clear difference in the appearance of the particles even though they were 

electrosprayed using the same process parameter settings. The evidence in this 

analysis is corroborated by the SEM images obtained of both mid-point 

formulation samples which appeared to possess different features. This could be 

due to environmental factors at the time of electrospraying such as humidity, 

temperature, and air velocity within the lab during the experimental runs. Previous 

studies have shown the impact of environmental factors and the need to control 

the external factors (Husain et al., 2016; Librán et al., 2017). 

4.4.4.1 Effect Summary Analysis (Particle Size) 
The effect summary shows highlights of the factors which has effects on the 

electrospraying system such that changes in their parameters affect the particle 

size. The LogWorth and p-value are the elements used to extrapolate which 

factors have immense effects on the system. When factors have p-values of 

<0.05, it means they are significant and can statistically affect the particle size 
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yield. Table 4.7 below shows the LogWorth and P-Values and how they 

statistically influence particle size. 
Table 4.5 Factors and Effect on Particle Size 

 
 

4.4.4.2 Summary of Fit (Particle Size) 
The summary of fit helps with the determination of the variation of the model as 

well as its predictive power. This is in relation to the particle size of the particulate 

yield. This is shown in Table 4.8 where the Rsquare value is shown to be 0.86 

which means a variation of 86% in the model. In the same table, it can be 

observed that the adjusted Rsquare value is 0.70. This is an indication of the 

predictive power of the model that has been designed. 

 
Table 4.6 Particle Size Fit Data 

 

4.4.4.3 Analysis of Variance (Particle Size) 
The analysis of variance (ANOVA) data that are obtained for the particle size 

gives an idea of the signal-to-noise ratio. This is represented by the F ratio shown 

in Table 4.9 and the low value of 5.22 indicates a low signal-to-noise ration which 

means the model has picked up more noise and less signal in the particle size 

response. 
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Table 4.7 Particle Size ANOVA 

 
 

4.4.4.4 Particle Surface Feature Response Analysis 
Data obtained from the response surface features shows that the plot of actual 

by predicted had the same mid-point values which are smooth/non-spherical. 

Figure 4.5 shows the graph of actual by predicted plot where the surface feature 

of the mid-point formulation is observed to have deviated from the values of the 

predicted, hence it is positioned outside of the confidence interval. The possible 

reason for this shift could be outliers which may have an effect on the surface 

features. To improve the surface features of the electrosprayed particles the 

outliers have to be controlled. 

 
Figure 4.5 Plot of Actual Surface Feature against Predicted Surface Features 

 

4.4.4.5 Effect Summary Analysis (Surface Features) 
The effect summary for the response of the surface feature showed a p-value 

less than 0.05 for two factors which are applied voltage as well as a combination 

1

2

3

4

5

1 2 3 4 5 6

Surface feature Predicted RMSE=0.7211 RSq=0.83
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of applied voltage and deposition distance. The statistical significance of these 

factors for surface features of the particles that are engineered means that 

changes in the values of these factors will affect the surface features of the 

electrosprayed particles. Table 4.10 shows the effect summary of the factors that 

have an impact on the surface features and the degree of effect. 

   
Table 4.8 Factors and Effects on Surface Features 

 
 

4.4.4.6 Summary of Fit (Surface Features) 
Table 4.11 shows the summary of fit for the surface feature response with an 

Rsquare value of 0.83 and an adjusted Rsquare value of 0.7. This data indicates 

that the model variation is at 83% while the model prediction stands at 70%.   

 
Table 4.9 Surface Feature Fit Data 

 

4.4.4.7 Analysis of Variance (Surface Features) 
The ANOVA data that are obtained for the surface features give an idea of the 

signal-to-noise ratio with respect to the surface features. This is represented by 
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the F ratio shown in Table 4.12 and the low value of 6.25 shown in the table is 

an indication of less signal and more noise. 

 
Table 4.10 Surface Feature ANOVA 

 
 

4.4.4.8 Particle Agglomeration Response Analysis 
Data obtained from the response agglomeration shows that the plot of actual by 

predicted had different mid-point values. Figure 4.6 shows the graph of the actual 

by predicted plot where the agglomeration of the mid-point formulation is 

observed to be within the confidence interval. However, it can be observed that 

the actual agglomeration value has slightly deviated, compared to the predicted 

value for both formulations. Factors such as highly charged particle surfaces, as 

well as other factors such as temperature and humidity can influence the 

agglomeration of electrosprayed particles and can be responsible for this 

deviation. The graph also shows agglomeration having a narrow confidence 

interval as all data points are seen positioned very close to the line in comparison 

to the previously analysed responses. 
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Figure 4.6 Plot of Actual agglomeration against Predicted agglomeration 

 

4.4.4.9 Effect Summary Analysis (Agglomeration) 
The effect summary for the response of the agglomeration showed p-value less 

than 0.05 for the factors relating to the applied voltage. The statistical significance 

of these factors for the agglomeration of the particles that are engineered means 

that changes in the values of the voltage supply to the system will affect the 

particle agglomeration of the electrosprayed particles. Table 4.13 shows the 

effect summary of the factors that have an impact on the agglomeration and the 

degree of effect. 
Table 4.11 Factors and Effect on agglomeration 
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118 
 

 

4.4.4.10 Summary of Fit (Agglomeration) 
Table 4.14 shows the summary of fit for the agglomeration response with an 

Rsquare value of 0.96 and an adjusted Rsquare value of 0.88. This data indicates 

that the model variation is at 96% while the model prediction stands at 88%. Data 

obtained shows that the response agglomeration model is a good fit.  

 
Table 4.12 Agglomeration Fit Data 

 
 

4.4.4.11 Analysis of Variance (Agglomeration) 
The ANOVA data that are obtained for the agglomeration gives an idea of the 

signal-to-noise ratio with respect to the particle agglomeration. This is 

represented by the F ratio shown in Table 4.15 and the low value of 12.55 shown 

in the table is an indication of less signal and more noise. In order to improve the 

results of the data, a control strategy must be in place to increase the signal and 

reduce the noise. 

 
Table 4.13 Agglomeration ANOVA 
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4.4.4.12 Sorting of Process Parameter 
Statistically significant factors are arranged in accordance with their level of 

influence on the particle properties. The most influential factors are placed at the 

top with the least influential at the bottom. Figure 4.7 shows an estimation of the 

sorted parameter for response to particle size, agglomeration, and surface 

features. In the particle size response, the flow rate is the most significant 

statistically followed by the interaction between flow rate-applied voltage-

deposition distance. In the surface feature responses, the most statistically 

significant factor is applied voltage followed by interactions of applied voltage-

deposition distance. In agglomeration response, interactions of applied voltage-

applied voltage are the most significant statistically followed by an applied 

voltage, and then deposition distance. In the electrospraying of the formulation to 

yield particle features of micro- and nano-sized with no agglomeration and 

surface properties that are desired, these factors must be considered critically 

due to the effects they cause in individual responses. Controlling these factors 

will help to produce particles of desired quality. 
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Figure 4.7 Sorting of Process Parameter for all Three Responses 

 

4.4.4.13 Particle Size Interaction profiler 
The aim of using an interaction profiler is to serve as a tool for detecting and 

visualising the interactions whilst providing data formats for how and when the 

factors can be adjusted for the production of desired particles. The concept of 

interaction profiler has been used in other areas of molecular engineering 

(Adasme et al., 2021). There were observed interaction in all three factors 

(deposition distance, applied voltage, and flow rate) which has effects on the 

particle size. As shown in the interaction profiler in Figure 4.8 when 25 kV of 

applied voltage was experimented with a reduced flow rate, it yielded smaller 

particle sizes. This is in line with earlier studies that have shown that a higher 

voltage supply will increase the impact of electric forces on the cone jet at the 

nozzle tip thereby further breaking up the droplets into smaller sizes resulting in 

smaller particles (Tabriz et al., 2012). A decreased flow rate has also been 

associated with smaller particle sizes in previous studies (Jafari‐Nodoushan et 

al., 2015). With 17 kV of applied voltage at a reduced flow rate, it can be observed 
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that larger-sized molecules will be produced. The profile also shows that there is 

an observed impact on particle size in the interactions between the deposition 

distance and applied voltage. 10 cm deposition distance with a decrease in 

applied voltage yielded particles of smaller sizes. However, when the deposition 

distance was increased to 25 cm a reduction of applied voltage led to an increase 

in particle size. This emphasises the influence of applied voltage in the formation 

of particles and their sizes which is evident in the interaction profiler for particle 

size. 

 

 
Figure 4.8 Profile of Factors Interacting with Particle Size Response 

 

4.4.4.14 Surface Features Interaction Profiler 
The surface features were observed to be impacted by interactions in deposition 

distance and applied voltage. Figure 4.9 the influence of applied voltage at a 

deposition distance of 25 cm was not significant. At a 10 cm deposition distance, 

there was a line inclination which is an indication that at an adjustment between 

25 kV and 17 kV surface features were impacted. This corroborates SEM 

micrographs in Figure 4.2 Where formulations 2 and 6 showed improved surface 

features compared to 1 and 2 when they were sprayed at 25 kV. Xie and other 
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researchers have been able to show earlier how the morphology of particulate 

yield has been impacted by the various process parameters  (Xie et al., 2006). 

 
Figure 4.9 Profile of Factors Interacting with Surface Feature Response 

 

4.4.4.15 Agglomeration Interaction Profiler 
Figure 4.10 showed the interactions that affect the agglomeration of particles, 

and a curve can be seen in the interaction between the voltage applied and the 

flow rate. There was a second curve in the interaction of the voltage applied and 

deposition distance. 
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Figure 4.10 Profile of Factors Interacting with Agglomeration Response 

 

4.4.4.16 Prediction Profiler 
This is a dynamic tool in the JMP software with the capacity to help understand 

complicated statistical models and it is employed in this study to help interactively 

generate predictions from this model as the individual parameter settings are 

changed. This will help in the visualisation interactions in individual factors such 

as how the effect of one factor for the response, such as applied voltage can 

change at different levels of the other factors such as flow rate and deposition 

distance. This will help us find optimal settings for the factors based on the goals 

set for the response variables such as desired particle size, agglomeration, and 

surface properties. With this tool, we are able to also perform a “what if” analysis 

by stimulating responses based on the specified distribution for both the factors 

and responses.  Figure 4.11 shows the prediction profiler for the model where 

the interactions shaded in yellow indicate factors of statistical significance to the 

various responses. 

 



124 
 

 
Figure 4.11 Response Graph of Prediction Profiler 

 

From the above graph of the prediction profiler, it can be observed that the 

desired particle size of 363 nm will be achieved at a 20 µL/min flow rate, 21 kV 

applied voltage, and 17.5 cm deposition distance. It predicts that an increase in 

flow rate will increase the size of the particles while a decrease in the voltage 

applied will lead to particle size reduction. The graph section for the deposition 

distance can be seen to be horizontal meaning that the deposition distance has 

an insignificant effect on the size of the particles formed. The graph shows that 

the flow rate is a factor that is most critical in this experiment for the desired 

particle size. The graph in Figure 4.11 also showed that the most critical factor 

in the particle surface features is the voltage applied. It can be seen that it predicts 

an applied voltage above 21 kV will result in an improvement of desired particle 

properties. A deviation from the target properties is observed as the voltage is 

increased beyond 21 kV leading to the formation of less desired particles. In the 

graph, it can be observed that interactions between deposition distance and 

applied voltage were of statistical significance to the formation of agglomeration. 

This means that to achieve the desired formulation both factors have to be 

considered. This is in line with the studies that have indicated the impact of 

charges on the particle surface causing agglomeration as well as the effect of the 
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travel distance of the droplet between the nozzle tip and collection distance on 

the ability of the formed particles to agglomerate. The areas coloured in grey 

show the confidence interval within the graph and those with wider areas show a 

higher level of uncertainty in the model’s prediction for the individual factors. 

 

4.4.4.17 Contour Plot of DoE 
This DoE tool is essential to further enhance the understanding of the data 

obtained from the prediction profiler and how all three factors will interact based 

on the predicted outcome. The predicted parameters for the desired particle 

properties are imputed in the variables and the contour profiler is generated with 

corresponding 2-dimensional graphs for each factor and response. The design 

space of the process can be seen, and the information is used to help adhere to 

the process specification. Figure 4.12 shows the predicted factor values 

response data. 

 

 

 
Figure 4.12 Factors and Particle Feature Responses Data for Contour Profiler 

 
 

Figure 4.13 below shows the generated contour plot and a graphical 

representation of the DoE for all three parameter settings, with the response 

prediction of 0.4 for particle size (red), 3 for surface feature (green), and 3 for 

agglomeration (blue). The design space within the plot is the region represented 

in white. If the limits are constrained they can result in potentially more design 

space and these indicate a more robust design. Experimental studies are then 

carried out within the design space to produce particles with the desired 

properties. 
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Figure 4.13 DoE Contour Plot Showing Design Space 

 

4.4.4.18 Verification of Experimental Model 
Experimental studies were carried out to verify the model and this was carried out 

at the specified deposition distance, applied voltage, and flow rate working within 
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the design space. Figure 4.14 shows the factors and the parameter settings 

required for the verification of the experimental model. 

 

 

 
Figure 4.14 Factors and Particle Feature Responses Data for Model Verification 

 

To achieve the desired reduction in particle size to between 300 nm and 400 nm 

which is required to improve the particle physicochemical properties. The limits 

for the particle size response were subject to constraints of 300-400 nm. Figure 
4.15 shows a verification plot of the constrained limits with the possible design 

space represented by the white region. After electrospraying at the parameter 

settings in the factors proposed in Figure 4.14 then SEM micrography was 

carried out on the particles obtained. 
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Figure 4.15 DOE Contour Plot Showing Design Space of Constrained Limits 

 
Figure 4.16 below shows the SEM micrograph of the electrosprayed with 

constrained parameter settings yielding a particle size of 395 nm. This is within 

the predicted particle size range indicating the robustness of the model to 

produce particles of desired size and features.  
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Figure 4.16 Electron Micrograph showing particles generated within constrained limits 

4.4.5 Characterisation of Fabricated Nanocrystal 

The electrosprayed NPs obtained at the collection point were tested to ascertain 

their degree of crystallinity. INDO crystals exist in several polymeric forms or 

solvates, and they have considerable physical, chemical, and medicinal 

properties (Okumura et al., 2006). As some INDO particles have been reported 

to exist in amorphous forms (Van Duong & Van den Mooter, 2016), it is important 

to carry out the characterisation of the electrosprayed INDO to determine the 

effect of the process on its state or form in addition to its already established 

effect on the size, surface properties, and morphology. The characterisation of 

the fabricated NCs is an attempt to determine their physical stability such as their 

long-term stability and temperature sensitivity and how it relates to their 

intermolecular interaction. 

4.4.6 DSC Analysis of Nanocrystals 

The thermal properties of the NCs were analysed to determine the thermal 

behaviour of the newly crystallised particles against the pure INDO. There was a 

sharp peak observed on the DSC thermogram at 160.68 °C. This thermal peak is 

attributed to the melting point and characteristic of the crystalline nature of the 

pure INDO. Earlier studies have also shown the melting temperature of the crystal 

γ-form of INDO to be between 160 °C and 161.5 °C (Lightowler et al., 2021; 

Suzuki et al., 2021). The DSC thermogram obtained from the electrosprayed NCs 

was also studied and analysed over four weeks to ascertain the thermal 
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properties of the electrosprayed NCs. Figure 4.17 shows the DSC thermogram 

of both the pure INDO and electrosprayed NCs. The thermogram in Figure 4.17-
a shows the melting temperature of the pure INDO at 165.73 °C, this shifted to 

156.51 °C after electrospraying (Figure 4.17-b). This could be due to the 

weakening of the molecular bonding by the action of the electrospraying process, 

as strong intermolecular bonds are believed to contribute to high melting 

temperature (Zhang et al., 2018). The melting temperature of the electrosprayed 

NCs was then analysed for additional three weeks to study their thermal stability. 

On day 7, further analysis showed that the melting temperature had shifted to 

159.57 °C (shown in Figure 4.17-c). This could be due to a realignment of the 

crystal lattice as a result of bond strengthening in the crystal. At day 14, analysis 

of the NCs (Figure 4.17-d) shows the thermal peak had further shifted to 160.03 

°C, indicating further strengthening of crystal bonds and at the end of day 21, the 

melting temperature was recorded as 161.07 °C (Figure 4.17-e). This is in line 

with the analysis of NC kinetics (shown later). The NCs are believed to have 

increased in their degree of crystallinity in the days under analysis leading to an 

increase in their melting temperatures. 

 

 

a 
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Figure 4.17 DSC thermogram of pure INDO and electrosprayed NCs 
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4.4.7 FTIR Analysis of Nanocrystals 

To guarantee the stability of constituent structures of drug molecules induced 

dipoles such as hydrogen bonding or halogen bonding are needed to increase 

the stability of the structures. These secondary interactions can be detected by 

shifts in the wavelengths (cm-1) of the drug molecules in the FTIR spectra which 

gives an insight into the dissolution behaviour or physical stability and in some 

cases, they may provide evidence of intermolecular interactions with other drugs, 

solvent or formulation excipients (Dengale et al., 2014). These interactions can 

be ionic resulting in proton transfer, and sometimes non-ionic resulting in some 

proton sharing through H-bonding (Sun, 2013), and at ∆pKa > 3.0, a complete 

proton transfer can occur between drug components containing acid and base. 

Although pKas of INDO and EtOH are 4.5 and 16 respectively, INDO has a pH of 

4.0-5.0 in a suspension, it is known to decompose in strong alkaline. With the 

EtOH slightly basic at a pH of 7.33, it was important to find out through the 

analysis if there are any interactions resulting from the formulation. Figure 4.18 

represents the chemical structure of INDO, highlighting the functional groups and 

the regions detected by the FTIR spectrum that may involve in intermolecular 

interactions. The two carbonyl groups seen in the structure are expected to show 

two intense peaks at 1711 cm-1 and 1687 cm-1. They are both assigned to the 

acid C=O and benzoyl C=O on the INDO structure respectively (Huang et al., 

2020). The OH stretch vibration is usually found in the location range of 3022 cm-

1 on the spectra. Figure 4.19 shows the spectra region of INDO between 400 and 

4000cm-1 for pure INDO crystals seen in (a) and spectra for electrosprayed NCs 

shown in (b). On the spectra seen in the electrosprayed NCs, at 1691 cm-1, the 

characteristic peak of the benzoyl group (C=O) stretching bond is seen on FTIR 

spectra. This spectrum of the secondary carbonyl group is consistent with the 

expected range of (C=O) stretching on INDO spectra seen in previous studies 

(Nascimento et al., 2020). The other carbonyl group (C=O amid) is also visible in 

the spectra of the electrosprayed NCs at 1687cm-1. This remained unchanged 

both in the pure INDO and the electrosprayed NCs. The observations in the 

ranges between 1800 and 1500cm-1 in Figure 4.19 shows that pure INDO is of 

the γ-form of the drug as its characteristic 2-peaks are seen on the spectra 
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(Novakovic et al., 2018). Earlier studies have shown that the appearance of two 

peaks in this region of INDO spectra indicates the presence of the γ-form 

(Ruggiero et al., 2018). It can be observed that this remained unchanged in the 

electrosprayed NCs indicating that the optimised electrospraying process has 

successfully carried out the nanocrystallisation without major changes to the 

INDO particles. In addition to retaining the crystalline nature of the INDO particles, 

it can also be seen that there are no bond breaking or changes in the key 

functional groups on the INDO structure shown on the spectra. The stretch 

vibration of the phenyl group (C=C) also remained unchanged in both spectra, 

which is visible at the 1458cm-1 band (Akhgari et al., 2017). This has shown the 

ability of the EHDA system to carry out nanocrystallisation whilst maintaining the 

structural integrity of the INDO crystals. 

 

 

 
Figure 4.18 INDO structure showing FTIR ranges 
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Figure 4.19 FTIR of pure INDO crystals and Electrosprayed NCs 

 

 

4.4.8 X-ray Diffraction (XRD) Analysis  

Data obtained from the XRD machine was used in the OriginPro and Excel 

software to calculate the percentage crystallinity. This XRD analysis was carried 

out to investigate the degree of crystallinity of the electrosprayed NCs as well as 

detect any structural changes in its crystal form resulting from the electrospraying 

process. The diffraction pattern observed in the electrosprayed NCs compared to 

their pure γ-form has shown only slight variations in terms of the peak intensities 

as well as missing peak indicating the formation of a new polymorph of the API. 

Figure 4.20 is a representation of the X-ray diffraction of the pure INDO crystals 
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and crystals obtained by various methods. (Figure 4.20-a) shows an XRD 

diffractogram of pure INDO crystals. Here the distinct peaks can be seen, and 

these are characteristic of pure γ-polymorphic form of INDO crystals as seen in 

previous studies on the diffractogram of the particles (Marinopoulou et al., 2019; 

Martínez et al., 2017; Otsuka et al., 2021). The crystalline narrow significant 

peaks are visible in the pure INDO at 12o 2θ, 17o 2θ,19o 2θ, 22o 2θ, and 28o 2θ. 

However, the peak at 28o 2θ on the electrosprayed NCs disappeared (Figure 

4.20-b). The absence of a peak in this region of INDO NCs showed the formation 

of β-polymorph of the crystal, shown in diffractogram in previous research 

(Kaneniwa et al., 1985). In (b), the diffractogram of electrosprayed INDO NCs 

were found to have a slightly lesser degree of crystallinity compared to the pure 

crystal form (86.2% vs. 91.5%). They also appeared to have relatively the same 

peaks intensity compared to that of the pure crystals indicating the electrosprayed 

NCs remained crystalline compared to the pure INDO. Several research have 

shown the relationship between XRD peak intensity and crystallinity (Okumura & 

Otsuka, 2005; Van Duong et al., 2018). Figure 4.20-c represent the diffractogram 

of crystallised INDO at 40 °C while Figure 4.20-d shows solvent evaporation of 

EtOH and INDO solution at ambient temperature. The sample were found to have 

slightly percentage crystallinity respectively (66% vs. 61%). Apart from the 

noticeably reduced peaks in both thermograms, it is shown to have different 

peaks from both the pure INDO and the electrosprayed NCs. The dissolution of 

INDO in the solvent may have led to the formation of a new crystalline polymorphs 

after solvent evaporation (Rudrangi et al., 2015). The diffractograms for (c) and 

(d) show shifting in the peaks between 10° 2θ and 13° 2θ on the solvent-

evaporated experiments compared to the electrosprayed NCs. These can be 

seen to have shifted to 7° 2θ and 10.5° 2θ. The difference in the peaks shown in 

both (c and d) compared to those obtained from earlier research indicate the 

formation α-form INDO. This polymorph has characteristic peaks which can be 

confirmed from earlier research (Surwase et al., 2013).  Formation of new 

polymorphs have been reported to be due to molecular interactions and bond 

breaking in INDO structure within the solvent (Wijethunga et al., 2019). INDO 

crystals have been formed using several methods (Gigliobianco et al., 2018; Kim 
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& Yeo, 2016; Koranne et al., 2018; Lenz et al., 2017), including cocrystallisation 

with other drugs (Box et al., 2016; Kaffash et al., 2019; Roca-Paixão et al., 2019; 

Tanaka et al., 2019; Tawfeek et al., 2020; Wang et al., 2020). The metastable 

forms have also been selectively crystallised in recent times (Ikeda et al., 2015). 

The electrospraying of INDO to achieve NCs in this experiment opens a new 

paradigm for possible co-crystal formation using EHDA nanocrystallisation. The 

electrosprayed INDO appears to retain its crystallinity indicating the potential for 

the fabrication of nano-sized crystals using the EHDA technique.  

 

 
Figure 4.20 XRD diffractogram of (a) pure INDO crystal (b) electrosprayed NCs (c) 

crystals obtained at 40 °C (d) crystals obtained at 25 °C 
 

4.4.9 Nanocrystallisation Kinetics of Electrosprayed INDO 

The nanocrystallisation process of INDO during and after electrospraying was 

monitored by measuring the crystallinity of the electrosprayed NCs during 

storage. The percentage crystallinity of the electrosprayed NCs was assessed 

using OriginPro software and based on the correlation intensity of the distinct 

peaks at 12° 2θ, 17° 2θ,19° 2θ, 22° 2θ, and 28° 2θ.  Figure 4.21 shows the XRD 

diffractogram of pure INDO and electrosprayed particles analysed over four 

weeks. The XRD diffractogram shows that after electrospraying INDO became 
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nano-sized crystalline, they remained crystalline throughout the analysis. The 

electrospraying parameter settings that were applied to the process of INDO 

fabrication might be responsible for the peak intensity and percentage crystallinity 

observed at day-0 when compared to the intensity of the NCs shown in Figure 
4.20-b. When the particles were analysed after days- 7, 14, and 21, they were 

found to have remained crystalline and with near similar percentage crystallinity 

(86.8%, 87.1%, and 87.7% respectively). This might be due to the realignment of 

the crystal lattice within the particle. When crystals, semi-crystals, or amorphous 

particles undergo intermolecular packing within the crystal lattice, they become 

more crystalline (Lu et al., 2020).  

 

 
Figure 4.21 XRD diffractogram for pure INDO crystals and electrosprayed NCs at day 

0, 7, 14, 21 
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4.4.10   QbD in Nanocrystallisation 

Although QbD concepts have been employed in the manufacture of model drugs 

in recent decades (Ibrahim et al., 2021; Lipsitz et al., 2016; Manikandan et al., 

2019; Uhlenbrock et al., 2017), especially in the successful attempt to build 

quality into the products (Cunha et al., 2020; Patil et al., 2017; Won et al., 2021; 

Zhang et al., 2020), this study attempts to show how QbD can be integrated into 

NC fabrication. The success and understanding of this laboratory process will 

form the background for future upscaling of the process in an industrial setting, 

as this has been achieved with other nanoparticle engineering in the past 

(Fernández-García et al., 2020). Figure 4.22 shows the diffractogram of pure 

INDO and electrosprayed NCs at different parameter settings. The 

electrosprayed particles are observed to have varying peak intensities. This 

difference in peak intensity can be attributed to the changes in the parameters, 

indicating the influence of the different parameter settings on the crystalizing 

ability of the EHDA system. The C1 diffractogram shows nanocrystals 

electrosprayed at 25 kV applied voltage and 10 µl/min flow rate and a deposition 

distance of 25 cm. These yielded NCs with percentage crystallinity of 86.2%. C2 

was electrosprayed at 21 kV with a flow rate of 20 µl/min and a deposition 

distance of 17.5 cm. These yielded NCs with percentage crystallinity of 84.1%.  

C3 was electrosprayed under 25 kV electrical voltage and a flow rate of 30 µl/min 

and a deposition distance of 25 cm. C3 yielded NCs with percentage crystallinity 

of 87.1%. C4 applied voltage was 25 kV with a flow rate of 30 µl/min and 

deposition distance of 10 cm. These yielded NCs with percentage crystallinity of 

82.4%. As a result, C3 has the highest percentage crystallinity of 87.1% indicating 

that the deposition distance possibly has significant effect of increased the 

crystallinity in the electrosprayed INDO compared to the other parameters. From 

the varying degree of crystallinity, it can be deduced that the flow rate has the 

highest impact on the degree of crystallinity. But when flow rate and applied 

voltage were both kept constant and deposition distance varied, a 10 cm distance 

gave a lower degree of crystallinity compared to 25 cm. This might be due to the 

time required for solvent evaporation and crystal formation between the nozzle 

tip and the collection plate. Thus, the production of nano-sized particles with 
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different degrees of crystallinity is performed by the application of EHDA 

technology. There is, therefore, enormous potential in designing the nanocrystal 

fabrication process using the QbD approach as this will help in not only producing 

quality particulate yield but also giving manufacturers the control and ability to 

obtain desired product quality. 

 

 
Figure 4.22 XRD diffractogram of pure INDO crystals and electrosprayed NCs at 

different parameter settings 
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4.5   Conclusion 

This study gives a deeper understanding of the process of EHDA in the 

fabrication of NCs of micro/nano sizes. The application of a systematic QbD 

approach and its core elements QTPP, risk assessment as well as DoE, has 

helped in the understanding of the effects of process parameters on NCs 

fabrication. In this comprehensive data analysis that was obtained, the insights 

and knowledge obtained were found useful in determining critical parameters with 

the different degrees of impact on the formation of micro/nano-sized crystals of 

INDO. The applied QbD approach also facilitated the recognition of different 

interactions between the parameters and how they affect the responses. 

Nanocrystallisation using the EHDA technology has enormous potential in that it 

can be utilized in nanotechnology applications to manipulate the process 

parameters whilst producing predictable outcomes and by working within 

potential design space. Particle characterisation and physicochemical analysis 

show the ability to use the EHDA technology to reduce the particle size of drug 

particles whilst maintaining particle stability. This has the potential for 

nanocrystallisation of model drugs especially those with sensitivity to heat whilst 

still maintaining the fabrication of desired and more accurate particle properties. 
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CHAPTER 5: Upscaling EHDA In Micro- and Nano-
Particulate Fabrication for Manufacturing of 
Pharmaceuticals  

5.1      Introduction 

This chapter demonstrates the capacity of the EHDA technique to be used in 

large-scale industrial applications. Quadrant and 8-nozzles were designed and 

utilized in the atomization process yielding particulates. This chapter also looks 

at the several factors that affect jet-cone formation such as the electrostatic 

forces. The impact of these forces on the processes was also studied.  

5.2      Background  

EHD atomisation techniques especially electrospraying have been highly 

researched technology in the pharmaceutical industry in recent times with a view 

to find ways to optimise the system parameters especially in upscaling. The 

industrial need for efficiency in electrospraying or electrospinning of large 

quantities of pharmaceutical formulation yielding NPs and NFs is now a key 

priority in view of recent high demand for drugs obtain via nanotechnology such 

as biomimetic vaccines for antibacterial and anticancer applications used in 

potential personalised medicine research (Zhou et al., 2020). In order to optimise 

drug delivery in more personalised ways, lipid-based polymeric inorganic 

nanoparticles are now engineered in a more specific way to increase precision 

(Mitchell et al., 2021). Lipid nanoparticles (LNPs) carriers have also been of major 

attention recently for their application in nanotechnology, especially as 

nanocarriers in improving the stability of encapsulated mRNA and protecting 

them from ribonucleases and facilitating its delivery to the target site. The 

application of this technology in the production of the recently developed mRNA 

vaccine in the wake of the COVID-19 pandemic (Khurana et al., 2021) has now 

opened new frontiers in the research on how to better run the system efficiently 

to meet the high demand for vaccines across the world.  
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In the past decades, research into the EHD atomisation technique has yielded 

breakthroughs in the successful encapsulation of the API’s in polymeric drug 

carriers which have played a huge role in personalised medicine and targeted 

drug delivery. EHD atomisation using coaxial electrospraying technology has also 

been used in the coating of magnetic nanoparticles (MNP) used in various 

aspects of nanomedicine (Kim et al., 2013). 

Nanocrystal engineering via electrospraying has also been of focus in 

pharmaceutical nanotechnology for its ability to yield nano-sized crystals with the 

potential to improve dissolution and solubility (Wang et al., 2012). The nanosizing 

of crystals is essential to improving dissolution and solubility. This is due to the 

increase in the surface area of the particles which has been shown to aid 

dissolution and solubility. The smaller the size the larger the surface of the particle 

available to undergo dissolution kinetics, and the extent to which this may occur 

is also dependent on the particle morphology and polymorphism (Jones et al., 

2006; Raghavan et al., 2002). In order to guarantee and enhance the profile of 

crystal materials, it is important to ensure that the process of crystal formation is 

robust and controlled in a reproducible manner. This emphasises the need for 

more attention in crystal engineering via various technologies, such as those 

reviewed in chapter 2, due to the potential that exists in crystal modification in 

drug delivery (Raghavan et al., 2002).  

This research aims to increase the throughput of the EHD atomisation process 

and optimise the system for a more controlled particle engineering thereby 

producing the largest possible number of particles in the shortest possible time. 

This is however useful in the event of limited EHDA equipment for electrospraying 

coupled with a higher need for large quantity of particles.    
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5.3      Materials and Methods 

5.3.1     Materials 

INDO was the drug used in the preparation of the formulation used in this study. 

Details on INDO are contained in section 3.1.1.1 

5.3.2      Methods  

5.3.2.1     Preparation of Solution 
2% (w/v) of INDO in ethanol solution was prepared as described in section 3.1.4 
and used in this experiment. 

5.3.2.2    EHDA Set-up and Process 

 
Figure 5.1 Schematic diagram showing EHDA Scaling-up Set-up  
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Figure 5.2 Digital images of (a) Single nozzle electrospraying design (b) Quadrant 

nozzle electrospraying design (c) 8-nozzle electrospraying design  

a 

b 

c 
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The EHDA process employed in this scaling-up study involved setting up three 

different electrospraying designs, shown in Figure 5.1. The single needle design 

set-up (Figure 5.2a) has the Harvard Apparatus 11-Elte syringe pump (Harvard 

Apparatus, Edenbridge, UK) which pumps the prepared solution from a syringe 

through a silicone tubing into a conducting capillary needle. The needle is 

connected to a high voltage supply (Glassman High Voltage, Inc., High Bridge, 

New Jersey) that produces the electrical forces responsible for the atomisation of 

the droplets at the nozzle tip. The quadrant needle design set-up (Figure 5.2b) 

has four capillary needles arranged in a quadrant (at a 2 cm distance between 

adjacent needles) with the electrospraying solution supplied from Harvard 

Apparatus syringe pump through a silicone tubing. The 8-needle electrospraying 

design (Figure 5.2c) has one Harvard Apparatus syringe pump supplying the 

solution from a syringe first into a central reservoir fitted with eight outlets and 

then empties through silicone tubings into 8 conducting needles with a diameter 

of 2 mm arranged in a circular ring. The needles are at an equal distance of 10 

cm between them. The electric force used for the atomisation of the droplets is 

supplied by the high-voltage power supply connected to all eight needles in series 

via a copper conductor.    

5.3.2.3     EHDA Process Optimisation 
The prepared solution (INDO and EtOH) was electrosprayed on the three 

platforms and preliminary experiments were carried out to determine suitable 

parameters for a stable jet cone formation as well as the optimal parameters 

needed to produce the required NPs. For the single nozzle design, preliminary 

experimental studies were carried out to form jetting mode maps (Figure 5.5) 

where flow rates were plotted against applied voltage. These showed the areas 

of dripping modes, stable jetting, and unstable jetting. The same procedure was 

repeated for both the quadrant needles and 8-needle designs. 
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5.3.2.4    Scaling-up of EHDA Process 
After optimising the single nozzle design, it is important to determine the optimal 

parameters for the quadrant nozzle design as well as the 8-nozzle design to 

ensure the efficient running of the system and its ability to yield particles with the 

required properties. Before attempting to measure the scalability of the two new 

designs (quadrant nozzle and the 8-nozzle design), it is vital to ascertain that the 

characteristic features of the electrosprayed NPs are kept intact and within 

desired expectations 

5.3.2.5    Spray Characterisation 

5.3.2.5.1   Spray Pattern 

The spray patterns for all three nozzle designs were studied and characterised in 

order to determine the influence of the electric field on the electrospraying 

system. Data was collected based on the spraying parameter used. 

5.3.2.5.2     Electric Field Profile 

The electric field profiles were determined via a combination of the high-definition 

digital imaging of the electrospraying process, and the analysis of the data 

collected.  

5.3.2.6    Nanoparticle Characterisation 
The particle yields were characterised and analysed to determine the efficiency 

of the process in the large-scale remit of NPs and to emphasise the potential of 

the two new designs. The aim of the characterisation studies was to determine 

the relative effects of the different process parameters on the newly developed 

systems in scaling up.  

5.3.2.6.1   SEM Imaging Analysis 

NPs were collected on microscopic glass slides from all three system designs 

(single nozzle, quadrant nozzle, and 8-nozzle systems) to assess the images and 

surface features. This was done using the Zeiss Evo HD15 SEM (Carl Zeiss, 

Cambridge, UK). The NPs on the glass slides were gold-coated for 2 mins via a 

rotary-pumped sputter coater (Q150R ES, Quorum Technologies Ltd, East 
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Sussex) to improve conductivity and prevent overcharging. This was placed in 

the SEM machine as described in Chapter 3. High-resolution electron 

micrographs were obtained at different areas of the glass slides over a range of 

low to high magnifications.  

5.3.2.6.2   Size Distribution Determination 

The SmartTiff Software was used in combination with the data obtained from the 

SEM images to determine the size distribution of the NPs. 

5.3.2.7   Differential Scanning Calorimetry (DSC) 
The electrosprayed INDO NPs from all three design experiments were collected 

and analysed using the DSC (Jade DSC, Perkin Elmer, USA). Each of the 

different samples obtained was weighed and placed on a pan. Using the pan 

sealing unit, the lid was crimped onto the pan. 10 mg of the INDO NPs as well as 

the electrosprayed were measured and used in the analysis. The samples to be 

analysed were placed on the auto-sampler carousel on the Jade Differential 

Scanning Calorimeter. All three samples analysis were sat at a temperature 

range of 0 – 200 °C and heating of 10 °C/min. The samples were then loaded 

onto the instrument using a robotic arm and the experiment was started. After 

completion of the sample analysis, the sample was then unloaded, and the next 

sample was loaded until all three samples were analysed. 

5.3.2.8    Thermogravimetric Analysis (TGA) 
The electrosprayed INDO NPs from all three design experiments were analysed 

using the thermogravimetric analyser (Pyris 1 TGA, Perkin Elmer, USA). Each of 

the samples was weighed and placed on the pan, the lid was crimped on the pan 

to seal the unit. Weights of 9.2 – 11.5 mg of the NPs were then analysed. 

Temperatures between 0 – 600 °C were applied for all three samples during the 

analysis with a heating rate of 10 °C/min. The sample pan was loaded into the 

analyser and the experiment started. At the completion of the experiment, the 

samples were unloaded, and the next sample was loaded. The process was 

repeated for all three samples.   
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5.3.2.9    Differential Thermal Analysis (DTA) 
The electrosprayed INDO sample was analysed using the differential thermal 

analyser by heating the sample to record the behaviour of the NPs in response 

to changes in temperature as well as determine the heat flow in the particles 

between phase transitions (Tanzi et al., 2019). The temperature of the NPs was 

measured relative to an adjacent inert material and the differential temperatures 

were recorded during the heating cycle and is graphically represented as a series 

of peaks (Chirayil et al., 2017). Whilst DSC measures the amount of energy that 

is required to keep both the reference material and the INDO samples at the same 

temperature, DTA is used to measure the difference in temperature between the 

sample and the reference after introducing an equal amount of energy. The 

temperature range measured was between 0 °C to 600 °C 

5.3.2.10    Fourier Transform Infrared Spectroscopy (FTIR) 
The electrosprayed INDO NPs were analysed using the FTIR machine (FT-IR 

Spectrometer, Bruker, Alpha, Germany) at a resolution of 2 cm-1. Spectra 

between 4000 and 650 cm-1 were recorded after correction of the baseline. Prior 

to testing, a background scan was carried out and then a small amount of the 

samples was placed on the FTIR machine, and the clamp was closed. Each 

sample was run and scanned ten times and the infrared peaks were then labelled 

using the software. Data was exported at the completion of the experiments, the 

clamp was then opened, and the sample was removed. The instruments were all 

cleaned for the next experiment. The same sample procedure was followed for 

all three experimental samples.  

5.3.3    Remodelling and Optimisation of MTE Device for Upscaling 

In response to the observed jetting behaviour of the electrosprayed droplets of 

the MTE device during experimental studies, the device was refabricated using 

acrylic material for the device head. The remodelled device is made of a 

stainless-steel conducting capillary that empties formulation into the reservoir 

made of plastic which has a copper electrode connecting the electricity supply 

from the conducting capillaries to the needle tip. The move away from stainless 

steel was to study the reduced effect of the electric forces on the cone jet 
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formation as well as the Taylor cone formation in the remodelled MTE relative to 

that formed by the earlier designed stainless-steel component. The reservoir 

volume was also increased in the remodelled MTE devices by 100% to allow for 

more formulation at a time in line with the goal to upscale the electrospraying 

process. The reservoir capacity for the formulation was increased from 250 µL in 

the stainless steel to 500 µL in the remodelled MTE device. 
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5.4    RESULTS AND DISCUSSION 

5.4.1    Optimisation of the EHDA Process 

During the atomisation of the droplets from the solutions leading to the formation 

of crystal NPs, the set parameters lead to the size of the droplets and properties 

of eventual particles that are collected on the collection plate. The importance of 

process optimisation is to assess, analyse and then determine the optimal 

parameters to yield the desired properties of the electrosprayed NPs. In addition 

to process parameters, the material properties selected such as the physical 

liquid properties as well as the nozzle properties, and nozzle design influence the 

formation of Taylor cone.  The formation of stable cone jets in this experiment is 

therefore believed to be a vital requirement for guaranteeing consistency as well 

as influencing the properties of the electrosprayed NPs (Mehta et al., 2017).  

5.4.2   Jetting Images 

The various factors that affect the electrospraying process were considered and 

the electrospraying process was carried out. Digital capture of images from the 

cone jet formation was recorded (shown in Figure 5.3). Stable cone jet formation 

was observed in set parameters of all three design models that were 

experimented with. Outside these parameters, dripping and unstable jetting were 

observed. Amongst the three nozzle designs experimented on, Taylor cone 

formation has been studied severally but this has been limited only to the single 

nozzle design. Figure 5.3 (a to e) shows digital jetting images obtained from the 

electrospraying of the INDO-EtOH solution using the three different system 

designs. These are similar to the results obtained in the experiments done by 

(Wang et al., 2017) where different types of jetting modes were obtained. 

Although they stated that in the dripping mode, the diameter of the spherical drop 

is larger than that of the conducting capillaries, Figure 5.3.b.i-iii however shows 

dripping modes with the diameter of the capillary 2 mm. The difference in drop 

size relative to the capillary diameter that was observed dripping from the 

conducting capillaries is believed to be due to a combination of the gravitational 
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force, surface tension and electric stress exerted at the liquid surface (shown in 

Figure 5.4).  

When the electrical forces overcome the surface tension of the solution at the 

capillary tip, the liquid first gradually ejects from the nozzle causing a spherical 

drop to form at the end of the conducting capillary over time. The liquid thin thread 

became thinner between the meniscus and the main drop and then broke off. 

These observations were consistent with the studies carried out by (Wang et al., 

2017) where they earlier observed the solution first flow through the wall of the 

conducting capillary and then form the liquid mass of spherical drop due to skin 

effect. They also noticed a slight change in dripping mode with a little increase in 

the voltage supply, as the applied voltage increased the separation frequency 

also increased which led to a corresponding decrease in the droplet diameter 

(Wang et al., 2017). This is also consistent with the previously established 

Ganan-Calvo’s Law, he provided a link between the droplet diameter and the 

applied voltage in relation to the flow rate of the solution. The experimental 

scaling law provides that the diameter will continue to reduce with an increase in 

applied voltage if the flow rate is kept constant. It also provides a link between 

the diameter of the ejected droplet and the initial ejection speed (the speed at 

which the drops are launched from the nozzle tip). The role of gravity in this 

phenomenon was also explained in this law (Ganan-Calvo et al., 1997). Using 

data corresponding to large droplets from large flow rates obtained from earlier 

published studies by (Gomez & Tang, 1994) and (Cloupeau & Prunet-Foch, 1989) 

they were able to show that the charge per unit volume I/Q of the main droplet 

scales as the Rayleigh limit proposed by Lord Rayleigh in 1882. 

I/Q ~ d -3/2 

Where the maximum charge of a drop of diameter d is qmax = π(8ε0γd3)1/2 

Such that the charge per unit volume I/Q is proportional to the d -3/2 

Further increase of the applied voltage led to a rapid increase in the dripping 

frequency. This then led to the Taylor cone formation as the voltage was 

continuously increased. This was observed in all three design experiments seen 

in the jetting images shown in Figure 5.3. Although the cone jet formations were 

observed at different parameter settings when the flow rate and applied voltages 
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were altered to obtain the Taylor cone. This was preceded by unstable jetting; 

these sometimes became pulsating. The Taylor cone was observed appearing 

from the tip of the conducting capillary forming a permanent jet at the tip of the 

cone. This phenomenon was observed in all three experimental designs.  

 

 

 

 

 
Figure 5.3 Cone Jet Formation of Single nozzle, Quadrant nozzle, 8-nozzle designs 

showing (a) no flow (b) dripping mode (c) unstable jet mode (d) cone jet mode (e) multi 
jets 

 

The increase in rapid dripping of the ejected drops and subsequent cone jet 

formation with the continuous increase in voltage was due to the increasing 

tangential electrical stress exerted by the electrical forces from the applied 

voltage (shown in Figure 5.4). Although tangential stress from the electric forces 

plays a key role in the formation of the Taylor cone, other factors have also been 

a 

b 

c 

d 

e 
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found to contribute to the phenomenon such as normal electric stress, surface 

tension, viscosity, electric polarization stress, and gravity. These combined forces 

exert on the meniscus leading to the jet formation that was observed across all 

three design experiments. 

 
Figure 5.4 Schematic illustration of the forces exerted on the meniscus at the nozzle tip 

(Wang et al., 2021) 
.  

During the studies, some pulsating jet modes were also observed in both the 

quadrant nozzle design and the 8-nozzle design with the 8-nozzle design having 

a higher frequency of this mode. The pulsating jets appeared as intermittent jets 

for a shorter period of time which further disintegrates into finer drops. At the end 

of all conducting capillaries, all the jet modes formed a tilted meniscus. The upper 

end of the jet shrinks, and the cone rapidly contracted sharply and then formed a 

new smooth meniscus. This is largely due to electrical stress forces overcoming 

surface tension forces.  (Wang et al., 2021) proposed that these pulsating jet 

modes are due to repulsive forces. In an earlier study done by Wang and their 

team in 2014, they examined the dispersion effects of pulsating jets on gold NPs 

by electrospraying the suspension. The pulsed jets were found to have the 

intrinsic ability to separate and process colloidal gold NPs. Surface charges 

induced in the EHDA and Coulomb fission from the Rayleigh instabilities helped 

produced well-dispersed Au clusters (Wang et al., 2014). The pulsating jet mode 

experienced in far lesser frequency in the single nozzle design is believed to arise 

as a result of the single conducting capillary being the only exerting electrical 
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field. The quadrant nozzle device experienced a higher frequency of the pulsating 

jet mode as the other three conducting capillaries in the quadrant exert a 

cumulative electrical force capable of overcoming the surface tension forces 

forming the pulsating jet mode. Similarly, the 8-nozzle design had the highest 

frequency as every conducting capillary in the design had a cumulative electrical 

force from the other seven conducting capillaries. These postulations are in line 

with earlier studies that suggest the factors that affect the formation of pulsating 

jet modes (Borra et al., 1999; Wang & Stark, 2014; Wang et al., 2021). 

5.4.3   Jetting Maps 

Jetting maps are designed to outline an operating window within which a stable 

cone jet of the electrosprayed formulation is formed. Within the map, it is also 

possible to identify the range of parameters where dripping mode can take place 

and consequently deduce the areas within which unstable jetting occurs. The 

knowledge obtained from these mappings helps to identify the operating window 

required to obtain the desired particle properties. It also helps to determine the 

safety thresholds within which the electrospraying process can safely occur. This 

was done by electrospraying the formulating at different flow rates using varied 

applied voltage and then plotting a graph of the obtained data. 

Jetting mode maps (shown in Figure 5.5) were obtained by using selected flow 

rates (10, 20, 30, 40, 50, 60, 70, 80, 90, and 100) and applying varying voltage 

values to determine the jetting response. The observations were recorded and 

plotted to show levels where stable jets can be formed. The stable jets windows 

within the graphs are areas where the production of monodispersed particles with 

improved reproducibility and repeatability can be guaranteed. With a steady 

increase in the voltage from the dripping modes in the maps, it is observed that 

there is a shift from the dripping mode into the stable jet mode depending on the 

flow rate. As the drops exit the tip of the conducting capillaries, they form jet cones 

as explained earlier, then the increased voltage helps to overcome the surface 

tension at the tip of the cone shown in Figure 5.4. This breaks down the liquid 

into droplets and these droplets lose the volatile liquid used in the formulation 

leaving behind the NPs. Therefore, the characteristic droplets will eventually 
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determine the form of the NPs in terms of size and morphology. If the properties 

of the NPs are a factor of the formed droplets, then adjusting the operating 

parameters in order to form the required droplets leading to the desired NPs is 

key to the engineering of NPs. The surface features of the NPs such as the 

surface roughness or smoothness, porosity, or film thickness (in the case of 

polymeric NPs) have been shown to be linked to the operating parameters of the 

EHDA process (Hogan & Biswas, 2008). A further increase in the voltage has 

been known to be inversely proportional to particle size generation. This is 

because a higher voltage supply leads to the build-up of higher electric forces 

that further break up the droplets into smaller sizes, which leads to smaller-sized 

NPs. This is in line with the general knowledge that increased voltage applied to 

the EHDA process leads to a decreased particle size of the fabricated NPs (Yao 

et al., 2008). However, when the voltage that is applied becomes very high, this 

may lead to the onset of an unstable jet (Zhou et al., 2016). 

Figure 5.5 shows the jetting maps generated from analysing the relationship 

between the flow rate and applied voltage during the electrospraying process 

using the three different design systems. The maps show the region within which 

a stable Taylor cone jet was formed in the process, these regions are highlighted 

in green. As the voltage or flow rate is moved outside these stable jetting regions, 

the EHD atomisation process goes into an unstable jetting mode, represented in 

the orange-coloured region. Dripping mode is usually earlier in the atomisation 

process when the voltage and/or flow rate is very low. In Figure 5.5a, the EHD 

atomisation process for the formulation using the single nozzle design achieved 

a stable jetting between 7 kV and 13.9 kV. The highest flow rate where the system 

achieved stable jetting was 48 µL/min. In the quadrant nozzle design, an 

exploratory experiment was also carried out, by allowing the formulation flow 

through only one of the nozzles (N1) shown in Figure 5.5.b, while voltage was 

supplied to the entire system. Stable jetting was observed between 11 kV and 33 

kV while flow rates of up to 100 µL/min yielded the same. Figure 5.5.c showed 

the jetting map when additional formulation flow was allowed through a second 

nozzle (N2). This showed a narrower Taylor cone region of between 13 kV and 

30 kV applied voltage. When the third nozzle allowed the flow of formulation, the 
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region further narrowed to between 14 kV and 26 kV. When all four nozzles were 

allowed formulation flow, it was noticed that the window for stable jet formation 

further narrowed to between 17 kV and 24 kV. In the 8-nozzle design, shown in 

Figure 5.5.f, Taylor cone formation was not observed until after 20 µL/min. This 

may be due to an increased number of nozzles in the system and a higher amount 

of atomisation energy required to achieve cone jet formation. Voltage 

requirements above 35 kV were observed for atomisation of the formulation 

above the flow rate of 85 µL/min. This is above the threshold provided by devices 

currently marketed for laboratory use. 

The voltage where the most ideal Taylor cone formation was observed for every 

10µL/min increase in the flow rate during the exploratory experimental run for the 

quadrant nozzle was recorded and presented in the graph shown in Figure 5.6. 

It was discovered that when formulation flow was allowed only for N1 the voltage 

required for atomisation was lower compared to when the other nozzle flow was 

subsequently allowed. The highest voltage requirement was observed when all 

four-nozzle formulation flow was allowed. This experiment reveals that when the 

voltage is supplied to the nozzle in series, the energy requirement for EHD 

atomisation increases with an increase in the number of formulation-flowing 

nozzles. The electrical forces (shown later) from the non-flowing nozzles are used 

to provide a supporting electric field in the atomisation of the nozzle with 

formulation flowing and then utilised for its atomisation. This process is believed 

to lead to higher energy requirements for atomisation. This also explains why the 

8-nozzle system requires a higher voltage supply for cone jet formation at very 

high flow rates. 

 

 

 



168 
 

  

  

  
Figure 5.5 Showing jetting maps highlight the corresponding areas of the stable jetting, 

unstable jetting, and dripping modes obtained using (a)Single nozzle design (b-e) 
Quadrant nozzle design (f)8-nozzle design 
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Figure 5.6 Jet stability graph highlighting the effect of adjacent needles on the Taylor 

cone formation in the quadrant nozzle system 
 
 

5.4.4   Spray Modelling 

5.4.4.1    Effects of Electric Field on Spray Patterns 
It is important to consider the effects of electric forces exerted by the applied 

voltage in the electrospraying process as it not only affects the properties of the 

NPs but also affects the spray patterns resulting from the electrospraying of the 

formulations. Apart from exerting forces on the solution at the tip of the conducting 

capillaries to form the Taylor cone jets consequently exerting forces at the tip of 

the cone to break up the liquid into tiny droplets, these forces also go further to 

direct the pattern of the spray as they determine the eventual direction of the NPs 

as they are projected towards the collection plates.  

Earlier research has shown the importance of the forces from the electric field in 

directing the projected particles.  (Rezvanpour et al., 2012) studied the direction 

of projection of monodispersed aerosols as the solvent evaporated from the 

droplets converting them into solid NPs that were collected on the collection 

plates. The study carried out within a modified glass chamber showed that 

Saffman lift forces, Particle acceleration, and gravitational forces play 
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insignificant roles compared to the effect of electrical field and flow field forces of 

the EHDA apparatus as well as the operating conditions of the set-up 

(Rezvanpour et al., 2012). This highlights the importance of focusing studies on 

the profound effects of the electric forces generated by the voltage supply on the 

overall electrospraying system. This is critical to the upscaled system for larger 

production of NPs, in order to direct the spray patterns using the knowledge 

obtained from studying these effects. The resultant effects of the electrical forces 

on the spray patterns via conducting of the quadrant nozzle and 8-nozzle design 

were studied in comparison to the single nozzle design.   

 
 

 
Figure 5.7 Schematic representation of formulation droplet fragmentation at nozzle tip 

of each conducting capillary in quadrant nozzle set-up 
 

 

The INDO in EtOH formulation was electrosprayed using all three nozzle designs 

in cone jet mode to enable the definition of cone formation as well as the spray 

shapes and patterns by observing these patterns using the digital camera, the 

observed patterns were recorded. Figure 5.8 shows a schematic representation 

of the cone jet for (a) single nozzle design and (b) quadrant nozzle design. In the 

single nozzle, cone jet formation is represented in (a.i and b.i), the spray borders, 

the full lines in (a.ii and b.ii) show the side configuration of the observed spray 
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pattern while the field lines of the electric forces are represented by dashed lines. 

The spray patterns recorded from the collection plates are presented in (a.iii and 

b.iii) they show the top view of the spray collection at a different height from the 

nozzle, the center point in (a.iii and b.iii) where d=0cm is the cone base which 

extends from the nozzle tip. At different values of d (deposition distance) the 

diameter of the mapped particle collections was observed to have changed. As 

the d level increased, the diameter of the collection increased. This is due to the 

projected angle which widens in its spread as the droplets are projected over a 

longer distance. In the single nozzle design, at a d-value of 5 cm, the spray 

diameter was shown to be 5 cm. As the d value increased to 10 cm the projected 

area of the spray was found to increase to 11 cm in diameter. When d-value was 

further increased to 15 cm the diameter of the spray collected was shown to 

increase to 20 cm. A 30 cm diameter spray was recorded as d value was 

increased to 20 cm. During the experimental run for the quadrant nozzle system, 

a 5 cm diameter spray area was obtained at a d-value of 5 cm for one out of the 

4 nozzles in the quadrant. As the d-value was increased to 10 cm the maximum 

diameter recorded in the spray area was 14 cm. 24 cm and 35 cm diameters were 

recorded for d-values of 15 cm and 20 cm respectively. Airflow was controlled 

during the experiment as it has been shown to have an additional influence on 

particle movement (Gupta, et al., 2021) especially after the solvent evaporates 

from the droplets when it is believed to have reduced mass.  The size of the 

diameter for particle collection is also believed to be influenced by the electrical 

forces from the conducting capillaries as earlier experimented by (Borra et al., 

1999). These forces are exerted on the droplets, subsequently charging them to 

form charged droplet curtains which push down the NPs, increasing the charged 

densities of the droplets and making the spray less evaporative. The spray 

pattern of the single needle was found to be axial symmetrical with the cone base 

in the middle of the collection plate. This was not the case with the quadrant 

nozzle design and the 8-nozzle design, these had their cone base moved to the 

side of the mapped spray as the jet cone was observed to have tilted to the side 

slightly pushing the spray away from the conducting capillary. The Taylor cone 

forming at an angle in the quadrant nozzle is due to the electrical forces exerted 
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by a combination of the forces from the other three conducting capillaries. In the 

8-nozzle design, the needles are within a circumference and adjacent needles 

are within a distance of 10 cm from each other. Hence, the influence of the 

electrical forces from the other seven conducting capillaries may be negligible 

compared to those observed in the quadrant nozzle design. 

 
Figure 5.8 Field line profiles and cone and spray shapes at different heights from the 

cone in nozzle plane configuration for (a) single nozzle (b) quadrant nozzle 
 

5.4.4.2   Droplet Dynamics Analysis 
The deposition pattern of the NPs collected was analysed to determine how the 

droplet projection affects the particle formed that are collected on the plate. The 

spray pattern observed on the collection plate of the single nozzle system 

appeared to be axial symmetrical as they appeared to be evenly distributed 

around the cone base (shown in Figure 5.8.a), irrespective of the changes in the 

d value. This is consistent with earlier research done by (Borra et al., 1999) where 

they observed electric field symmetry in the collection of liquid droplets during 

EHD atomisation. However, the droplet dynamics appeared to be different in the 

quadrant nozzle system. The spray pattern of particles collected appeared to be 

non-axial symmetric (shown in Figure 5.8.b) and droplet projections were 

a b 
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observed to be directed away from the three adjacent capillary needles (Figure 
5.9). This could be due to the electric forces exerted by the other three capillaries 

which are within a 2 cm distance and within the electric field as shown in Figure 
5.8.b. The electric fields are represented by dotted lines originating from the 

nozzles. Once within the field of forces, the relevant forces that influence the 

movement of the droplet are Fdrag,I (the drag force which is usually zero when the 

spray is in a vacuum) and the electrical force Felectrical,i.  (Crowe et al., 1998) 

concluded that influence from gravitational forces, Brownian motion forces, 

Basset forces, and mass have negligible influence in directing droplet dynamics. 

They cited Newton’s second law, stating that the product of the droplet mass, mi, 

and acceleration will equal the summation of all the forces that act on the droplet: 

mi 𝛿𝛿𝑈𝑈𝑖𝑖𝛿𝛿𝛿𝛿
 = ∑ F𝑘𝑘 k,i 

The Lagranian model had earlier postulated the motion of the droplets in 3D by 

describing the variation in time (t) of position vector Ri and velocity Ui for each 

droplet i: 
𝛿𝛿𝑅𝑅𝑖𝑖
𝛿𝛿𝛿𝛿

 = Ui 

If the product of the mass and acceleration is equal to the summation of all the 

forces, then: 

mi 
𝛿𝛿U𝑖𝑖
𝛿𝛿𝛿𝛿

 = Fdrag,i + Felectrical,i 

This inference explains the droplet dynamics of the spray when subject to the 

forces within the quadrant nozzle system, further directing the droplet projection. 

It can then be assumed that if electrical charges are a reasonable portion of the 

Rayleigh limit charge qR, and the electrical field forces do not drop to negligible 

values, the effects of Brownian motion on droplet dynamics in electrosprays, even 

for nano-sized droplets are negligible. The flow of formulation through the 

conducting capillaries was done in turns (nozzle 1, nozzle 1+2, nozzle 1+2+3, 

nozzle 1+2+3+4) in order to ascertain the region of one droplet projection relative 

to the other. Some junction regions were observed in the collection plate 

indicating a convergence of the droplets from two adjacent needles in the 

quadrant. When two or more of these droplets converge in this region, they may 

merge to form larger particles. 
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The angle of projection seen in the quadrant angle was not observed in the 8-

nozzle system. This is believed to be due to the larger 10cm distance between 

each needle in the circumference. The needles were possibly outside the region 

of the field forces of the other needles.   

 

 

 

 
Figure 5.9 Cone jet projection and corresponding particle collection pattern showing the 

junction region of NPs collection 
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5.4.5   Characterisation of Engineered Nanoparticles 

5.4.5.1   SEM Imaging  
Scanning electron micrographs of NPs obtained from all three design 

experiments were obtained and analysed. Whilst experimental studies leading to 

cone jet formation and the electrospraying process were successful in the 

upscaled design systems (quadrant nozzle and 8-nozzle designs), it was 

important to carry out further characterisation studies on the NPs that have been 

obtained from this process and compare them with those obtained from 

conventionally used single nozzle system. Figure 5.10 shows the images of NPs 

obtained from all three nozzle designs showing the morphology and relative 

particle sizes of the electrosprayed formulation. The morphology of the NPs 

obtained from all three system designs appear distinct. This is due to various 

factors employed in the process. Several studies have shown the influence of 

system design as well as solvent utilised during atomisation on the morphology 

of the NPs (Almería et al., 2010; Kim et al., 2009; Mawson et al., 1997). As the 

same solvent (EtOH) was used in the formulation across the three designs, the 

variations in the morphology of the NPs are believed to be largely influenced by 

the different electrospraying devices under study. The raw INDO particles shown 

in the micrograph (Figure 5.10a-b) are coarse micrometer range particles. At the 

end of the electrohydrodynamic process, the single nozzle design yielded smooth 

round NPs. This could be due to an optimised atomisation process, leading to the 

formation of Taylor cone. The cone jet formation in turn produces spherical 

droplets which undergo solvent evaporation between the nozzle tip and the 

collection plate. Earlier studies have revealed that this process could be 

responsible for the production of spherical, smooth NPs seen in single nozzle 

produced NPs in Figure 5.10c-d (Giannouli et al., 2018; Yao et al., 2008). 

Although the EHDA process has not been widely used in crystal formation, the 

process has been successfully used in the electrospraying of formulation within 

a polymeric mix to yield smooth spherical nanoparticles (Gómez-Estaca et al., 

2012).  

The EHDA process carried out using the quadrant nozzle design produced 

particles between 200nm and 800nm (shown in Figure 5.10e-f). These were 
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particles collected from the junction region of the collection plates. Although the 

electron micrograph shows a few spherical particles, the particles produced in 

this region are shown to be largely non-spherical with diverse shapes ranging 

from oval-shaped to elongated particles. These micro- and nano-sized particles 

are believed to be formed by two adjacent nozzles in the quadrant nozzle system 

design. Adjacent nozzles project the droplets and when this occurs 

simultaneously, the droplets from nozzle 1 collide with that from nozzle 2. This 

collision process can be enhanced by several factors such as the electric field 

distribution and other boundary conditions as revealed by earlier studies 

(Rezvanpour et al., 2012). This results in larger droplets forming at the junction 

region of the spray projection and the point of merger between particles can also 

be observed in some of the elongated particles formed in the image shown. The 

resulting particles are evidently larger compared to those obtained from the other 

regions of the collection plates. Although optimising the process using QbD 

techniques and adjusting the parameters as done in Section 4.3.2.5 may be 

useful in reducing the particle size but colliding droplets may still result in 

relatively larger particles. The distance between the nozzles in the quadrant 

nozzle design is believed to play a role in the formation of the junction region. 

The junction region may become smaller if the distance between the nozzles is 

increased. However, this may place each nozzle outside the electric field of the 

other nozzles, further reducing the influence of the electric forces of the other 

three nozzles as seen in Figure 5.8b. Samples of particles obtained from the 

other regions of the collection plates were analysed) shown in Figure 5.10.g-h 

and the SEM images revealed marked differences in the particles formed both in 

the particle size and morphology. The NPs formed ranges between 60 nm and 

400 nm in diameter. There are hardly any cojoined particles seen in the images 

and the particles are largely non-spherical which can be attributed to the 

formation of droplets from the cone jet that are believed to be non-spherical. 

These droplets lose their solvents via evaporation and resulting particles assume 

the same shape. 

The 8-nozzle design system was also used to carry out EHD atomisation of the 

formulation, and the resulting particles were analysed using SEM. The images 
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are shown in Figure 5.10.i-j. reveal distinct NPs which are observed to be 

smooth-surfaced, and mostly non-spherical in shape. Some round NPs can also 

be observed in the image to be round with smooth surfaces. There are hardly any 

cojoined particles in the analysed images from the NPs obtained from this 

system. These observed morphology and size are possibly due to the distance 

(10 cm) between the eight nozzles in the circular frame. This is believed to have 

reduced the chances of the formation of a junction region in the spray projection. 

The observation further emphasises the importance of nozzle distance in the 

design of the system during the upscaling process. NPs in the range of 200 nm 

and 500 nm in diameter were produced using this system. 
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Figure 5.10 Electron micrograph of NPs obtained from single nozzle, quadrant nozzle, 

and 8-nozzle designs 
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5.4.5.2   Particle Size Distribution 
The mean diameter of the particles formed during the electrospraying process 

showed average particle diameters were in the nano-sized range. This has a 

huge effect on the material properties of the particles formed as well as the 

conveying behaviour (especially in bulk materials) which is of importance to the 

pharmaceutical industries. Particle size distribution has also been shown to 

influence the compressibility, abrasiveness, taste, solubility, and reactivity of the 

drug (Ozkan et al., 2021). Figure 5.11 shows the single nozzle design yielded an 

average particle diameter in the nanometre range with the highest frequency in 

the range of 350 nm. The highest frequency of particle diameter recorded in the 

quadrant nozzle design was 500 nm with larger particles obtained in the 850 nm 

range. These larger particles’ size may be due to those obtained from the junction 

region of the collection plate. The 8-nozzle design produced particles with larger 

frequency in the 280 nm range. These show the ability of the upscaled system to 

yield particulates that will have the same particle size range and hence same 

material properties as those that have been conventionally produced by the single 

nozzle design.  

Figure 5.11 Particle Size distribution of particles electrosprayed using single 

nozzle, quadrant nozzle, and 8-nozzle designs 
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5.4.6   DSC Analysis of Nanoparticles 

The success of the upscaled process is further investigated by the analysis of the 

DSC thermogram of the NPs obtained from the three nozzle designs. This 

analytical tool was a key tool to help find a contrast, if any, between the formed 

NPs specially to obtain data indicating a difference in the physical properties and 

how they change with varying temperature and time. DSC has been used in 

several studies to determine the thermal properties of INDO incorporated into 

polymers and compared them to those of the raw INDO (Mokarram, 2010). This 

thermoanalytical technique was employed in this study to show the ability of the 

system designs to consistently produce NPs of similar physical properties after 

upscaling the system for larger production of electrosprayed particles within the 

pharmaceutical industry. It is important for the upscaled system designs to 

maintain the consistent production of NPs with similar physicochemical properties 

in order to guarantee the stability of the drug particles. To show that the solvent 

(EtOH) has not affected the physical form, any possible alteration of the 

crystallinity of the raw material was determined by analysing the endothermic 

melting peak using DSC as this has been shown in previous studies (Malamatari 

et al., 2015).  

The DSC thermograms of (a) pure crystalline INDO and its electrosprayed NPs 

using the three design systems (b) single nozzle design (c) quadrant nozzle 

design and (d) 8-nozzle design are shown in Figure 5.12. The melting 

temperature (Tm) of 160 °C for pure INDO (seen in Figure 5.12.a) is characteristic 

of crystalline INDO and consistent with the earlier reported data on the thermal 

transition of INDO (Legendre & Feutelais, 2004), Tm has been recorded in the 

different forms of INDO between 155 °C and 162 °C. The 157 °C, 156 °C, and 

157 °C endothermic peaks shown in Figure 5.12.b-d are within the range of 

thermal properties of pure INDO. This demonstrates the ability to retain the 

original properties of the raw materials during a scaling-up process.  
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Figure 5.12 DSC thermograms of pure INDO and electrosprayed NPs 

 

5.4.7   TGA and DTA Analysis of Nanoparticles  

Knowledge of the degradation profile of the electrosprayed NPs will give an 

insight into the rate of weight loss of the drug in response to an increase in 

temperature which is a measure of the thermal property of the drug and can be 

used to calculate the degradation kinetics (Thamer et al., 2019). Figure 5.13 

shows the TGA and DTA thermogram of pure INDO, electrosprayed INDO, and 

EtOH solution using single nozzle, quadrant nozzle, and 8-nozzle design. Both 

thermal analytical data were obtained from the same machine and extrapolated 

on the same graph. The thermogram obtained from the pure INDO was analysed, 

and it was observed to have decomposed completely during the analysis using 

the TGA instrument. With a melting point below 600 °C, the observed thermogram 

is consistent with existing data on the decomposition profile of pure INDO also 

observed by Aw et al 2012 (Aw et al., 2012). The thermogram for pure INDO 

shows a single sharp endothermic weight loss event between 250 °C and 320 

°C, this is characteristic of drug degradation (Thanawuth & Sriamornsak, 2020; 

Yongliang et al., 2015). The degradation profile observed is similar to those 

shown in the pure INDO NPs which is an indication of the efficiency of the 

upscaling of the single nozzle design to the quadrant nozzle and 8-nozzle design. 

a b 

c d 
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The upscaled system designs have been used to electrospray coarse INDO 

particles of the yielded fine NPs without altering the degradation profile and 

properties of the drug particles.  

 
Figure 5.13 TGA and DTA thermogram of pure INDO (a) and NPs obtained from 

electrospraying using single needle (b) quadrant needle (c) and 8-needle designs(d) 
 

5.4.8   FTIR Analysis of Nanoparticles 

As explained in Section 4.4.7 the bonding interactions that are detected by 

analysis using the FTIR machine give an insight into the behaviour of the model 

drug and its possible molecular interaction with other drug components during 

and after formulation (Dengale et al., 2014). 

Figure 5.14 shows the spectroscopic spectra derived from FTIR analysis of the 

pure INDO as well as the NPs obtained from the electrospraying of the INDO and 

EtOH formulation using single nozzle, quadrant nozzle, and the 8-nozzle system. 

Vibrational spectroscopy is an essential approach used to deduce the crystallinity 

and polymorphism of INDO or any possible changes that may have occurred after 

the EHDA process. The spectra region between 1800 and 1500 cm-1 in Figure 

a b 

c d 
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5.14a containing the pure INDO shows two characteristic peaks, this indicates 

the presence of the γ-form of the drug. Earlier studies reveal that changes in this 

spectra region are the major determinant for the classification of the form of INDO 

that exist (Ewing et al., 2014). They include the γ-form (two peaks), α-form (four 

peaks), and amorphous form (three peaks). In Figure 5.14a, a clear peak is 

observed at 1690 cm-1 indicating stretching vibrations at the carbonyl (C=O) bond 

assigned to the benzoyl group. The appearance of the benzoyl C=O bond is at a 

higher wavelength compared to those in the α- and amorphous forms which are 

at 1688 cm-1 and 1680 cm-1 respectively. This reduction seen in the other forms 

is due to the mesomeric effects on the bond constant of molecules where the 

nitrogen atom is part of the ring, especially in the case of indole ketones (Taylor 

& Zografi, 1997). Also visible in the spectra, is the asymmetric stretch in the 

carboxylic acid C=O at 1712 cm-1. In the γ-form, this exists as a cyclic dimer and 

the vibrations are less complex in the γ-form than in the α-form (Ewing et al., 

2014). The spectra for NPs particles obtained through the electrospraying of the 

formulation using the single nozzle, quadrant nozzle, and the 8-nozzle designs 

are shown in Figures 5.14 (b), (c) and (d) respectively. The spectra show no 

significant variations in their characteristic peaks indicating the retention of the 

structural bonding and stability of the drug. This corroborates the potential of the 

upscaled system design to yield NPs whilst maintaining the chemical properties 

of the drug.  
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Figure 5.14 FTIR spectra for (a) Pure INDO particles, and NPs obtained using (b) 

single nozzle (c) quadrant nozzle (d) 8-nozzle design 
 

5.4.9   Redesign and Engineering of MTE Device 

The initially designed MTE device is entirely made of stainless steel (shown in 

Figure 5.15a). This has been used to successfully increase the atomisation of 

formulation-yielding particulates desired NPs properties in earlier research (Haj-

Ahmad et al., 2018). However, shown in Figure 5.15b is the dripping mode of the 

electrospraying processes using the MTE device, formulation drops are seen 

tilting to the side of the device. As seen in Figure 5.15c-d, although the jet 

formation was found to be stable, the spraying process needed to be fully 

optimised and Taylor jet formation need to be centralised within the multi-tip outlet 

of the device.  

a 

b 

c 

d 
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Figure 5.15 Initial stainless-steel design of MTE device 

 
To continue to guarantee the formation of NPs with the desired size distribution, 

the MTE device was redesigned and fabricated using plastic materials. This was 

to reduce the influence of the electrical forces on the cone jet formation as the 

electrical field is expectedly believed to be higher in the metallic components 

compared to a non-metal device as deduced in earlier studies (Wang et al., 

2021). Preliminary studies showed the jet formation in the non-metal component 

to be stable and centralised within the multi-tip outlet. The preliminary design is 

shown in Figure 5.16.  

 
Figure 6.16 Centralised stable cone jet formation of non-metal MTE device 

 

Figure 5.17-a shows a set-up of the remodelled MTE device incorporated into 

the upscaled 8-nozzle design set-up. Figures 5.17b-e shows a digital image of 

the redesigned MTE device with an expanded reservoir unit. The reservoir was 

increased from 250 µL to 500 µL to allow for more formulations with the aim of 

increasing the output of the NPs yield. Figures 5.17c, d, and e show the 

a b 

c d 
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centralised dropping mode, unstable jetting, and stable jets respectively. 

Electrospraying using the newly designed MTE device was successfully 

stabilised and controlled. Haj-Ahmed has reported flow rate of up to 100µL (Haj-

Ahmed 2018). 

 

 
Figure 5.17 Set-up and Jetting modes of the upscaled MTE System design 

 
Electron micrographs were obtained from the electrosprayed NPs fabricated 

using the upscaled redesigned MTE device. The SEM images showed 

nanonisation of the hitherto coarse INDO particles. Mostly smooth spherical 

a 

b c 

d e 
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particles were obtained, indicating the capacity of the upscaled MTE device to be 

used in the fabrication of NPs at a further increased formulation flow rate. This 

novel design is expected to be of huge significance to the pharmaceutical 

industry, by increasing output and saving time. Figure 5.18 show the SEM 

micrographs of pure INDO and electrosprayed NPs using the redesigned 

upscaled MTE devices. 
 

 
Figure 5.18 SEM micrograph of pure INDO and its electrosprayed NPs using MTE 

device in an upscaled set-up  
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5.5   Conclusion 

This chapter looked at the potential for upscaling the existing EHDA single nozzle 

system to a quadrant nozzle design and 8-nozzle design for higher output 

required for larger production of engineered NPs. The quadrant nozzle system 

was designed using four conducting capillaries in a quadrant 2cm apart. All four 

capillaries were used to simultaneously electrospray INDO-EtOH formulation, 

exploring the potential effect of the combined electrical forces from three other 

adjacent nozzles on the fourth nozzle. The 8-nozzle system design was used to 

simultaneously electrospray the INDO-EtOH formulation yielding NPs from all 8 

conducting capillaries. Spray modelling of the electrosprayed particles revealed 

that the electric force of the conducting capillaries influences the stability of the 

cone jet formation of adjacent capillaries in the quadrant nozzle changing the 

projected angle of the spray. Analysis of the spray modelling of the 8-nozzle 

design system revealed that the distance between the capillaries is a factor due 

to the electric field they carry. The studies showed their impact on the cone jet 

formation, spray direction and NPs collected. 

These experiments have helped to focus on the potential for upscaling of the EHD 

atomisation process in pharmaceutical large-scale manufacturing. Particle 

characterisation of the two upscaled system designs showed consistent particle 

properties of NP yield. SEM, DSC, FTIR, TGA, and DTA analysis confirmed no 

changes in physico-chemical properties in the NP yield. MTE device mounted on 

the 8-nozzle design yielded stable cone jet formation indicating a potential for 

further upscaling. The EHDA upscaling using these system designs hold a huge 

potential in NP engineering technology for pharmaceutical companies. 
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CHAPTER 6: Refining the Cone-Jet Mode: Optimising 
the Electrohydrodynamic Process for Increased 
Formulation Atomisation  

 

6.1  Introduction 

This chapter looks at the atomisation of formulation at an increased flow rate 

whilst assessing the encapsulation of the nanoparticles. This is also essential as 

it has shown in chapter 4, that QbD concepts can be integrated into the fabrication 

of nanocrystals. The results shown in this chapter demonstrate the ability of the 

EHDA technique to incorporate QbD models in better understanding the process 

with a view to obtain a more controllable upscaled system. In practice, to optimise 

the EHDA technique, it is very important to understand the process by harnessing 

the knowledge obtainable from the QbD data of the electrospraying process in 

which the stable cone-jet mode is achieved in the different electrospraying system 

(single nozzle, MTE device, and flute nozzle system). 

6.2  Background 

Particle engineering has been a vital area in the drug manufacturing process of 

pharmaceutical industries, and techniques that help to achieve a more versatile 

process have continued to gain attention and importance over the years  (Mehta 

et al., 2021; Yadav & Yadav, 2008). This is due to the crucial role particle 

technology play in almost all areas of targeted drug delivery including controlled 

release studies (Shukla et al., 2021; Tanhaei et al., 2021). Particle technology 

and drug delivery deal with different micro/nanoparticle generation processes as 

capable methods to modify the physicochemical and biopharmaceutical 

properties of poorly soluble drugs and to improve their solubility (Savjani et al., 

2012). Nanoparticles can be used for controlled drug delivery, as well as make 

drug carriers with specific or targeted drug delivery and improve the bioavailability 

of hydrophobic drugs (Swathi & Sailaja, 2014). Also, encapsulation through 
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various nanoparticle engineering technologies has been shown to protect, 

stabilise and increase the efficiency of the drugs (Wagle et al., 2020).  

As the importance of the EHDA technology begins to gain prominence, upscaling 

of the system for the pharmaceutical industry has become a more important part 

of the EHDA research. Although, due to the interdependence of the different 

process parameters on multiple aspects that exist within the system, the 

technology is very dynamic and this makes it even more challenging to 

circumvent the system for mass production on an industrial level (Husain et al, 

2016). Some upscaling strategies currently under research promise to overcome 

the challenges that have slowed down the industrial-scale application of the 

technology (Husain et al., 2016; Yu et al., 2021).  

Recent industrial approaches such as pharmaceutical quality by design (QbD) 

have been employed to optimised process parameters in laboratory settings (Ali, 

et al., 2020) and the successes achieved underscore the need to research its 

application in the upscaling of the EHDA process. These are very important in a 

QbD approach to manufacturing to achieve the required quality targets of 

pharmaceutical products.  

In this study, a QbD approach using three different designed nozzle systems was 

shown to optimize the electrospraying process parameters for drug delivery and 

manufacturing pharmaceutical applications. This research will attempt to employ 

QbD application in the optimisation of some EHDA procedures with a view to 

achieving more understanding and precision of upscaling the process.  
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6.3  Materials and Methods 

6.3.1    Materials 

Polyvinylpyrrolidone (PVP) (Average Mw= 40000), chloramphenicol (CAM), and 

Phosphate buffered Saline (PBS) were all purchased from Sigma-Aldrich, 

(Dorset, UK). Ethanol (EtOH) (anhydrous, >99%) was purchased from Fisher 

Scientific, (Loughborough, UK). All chemicals used in the experiment were of 

analytical grade. 

 

6.3.2     Methods 

6.3.2.1     Polymeric formulation preparation 
20 mL of ethanol was measured and transferred into a beaker. 1g of PVP (Mw= 

40,000). Preparation of 5% (w/v) was then weighed and transferred into the 

beaker. 0.05 g of CAM (5% w/w) was then weighed and transferred to the beaker 

and sealed using a parafilm to avoid evaporation. The PVP and CAM were 

dissolved in ethanol by stirring using a magnetic stirrer (B212, J.Bibby Science 

Product Limited, Staffordshire, UK) at room temperature until the polymer 

completely dissolved.  

6.3.2.2     Experimental Design 
Preliminary experiments were carried out to determine important formulation 

variables that will form a stable experimental solution. The process parameters 

adopted for the study were also tested and proven to be attainable. A QbD 

approach was then systematically applied in studying the effect of these 

confirmed process parameters on the resulting engineered particles. The 

experimental design was created using JMP Pro Software (version 14.3.0. SAS 

Institute Inc.). Full factorial screening designs were then used to explore the effect 

of processing parameters on the resultant particles. 
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6.3.2.3     EHDA Set-up and Process 

 
Figure 6.1 Schematic diagram showing EHDA set-up with the different components 

 
 

The process of EHDA involves a set-up of the apparatus for electrospraying; The 

Harvard Apparatus 11-Elite syringe pump (Harvard Apparatus, Edenbridge, UK) 

pumps the polymeric formulation from a syringe through a silicone tubing into a 

conducting capillary needle. The electrical force responsible for the atomisation 

of the droplet at the needle tip was supplied by a high voltage power supply 

(Glassman High Voltage, Inc., High Bridge, New Jersey). In EHDA, the dynamic 

setup is based on the principle of atomisation where the electrical forces (-electro) 

from a voltage supply are used to break liquid (-hydro) into tiny droplets (Husain 

et al., 2016; Mehta et al, 2017). Upon atomisation, the liquid evaporates from the 

droplets leaving behind micro or nano particles, which are then collected on metal 

plates (Ali et al., 2021). 

 

 
 
 



198 
 

6.3.2.4     Nozzle head designs  

 

 
Figure 6.2 Showing the different nozzle spray heads used (single nozzle, MTE device, 
and flute nozzle system) with dripping modes and their corresponding jetting images 

 

Several nozzle heads were used for this study: the single nozzle head, the multi-

tip emitter (MTE), and the flute nozzle system. The Single nozzle head is made 

up of a stainless-steel conducting capillary consisting of a liquid inlet and an outlet 

from where the exiting liquid is atomised. The (MTE) device is composed of a 

single nozzle with a fabricated stainless-steel reservoir attached to the tip of the 

liquid outlet. At the outlet of the reservoir is the 1200 µm tip length micro needles. 

The flute nozzle system was fabricated using a plastic porous flute with piercings 

in three locations on the flute, which served as the outlets for the atomising liquid 

formulation. The quadrant nozzle system is composed of 4-single nozzle heads 

arranged in a quadrant with separate liquid pumps feeding in formulation to the 

nozzle but all connected to the same voltage supply.  

6.3.2.5      EHDA Process optimisation 
The prepared polymeric formulation (CAM and PVP) was transferred into a 5 mL 

syringe and then securely locked into the Harvard Apparatus 11-Elite syringe 

pump. The polymeric formulation was infused into a 2500 mm conducting 

capillary nozzle at a flow rate of 10 µL/min through silicone tubing, and an 

operating voltage of 12.5 kV was supplied by a high voltage power supply. The 
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nanoparticles were then collected on a metal plate. The parameters such as 

deposition distance and voltage were varied in line with the requirements for 

optimisation of the experiments in the experimental design table (Tables 6.2). 
The JMP software was used in the optimisation of the process and generation of 

experimental design. 

 

6.3.2.6     Nanoparticle Characterisation 

6.3.2.6.1     SEM Imaging analysis and Size Determination 

For imaging purposes and to determine particle size distribution, samples were 

collected on glass slides and dried for 24 hours prior to studying under scanning 

electron microscopy (SEM/ Carl Zeiss EVO HD15, Oberkochen, Germany), 

operated at an accelerating voltage of 5 kV. Samples were gold coated for 2 min 

via a rotary-pumped sputter coater (Q150R ES, Quorum Technologies Ltd, East 

Sussex, UK) to prevent overcharging and improve conductivity. Smart Tiff 

software was used alongside the SEM to determine the mean particle sizes of 

the electrosprayed particles.   

 

6.3.2.6.2     Differential Scanning Calorimetry (DSC)  

CAM, PVP/ Mw (40,000), and the optimised NPs were all analysed using DSC 

(Jade DSC, Perkin Elmer, USA). The weight of each sample to be analysed was 

taken and then placed in a pan. The lid was then crimped onto the pan using the 

pan sealing unit. 10.3 mg of PVP, 4.58 mg of NPs, and then 10.3 mg of CAM 

were used in conducting the DSC analysis. The samples that are to be analysed 

were each placed into the auto-sampler carousel on the Jade Differential 

Scanning Calorimeter machine. Analysis of all samples was carried out at a 

temperature range of 50-350 °C while the heating rate of 10 °C/min was applied. 

The test samples were then loaded into the instrument with the robotic arm and 

then the experiment was started. At the completion of the experimental run, the 

samples were unloaded, and the next samples were loaded.  
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6.3.2.6.3     Thermogravimetric Analysis (TGA) 

CAM, PVP/ Mw (40,000), and the optimised NPs were all analysed using TGA 

(Pyris 1 TGA, Perkin Elmer, USA). The weight of each sample to be analysed 

was taken and then placed in a pan. The lid was then crimped onto the pan using 

the pan sealing unit. 121.9 mg of PVP, 4.9mg of NPs, and then 5.4 mg of CAM 

were used in conducting the analysis. The temperature used for all three samples 

was between 30-600 °C while a heating rate of 10 °C/min was applied. The 

experiment was started after loading the sample pan into the analyser. At the 

completion of the experiment, the sample was unloaded, and the next sample 

pan was loaded.    

 

6.3.2.6.4      Fourier Transform Infrared Spectroscopy (FTIR) 

The samples: Chloramphenicol, PVP/ Mw 40,000, and the optimised NPs were 

analysed using the FTIR (FT-IR Spectrometer, BRUKER, ALPHA, Germany) at 

a resolution of 2 cm−1. The spectra were recorded between 4000 and 650 cm−1 

after correction of the baseline. A background scan was carried out prior to 

testing. A tiny amount of each of the samples was placed on the FTIR machine 

and the clamp was closed. Each of the samples was run and scanned 10 times. 

The infrared peaks obtained from the analysis were then labelled using the 

software and then all output data files were exported. At the completion of the 

experiments, the clamp was opened, and then the samples were taken out. The 

instrument was then cleaned up using alcohol and the next sample was loaded.  

 

6.3.2.6.5      Drug loading and release study  

Three empty glass slides were first weighed, after which the optimised NPs 

containing CAM were then prepared as described above at the controlling 

parameters of 11.5 cm (the deposition distance) and 13 kV (applied voltage). 2 

mL of the solution was electrosprayed for 200 mins onto half of 3 glass slides and 

then each of the glass slides was weighed individually to determine the new 

weight of the NPs on each of the slides. 60 mL of PBS solution was used to fill 
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21 beakers, and these were placed in a water bath and then heated to 37.5 °C. 

The first step was to take one slide and place it in beaker 1 and was then 

transferred to the next beakers at time intervals of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 

30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 mins. Afterwards, the sample of each 

beaker was then placed in a well plate. The well plate was gently placed in an 

Ultraviolet (UV) spectrometer (UV spectrometer, Promega, GM3000, USA). By 

selecting a wavelength of 280 nm on the instrument, the samples that are to be 

tested were selected on the display screen. The UV absorbance test was then 

started and the UV absorbance data were collected for all 21 samples. With the 

second and third slides that were prepared the process was repeated. The data 

collected was used to determine the average absorbance at each time interval. 

A calibration curve was created using 1 µg/mL, 2 µg/mL, 4 µg/mL, 6 µg/mL, 8 

µg/mL, and 10 µg/mL of drug concentrations. The solution was prepared by 

weighing 100 mg of CAM and mixing it with 10 mL of PBS solution. The solution 

was then made up to 100µg/ml using PBS solution, which was labelled as the 

stock sol-1 and had a concentration of 1 µg/mL. 1 mL of the stock solution was 

thereafter transferred into a beaker and made up to 100 mL using PBS solution. 

This solution was labelled as stock sol-2 and had a concentration of 10 µg/mL. 1, 

2, 4, 6, and 8 mL of stock sol-2 were all pipetted into different beakers after which 

it was made up to 10mL using PBS solution to prepare the 1 µg/mL, 2 µg/mL, 4 

µg/mL, 6 µg/mL, and 8 µg/mL solutions. Stock sol-2 was used as the 10 µg/mL 

solution. A sample from the different solutions was then placed in a well plate 

while their UV absorbance was measured. Each absorbance reading was 

inputted into excel to generate a calibration curve of the sample. Using the 

calibration curve, the drug release over 120 mins was determined, and the 

average absorbance obtained from each of the time intervals and the formula 

were represented in a straight-line graph. To determine the drug concentration at 

each time interval, the values of the m, the c, and absorbance values from the 

calibration curve were then entered into the rearranged equation.   

    𝑦𝑦 = 𝑚𝑚𝑚𝑚 + 𝐶𝐶          (1) 

                         𝑚𝑚 = (𝑦𝑦 − 𝑐𝑐)/𝑚𝑚     (2) 
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6.4       Results and Discussion 

The electrospraying process of obtaining NPs involved preparing the formulation 

containing CAM and PVP and pumping the solution through a nozzle connected 

to a high voltage supply. Figure 6.1 shows a schematic diagram of the setup of 

EHD atomisation of the polymeric formulation that can be used with different 

experimental nozzle heads shown in Figure 6.2; (a) Single nozzle, (b) MTE, (c) 
flute nozzle system.  

PVP was used in this study due to its biocompatibility and hydrophilic nature 

which allows it to rapidly dissolve in an aqueous environment. The hydroxyl 

groups on the polymer backbone allow it to form complexes with other 

compounds capable of donating their protons to form a bond. 

6.4.1 QbD Application in Electrospraying 

In the application of QbD it is vital to determine the QTPP and using knowledge 

obtained from existing literature the CQA of the drug under study was determined. 

Particle size was selected due to its importance in dissolution and bioavailability 

which is related to the aspect of QTPP concerned with drug release profile. 

 

6.4.1.1 Quality Target Product Profile (QTPP) 
The Quality Target Product Profile (QTPP) of the nanoparticles was shown in 

Table 6.1 demonstrating white spherical monodisperse NPs of an average 

diameter of 350 nm with immediate release properties.  

 
Table 6.1 The quality target product profile (QTPP) of the nanoparticles 
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One of the importance of employing the QbD approach to this study is to ensure 

that the system is controlled in order to achieve the desired particle size in a 

reproducible manner. Therefore, keeping the particle size under 350 nm is vital 

to the QTPP of the drug. The smaller the particle size, the larger the surface area. 

Particles with larger surface areas have higher dissolution rates and this is part 

of the QTPP of the NP which was required to have an in-vitro drug release profile 

of fast onset of action  (Swathi & Sailaja, 2014). Another importance of QbD in 

this study is to achieve monodispersed NPs. A highly monodispersed NP means 

the particles are nearly same size, shape, and mass. This is also an important 

aspect of the QTPP as a polydispersity index (PDI) close to or equal to 1 is 

needed for a uniform NP surface area and a predictable drug release profile. The 

NP appearance was set at a spherical, and smooth surface with white colour. 

This is important in the flowability property of the resultant powder used for 

tabletting as a smoother and more spherical particle will reduce internal friction 

between the particle and improve flowability  (Liu et al., 2008). Although the NP 

colour of white is the expected output as both the polymer and CAM are white, 

white-coloured particles are also required for product aesthetic attribute and 

patient compliance as  (Srivastava & More, 2010) was able to show that white-

coloured tablets are one of the most preferred colours. In addition, white-coloured 

NP is most likely to leave a solution colourless. NPs were also expected to have 

immediate drug release properties. 

 

6.4.1.2 Design of Experiment (DOE) 
By inputting the controlling parameters (voltage, flow rate, and deposition 

distance) and the response (mean particle size) into the experimental design 

software, the experimental screening design and response tables were 

generated for the three nozzle heads Table 6.2.  It can be seen in Table 6.2a 

that the voltages being tested in the single head design were 10 kV, 15 kV, and 

20 kV. The flow rates that were tested are 5, 20, and 35 µL/min, while the 

deposition distance used for the single-head study were 5, 12.5, and 20 cm. This 

shows that each factor was measured at 3 levels. Similarly, in the MTE head 
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studies seen in Table 6.2b, the voltage used was 20, 24, and 28kV. The flow 

rates were 50, 100, and 150 µL/min, while the deposition distances were 5, 12.5, 

and 20 cm. In the flute nozzle system shown in Table 6.2c, voltage employed 15, 

20, and 25 kV with flow rates of 50, 75, and 100 µL/min with deposition distances 

at 5, 12.5, and 20 cm. 

Table 6.2a also shows the mean particle size data of the 10 experiments, with 

experiment 10 having the lowest mean particle size of 223.53 nm. Experiment 2 

had the next lowest particle size of 273.73 nm. Experiments 10 and 2 are both 

midpoints on the DoE. The highest particle size of 914.24 nm was seen in 

experiment 3. Experiment 1 had the next largest particle size of 893.78 nm. The 

experimental design table (Table 6.2) shows the response plots, for the MTE 

device. Both mid-points (experiments 4 and 8) had the lowest and second lowest 

mean particle sizes of 129 and 188 nm respectively. Experiments 5 and 3 yielded 

the largest and the second largest particle sizes of 902 and 702 nm respectively. 

Table 6.2c shows the data obtained from the flute head system with the lowest 

mean particle size 457 nm obtained from experiment 2, and the next lowest 

particle size of 479 was obtained from experiment 9. The largest mean particle 

size is 783 nm obtained from experiment 3 while the next largest mean particle 

of 772 nm was obtained from experiment. Three separate full factorial screening 

designs were carried out for all three spraying heads and responses were 

tabulated in table 6.2 below. 
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Table 6.2 Full factorial screening design and responses of electrosprayed polymeric 
formulation containing chloramphenicol. DoE table showing the mean particle sizes 
(nm) obtained from the experiments using (a) single nozzle head (b) multi-tip emitter 

device 

 
 

The effect summary, actual by predicted plot, and the summary of fit were all 

extrapolated from the DoE shown in Figures 6.3.I, 6.3.II and 6.3.III The effect 

summary for all three nozzles indicates the effect of the factors on the particle 

size. The factors with a p-value less than 0.05 are statistically significant mean 

meaning alterations in the parameters will effectively alter the resultant particle 

size. Figure 6.3.Ia shows the effect summary data obtained from experiments 

conducted using the single nozzle head and indicates that voltage and flow rate 

as factors that have significant impacts on the NPs, meaning that changes to 

these two factors has significant effects on the NP produced, this is line with 

earlier studies done by  (Enayati et al., 2010). The P-value of deposition distance 

a 

b 

c 
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indicates that it does not have any significant effect on the properties of the 

electrosprayed NPs. In Figure 6.3.IIa where MTE heads were used, voltage 

supply is the only factor that showed significant effect on the process whereas 

deposition distance and flow rate were insignificant factors in the experiment. 

Although (Haj-Ahmad et al., 2018) initially designed and experimented on the 

MTE by altering the flow rate and voltage supply, the study did not include the 

impact of one or both parameters on the NPs produced by the system. Figure 
6.3.IIIa  shows the effect summary for the flute head system which indicates that 

voltage and flow rate have impacts on the NPs that were electrosprayed in the 

system. The actual by Predicted plot and the summary of fit for all three spray 

heads used in the experiment are also presented in the b and c sections of Figure 
6.3. 

 

 
Figure 6.3 Effect summary for (I) single nozzle (II) multi-tip device and (III) flute head 

system, with their corresponding Actual by Prediction Plot and Summary of fit 
  

I 
 

II 
 

III 
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6.4.1.3 Response Plot 
The visual representation of each experiment carried out on all three spray heads 

is shown in the plots in Figure 6.4, each point on the plot represents an 

experiment. There is a total of 10 experiments with 2 mid-points for all three 

experiments which are located at the center of the plot. The different corner point 

in the plot is a representation of the extreme process parameter settings for the 

process of electrospraying. 

 
Figure 6.4 Showing the visual representation of the response plots using the DoE for 

(a) Single nozzle head (b) MTE device and (c) Flute nozzle head 
 

The process was operated within every parameter setting, utilising all 

recommended combinations in order to fully explore the DoE. Initial experiments 

had earlier been conducted to determine the parameter ranges for stable cone 

jets prior to the DoE. The mid-points in the experiments are a set of replicate 

experiments that provides a good estimate of experimental errors. The factorial 

design involves voltage, flow rate, and deposition distance. Ten experiments 

were completed, these numbers usually depend on the number of factors as well 

as the replicates number (Asghar et al., 2014). 

 

6.4.1.4 Prediction Profiler 
The prediction profiler is an integral part of the JMP software and is equally a 

useful application in electrospraying. Once the system is set up and optimised, it 

is possible to thereafter interactively generate predictions by changing the 

settings of individual factors. It is also possible to visualise interactions such as 

how the effect of one response factor is affected by changes in the different levels 

for another factor. This can then be used to find optimum settings for the response 

a b c 
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based on the expected QTPP and CQA. Simulation of responses is possible 

through this application and accurate predictions can be made on outcomes NP 

properties. For example, it will be possible to predict what the desirability or mean 

particle size will be when any or a combination of the factors (voltage, flow rate, 

and deposition distance) are adjusted. 

 

 
Figure 6.5 Profilers showing the optimum conditions for (a) single nozzle, (b) MTE 

device, and (c) flute nozzle system 
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6.4.2 SEM Imaging 

Scanning electron microscopy (SEM) analysis of the NPs was performed on NPs 

obtained from single nozzle, MTE device, and flute nozzle system which are 

shown in Figure 6.6 A, B and C respectively. The SEM images of experiments 

shown in Figure 6.6 represents the particle size measurements of NPs obtained 

from the electrospraying process. It can be seen that the morphology of most of 

the NPs appear spherical. 

  

 
Figure 6.6 Electron micrograph of particles sprayed by (A) single needle, (B) MTE 

device, and (C) flute nozzle system 
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Although most of the NPs are spherical, the SEM images show few NPs that are 

spindle-shaped across all three spray heads. However, this is more prevalent in 

the SEM images from flute nozzle system (Figure 6.6C). The spindle-shaped 

NPs are formed during the atomisation of the drug-loaded polymeric formulation 

at the nozzle tip. The inability to form a stable cone jet will result in unstable jet 

formation which may cause improper atomisation of solvent molecules resulting 

in non-spherical shaped particles. The materials, methods, and operating 

environmental conditions can also have impact on the NP morphology. Studies 

done by Bodnár in 2016 used models involving fluid dynamics and phase 

separation phenomena to explain how NP morphology is formed. They can also 

be influenced by the solvent, polymer concentration, polymer molecular weight 

as well as the ambient relative humidity of the experimental environment (Bodnár, 

2016). The flute spraying head system produced NPs with the most 

agglomeration (Figure 6.6C). The single nozzle head and MTE device showed 

lesser agglomeration of NPs. Agglomeration of NPs occurs when the particles 

cluster together due to particle adhesion which is caused by weak forces. 

Agglomeration impact negatively on the NP properties, therefore it is vital to 

reduce the rate within the particles during electrospraying. The solution 

concentration as well as the droplet size at atomisation is believed to play a role 

in NP agglomeration (Hogan Jr & Biswas, 2008). Therefore, the electrospraying 

system parameters need to be optimised to ensure the agglomeration is 

adequately controlled.   

6.4.3 Particle Size Measurement 

It is important to assess the impact of the three spraying heads on the size of the 

electrosprayed NPs. The QTPP requires that the NPs be monodisperse and at 

350 nm which is important in the pharmaceutical industries. Nano-sized particles 

are an essential part of dissolution and bioavailability. Being able to use the QbD 

technique to control the size of the NPs in order to achieve the desired properties 

is vital to the application. To obtain the mean particle size of the NPs, SmartTiff 

software was used to extrapolate the data from the SEM data. Figure 6.7 shows 

the histogram representation of the NP sizes of the analysed SEM images. 
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Figure 6.7 Average particle diameter size distribution of particles sprayed by single, 
multi-tip, and flute spraying heads 

 
 

In line with the QTPP, the desired mean particle sizes of the NPs were obtained 

in both the single nozzle and MTE device, whereas the flute spraying head 

yielded a mean particle size above 350 nm. For single nozzle, experiments 2, 7, 

9, and 10 yielded NPs of sizes of 273.73, 341.62, 320.42, and 223.53 nm 

respectively. The MTE device yielded NPs with mean particle sizes of 129 and 

188nm from experiments 4 and 8 respectively. These were also the mid-point 

experiments. Changes in factors or parameters can lead to the production of NPs 

with a wide particle size distribution. This is the design space for the 

electrospraying process within which continuous production of the desired NPs 

can be guaranteed. 

6.4.4 Surface Roughness 

The SEM images were analysed and data collected from all ten experiments from 

each of the three-spray heads showed a surface roughness of 1 in all cases. The 

surface roughness was categorised between 1 and 5, where 1 represents smooth 

surfaces and 5 represents rough particle surfaces.  It was therefore observed that 

all the spray heads experimented with yielded smooth particle surfaces. 
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Table 6.3 Showing the Surface roughness of NPs Obtained 

 
 

In pharmaceutical particle engineering, the roughness of the particles is a vital 

property in the drug design and manufacture as it contributes to flowability, it is 

also important in tabletting. Particle structures in nanoscale is has growing 

significance in recent years as data obtained is used in the decision-making with 

respect to formulation type and route of administration. Factors such as solvents’ 

boiling point, as well as molecular weight of the polymer used in the 

electrospraying process, play a huge role in the smoothness of the NPs and the 

smoothness of these particles, shows that the solvents’ boiling point and 

molecular weight are suitable for yielding particles with smooth surfaces  (Jafari‐

Nodoushan et al., 2015). 
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6.4.5 Drug Encapsulation Studies 

Researchers have used differential scanning calorimetry (DSC) and 

Thermogravimetric analysis (TGA) in the characterisation of the physical 

properties that pharmaceutical materials possess such as glass transition, 

melting point, specific heat of capacities, heat of fusion, vapour pressure, and 

solubility. Data obtained from both analyses can be used to develop the profile of 

the finished dosage form and detect a difference that may have occurred in 

composition as a result of the drug encapsulation. This is borne from the general 

belief that the thermal properties of the electrosprayed NPs will equal the sum of 

the properties of the individual properties of the components provided there are 

no interactions among them  (Moharram & Allam, 2007). When there is an 

obvious interaction, it is therefore important to investigate the extent of the 

interaction and if there are factors that may have influenced it. The DSC 

thermograms of CAM (Figure 6.8a) showed a melting peak of 155 °C. This 

means that CAM melted at 155 °C. The DSC thermograms of PVP (Figure 6.8b) 
showed a melting peak of 124 °C in the thermogram. This means that the PVP 

has a melting temperature of 124 °C. The DSC thermograms of the optimised 

NPs (Figure 6.8c) show a peak at 112 °C. This represents the melting 

temperature of the NPs which is 112 °C. The TGA thermograms of CAM (Figure 
6.8d) indicate that the weight of CAM remained unchanged until after 200 °C. 

There was a drop in the weight after this point until 300 °C. within these 

temperature points there was a drop in the weight from 5.42 mg to 2.86 mg.  The 

TGA thermograms of PVP (Figure 6.8e) showed the weight remain unchanged 

until a temperature of 330 °C was reached. Thereafter, there was a drop in weight 

from 21.59 mg to 19.30 mg at a temperature of 500 °C. The TGA thermograms 

of the optimised NPs seen in Figure 6.8f indicate a steady weight until 360 °C. 

Thereafter there was a drop in weight down untl a temperature of 460 °C. The 

weight dropped to 1.38 mg was from 4.21 mg.  
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6.4.6 DSC Analysis 

The DSC thermogram for CAM shown in Figure 6.8a has a single endothermic 

peak at 155 °C which is typical of crystalline CAM (Kestens et al., 2011). The 

thermogram for the electrosprayed NPs also has a single endothermic peak 112 

°C seen in Figure 6.8c. The thermogram does not show any thermal property of 

its encapsulated CAM crystalline particles which indicates that the API is no 

longer in its crystalline form. This is likely due to CAM forming a polymer mix 

resulting in the inhibition of its recrystallisation of the encapsulated CAM particles 

upon atomisation during electrospraying. This is an indication of an interaction 

Figure 6.8 The DSC thermograms of (a) CAM, (b) PVP and (c) optimized NPs; The TGA 
thermograms of (d) CAM (e) PVP and (f) optimised NPs 
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between the CAM crystals and the polymer resulting in the amorphorisation of 

the NPs. This explains why the peak for crystalline CAM is not seen in the 

thermogram (Mello & Ricci-Júnior, 2011) The observed shift in the thermal peak 

on the DSC thermogram for NPs in comparison to the raw CAM and that of the 

PVP (124 °C) seen in Figure 6.8b indicates that the resultant encapsulation and 

interaction between the crystal and polymer lead to a new thermal peak. A high 

surface-to-volume ratio as well as changes in the thermal properties of the NPs 

leads to a negative shift in the melting temperatures. The endothermic peak of 

the NPs is seen to be very broad which is likely due to the wide particle size 

distribution causing the different particles to melt at varying temperatures (Chiu 

& Prenner, 2011).  

6.4.7 TGA Analysis 

The TGA thermogram for CAM shown in Figure 6.8d indicated that the mass 

decreased at 200 °C whereas the thermogram of PVP shown in Figure 6.8e 

indicated a mass decrease at 330 °C. This implies that PVP has a higher thermal 

stability than CAM making it an ideal polymer for the encapsulation of the crystal. 

The optimised NPs showed a decrease in mass at 360 °C seen in Figure 6.8f. 
This increased thermal stability of the optimised drug-loaded NPs indicates that 

the crystalline CAM is well encapsulated in the polymer which possesses much 

higher thermal stability compared to CAM. There is no marked reduction in the 

thermal stability of the optimised NPs in comparison to the raw materials 

suggesting compatibility between the optimised NPs and PVP. These findings 

are in line with the earlier studies that indicate loading drugs into polymeric 

carriers is capable of increasing the drug’s thermal stability (Woranuch & Yoksan, 

2013). 

6.4.8 FTIR Analysis 

The FTIR spectra of CAM (Figure 6.9a) showed different peaks at 3256.61 cm-1 

(N-H stretching), 1682.94 cm-1 (C=O stretching), 1515.88 cm-1 (asymmetric 

stretching of NO2), and 1341.73 cm-1 (symmetric stretching of NO2).  The FTIR 

spectra of PVP (Figure 6.9b) also showed different peaks at 3424.26 cm-1 (OH 
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stretch) and 2949.49 cm-1 (CH and CH2 stretch). Consequently, the FTIR spectra 

of the optimised NPs seen in Figure 6.9c showed similarity to the PVP spectrum, 

all characteristic peaks of the polymers are visible in the image. However, 

characteristic peaks for CAM are not obvious in the spectrum. This, therefore, 

indicates a possible incorporation of the CAM in the polymer matrix. 
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Figure 6.9 The FTIR spectra of (a) CAM, (b) PVP, and (c) optimised NPs 
 

 

(a) 

(b) 

(c) 
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The FTIR spectra for pure CAM seen in Figure 6.9a shows an intense sharp 

infrared (IR) band at 1682.94 cm-1. This is indicative of a C=O stretching vibration. 

The peaks visible at 1515.88 cm-1 on the spectra are likely caused by the 

asymmetric stretching vibration occurring in the NO2 group. A notable intense 

band that corresponds to the vibrations from the symmetric stretching of the NO2 

group was also observed at 1341.73 cm-1. Another notable peak was visible at 

3256.61 cm-1, representing the N-H stretching vibrations. The FTIR spectra 

obtained from the PVP NPs are shown in Figure 6.9b had peaked at 3424.26 

cm-1. The peak in the spectra of the optimised NPs seen in Figure 6.9c shifted 

to 3418.24 cm-1. FTIR spectra obtained from CAM are shown in Figure 6.9a and 

visible at the 3256.61 cm-1 region. From the data obtained, it can be inferred that 

possible interactions have occurred between CAM and the polymer leading to the 

formation of a polymeric mix causing the observed shift in peak in the optimised 

NPs. Figures 6.9a-c shows the FTIR spectra of CAM, PVP, and electrosprayed 

optimised NPs. There is an observed similarity between the spectra for the 

optimised NPs and those of the PVP. There are no observed peaks for CAM in 

the optimised NPs spectra. Comparing the FTIR spectra of CAM, PVP, and the 

optimised NPs, the peaks in the spectra for PVP were observed to be highly 

similar to the peaks shown in the FTIR of the optimised NPs. Therefore, CAM 

particles are believed to have been incorporated into the polymeric mix as studies 

have shown that when the API spectra are shown to disappear in the spectra of 

the electrosprayed NPs, it suggests that the drug has been incorporated into the 

polymeric mix. (Dave & Patel, 2013) 

 

6.4.9 Drug Release  

The release of CAM was based on the assumption of 100% drug loading of the 

electrosprayed optimised NPs. During drug release, the CAM molecules leave 

the drug polymeric mix and become solubilised in the physiological medium. In 

drug design and manufacture, the release of the drug is vital to the drug design. 

The QTPP suggests that the NPs drug release profile is set to be immediate 

release. In doing so, it is also important to carry out an absorbance test to 
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extrapolate a calibration curve. This is vital in determining an unknown 

concentration of the drug from a set of known standard concentrations. With this 

data, it is possible to determine an unknown drug dosage in a test sample by 

dose interpolation. R2 for the calibration curve carried out for CAM (Figure 6.10) 
is 0.979. This means that 97.9% of the variance of the dependent variables is 

explained by the variance of the independent variable. 

 

6.4.9.1 Calibration Curve of CAM 

 
Figure 6.10 Calibration Curve of CAM 

 

 

6.4.9.2 Release Studies 
In-vitro studies of the electrosprayed optimised NPs drug release profile is shown 

in Figure 6.11. A calibration curve of CAM from 0 to 10 µg/ml concentration is 

shown in Figure 6.10 and the in-vitro release profile of the electrospray optimised 

NPs. 
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Figure 6.11 In vitro drug release of the optimised CAM NPs 

 

6.4.9.3 Release Profile of NPs 
The release profile shown in Figure 6.11 is based on the assumption of 100% 

drug loading. At the end of 4 mins, the cumulative drug release of CAM was 

82.5%. After 4 mins this stayed constant for the remaining part of the 120 mins 

run. As CAM is a broad-spectrum antibiotic used in the treatment of typhoid fever, 

and cholera, and has also been formulated to treat superficial eye infections such 

as conjunctivitis and otitis, it is important that drug release is immediate, and 

bioavailability is high for drug efficiency to provide relief for patients with 

symptoms. The hydrophilic nature of the PVP polymer is believed to be 

responsible for its high dissolution rates and its ability to inhibit the 

recrystallisation of drugs makes it a polymer of choice. The polymer is believed 

to have increased the bioavailability of the API as they form a water-soluble 

complex with CAM which helps in its initial burst of drug release. This can be 

attributed to being the reason for the immediate release profile observed. (Liparoti 

et al., 2015). The release profile of the drug follows first-order kinetics by 

releasing the drug at an initial burst and then maintaining a constant release rate 

of the concentration of CAM within the therapeutic window for the 2 hours period 

of the experiment indicating that the rate of drug release is concentration 

dependent (Laracuente et al., 2020). To obtain an extended-release profile of the 

drug to enable the CAM to be released over a longer or specified time, a different 
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polymer with a slower degradation in solution may be needed. CAM has a 

relatively poor solubility profile in the gastrointestinal (GI) tract as well as 

possesses poor systemic bioavailability when orally administered, hence the 

choice of CAM in this study was to overcome these shortfalls by fabricating drug-

loaded NPs of high bioavailability and solubility (Lb & Mohan, 2011). A key 

requirement of the obtained QTPP (Table 6.1) was for NPs to have an onset of 

action that is fast, and this requirement was met in the electrosprayed NPs with 

its immediate release of 4 mins. 

6.4.10      Process Control Strategy 

Control strategies are vital in the application of QbD, there is therefore a need for 

one in other to maintain the consistent production of the NPs with the desired 

requirements. The design space that has been established is vital to the control 

strategy of the process as staying within this space including that required for the 

process parameter will guarantee the stable cone-jet formation and subsequently 

the consistent production of the desired particle size. Control strategy may also 

include controlling the materials inputted in the process. PVP for instance comes 

in different Mw hence it is important to consistently a selected Mw. The same 

applied to the particle size of CAM. If any of these input materials are varied, it 

might lead to a change in the output particle size of the NPs. During 

Electrospraying, environmental factors such as vibrations, humidity, and 

temperature have been known to influence the electrospraying process, hence 

there is a need to control these factors in other to maintain a controlled process. 

The electrospraying process can also be controlled by the application of the 

process analytical technique (PAT) by consistently monitoring the jetting process 

with a fitted camera to ensure it is kept stable while the necessary adjustments 

are made to the parameters as soon as the jet formation is not in the desired 

stability. This will guarantee the consistent formation of the required NPs 
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6.5   Conclusions  

12.5 cm deposition distance and 24 kV applied voltage were found to be the 

optimal process parameters used with a constant flow rate of 100 µL/min to 

achieve the NPs with the smallest mean particle size of 129 nm. This was in line 

with those stipulated in the design space and contour plot for the MTE device. 

188 nm mean particle size was also produced with the parameters settings of 

12.5 cm deposition distance, 24 kV applied voltage, and 100 µL/min of flow rate. 

NPs produced from the electrospraying process all had smooth surfaces 

irrespective of the parameter settings as shown in the SEM images. This infers 

that the changes in the parameter settings had no impact on the surface 

roughness of the NPs. DSC data obtained from these studies showed that the 

polymeric CAM NPs had a melting temperature of 112 °C which is lower 

compared to that of the pure CAM (155 °C), this means that the optimised NPs 

have improve stability. Data obtained from TGA also showed improved thermal 

stability as the optimised polymeric NPs had a higher degradation temperature of 

360 °C compared to 200 °C shown in the pure CAM. No distinct peak of the pure 

CAM was seen in the FTIR spectra indicating that the pure CAM was completely 

incorporated within the polymeric mix. In-vitro studies of the release profile of the 

optimised NPs showed a rapid release of the API into solution within the first 4 

mins. This peak was sustained afterwards throughout the 120 mins studies. NPs 

with sizes less than 350 nm was the required size stipulated in the QTPP 

requirement and this was met. Therefore, staying within the design space of the 

process it is possible to consistently produce NPs below the 350 nm target. In 

conclusion, QbD was applied in the understanding of the process and 

stabilisation of the cone-jet formation leading to production of desired NPs within 

the design space.  
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CHAPTER 7: Conclusions and Future Perspectives 

7.1     General Conclusion 

This research aimed at demonstrating the applicability of QbD concepts in the 

fabrication of NCs as well as polymeric nanocarriers whilst applying the EHDA 

technique and then using the knowledge obtained from the study to optimise the 

electrospraying process with the aim of upscaling the system for large-scale 

industrial production of nano-sized drug components. This thesis is split into three 

sections: in the first, the goal was to attempt an optimised nanocrystallisation 

using EHDA. The second and third were focused on further optimising and 

upscaling for improved output in terms of quality and quantity of drug particles. 

A detailed explanation of the specific aims and objectives have been stated in 

Section 1.2 and 1.3. 

Chapter 4 looked at finding the most suitable QbD approach for the 

nanocrystallisation using the EHD atomisation technology. A model drug- INDO, 

a non-steroidal anti-inflammatory drug (NSAID) was successfully crystallised 

forming both micro- and nano-sized crystals. Firstly, QbD concepts were applied 

in the optimisation of the EHDA process. Risk assessment was carried out with 

a view to achieving the QTPP, the parameters selected were used for the DoE. 

EHDA processes were conducted within the design space to produce crystals of 

varying shapes and sizes. The understanding of the optimised system was used 

to obtain prediction models which were subsequently tested and yielded crystals 

with desired particle properties. Analysis of the particle’s crystallinity showed the 

crystals formed had different degrees of crystallinity which were found to be linked 

to the changes in the parameter settings. The flow rate followed by the deposition 

distance was found to affect the degree of crystallinity with the flow rate having 

the greatest impact. For crystal particles with reduced crystallinity, analysis over 

4 weeks showed particles became more crystalline. Thermal behaviour analysis 

showed a reduction in the melting temperature of the particles after 

electrospraying. This was found to increase after weekly checks indicating the 

repacking of the crystal lattice to achieve a more stable crystalline particle. 
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Chapter 5 detailed a further upscaling process of EHDA by design and utilisation 

of a quadrant nozzle system and an 8-nozzle system. The upscale system design 

was successfully used to electrospray INDO - EtOH solution forming crystal NPs. 

Jetting images were obtained and analysed showing jet cone formation in all 

three system designs. Data obtained was used to generate jetting maps which 

show stable jet cone formation at over 100 µL/min in the quadrant nozzle system 

and 8-nozzle system compared to a maximum of 48 µL/min in the conventional 

single nozzle system. The jet stability graph shows a higher atomisation energy 

demand in a quadrant nozzle system compared to when only a single nozzle is 

used. Spray modelling conducted showed the impact of the electric field on the 

cone jet formation, how it directs the projected angle, and subsequently its spray 

pattern. The impact was found to be higher in the quadrant nozzle system with 

the nozzle at 2 cm apart compared to that of the 8-nozzle system which had a 10 

cm distance between them. Particle characterisation showed formulation yielded 

both micro- and nano-sized particles in the upscaled systems whilst maintaining 

the thermal properties of INDO. FTIR also showed no changes in bond formation 

indicating the capacity of upscaling whilst maintaining particle property. The MTE 

device was redesigned by changing its stainless-steel head to a plastic 

component which reduced the impact of the electric field generated by the metal 

area on the cone jet formation leading to a stable centralised cone jet. The holding 

capacity of the reservoir area was also increased by 100% from 250 µL to 500 

µL. 

Chapter 6 Then focused on using QbD techniques to optimise a stable cone-jet 

formation for increased formulation atomisation using a single nozzle, MTE 

device, and Flute nozzle spray heads. PVP was used to encapsulate CAM- an 

antibiotic mainly used in the treatment of eye infections and sometimes ear 

infections. Characterisation of the electrosprayed NPs showed QTPP was met 

with the formation of smooth, spherical, monodisperse, and white NPs. SEM 

images of the NPs were obtained and analysed to ensure the size and 

morphology meet the desired expectations. The electrosprayed NPs obtained 

had an average particle size of between 223 nm and 914 nm using the single 

nozzle system. The MTE device yielded between 129 nm and 902 nm while the 
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flute nozzle system produced NPs between 457 nm and 772 nm. Knowledge 

obtained from the understanding of the optimised stable cone-jet and response 

plot was employed in working within the design space to produce the desired 

NPs. Drug encapsulation studies obtained from the DSC showed a polymeric mix 

formation of CAM in PVP resulting in the inhibition of recrystallisation and 

subsequent enhancement of stability of the NPs as the melting temperatures of 

CAM shifted from 155 °C to 112 °C after being incorporated in PVP. Thermal 

analysis obtained from TGA also shows a successful encapsulation of CAM in 

PVP as the temperature for the onset of disintegration had shifted from 200 °C in 

CAM to 360 °C after being incorporated into PVP. The thermal properties of PVP 

were also found to help in stabilizing CAM. FTIR spectra confirm the incorporation 

of CAM in the polymer. Release studies show CAM release reached a 

cummulative drug release of 82.5% within 4 mins of experiment after which drug 

concentration stayed constant. Data obtained helped to work within the design 

space as a control strategy to minimise the influence of other factors that may 

affect NP output as formulation flow is increased. This helped in the consistent 

production of desired NPs. 

7.2   Future Perspective 

Employing the EHDA technology in the crystallisation of INDO in this research 

proposes a new paradigm in the nanocrystallisation and particle engineering 

which highlights the potential of EHDA in the fabrication of desired particles, 

especially in the fabrication of temperature-sensitive API used as 

thermoresponsive drug delivery systems. The design and optimisation of 

upscaled EHDA systems for the fabrication of NPs and the understanding of the 

different dynamics at play within the upscaled system are of valuable importance 

to the pharmaceutical industry. 

7.2.1 Material 

Only one polymer (PVP) was assessed during this research for the drug 

encapsulation process while part of the experiment involves nanocrystallisation 

processes, not requiring any polymer incorporation. Several other polymers have 



233 
 

also been listed for encapsulation such as poly-glycolic acid (PGA), poly-lactic 

acid (PLA), poly-lactic-co-glycolic acid (PLGA), and poly-acrylic acid (PAA) which 

may be used in the characterisation experiment to facilitate the stable cone jet 

formation for increased formulation flow while ascertaining the ability of the 

upscaled system design to carry a robust and efficient encapsulation. 

It is also possible to attempt the nanocrystallisation and crystal engineering of 

several other model crystalline drugs that have hitherto been crystalised using 

other technology with the aim of taking advantage of the many positives of the 

EHDA system such as a cheap, easy-to-operate, one-step process. 

 In this research, INDO was chosen in chapter 4. The outcome of this research 

emphasises the enormous potential inherent in the EHDA system to carry out co-

crystallisation of several crystalline drugs that have not been successfully 

fabricated in other crystallisation processes requiring applied heat such as 

solvent evaporation, spray drying, etc. 

7.2.2 Process 

The evolution of EHDA technology explored in chapter 2 with respect to the other 

particle engineering technologies has led to the design and experimentation of 

the quadrant nozzle and 8-nozzle designs. There may be a need to attempt the 

incorporation of the coaxial EHDA nozzle in this experimented design where 

multiple needles arranged concentrically can be used to fabricate nanocrystals 

and other nano-sized multi-layered structures creating different drug release 

profiles. Integrating these into the upscaled design system will be of potential 

benefit to the pharmaceutical industries.  

In the electrospraying process of the remodelled MTE device in chapter 5, only 

one deposition distance was used. There are several pieces of research evidence 

shown in chapter 4 indicating that the deposition distance plays a role in particle 

size, morphology, and in the case of chapter 4, degree of crystallinity. Therefore, 

future research may look at exploring this further in the remodelled MTE device 

in fabricating NCs. 
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7.2.3 Characterisation 

The encapsulated NPs were characterised using in-vitro techniques. Studying the 

ex-vivo and possible in-vivo behaviour of these encapsulated drugs as well as 

the crystal particle yield obtained from the upscaled system may help to further 

consolidate the research evidence of the efficiency and potential applicability of 

the design in the pharmaceutical industry.  

With respect to the spray modelling and particle dynamics studied in chapter 5, 

there were limitations with respect to the applied voltage as the research revealed 

higher atomisation energy requirement in the upscaled system design. However, 

the voltage supply is limited to a maximum of 35 kV supply. This means that a 

further increase in the flow rate may require voltage above that supplied by 

available devices which may require considerations from the device 

manufacturers as well as further risk assessment of the safety of operating EHDA 

at a higher voltage above the current threshold. 

7.3     Research Drawbacks 

During the cause of this Ph.D research, the COVID-19 pandemic broke, putting 

several limitations on the experimental processes and procedures due to lack of 

access to the laboratory. This also led to a massive loss of materials and running 

experiments. In some cases, some of the experiments had to be started afresh. 

As a result, due to final completion deadline, some extensive experimental 

analyses were not completed for lack of time. 

7.4     Final Comments 

To the best of my knowledge, the research into the engineering of crystalline drug 

particles using EHDA techniques whilst applying QbD concepts, as well as the 

design and experimentation of the upscaled system designs is the first of its kind 

in pharmaceutical research.  The work herein presented has opened a new 

paradigm with a huge potential for further research in this area which I hope to 

explore in the future. 
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Appendix A Characteristic Infrared Absorption 
Wavenumbers of some Functional Groups 
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