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Abstract 

Nanoparticles have received significant attention due to their vast potential to treat a 

plethora of diseases. There is much interest and innovation within the field with the 

global market value of nanotherapeutics projected to be worth US$369.5 Billion by 

2027 (Research and Market, 2020). Despite this, there is a significant lack of 

nanoparticles in the clinic; the ability to produce polymeric nanoparticles, 

reproducibly, and on a large scale remains a challenge. As a manufacturing tool, 

extrusion has been widely implemented in the pharmaceutical industry for a range of 

dosage forms due to the ability to implement continuous manufacturing. This thesis 

explores the use of extrusion as a tool to continuously manufacture polymeric 

nanoparticles without the use of solvents or water for the first time. 

Firstly, this work developed a strategy for the manufacture of high drug-loaded 

amorphous solid dispersion (ASD) using twin-screw extrusion (TSE) for three drugs: 

indomethacin (IND), naproxen (NPX) and ibuprofen (IBU) with Eudragit® EPO 

(EPO). The design spaces were predicted through Flory-Huggins (FH) based theory, 

and the selected ASDs were manufactured using extrusion to produce high-drug 

loaded ASDs (HDASDs). Secondly, the enhanced physical stability was further 

confirmed by high relative humidity (RH) (95% RH) storage stability studies as well 

as long term stability studies (40°C, 75% RH). Through this work, we have 

demonstrated that by implementing predictive thermodynamic modelling, ASD 

formulation design can be integrated into the extrusion process design to ensure the 

desired quality of the final dosage form. This was the foundation for developing 

polymeric nanoparticles, the initial investigations focusing on one of ASD 

manufacture of NPX and EPO. The initial feasibility study was conducted to confirm 

the plausibility of nanoparticle manufacture by TSE with a design of experiment 
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(DoE) approach to highlight key process parameters. It was shown through this work 

that nanoparticles could be manufactured using extrusion. However, optimisation of 

process and formulation parameters was necessary for the nanoparticle formulations 

where there was poor nanoparticle recovery due to insufficient mixing. The carrier 

selection, in particular the viscosity of three sugar alcohol carriers, xylitol (XYL), 

sorbitol (SORB) and erythritol (ERY), was assessed in addition to predicted required 

shear rates in order to produce homogenous mixtures of nanoparticles.  Additionally, 

the ability to scale up the process was investigated with promising results. It was 

shown that the longer residence time achieved with, the larger extruder resulted in 

increased nanoparticle recovery and improved content uniformity. 

We have shown that extrusion can be used to make reproducible nanoparticles in a 

continuous fashion. Furthermore, we have shown from preliminary in vitro data that 

the nanoparticles can allow for controlled or targeted release based on the polymer 

selection. Further studies will focus on implementing this design to develop other 

nanoparticle systems and further in vivo analysis. 
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1.1 Solubility problem 

1.1.1 Poorly water-soluble drugs 

In early pharmaceutical development, drugs are classified using the biopharmaceutical 

classical system (BCS), with Class I drugs considered as the most desirable based on 

their high solubility and permeability through to Class IV, low solubility and low 

permeability being the least desirable. The BCS system assesses the aqueous solubility 

and intestinal permeability of drugs to determine how a drug will behave in vivo (Ku, 

2008). Figure 1.1 highlights the four classes used to categorise a drug substance based 

on solubility and permeability in the gastrointestinal (GI) tract (Yasir et al., 2010).   

 

A drug is considered to have high aqueous solubility when its highest clinical dose 

strength is soluble in ≤ 250 mL of aqueous media over a pH range of 1-7.5 at 37.5°C 

as an immediate release product (Yu et al., 2002). A highly permeable drug is 

Figure 1.1 The Biopharmaceutical classification of drugs based on their 
solubility and permeability in the GI tract 
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classified by the absorption of an orally administered dose in humans is >90% 

compared to an intravenous reference (Baghel et al., 2016). 

Previously, drugs not possessing these properties were discarded during the early 

development stage because of the potential formulation difficulties later in the 

development process (Ku, 2008). Combinatorial chemistry, a method that utilises 

computer software to calculate and predict new theoretical chemical structures (Pottel 

and Moitessier, 2017), has led to a rapid screening approach of new chemical 

compounds and potential new drugs treatment unmet medical conditions. This method 

has been recently adopted in the current drug discovery stage, moving away from a 

simple trial and error approach. Thus, a substantial portion of the new chemical entities 

(NCEs) are identified faster and more efficiently.  

Of these, many are now classified as poorly water-soluble (BCS II and IV) (Bergström 

et al., 2016).  More than 40% of marketed drugs are considered practically insoluble 

in water (Savjani et al., 2012) with up to 90% of development compounds exhibiting 

low aqueous solubility (Barakat, 2017; Peltonen and Hirvonen, 2018). Previously, 

these NCEs would have been discarded due to formulation and delivery issues. 

However, with new sophisticated formulations, a wide range of new approaches have 

been implemented to achieve successful drug delivery including amorphous solid 

dispersions (ASDs) (Vasconcelos et al., 2016), microparticles (Siepmann and 

Siepmann, 2006), nanoparticles (Patra et al., 2018) and co-crystals (Karimi-Jafari et 

al., 2018; Yuan et al., 2010) to name a few. In particular, oral drug delivery has 

received significant consideration as the preferred method of drug delivery, where 

solubility is an essential criterion for dosing a drug orally (Ring, 2010). Oral dosage 

forms are advantageous due to the convenience, ease of administration and ease of 

production. To deliver a drug orally, it must be solubilised in the GI fluid; hence, 
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techniques to increase NCEs' solubility-limited bioavailability are of paramount 

interest to the pharmaceutical industry (Vasconcelos et al., 2007). 

The aqueous solubility of a drug affects its bioavailability. A drug with low solubility 

will result in poor dissolution in the GI tract; thus, reducing bioavailability and 

available drug in the systemic circulation.  Therefore, it is crucial that this issue is 

overcome to ensure the delivery of a therapeutic dose. An increased frequency of 

dosing or increasing drug loading was often used to overcompensate for the reduced 

bioavailability. Unfortunately, these approaches lead to issues such as increased local 

toxicity and reduced patient compliance in the former or in processing, tableting and  

 

 

 

 

Figure 1.2 The therapeutic dose for API in systemic circulation highlighting the 
peak and trough effect leading to under or over dosing of the API 
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powder properties in the latter (Merisko-Liversidge and Liversidge, 2008). Figure 1.2 

highlights schematically how it is possible to induce toxicity or dip into sub-

therapeutic dose levels with increased frequency of dosing, sometimes referred to as 

the peak and trough effect.  Consequently, a formulation which enables release of an 

active pharmaceutical ingredient (API) within the desired dosing range for a prolonged 

duration is necessary. 

1.2 Formulation strategies to overcome solubility issues 

1.2.1 Amorphous state 

The amorphous state exists as a higher energy state, with excess free energy, enthalpy 

and entropy compared to their crystalline counterparts. Therefore, it is likely to result 

in solubility enhancements, providing a potential strategy for increasing solubility and 

dissolution rate of Class II and Class IV drugs. This is primarily due to their lack of 

long-range order, with the presence of a glass transition temperature (Tg) and the 

absence of a distinct melt (Leuner and Dressman, 2000). Due to the absence of a 

structured crystal lattice, less energy is required for dissolution of the drug when 

compared to a crystalline phase, thus providing enhanced dissolution rate and 

solubility (Healy et al., 2017). Despite the apparent advantages of attaining the high 

energy state, it is hindered by the inevitability of recrystallisation of the amorphous 

drug. The amorphous forms’ natural tendency to revert back to the more stable 

crystalline state (Figure 1.3) diminishes the solubility advantages exhibited by 

implementing the amorphous form (Bhugra and Pikal, 2008). As illustrated in Figure 

1.3, when a crystalline compound is heated past its melting point, it exhibits a phase 

transformation from solid to liquid. Rapidly cooling this liquid to temperatures below 

the melting point of the drug, known as quench cooling, results in the liquid entering 

the super-cooled liquid region without crystallisation (Sibik et al., 2015).  Continuing 
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to cool the drug further, to below the glass transition temperature, the drug exists in 

the glassy state. This state exhibits higher free energy, entropy, and enthalpy, thus 

provides some enhanced physicochemical properties such as solubility and 

bioavailability increases.  

 

Despite this apparent advantage, the amorphous state is fundamentally unstable 

compared to its crystalline counterpart. Therefore, it is imperative to stabilise the 

amorphous state for pharmaceutical relevant applications (Hancock and Zografi, 

1997). 

1.2.2 Amorphous solid dispersions 

Amorphous solid dispersions (ASDs) are a promising technology used to enhance the 

solubility of the API and stabilise the high energy state of the amorphous form, now 

routinely adopted as a standard formulation development processes in the 

Figure 1.3 A comparison of the crystalline state (blue diamonds) and the amorphous state (blue 
circles) based on free energy. The Tg represent glass transition temperature and Tm signifies the 

melting point 
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pharmaceutical industry (Hancock and Parks, 2000; Hancock and Zografi, 1997). 

Reports of solid solutions dated back to 1961 (Sekiguchi and Obi, 1961), however, 

Chiou and Riegelman (Chiou and Riegelman, 1969) were the first to report improved 

drug dissolution from the formation of an amorphous solid solution with griseofulvin 

in citric acid. Since their discovery in 1969, 17 ASD products have been approved 

since 2007-2017 by the U.S food and drug administration (FDA). Despite this, the 

number of approved products is still considerably low compared to the research in this 

field. 

The formulation development and understanding of ASDs is significant and highly 

relevant for oral drug delivery. Typically, an ASD comprises the poorly water-soluble, 

drug and an amorphous, hydrophilic carrier. It is possible to incorporate other 

excipients for an enhanced product in some cases. For example, the addition of 

surfactants can be used to stabilise formulations and retard recrystallisation 

(Vasconcelos et al., 2007). Lipids and carbohydrates can also be used to stabilise the 

ASD (Surikutchi et al., 2013). In general, the drug is dispersed within the amorphous 

carrier, forming a single amorphous system. There should be complete miscibility 

between the drug and the carrier for enhanced physicochemical properties, particularly 

solubility and stability (Baird and Taylor, 2012). Polymer matrices are most widely 

used as carriers for the drug, allowing for a metastable, high energy amorphous form 

to be retained. Often there are issues with increasing solubility of a drug due to a 

subsequent decrease in permeability across the GI tract. This work has been well 

researched by Miller et al., showing permeability issues in systems using cyclodextrins 

(Miller and Dahan, 2012), micellar solubilisation (Miller et al., 2011) and though use 

of cosolvents (Beig et al., 2012; Miller et al., 2012b).  However, Miller et al., showed 

that this is not the case with ASDs and that in fact, solubility can be increased without 
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hindering permeability (Miller et al., 2012a). This was achieved through 

supersaturation of ASDs, showing that increased apparent solubility without 

decreasing apparent intestinal membrane permeability was achieved.  

The main methods to produce ASDs fall into two categories: melting methods 

(including twin screw extrusion) and solvent evaporation (including spray drying), 

each with slightly different advantages and disadvantages (Liu et al., 2015). 

Advantages of twin screw extrusion (TSE) include scalability, lack of solvent use, 

high throughput and ability to form multiple formulation types for oral and 

transdermal delivery (Maniruzzaman and Nokhodchi, 2017; Narala et al., 2020; Shah 

et al., 2013). Advantages of solvent evaporation include the use of moderate 

temperatures, thus an option for thermolabile drugs, reproducibility and scalability 

(Palmieri et al., 2001; Sosnik and Seremeta, 2015).  

Stability issues hinder the usage of ASDs as a potential formulation strategy. Before 

undertaking amorphous formulation development, an assessment as to what extent the 

amorphous form will improve solubility and bioavailability is often necessary (Ousset 

et al., 2018). Figure 1.4 depicts the perceived structure of a solid dispersion where the 

amorphous drug is stabilised in the amorphous form within the polymer chains (Huang 

and Dai, 2014). The polymeric carrier ensures system stability; thus, polymer selection 

is imperative for a stable ASD. Despite potential stability issues, there have been 

several successful ASD formulation approved by the FDA for use (Table 1.1), and this 

figure continues to rise (Simões et al., 2019).  
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The most famously cited ASD produced by TSE is Kaletra®, used to treat human 

immunodeficiency virus (HIV) (Williams et al., 2012). The fixed-dose combination 

medication for the treatment of HIV improved both aqueous solubility of the APIs and 

therapeutic efficacy, leading to a decrease in the number of doses (Andrews and Jones, 

2014).  

In recent years, there has been further innovation and development in ASDs (Pandi et 

al., 2020). As shown in Table 1.1, many ASDs have been approved for use in the last 

ten years alone. Nowadays, the amorphous route is routinely assessed in the 

preformulation stage as a potential avenue for successful drug delivery of poorly 

soluble drugs. This is in part due to much research in the field, furthering the 

understanding of ASDs. Additionally, development of the technologies used to 

produce ASDs in a scalable manner like TSE and spray drying as well as in line with 

Figure 1.4 The structures of a drug/polymer solid dispersion where red star symbols represent 
crystalline  drug molecules, blue curvy lines represent polymer chains and the red circles represent 

the amorphous drug. 
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quality by design (QbD) guidance has led to the increase of ASDs in the clinic (Simões 

et al., 2019). Although the main challenge of stability still remains, much more 

research is focused on predicting ASD stability as opposed to merely characterising 

stability post-production (DeBoyace and Wildfong, 2018). This ensures that new 

ASDs can be quickly developed so that lead formulations have been designed based 

on stability as a critical attribute (Han et al., 2019).  
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Table 1.1 Recent examples of ASDs approved by the FDA adapted from (Pandi et al., 2020) and 

(Simões et al., 2019) 

Product  Drug Polymer Method Company  FDA 

approval 

Onmel® Itraconazole HPMC TSE Merz 2010 

Belsomra® Suvorexant PVP TSE Merck 2014 

Astagraf 

XL® 

Tacrolimus HPMC Wet 

granulation 

Astellas 2013 

Mavyret® Glecaprevir/ 

pibrentasvir 

PVC/PEG/ 

PCTFE 

TSE Abbvie 2017 

Zortress® Everolimus HPMC Co-

precipitation 

Novartis 2010 

Lozanoc® Itraconazole HPMCP Spray drying Mayne 2012 

Norvir® Ritonavir PVP TSE Abbvie 2010 

Incivek® Telaprevir HPMCAS Spray drying Vertex 2011 

Kalydeco® Ivacaftor HPMCAS Spray drying Vertex 2012 

Noxafil® Posaconazole HPMCAS TSE Merck 2013 
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1.2.3 Nanoparticles 

Currently, nanotechnology is widely utilised in many areas of science, providing 

indispensable enhancements in technology. Nanomedicine is the broad term for the 

application of nanotechnology in the field of medicine and is defined as the use of 

nanomaterials for diagnosis, monitoring, control, prevention and treatment of diseases 

(Tinkle et al., 2016). There is continual growth and heightened interest within this area 

for both researchers and industry where science, engineering and technology are 

conducted on the nanoscale. These particles have altered physicochemical properties 

versus the bulk system at this range (1-1000 nm), including reduced toxicity, increased 

drug efficacy, enhanced uptake and solubility, and specificity to the medical 

conditions (Schroeder, 1998). Applications of nanomedicine include drug delivery, 

imaging, therapeutics, tissue engineering, sensing/monitoring and surgery across 

many diseases and areas although prevalent in oncology (Pérez-Herrero and 

Fernández-Medarde, 2015; Ranganathan et al., 2012). 

One of the main principles for solubility enhancement using nanoparticles in drug 

delivery is based primarily on the Noyes-Whitney equation as shown below in 

Equation 1.1  

 

𝑑𝐶

𝑑𝑡
=

𝐷𝐴(𝐶𝑠 − 𝐶)

ℎ
 

Equation 1.1 

 

Where dC/dt represents dissolution rate, D is the diffusion layer; A is the surface area 

of dissolving solid, C and Cs represent the concentration of the dissolved substance at 

a given time t and the solubility concentration of the substance, respectively, h 

represents the thickness of the diffusion layer (Dokoumetzidis and Macheras, 2006).  
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By decreasing the particle size, the surface area to volume ratio increases, resulting in 

enhanced dissolution. This concept is mainly true for small molecules. Reducing 

particle size to the sub-micron range for improved dissolution has been used since the 

90s and now becoming a more viable approach to increase the dissolution rate of 

poorly water-soluble drugs (Neubert, 2002). Furthermore, particle size reduction also 

promotes these particles' uptake on to cells essential for imaging, gene, and drug 

delivery (Fröhlich, 2012). A particle on the nanometre range can, in theory, be 

absorbed into the required cell; although, this is not a straightforward process and a 

multitude of factors need to be considered. Despite this, nanoparticle uptake has been 

shown to be successful in research (Behzadi et al., 2017; Foroozandeh and Aziz, 2018; 

Jia et al., 2012; Oyewumi et al., 2004; Rasel et al., 2019; Yan et al., 2010). Also, 

nanoparticles allow for targeted delivery; thus, they are incredibly desirable to reduce 

systemic toxicity. 

Even with nanoparticles' attractive qualities, there is currently a lack of approved 

nanoparticle therapies. In 2013, Venditto and Szoka published a review paper 

highlighting the disparity between the vast research within the field and the distinct 

lack of nanomedicine on the market (Venditto and Szoka, 2013). This was attributed 

to difficulty gaining approval as well as large pharmaceutical companies disinterest in 

reformulation at the expense of effort, time and money for often a small increase in 

performance (Havel, 2016). Therefore, alternative production methods need to be 

considered to ensure that manufacture is streamlined, time-effective, and cost-

beneficial. 
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1.2.3.1 Types of nanoparticles 

Nanoparticles are making a significant impact on the field of drug delivery in 

applications including injectable formulations, oral drug delivery, brain delivery, 

ocular delivery and DNA and gene delivery systems. Nanoparticle is a broad term 

which includes many different types such as: 

• Polymeric Micelles consist of amphiphilic block copolymers. The 

hydrophobic region provides a reservoir for poorly water-soluble 

drugs, and the hydrophilic region solubilises the system in water (Xu 

et al., 2013). 

• Dendrimers are organised, highly branched, polymeric 

macromolecules where each branched monomer emerges from a 

central core. They have easily modifiable surfaces to allow for the 

addition of a range of molecules, including imaging contrast agents, 

ligands or therapeutic drugs, providing targeted delivery (Madaan et 

al., 2014). 

• Liposomes are a spherical vesical consisting of a hydrophilic core 

surrounded by at least one hydrophobic lipid bilayer. The liposome 

bilayer could be formed from synthetic or natural phospholipids, 

allowing targeted delivery. Furthermore, both hydrophilic and 

lipophilic drugs can be incorporated into the system, enabling 

encapsulation of a wide range of drugs (Sercombe et al., 2015). 

• Solid lipid nanoparticles (SLN) are a newer nanoparticle and remain in 

the solid phase at room temperature. SLNs are composed of a solid 

hydrophobic lipid core surrounded by a single emulsifying layer. 

(Harms and Müller-Goymann, 2011) 



 

 

28 
 

• Quantum dots are tiny semiconductor nano-crystals ranging from 2 nm 

to 10 nm in size and used imaging and delivery of hydrophobic drugs 

as well as targeting antibodies and peptides (Matea et al., 2017). 

 

Doxil® was the first nanoparticle formulation, a PEGylated liposomal formulation of 

doxorubicin, to gain approval by the FDA in 1995 (Havel, 2016). Since then, many 

more nanoparticles of various types have been approved by the FDA including 

AmBisome® (FDA approval 1997) (Adler-Moore and Proffitt, 2002), Copaxone® 

(FDA approval 2014) (Lauer et al., 2013), and Abraxane® (FDA approval 2005) 

(Lauer et al., 2013). Currently, lipid-based nanoparticles such as liposomes and SLNs 

dominate nanoparticle research and current clinical trials, due in part to the fact they 

display very low or no toxicity (García-Pinel et al., 2019). Additionally, lipid 

nanoparticles are advantageous due to their ability to deliver both hydrophobic and 

hydrophilic molecules, allowing for controlled release and altered half-life (Mishra et 

al., 2018; Souto et al., 2020).  

Polymeric nanoparticles (PNPs) also possess similar qualities to lipid nanoparticles. 

They are capable of both controlled, sustained and site targeted release and can be 

modified for increased half-life. Within the clinic, there is a need for nanoparticles to 

possess these properties, where the polymeric carrier is selected according to the 

required site target and release profile (El-Say and El-Sawy, 2017), making PNPs the 

perfect candidates for anti-inflammatory drugs, neurotransmitter vaccines delivery, 

cancer therapy, and targeted antibiotics delivery (Wilczewska et al., 2012). 
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1.2.3.2 Polymeric nanoparticles 

 

Polymeric nanoparticles (PNPs) are the simplest forms of nanomedicines (Choi and 

Han, 2018) existing at less than 200 nm and can be formed from natural or synthetic 

and biodegradable or non-biodegradable polymers (Wilczewska et al., 2012).  

Biodegradable polymers can be used and are advantageous due to the lack of polymer 

accumulation and reduce toxicity. The use of polymers has many advantages in the 

field of drug delivery including ease of manufacture, low expense, low toxicity and 

with many are explicitly designed for pharmaceutical products, already with 

successful approval (Bolhassani et al., 2014). Furthermore, polymers act to protect the 

drugs themselves from degradation from light and pH and protect the patient from 

irritation (Erdoğar et al., 2019).  

PNPs as a delivery system are enormously beneficial due not only to the enhancement 

of physicochemical properties but also for their ability to release therapeutics at the 

site of action. They can be used for some of the most complex therapeutics, including 

gene, vaccine and targeted antibiotic delivery (Kayser et al., 2005).  The use of 

polymeric nanomedicine in the industry is often used to increase solubility, 

biocompatibility, half-life and bioavailability, and controlled release of API. Many of 

the PNPs approved by the FDA use poly(ethylene glycol) (PEG) to achieve increased 

half-life and bioavailability. For example, Cimzia® and Pegasys® are two FDA 

approved polymeric nanoparticles, PEGylated to improve stability and circulation 

(Choi and Han, 2018). 

PNPs fall under the family of nanocarriers, existing in two forms. A polymeric 

nanosphere refers to a PNP where the API is homogenously distributed throughout the 

polymer material. Alternatively, polymeric nanocapsules have an API reservoir core, 

enclosed by a solidified polymeric shell as shown in Figure 1.5 (Guterres et al., 2007; 



 

 

30 
 

Rao and Geckeler, 2011).  Nanocarrier drug delivery systems are capable of controlled 

or sustained drug release, as well as intracellular uptake and site-specific targeting. 

Both nanospheres and nanocapsules have immense potential as drug carriers are due 

their ability to protect the molecules from degradation from the environment, 

chemically and enzymatically, targeted delivery and the ability to deliver poorly 

water-soluble drugs (Torchilin, 2014).  They can be formed from the polymerisation 

of an emulsion. The addition of an organic solvent and oil with the monomer leads to 

nanocapsules. Also, precipitation of preformed polymers and emulsification-diffusion 

can form both nanocarriers and nanospheres depending on whether the oil is within 

the medium. The presence of oil leads to nanocapsules and lack of forms nanospheres 

(Guterres et al., 2007)(Lee, 1997).  

 

 

 

 

Figure1. 5 A schematic outline of a) nanocapsules and b)nanospheres. Yellow circle represent the 
API, red represent the aqueous core and blue represents the polymer matrix  
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Teixeira et al. studied nanospheres and nanocapsules, both containing poorly water-

soluble xanthones prepared by the solvent displacement technique and compared the 

difference between nanocarrier types. They found nanospheres to be smaller and have 

a lower polydispersity index compared to the nanocapsules; however; nanocapsules 

had considerably higher drug encapsulation (Teixeira et al., 2005). Despite this, there 

is little literature to compare the two types of nanocarriers.  

Previously, nanospheres are more common due to ease of manufacture. However, 

nanocapsules are extensively researched due to the wide range of potential 

applications and receiving more attention (Arias et al., 2001; Couvreur et al., 1979; Li 

et al., 2009). Compared with polymeric nanospheres, the liquid core of nanocapsules 

can lead to increased encapsulation and reduced polymer content without comprising 

efficacy (Deng et al., 2020). Furthermore, the polymeric shell can act as a protective 

barrier thus avoiding the possibility of degradation and burst release (Mayer, 2005), 

as well as the possibility for sophisticated controlled-release (Kothamasu et al., 2012).  

There is always a drive for enhanced therapeutic effect over diminished toxicity for 

effective treatment and management of the disease with a particular focus on the route 

of administration. PNPs have received much attention based on “smart delivery” 

whereby a highly adaptable and tuneable polymer can target a particular site of 

delivery or a controlled delivery profile (Bennet et al., 2014). Drug delivery from 

polymers can be rate-controlled, where drug diffusion is the driver for the release, 

exhibiting a specific release rate profile, activation-modulated release, where various 

environmental factors induce the drug release, and feedback-regulated drug delivery, 

where the rate of release is determined by biochemical substance concentrations (B. 

Li et al., 2017). 
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Nanoparticles can be delivered through various routes, thus a viable delivery method 

for many API, although the oral route is often preferred due to cost and convenience 

(Müller et al., 2001). Crystalline and amorphous polymeric nanoparticles are attractive 

options for enhanced solubility and dissolution of API due to increased surface area to 

volume ratio. Despite this, it has been shown that some crystalline nanosuspensions 

have a marginal increase in solubility (Van Eerdenbrugh et al., 2010). There have also 

been direct comparisons of nanocrystals and ASDs for enhancement of solubility 

where in most cases the ASD proved to have enhanced bioavailability and preferred 

release profiles (Fakes et al., 2009; Sigfridsson et al., 2007; Thombre et al., 2011; Vogt 

et al., 2008). Recently, both the amorphous form and nanotechnology have been 

combined to form amorphous nanoparticles for enhanced solubility and dissolution, 

combining nanotechnology and amorphization approaches for a synergistic effect in 

terms of solubility (Jog and Burgess, 2017). There is only one marketed amorphous 

nanoparticle available, Abraxane, despite increased research in the field. The stability 

of the amorphous nanoparticles remains a significant challenge (Hoang and Ganguli, 

2012; J. X. Wang et al., 2010). 

1.2.3.3 Manufacture of polymeric nanoparticles 

Methods to produce polymeric nanoparticles fall into two main categories: 1) top-

down, a method to achieve nanoparticles by intense grinding or milling 2) bottom-up 

through use of solvent evaporation to cause precipitation of the API with a polymer. 

A top-down method includes: grinding, ultrasonication and milling (M. Li et al., 2016) 

whereas bottom-up includes: microfluidics(Amoyav and Benny, 2018)  spray drying 

(C.R. Beck et al., 2012), electrospraying (Xie et al., 2006) and precipitation (Lauer et 

al., 2013). Most of these methods utilise water/solvents, surfactants and additives in a 

batch-to-batch based process (Rao and Geckeler, 2011; Vanderhoff et al., 1979). 
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Currently, there are multiple drawbacks associated with nanoparticle manufacture 

(Desai, 2012). 

Firstly, the use of harmful solvents is particularly undesirable for both patient and 

operator (Cortesi et al., 1999). Ensuring the removal of solvent to an acceptable level 

depends on the solvent and route of administration but is a crucial step in developing 

safe nanoparticles. Insufficient removal of organic solvents can cause possible issues 

with the nanoparticles' stability and toxicity (Desai, 2012; Kalepu and Nekkanti, 

2016). Furthermore, solvent removal adds an extra, time-consuming step into the 

manufacturing process.  

With industry focusing on the implementation of QbD and continuous manufacture, a 

method of production where these objectives can be met is preferred (Simões et al., 

2019; Yu, 2008). Nanoparticle manufacture in industry aims to produce, high-quality 

products with high production volumes and less energy and material consumption in 

an environmental-friendly way (Charitidis et al., 2014). A manufacturing method 

without the use of harmful solvents results in a greener process and less risk of residual 

solvents in formulations (Constable et al., 2007; Cue and Zhang, 2009).  Current issues 

for the manufacture of nanoparticles is the ability to scale up. For large quantities of 

NP product, the top-down methods are preferred. However, this has a considerable 

impact on the environment. In addition, top-down methods do not offer the same 

tuneable process development of bottom-up methods for high-quality products with 

the desired properties. In line with QbD guidance, production processes should be 

equipped with in situ monitoring and feedback. 
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1.3 Importance of drug-polymer miscibility   

To successfully develop ASDs and nanoparticles, understanding drug-polymer 

miscibility plays a crucial role in formulation development to ensure system stability 

(Thakral and Thakral, 2013). Additionally, when developing a polymeric nanoparticle 

formulation, the API must have a degree of affinity to ensure a high drug 

encapsulation.  There has been a shift from the trial-and-error approach of excipient 

selection into rational selection through predictive modelling (Mahieu et al., 2013).  

1.3.1 Phase diagram 

A phase diagram describes the state of a substance across a range of temperatures and 

pressures in the simplest form. A classic example of this is the phase diagram between 

gas, liquid, and solid substance within a closed system. A binary phase diagram refers 

to a system of two components, therefore, appropriate for a polymer and drug 

combination such as an ASD.  A binary phase diagram allows us to map out the phase 

changes of this mixture under varying conditions, most commonly temperature and 

composition as shown in Figure 1.6. The phase diagram highlights the area of stability, 

metastability and instability, thus can be implemented to determine stability and 

miscibility of drug-polymer mixes. 

 

 



 

 

35 
 

 

From a formulation perspective, understanding the extent of interactions and phase 

behaviours of a system will impact the quality of the product, such as stability (Paudel 

et al., 2013), bioavailability, dissolution and morphology (Paudel et al., 2012). 

Constructing a phase diagram summarises the temperature dependence of free energy 

of mixing. This determines the phase behaviour and regions of stability, instability and 

metastability of the drug and polymer mixture. It is transformed to determine the 

interaction parameter, forming the phase boundary, known as the binodal or the phase 

diagram's coexistence curve (Rubinstein and Colby, 2003). Figure 1.6 shows an 

example of a basic binary phase diagram, outlining each component composition. The 

binodal and spinodal curves provide the boundaries of stability for the system and 

indicate the stability of the ASD. Between the two, the metastable region, nucleation 

and growth phase separation occurs. The spinodal curve is a second curve on the phase 

diagram which sits below the binodal, meeting at a critical point, which acts as a 

boundary between the metastable region and unstable region in a binary mixture 

Figure 1.6 A schematic outline of a binary phase diagram, outlining the areas of stability and the 
binodal, spinodal and critical point. 
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(Rubinstein and Colby, 2003). The area under the curve is thermodynamically 

unstable, calculated from the second derivative of Gibb’s free energy.  Theoretically, 

the spinodal identifies the maximum drug loading incorporated into a polymer to 

remain stable to small fluctuations in concentrations on the system.  

1.3.2 Solubility Parameter Prediction 

The stability of a drug and polymer ASD can be predicted from the miscibility of the 

drug and polymer (Marsac et al., 2006). The solubility parameter provides a 

description of the dispersive and polar contributions as well as hydrogen bonding 

energy of a drug or polymer. By calculating the solubility parameter, each component's 

miscibility can be assessed to indicate good drug-polymer miscibility based on similar 

calculated values. Two liquids with a similar solubility parameter are considered 

miscible.   

The Hansen solubility parameter (HSP) has been widely reported and assesses that 

materials with a similar HSP value have a high affinity to each other. These HSP bases 

arise from three major types of interaction: dispersion forces, permanent dipole–

permanent dipole forces, and hydrogen bonding. (Venkatram et al., 2019)  The 

Hildebrand is an alternative type of solubility parameter utilising a single parameter 

(δ) to determine whether two substances are considered miscible. A δ value that differs 

by <2 MPa1/2 either side of the δ for the polymer is deemed miscible (Hansen, 2004). 

The HSP has been implemented to provide a rapid screening approach for polymer 

selection, determining similar values indicating miscibility. Some of the most widely 

used group contribution methods to estimate the HSP have been developed by 

Hoftyzer and Van Krevelen (Van Krevelen, 1997), Hoy (Hoy, 1989), Stefanis and 

Panayiotou (Stefanies et al., 2004). Liu et al. utilised the HSP by using the Hoftyzer 

Van Krevlan approach to determine drug-polymer miscibility with EPO and, Soluplus 
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and Kollidon VA64 (Liu et al., 2013). Forster et al., implemented a combination of 

both the Hoy and the Hoftyzer Van Krevelen methods for HSP for indomethacin and 

lacidipine screened against 11 polymeric and non-polymeric excipients for TSE for 

the accurate prediction of miscibility.   

Despite the successful application of the HSP, it is often viewed as an 

oversimplification (Medarević et al., 2019) with the Flory-Huggins being the most 

widely utilised approach (Constable et al., 2007; Hoy, 1989; Mahieu et al., 2013; 

Marsac et al., 2006; Sear, 2007; Thakral and Thakral, 2013) and more recently the 

perturbed- chain statically associated fluid theory (PC-SAFT) (Prudic et al., 2014) 

being preferred. Chan et al. used both they Hoy and the Hoftyzen, Van Krevelen 

method as well as the Flory Huggins melting point depression approach for model 

drugs paracetamol and caffeine with two polyvinylpyrrolidone (PVP) based polymers 

in order to determine drug-polymer miscibility for the application of TSE  (Chan et 

al., 2015). The different assessment of drug-polymer miscibility showed similar 

conclusions, predicting paracetamol to show greater interaction with the PVP based 

polymers due to hydrogen bonding.  
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1.4 Flory Huggins theory 

1.4.1 Origin 

The Flory Huggins (FH) theory was initially developed to describe the phase 

behaviour of polymer-solvent mixtures to evaluate the system's miscibility and 

stability and select the correct solvent for the polymer in question. It has been further 

adapted for use in a drug-polymer system to determine drug solubility limits in the 

given polymer and guide on drug/polymer miscibility  (Tian et al., 2014, 2013). The 

FH theory describes the enthalpy of mixing of an irregular solution rather than an ideal 

solution because the drug and polymer systems are not considered regular solutions.  

The interaction parameter, χ, is used to account for the non-ideal behaviour to describe 

enthalpic contributions (Rubinstein and Colby, 2003). The FH theory determines the 

extent of thermodynamic miscibility and has been extrapolated to cover the range of 

drug loadings based on the melting depression method (Caron et al., 2011). 

Commonly, mixtures of drug and polymer at high drug concentrations are analysed 

using differential scanning calorimetry (DSC) at a slow heating rate for maximal 

accuracy. If drug and polymer are deemed miscible, there is a reduction in the melt of 

the drug due to strong adhesive bonds between drug and polymer over cohesive bonds 

within each respective component (Marsac et al., 2006)  This determines the χ values, 

allowing for the solid-liquid line of the phase diagram to be constructed. The solid-

liquid line is crucially used to identify the predicted thermodynamic boundaries 

between crystalline drug solubility and amorphous drug miscibility, providing 

information about the solubility of the system across a range of temperatures. This can 

be particularly useful for techniques at higher temperatures, such as HME (Qian et al., 

2010). The spinodal line is often present on a phase diagram and is important in 

highlighting the region where the system is unstable and metastable, leading to 
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unwanted phase separation of the ASD (Bansal et al., 2016).  In the homogenously 

mixed amorphous state, the Gibbs free energy of the system is higher than the phase-

separated system; thus, there is a tendency for phase separation to occur (Rubinstein 

and Colby, 2003). Development of the phase diagram based on the solid-liquid line 

and spinodal curves guides polymer and excipient selection as well as process 

temperature when using TSE technology. The use of FH based theory for the 

construction of a phase diagram will allow for an informative comparison and 

modelling of the temperature effect on an ASD and determine areas of stability, 

metastability and instability (Tian et al., 2013; Yang et al., 2013) and has been 

successfully adapted to predict the phase behaviour of ASD systems as shown by 

Marsac et al., (Marsac et al., 2009, 2006) Tian et al., (Tian et al., 2015, 2013) Bansal 

et al. (Bansal et al., 2016) and Zhao et al. (Psimadas et al., 2012). 

1.4.2 Thermodynamics of mixing 

In order to apply the FH theory, it is vital to understand the methodology and equations 

from where it was derived. The second law of thermodynamics helps us determine 

whether a mixing a system is favourable based on Gibb’s free energy equation 

(Equation 1.2) whereby if the change in Gibb’s energy (𝛥G) is <0 the then the process 

will be considered spontaneous.  

∆𝑮 =  ∆𝑯 − 𝑻∆𝑺 

Equation 1.2 

 

Enthalpy (H) is a measure of the energy or heat change in a reaction, measured in 

joules. S measures entropy which is a measure of disorder in the reaction and T is the 

temperature in Kelvin. A reaction will always be spontaneous when H is negative, and 

S is positive. In order for a homogenous mix of two components to be favourable 
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(𝛥Gmix <0), rather than each component remaining separated, Gibb’s free energy of 

mixing must be less that of the sum of the individual components (Equation 1.3). 

∆𝑮𝒎𝒊𝒙 =  𝑮𝒎𝒊𝒙 − 𝑮𝟏 + 𝑮𝟐 

Equation 1.3 

 

For this scenario, it is more applicable to write this equation in terms of Gibb’s free 

energy of mixing, in this case, to apply this understanding to polymer-drug mixes 

(Equation 1.4). 

 

∆𝑮𝒎𝒊𝒙 =  ∆𝑯𝒎𝒊𝒙 − 𝑻∆𝑺𝒎𝒊𝒙 

Equation 1.4 

 

In the case of ideal mixtures, two assumptions apply: i) The molecules are the same 

size ii) The molecules have equal molecular forces between like and unlike particles. 

Based on this assumption, ∆𝐻𝑚𝑖𝑥 is zero because if the molecules are the same size 

and shape and have equal intermolecular forces, there will be no change ∆𝐻 by mixing. 

Therefore, entropy becomes the critical term in mixing an ideal solution (Rubinstein 

and Colby, 2003). Entropy is related to the number of distinguishable configurations 

by Boltzmann’s law (Equation 1.5) where k is the Boltzmann’s constant and 𝛺 is the 

number of statistical microstates available.  

𝑺 = 𝒌 𝒍𝒏𝜴 

Equation 1.5 

 

The configuration entropy (Sc) will always be positive from mixing two separate 

components because there is an increase in distinguishable spatial arrangements 
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created from mixing opposed to the two molecules remaining separate.  ΔSmix 

depends on the value of Sc, thus will also be positive. As a result of these ideal 

conditions, ΔGmix will be negative, resulting in miscibility between the two liquids 

(Van Krevelen, 1997). To calculate the number of configurational states (𝛺) where 1 

and 2 are separate components in the mix, N represents the number of lattice sites a 

component occupies. 

 

𝜴 =  
(𝑵𝟏 + 𝑵𝟐)!

𝑵𝟏 ! 𝑵𝟐!
=  

𝑵𝟎 !

𝑵𝟏 ! 𝑵𝟐!
 

Equation 1.6 

 

For an ideal solution, Equation 1.6  can be combined with Equation 1.5 and expanded 

below to include the volume fraction terms (𝜙) (Equation 1.7) (Rubinstein and Colby, 

2003) 

∆𝑺𝒎𝒊𝒙 =  −𝒌[
𝝓𝟏

𝑵𝟏
 𝒍𝒏𝝓𝟏 +

𝝓𝟐

𝑵𝟐
𝒍𝒏𝝓𝟐] 

Equation 1.7 

 

Where ϕ1 and ϕ2 are the volume fractions of component 1 and component 2, 

respectively, for an ideal solution, the lattice sites occupied by each component are 

equal, Equation 1.7 can be rewritten as shown below.  

 

∆𝑺𝒎𝒊𝒙 =  −𝒌[𝝓𝟏𝒍𝒏𝝓𝟏 + 𝝓𝟐 𝐥𝐧 𝝓𝟐] 

Equation 1.8 
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To accurately apply this approach for a drug-polymer system, it is recognised that they 

do not fulfil the assumptions of an ideal solution and ideal mixing. Therefore, applying 

the FH model allows for adaptation of this theory for polymer-drug mixtures (Van 

Krevelen, 1997). The FH lattice theory assumes that each polymer molecule exists in 

a chain segment, taking up several of the positions in a hypothetical three-dimensional 

lattice. Furthermore, the drug molecule and polymer segment possess infinitely 

different molecular volumes, negating the entopic contributions through mixing. In 

the scenario outlined in Figure 1.7, the drug molecule occupies one space in the 

hypothetical lattice: thus, the N value for a drug molecule (N1)=1. For the polymer 

component of the mix in Figure 1.7b, the polymer chain occupies eight lattice sites. 

Applying this into Equation 1.7, the N1 value is removed, and the equation for a non-

ideal solution becomes:  

 

∆𝑺𝒎𝒊𝒙 =  −𝒌[𝝓𝟏 𝒍𝒏𝝓𝟏 +
𝝓𝟐

𝑵𝟐
𝒍𝒏𝝓𝟐] 

Equation 1.9 

 

For the case of most polymers, the N value will typically be considerable. Thus, the 

second term in the square brackets is negligible. 
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Although mixing should always increase the entropic value for mixing, many systems 

remain immiscible. Thus, the enthalpic contribution is critical in the assessment of 

miscibility. For the FH theory, an interaction parameter: 𝜒 is also defined to consider 

that interactions between polymer and drug molecules. The enthalpic contribution is 

expressed in Equation 1.10. 

 

∆𝑯𝒎𝒊𝒙 =  𝝌𝝓(𝟏 − 𝝓) 

Equation 1.10 

 

For a complete equation for determining Gibb’s free energy of mixing for a polymer 

and drug solution, combining the entopic terms, the enthalpic terms and relationship 

between the Boltzmann’s constant (Equation 1.5) and universal gas constant (R 

= kN1) an equation is derived (Equation 1.11)  

 

∆𝑮𝒎𝒊𝒙 = 𝑹𝑻[𝝓𝟏𝒍𝒏𝝓𝟏 +
𝝓𝟐

𝑵𝟐
𝒍𝒏𝝓𝟐 +  𝝌𝝓𝟏(𝟏 − 𝝓𝟏)} 

Equation 1.11 

Figure 1.7 The lattice structure of a) An ideal solution and b) a polymer, drug mixture 
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This can be further simplified, firstly by the fact that 𝜙2 =1-𝜙1 and secondly 

incorporating the ratio of the volume of a polymer chain to that of a lattice cell given 

as value m where on lattice site is equal to the drug volume of a drug molecule 

(Equation 1.12) (Lin and Huang, 2010a).  

 

𝒎 =  
𝑴𝒘𝒑𝒐𝒍𝒚𝒎𝒆𝒓/𝝏𝒑𝒐𝒍𝒚𝒎𝒆𝒓

𝑴𝒘𝒅𝒓𝒖𝒈/𝝏𝒅𝒓𝒖𝒈
 

Equation 1.12 

 

This results in the simplified FH equation as shown in (Equation 1. 13) 

 

𝑮𝒎𝒊𝒙 = 𝑹𝑻[𝝓𝒍𝒏𝝓 +
𝟏 − 𝝓

𝒎
𝐥𝐧 (𝟏 − 𝝓) +  𝝌𝝓(𝟏 − 𝝓) 

Equation 1. 13 

 

To calculate 𝛥Gmix, the 𝜒 value at a given temperature must be calculated as shown in 

equation(Equation 1.14) 

 

𝝌 = 𝑨 +
𝑩

𝑻
 

Equation 1.14 

 

A relates to the entropic contribution and B is the enthalpic contribution, calculated 

from a plot of χ versus 1/T. The points' relationship identifies A as the intercept and B 

as the gradient (Tian et al., 2019). Simple regressions can then be employed to 
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determine χ for any temperature outside the experimental range (Bansal et al., 2016; 

Vasanthavada et al., 2004). 

The miscibility of the components has been determined by applying the F-H χ value. 

Strong adhesive interactions between the polymer and drug are denoted by a negative 

χ, indicated that a miscible system is likely to be achieved (Marsac et al., 2006). This 

depends on the enthalpy of mixing the two components (Baird and Taylor, 2012; 

Rubinstein and Colby, 2003). A positive χ value shows that there are strong, cohesive 

forces present; thus, the polymer molecules would prefer to be with molecules of itself 

than the drug molecules. Therefore, it is likely that a system with a positive χ will be 

immiscible. However, these values only indicate miscibility at temperatures close to 

the experimental range (Tian et al., 2013). 

1.4.3 Solid-liquid line 

Determination of χ values allows for the solid-liquid line of the phase diagram to be 

constructed. The solid-liquid line provides information about the system's solubility 

across various temperatures, which can be mainly utilised for techniques at higher 

temperatures, such as HME  (Qian et al., 2010). The solid-liquid line estimates at 

which temperature and drug ratio the crystalline drug will be solubilised in the 

polymer. 

Wang et al. first proposed this method in 1975 (Nishi and Wang, 1975) for the first 

use of the melting point depression method has been used to calculate χ values for 

crystalline and amorphous materials, later adapted for a crystalline solvent and 

amorphous solute. This method has been used successfully in several recent 

publications by Marsac et al.,(Marsac et al., 2009, 2006) Tian et al. (Tian et al., 2015, 

2013) and Huang et al. (Lin and Huang, 2010a). Using a milling technique, the 

crystalline drug can be homogeneously dispersed within an amorphous polymer, 
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disrupting the drug's crystal lattice structure, and reducing its chemical potential. The 

melting point of a drug equates to the drug's chemical potential; thus, a lower the 

chemical potential of crystalline drug results in melting point depression.  The use of 

DSC can determine the occurrence of melting point depression for drug-polymer 

mixes (Jo Kwan 1991) and this melting point depression method can be employed for 

drug-polymer mixes and the FH parameter calculated as shown below: 

 

𝟏

𝑻𝒎
−

𝟏

𝑻𝒎
𝟎

=
𝑹

∆𝑯𝒇
[𝒍𝒏𝝓 + (𝟏 −

𝟏

𝒎
)(𝟏 − 𝝓) +  𝝌𝝓(𝟏 − 𝝓)𝟐] 

 

Equation 1.15 

 

Where Tm is the melting point of the drug-polymer mixture, Tm
0 melting point of the 

pure crystalline drug and 𝛥Hf is the enthalpy of fusion of the pure crystalline drug, all 

measurable by DSC. Therefore, Equation 1.15 can be rearranged to find the value of 

𝜒. As previously mentioned, the extent of drug-polymer miscibility can be determined 

based on whether 𝜒 is negative or positive. 

 

1.4.4 Spinodal 

 

As previously highlighted, ASDs are inherently unstable. Thus, further information at 

pharmaceutically relevant temperatures will guide the design of successful ASDs and 

indicate drug-polymer miscibility long term.  The spinodal curve position in relation 

to the binodal indicates the amorphous drugs potential to undergo demixing.  The 

spinodal curve can be calculated by equating the second derivative of Gibb’s free 
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energy of mixing for the drug-polymer system to zero and incorporating Equation 1.14 

as shown below: (Lin and Huang, 2010a). 

𝑻𝒈 =  
𝟐𝑩

𝟏
𝝓 +  

𝟏
𝒎(𝟏 − 𝝓)

− 𝟐𝑨
 

Equation 1.16 

The position where the binodal curve and spinodal curve intercept is known as the 

critical point. The system can exhibit either upper critical solution temperature 

behaviour (UCST) or lower critical solution temperature behaviour (LCST) as shown 

in Figure 1.8. This depends on whether the χ value becomes more negative with 

increasing temperature, exhibiting UCST behaviour or more positive, exhibit LCST 

behaviour. UCST systems are most prevalent among most drug-polymer mixes, and 

most of these systems have been reported in the literature (S. Li et al., 2016a; Lin and 

Huang, 2010a; Purohit and Taylor, 2015; Tian et al., 2019; Xu et al., 2014). These 

means that the components are miscible in all drug-polymer ratios above this critical 

temperature, thus increasing temperature increase miscibility (Purohit and Taylor, 

2015). In addition, at ambient temperatures below the critical point, demixing and 

immiscibility will occur. 
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The opposite is true for LCSTs. LCST systems have not been studied as extensively 

in drug-polymer mixes in the pharmaceutical industry, although they are typical in 

miscible polymer blends (Toshiaki and Hiroko, 1986). Above the LCST, phase 

separation between components will occur. Hypothetically, the spinodal curve 

recognises the maximum drug loading that can be incorporated into a polymeric carrier 

and will remain stable to small drug density fluctuations. Detection of the spinodal in 

relation to the binodal will indicate the system's phase behaviour, crucial for successful 

ASD formulation (Meredith et al., 2000).  

Figure 1.8 schematic phase diagram with a) UCST behaviour and b)LCST behaviour phase. Solid 
line represents the binodal and dashed the spinodal. The black dot represents the critical point 
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1.5 Amorphous- amorphous phase separation and recrystallisation 

1.5.1 Definition  

Both recrystallisation and amorphous-amorphous phase separation (AAPS) of an ASD 

is undesirable with the latter often preluding the former. Phase separation is a poorly 

understood process, occurring prior to recrystallisation. However, in recent years, 

there has been much more development in this area to identify and understand the 

kinetics of phase separation (Bhardwaj et al., 2013; Raina et al., 2014) with the view 

to build this understanding into guided ASD development, in line with a QbD 

approach (Tian et al., 2019).   AAPS of an ASD is defined to be where the drug and 

polymer essentially de-mix although the two components are still amorphous; 

however, they are not dispersed in one another, creating areas of high and low 

concentrations.  Figure 1.9 visually defines AAPS. An ASD with good homogeneity 

is obtained by various production method, a simple one phase system can be achieved 

(illustrated by Figure1.9 a). Such one phase system can be visually identified under 

PLM as shown in Figure 1.9d. Where AAPS has occurred as shown in Figure 1.9 b & 

e), each component is still amorphous but no longer homogenous, shown by the white 

circles of an amorphous drug. Spinodal decomposition, identified using PLM in Figure 

1.9  is exemplified in a type of phase separation. On recrystallisation of the drug 

(Figure 1.9 c &f),  the solubility advantage of implementing ASD has been lost and 

the binfringence of the crystalline drug is shown.  
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Taylor et al. have produced extensive research into AAPS of ASDs to shed some light 

on the poorly understood process. (Hate et al., 2019; Ilevbare and Taylor, 2013; Li et 

al., 2020; N. Li et al., 2017; Li and Taylor, 2019; Tres et al., 2018). Much of their 

work focuses on spray-dried ASDs, often driven by the presence of water (Li et al., 

2020). AAPS of drug and polymer and can occur during both the manufacturing 

process and on sample storage (Chen et al., 2018; Li and Taylor, 2019; Luebbert et al., 

2018b), proving to be particularly detrimental in dissolution and ultimate 

recrystallisation of the drug, hindering product performance (Padilla et al., 2011). 

Therefore, the ability to detect AAPS and understand the impact on ASD performance 

is vital for the production of robust formulations. This research area is particularly 

a)         b)    c) 

d)         e)    f) 

Figure 1.9 A visual representation of phase separation where figures a-c represent the 
schematic outline with the white circles and stars representing amorphous and crystalline 

drug respectively and blue representing the polymer. Images d-f are generated from the 
laboratory light microscopic images and detail a microscopic evaluation too the corresponding 

event. 
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relevant to industry whereby the use of enabling formulations such as ASDs is 

becoming commonplace although lack detailed thermodynamic understanding of 

stability. 

When AAPS occurs, the system is considered metastable, stable to small fluctuations 

but not for large density fluctuations (Cheng, 2008). Although in AAPS the system is 

still amorphous, it is not dispersed. Areas of amorphous drug aggregated forming drug 

rich and drug lean areas acting as an initial step towards recrystallisation. 

Understanding and detecting phase separation in its infancy stages within a system is 

essential in determining its stability for different formulation purposes. Whereas 

several models can state whether the system is crystalline, very few pinpoint phase 

separations despite the process being problematic.   

AAPS is an undesirable phenomenon of ASD manufacture, referring to the separation 

of the components within the ASD so that each component exists in separate phase 

and are no longer homogeneously dispersed. This is considered undesirable and often 

hinders ASD development in the pharmaceutical industry. Additionally, phase 

separation is often viewed as a precursor to nucleation, existing prior to 

recrystallisation (Prudic et al., 2014). In phase separation, the drug and polymer within 

the ASD essentially de-mix, thus, exist as separate components in the system yet 

remain in the amorphous form. Typically, phase separation is considered undesirable 

as leads to an unstable system, causing ASDs to revert to the crystalline form. It is 

generally analysed regarding polymer miscibility and stability of the ASD (Luebbert 

et al., 2018b). Phase separation has been widely used in areas of cellular biology 

(Hyman et al., 2014), biochemistry (Wang et al., 2017), proteins (Ambadipudi et al., 

2017), material science,(Hong et al., 2008) and in alloys(Zhao et al., 2017) however, 
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it is a process that has yet to be fully understood, applied and utilised, particularly 

within the pharmaceutical industry.  

According to the FH theory, there are two main mechanisms for phase separation: 

nucleation and growth and spinodal decomposition, presenting different dynamics and 

various degrees of stability (Cahn, 1961; Indulkar et al., 2016). Figure 1.10 gives an 

overview of the two different phase separation types and their visual differences.  In 

nucleation and growth, the drug and polymer exist in the metastable region, below the 

solid-liquid line but above the spinodal. This results in the formation of separate 

spherical droplets from a spontaneous aggregation of amorphous drug-rich phases. 

Spinodal decomposition occurs below the spinodal line, in the unstable region. The 

system exists in bicontinuous drug-rich phases as there is no nucleation barrier to the 

demixing (Favvas and Mitropoulos, 2008). 

 

 

Figure 1.10 a schematic diagram outlining the area where each type of phase separation occurs, a. 
outlines a single homogenous phase, b. shows droplets formed by nucleation and growth and c. shows the 

mesh like strands formed via spinodal decomposition 
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1.5.2 Nucleation and growth theory 

Nucleation is the first step in the spontaneous formation of a new phase from a state 

of metastability (Sear, 2007). It is a nonlinear instability that requires the formation of 

a large nucleus of one of the phases. This type of phase separation occurs in the 

metastable region between the binodal and spinodal, where the system is unstable to 

large fluctuations in component concentrations, resulting in phase separation (Higgins, 

1988; Koningsveld and MacKnight, 1997). When the radius of one of the mixture's 

components has exceeded a critical value, the solution will become a dispersion of 

droplets of one phase in the other and later lead to the crystallisation of the drug 

(Smolders et al., 1971).  This type of phase separation is based on the fluctuations in 

concentration within a barrier to nucleation.  With increasing supersaturation, the 

probability of the nucleation barrier to be crossed and the likelihood of phase 

separation increases (Cahn and Hilliard, 1959). 

During nucleation and growth, a minor component is dispersed in the continuous 

phase. In ASD formulations, the drug is the minor component most commonly, and 

the polymer is the major component. Usually, the minor component is present in a 

spherical form with a boundary present between the drug phase particles and the 

polymer matrix resulting in nuclei formation. Much of pharmaceutical research has 

been based on polymer selection to avoid nucleation and growth type phase separation 

and subsequent recrystallisation (Frank and Matzger, 2018; Ozaki et al., 2013).   

1.5.3 Spinodal decomposition 

In contrast to the nucleation mechanism, spinodal decomposition lacks a nucleation 

barrier. In 1965, Cahn offered a theory to explain of spinodal decomposition (Cahn, 

1965). Spinodal decomposition describes the rapid demixing of a mixture from one 

homogenous phase, forming two phases. Decomposition occurs where there is no 
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barrier to nucleation, and each component form clusters rich in a single component 

(Lin et al., 1995). In the region of instability, the system will begin to continually 

decompose until eventually reaching a more stable state (Cahn, 1961). The idea is with 

tiny fluctuations of concentration upon a system in the unstable region in relation to 

the spinodal, there is high molecular mobility, resulting in a large increase in particle 

size amplitude (Smolders et al., 1971). Polymer solid dispersions within this region, 

beneath the spinodal, have a higher Gibb’s free energy in the homogenous state than 

the phase-separated state, resulting in spontaneous phase separation. Mesh like 

intertwined strands are characteristic of spinodal decomposition, continually changing 

in composition until equilibrium is reached (Wheaton and Clare, 2007).  However, due 

to the polymer system's increased viscosity, equilibrium will never be reached.  

In the spinodal region, spontaneous phase separation will occur when the system is 

rapidly brought into this region (e.g. by quench cooling). Spinodal decomposition is 

governed by diffusion due to the lack of a thermodynamic barrier in the spinodal 

region. Thus, the process can be approximated to a general diffusion equation.  

1.5.4 Application of phase separation in ASD formulation design 

Understanding the mechanism and thermodynamics of phase separation is essential 

for designing and manufacturing ASD to avoid its occurrence. Luebbert et al., have 

investigated phase separation in regard to ASDs. They have experimentally modelled 

phase separation using Raman mapping and hot-stage microscopy in addition to 

theoretical modelling using the Perturbed-Chain Statistical Associating Fluid Theory 

(PC-SAFT) (Luebbert et al., 2018a, 2018b, 2017). They have successfully predicted 

the amorphous-amorphous phase separation (AAPS) for model drugs felodipine and 

IBU with polymers poly (DL- lactic-co-glycolic acid), poly(vinylpyrrolidone), 

poly(vinyl acetate), and poly(vinylpyrrolidone-co-vinyl acetate), demonstrated the 
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applicability of this concept. Lauer et al. utilised atomic force microscopy (AFM) to 

successfully analyse ASDs produced by TSE for assessing polymer miscibility and 

stability of amorphous solid dispersions (Lauer et al., 2013). Therefore, understanding 

the AAPS within the ASD lies in the kinetics of such a phenomenon where the phase 

separation limited drug crystallisation may be investigated. Understanding phase 

separation and stability of the ASD is a crucial step, often overlooked in the 

formulation stage despite acting as a precursor to crystallisation.  

Mahieu et al. explored the demixing kinetics of drugs from supersaturated polymers. 

They showed that supersaturated polymers had a faster dissolution than undersaturated 

polymers based on the increased molecular mobility present in supersaturated 

solutions (Mahieu et al., 2013).  They presented a rapid method to determine the 

solubility curve of some drug-polymer mixed based on the demixing process, 

highlighting the need to move away from “trial and error” methods and or 

extrapolation methods.   
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1.6 Twin-Screw extrusion 

Twin-screw extrusion (TSE) is a tool commonly used to manufacture ASDs but 

originated in the 1930s to manufacture plastics now has successfully been adopted for 

the food and pharmaceutical industry. As a versatile platform, TSE can be used to 

produce several dosage forms: including medical devices (Loxley, 2013), tablets 

(Andrews et al., 2008), capsules (Mehuys et al., 2005), and nanoparticles (Patil et al., 

2014). The increased interest in the TSE process may be evidenced by the rise in 

research publications and patent applications. Consequentially, TSE has emerged as a 

valuable and recognised platform that may offer disruptive innovations for the future 

of pharmaceutical manufacturing. Figure 1.11 display the general set-up of TSE 

whereby a drug is melted and mixed with a polymeric excipient to form a single phase 

homogenous producy, such as an ASD. The raw material is mixed prior to feeding into 

the hopper and processed under high heat and shear whereby the final product exits 

the extruder, commonly in a rod shape, for further down-stream processing. Table 1.2 

exemplifies some of the vast applications of TSE within the pharmaceutical industry. 

These drug delivery systems utilise a polymeric excipient which functions as a thermal 

binders and acts to modify or enable drug release once the system has solidified. This 

removes the need for water and solvent, thereby, reducing processing steps and 

eliminating time-consuming drying steps. TSE is most commonly utilised for 

solubility enhancements strategies, particularly ASDs for oral drug delivery (Repka et 

al., 2018, 2008; Simões et al., 2019). 
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TSE of ASDs consists of a high rotation speed of the drug and polymer at high 

temperatures (Breitenbach, 2002). TSE dominates in the field of hot-melt extrusion 

(HME) for pharmaceutical extrusion and has led to the approval of ASD products 

(Vasconcelos et al., 2016). The presence of two screws offers several advantages: 

reduced residence time of the drug in the extruder, thus reducing the drug's thermal 

stress. Additionally, TSE presents easier material feeding and less tendency to over-

heat (Wilson et al., 2012). 

TSE offers several advantages over solvent related techniques, particularly employing 

continuous and solvent-free manufacure. It can also offer significant economic 

advantages for producing pharmaceutical formulations, featuring a range of tailored 

release profiles. Also, for a carefully engineered formulation, TSE can enhance the 

final product's uniformity and stability (Maniruzzaman et al., 2012). Furthermore, TSE 

is easily scaled up with both laboratory and industrial-sized equipment offers greater 

screw diameters and size, allowing for kg- tons of material to be developed (Williams 

et al., 2010).  

Figure 1.11 The set-up of a TSE showing the melting and mixing of a drug particle (blue) with a 
polymer partile (green) to form a single homogenous system (yellow) often in the shape of a rod 

due to the die shape and size 
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Table 1.2 Common applications of TSE 

Pharmaceutical application Reference 

ASDs (Keen et al., 2014; S. Li et al., 2016a; 

Ashish L. Sarode et al., 2013) 

Taste masking (Bala et al., 2020) 

Co-crystals (Gajda et al., 2019) 

Co-extrusion (Quintavalle et al., 2008; Vynckier et al., 

2015) 

Nanoparticles (Patil et al., 2014) 

Transdermal implants (Breitenbach, 2002; Fialho and Da Silva 

Cunha, 2005) 

3D printing (Cailleaux et al., 2020) 

Orodispersible forms (Cho et al., 2020) 

Targeted/ controlled delivery (Andrews et al., 2008) 

Floating tablets (Simons and Wagner, 2019) 

Ocular implants (Fialho and Da Silva Cunha, 2005) 

Infection control (Wylie et al., 2021) 

 

The means of continuous manufacture offers a crucial advantage, particularly for 

industry (Vasconcelos et al., 2016). As the name suggests, continuous manufacturing 

moves away from a multi-batch process into continual production, increasing quality, 

reliability, sustainability, and removing human error sources (Yu, 2016). The 

pharmaceutical product quality is ensured through continuous monitoring and 

adjustments made accordingly. By identifying critical quality attributes (CQA), 

process analytical technology (PAT) can be used to monitor the TSE process, 
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commonly through Raman and near-infrared spectroscopic techniques (Krier et al., 

2013). Adaption of: screw speed, screw type, temperature, pressure, torque, feed rate, 

and die type allows for alteration of processing parameters, making TSE a versatile 

process in the pharmaceutical industry. In addition, a number of pharmaceutical 

products prepared via TSE have been approved in the United States, Europe and Asia 

(Breitenbach, 2002) with the trend of TSE products gaining approval increasing 

(Simões et al., 2019). This is due to extensive research in the decade and chiefly the 

alignment of TSE with QbD (Gupta and Khan, 2012).  

The formulation development of pharmaceutical products, particularly ASDs and 

nanoparticles, requires a reasoned choice of carriers and other excipients and selection 

of crucial process parameters. The screw design is arguably the most important 

variable and is key for the TSE’s versatility in the variety of products and formulations 

that can be produced (Hyvärinen et al., 2020). Additionally, other parameters such as 

feed rate, temperature profile, screw geometries, die geometries and screw rotation 

speed are impact the final product properties (Hyvärinen et al., 2020; Patil et al., 2016).  
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Figure 1.12 is an example of some of the screw types available for TSE, highlighting 

the potential for variable and unique screw designs. Figure 1.12 a&f are conveying 

screw elements meant for the transportation of the material through the extruder 

compared with  Figure 1.12 b,c&e and  Figure 1.121 d which are different mixing 

screw elements and kneading screw elements respectively implemented to ensure 

various degrees of mixing and types of mixing based on their design. The ability to 

adapt the screw design and the temperature profile in the barrel, with each zone along 

the length of the barrel able to heated independently means greater versatility in 

experiment design (Bandari et al., 2020; Padmanabhan, 2008). Alshetelali et al. used 

a design of experiment concept to determine TSE processing conditions for 

carbamazepine with Soluplus®. They concluded screw configuration and temperature 

of extrusion were the most critical factors affecting extrudate quality based on in vitro 

dissolution results (Alshetaili et al., 2020).   

Within the field of TSE, polymers are extensively used as the carrier system, 

particularly concerning ASD manufacture (Debotton and Dahan, 2017). This is due to 

Figure 1.12 An example of some of the screw elements available for tsE adapted from 
(Bandari et al., 2020; Padmanabhan, 2008) 

a)    b)    c) 
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their lower glass transition temperature, enabling the drug's solubilisation. 

Furthermore, polymers can be implemented to provide a targeted API delivery profile 

(Liechty et al., 2010). There is a range of polymers commonly used in ASD 

manufacture include polyvinyl pyrrolidone (PVP), polymethyl methacrylate and 

polyethene glycol (PEG) including polymers explicitly designed for the TSE, such as 

hypromellose acetate succinate (HPMCAS) at various grades for targeted release 

profiles  (Lang et al., 2016; Mašková et al., 2020; Sotthivirat et al., 2013)and 

Soluplus® (X. Liu et al., 2012; Sakai and Thommes, 2014). Additionally, a plasticiser 

is often used due to the high stress in the TSE process (Patil et al., 2016), including 

Tween®, and low molecular weight PEGs (Ghebremeskel et al., 2007).  

The attractiveness of TSE for the manufacture of pharmaceutical products is not 

without its drawbacks. Due to the thermal and high shearing nature of the TSE process, 

drug and matrix degradation can occur without a thorough understanding of the 

process (Vasconcelos et al., 2016). The limited number of available pharmaceutical 

excipients that can be adopted in the TSE platform also limit this platform's advantages 

to be fully benefited for a wider range of APIs (Repka et al., 2007). The highly 

tuneable nature of TSE and ability to change the design of the equipment and the 

addition of plasticisers may reduce the processing temperatures and residence time 

and, thereby, avoid thermal degradation of drug substances during processing (Shah 

et al., 2013). Additionally, there are numerous incidents of extrusion occurring below 

the melt of the drug (Tian et al., 2020a) and extrusion of thermolabile materials (Huang 

et al., 2017; Repka et al., 2012). 
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1.6.1 Mixing in extrusion 

Mixing in processing polymeric materials is required to ensure the required chemical 

and physical properties are achieved during the extrusion process. Poorly mixed 

excipients can lead to a host of unwanted issues, including poor uniformity of content, 

dissolution, disintegration and dosing as well as uniform appearance (Aulton and 

Taylor, 2017). Mixing is an operation intended to ensure the uniformity of the mixture. 

Commonly, there are three basic types of motion involved in mixing: molecular 

diffusion, turbulent motion, and bulk flow (Aulton and Taylor, 2017). Molecular 

diffusion is a spontaneous process, typified by gaseous elements or low viscosity 

liquids and is driven by the concentration gradient between two materials. Molecular 

diffusion does not contribute much to polymer mixing as it occurs at a slow rate. In 

turbulent mixing, molecular diffusion is superimposed on the gross random eddy 

motion, which in turn can occur within a larger scale convective or bulk flow, also 

known as advection (Aulton and Taylor, 2017; Dimotakis, 2005). 

Due to polymers' highly viscous nature, the mixing motion is referred to as laminar 

mixing, whereby adjacent layers' slide over each other without penetrating the 

surrounding layers (Rauwendaal and Rauwendaal, 2014).  Laminar mixing frequently 

involves systems containing components with significantly different rheological 

properties, such as mixing different grades of the same polymer, mixing two 

components of the same polymer, one of which contains various additives, mixing 

different polymers, and thermally nonhomogeneous systems. Thereby, bulk transport 

(sometimes referred to as convection mixing) is the dominant mixing mechanism. 

Convection is the mechanism of moving fluid particles and agglomerated solid 

particles in a system from one region to another. It leads to mixing by two mechanisms 

(Griffin, 1978). Either the interfacial area, between the minor and the major 



 

 

63 
 

component increases, and is mainly relevant to mixing of liquids. Alternatively, the 

minor component becomes distributed throughout the major component without 

necessarily increasing interfacial area. This is relevant to mixing solid material or the 

mixing of solid- liquid materials.  

The screw design and screw geometry will affect the mixing and homogeneity of the 

materials (Saerens et al., 2014). The ability to design different screw configurations 

based on several types of screw elements is highly advantageous in TSE and allow the 

blend to be conveyed, melted and mixed (Censi et al., 2018). In TSE, conveying 

elements transport the molten material along the extruder barrel and are required in 

the screw design due to this characteristic. Conveying screws provide axial transport 

of the molten fluid during rotation. The addition of mixing elements in the screw 

design creates distributive or dispersive elements. 90° mixing elements are described 

as neutral, as they do not act in a conveying manner, whereas angled mixing elements 

act to both mix and convey (Kohlgrüber, 2008). Mixing materials in extrusion is 

Figure 1.13 A schematic diagram of distributive mixing on the top row and dispersive mixing 
on the bottom row 
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essential for product uniformity, homogeneity, and accelerated heat exchange 

(Abeykoon et al., 2014; Jian et al., 2020). 

Figure 1.133 highlights the two types of mixing in extrusion: distributive and 

dispersive and how they differ. Distributive mixing is a type of mixing in extrusion 

which refers to the mixing of two fluids such that the physical separation distances are 

reduced to a scale leading to a homogeneous spatial distribution of the minor 

component into the major matrix (Cong and Gupta, 2008). It is a term used to describe 

the distribution of de-agglomerated particles uniformly in a given volume without 

cohesive forces. Dispersive mixing is the second type of mixing, resulting in the minor 

component size reduction and causing solid particles to elastically deform. Cohesive 

forces such as solid agglomerates by de-agglomeration or liquid droplets through 

droplet deformation will cause break-up and reduce particle size (Gramann and 

Rauwendaal, 2000). The cohesive character of agglomerates is due to van der Waals 

forces between the particles of the agglomerate, to surface tension and elastic 

properties of liquid droplets, and to surface tension of gaseous bubbles 
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1.6.2 Melt viscosity and rheology 

Fluids are classified as either Newtonian or non-Newtonian based on their flow 

behaviour; a with a simple linear relation between shear stress [mPa] and shear rate 

[1/s] is considered Newtonian as depicted in Figure 1.14. Most pharmaceutical 

excipients possess non-Newtonian flow behaviour and exhibit the characteristics of 

viscous liquid flow or elastic solid relying on the deformation of the material (Lee et 

al., 2009). Polymers exhibit non-Newtonian flow behaviour due to the long 

macromolecule and viscoelastic properties in nature. They exhibit properties of the 

pseudoplastic effect during the extrusion process (Aho et al., 2015). Pseudoplastic 

behaviour refers to viscosity that is continuously changing with shear rate. A typical 

flow curve for these materials will proceed from the origin with the shear stress 

increasing to a lesser extent than the shear rate (Figure 1.14); thus, the viscosity will 

decrease. 

 

Figure 1.14The rheology profile of (a) Newtonian flow (b) pseudoplastic 
flow (c) dilatant flow and (d) Plastic flow. 
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The polymer's melt viscosity determines whether the ability to use extrusion (Gupta 

et al., 2016). A polymer with high viscosity will lead to considerably high torque 

within the extruder and overload the motor and the screws (Thakkar et al., 2020). 

Alternatively, a polymer with low melt viscosity will prevent the ability to form a solid 

product through the extrusion die. Understanding polymers' viscosity during extrusion 

is crucial to the extrusion process (Gogos and Liu, 2012). Molecular weight and degree 

of branching of the polymer will affect the viscosity of the polymer (Blanco-Díaz et 

al., 2018; Bueche, 1960). The higher the degree of branching and molecular weight, 

the higher the polymer's viscosity (Fox and Flory, 1948). Furthermore, processing 

conditions such as temperature and shear, as well as plasticiser addition or plasticising 

effect of the drug will also influence melt viscosity of the polymer (Repka et al., 2013). 

For non-Newtonian fluids, simple shear and extensional flow are commonly studied 

(Aho et al., 2015). To achieve a homogenous product during the extrusion process, 

constructing a viscosity interception point between the drug-polymer and sugar 

carriers will determine the required shear rate that needs to be created. This should 

indicate the shear force threshold required to create homogeneity. The shear force 

created in the extruder and speed of mixing applied to the materials will impact the 

end product's homogeneity. Mixing two materials with similar viscosity can reduce 

the likelihood of segregation (Vera-Sorroche et al., 2014). Due to the viscosity 

difference between polymer and the aforementioned hydrophilic carriers, the system 

will be naturally phase-separated within the extrusion process unless a specific high 

shear force is achieved (Jones et al., 2009). High temperatures for extrusion are often 

required to reduce polymer viscosity (Censi et al., 2018).  
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1.7 Continuous Manufacture 

There is an ever-increasing interest in developing continuous manufacturing within 

the pharmaceutical industry for many benefits. In most cases, continuous manufacture 

results in low operating cost, less production time, reduced human error and higher 

yield, moving away from complex batch processing (Schaber et al., 2011). Therefore, 

continuous manufacture is attractive for industries and is advocated by the food drug 

administration, especially when considering drug shortages (S. L. Lee et al., 2015). 

Developing suitable processing platforms is crucial for successfully adopting and 

streamlining the pharmaceutical industry. Manufacturing methods such as TSE, 

microfluidics, 3D printing, spray drying and electrospinning have been developed 

within the pharmaceutical research. The pharmaceutical industry has been relatively 

slow to adopt new manufacturing techniques promoting continuous manufacture due 

to the high risks involved in case of error. Despite this, there is a drive towards 

continuous manufacture based on the multitude of advantages over batch processing  

(US FDA, 2004). To date, just four companies are manufacturing approved products 

using continuous manufacturing, according to the FDA, with approximately 20 

additional companies, both brand and generic, engaging with the FDA in their efforts 

to develop and implement continuous manufacturing processes.  

In February 2019, the FDA issued further recommended guidance surrounding 

continuous manufacturing: Quality Considerations for Continuous Manufacturing. 

The guidance document outlines specific considerations regarding the continuous 

manufacture of small molecule solid oral drugs, outlining considerations for 

maintaining product quality and recommending steps to overcome issues (U.S. Food 

and Drug Administration Center for Drug Evaluation and Research (CDER), 2019). 

The guidance outlines the critical elements to continuous manufacture and clarifies 
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the FDA’s current stance on implementing continuous manufacture when the FDA 

assesses new product applications. Furthermore, it highlights what is required from a 

regulatory perspective for implementing continuous manufacture over batch 

processing for existing products.  

To achieve consistent, continuous manufacture, it is important to ensure that in situ 

analysis can occur, utilising process analytical technology (PAT) to control critical 

quality attributes (CQAs). PAT refers to a method to continuously analyse the product 

to ensure the CQAs are achieved and to ensure quality is built into the product 

integrally. For example, in TSE, Raman has been used as a PAT tool during extrusion 

to ensure the product quality and monitor the material behaviour to optimise 

processing parameters (Saerens et al., 2011; Tahir et al., 2019). A CQA is defined in 

ICH guidance Q8 as “a physical, chemical, biological or microbiological property or 

characteristics that should be within an appropriate limit, range, or distribution to 

ensure the desired product quality.” It is determined to be an attribute of the product, 

which is essential for the viability and the quality of the product.  

Furthermore, implementing continuous manufacture is a method to ensure inherent 

QbD.  QbD is a vital aspect of the pharmaceutical industry supported by the FDA’s 

pharmaceutical development paradigm and the belief that all manufacturers should 

implement QbD. QbD is a systematic scientific and risk-based approach that advises 

companies to implement effective quality control strategies, demonstrating product 

and process understanding to ensure that quality is built into the product (Yu et al., 

2014). In essence, the FDA promote quality, safety and efficacy are designed and built 

into the product rather than measured merely by in-process and finished-product 

inspection or testing. 
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The international conference of harmonisation (ICH) has issued high-level guidelines 

regarding QbD. ICH Q8(R2) guidelines describe QbD (U.S. Department of Health and 

Human Services et al., 2009) for pharmaceutical industries along with guidance in Q9, 

Q10 and Q11. Ensuring that a robust process is in place, highlighting CQAs, 

implementing process validation and process understanding, and identifying potential 

sources of variation that impact product quality need to be outlined for QbD (Djuris et 

al., 2013). Furthermore, appropriate control strategies need to be put in place to 

address these risk areas. Continuous manufacturing provides an opportunity to utilise 

this enhanced product and process understanding to adopt advanced manufacturing 

controls and produce uniformly high-quality products with reduced waste resulting 

from the generation of out-of-specification material. 
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1.8 Overall aims and objectives 

Nanoparticle development forms a significant part of current pharmaceutical research. 

Currently, nanoparticle manufacturing methods lag behind with out-dated, low yield, 

batch processing relying heavily on solvent usage. Therefore, more efficient, and cost-

effective manufacturing can be investigated and adopted. This thesis aims to 

manufacture polymeric nanoparticles in a continuous process, implementing TSE as 

an innovative manufacturing platform. TSE has previously used for continuous 

manufacture of ASD and is a desirable method for continuous manufacture based on 

high tunability and lack of solvents. 

This work seeks to investigate the application of ASD manufacture in developing 

amorphous polymeric nanoparticles by TSE. This study has sought to develop high 

drug-loaded ASDs with excellent stability, rationalised through various theoretical and 

experimental methods. FH phase diagrams have been completed and applied to 

develop an anionic NSAIDs with cation polymer EPO, highlighting the excellent 

miscibility between drug and polymer. ASD formation has been previously 

investigated using FH methodology, often exhibiting a UCST phase diagram. We aim 

to investigate the type of phase diagram from the drugs and polymer and its impact on 

the production of high drug-loaded ASDs. 

Furthermore, the stability of ASDs is the biggest drawback of their manufacture. 

Therefore, we aim to investigate the three systems' stability for phase separation, 

analysing their solid-state experimentally using X-ray diffraction, spectroscopic, 

microscopic, and thermal techniques. In addition, we aim to assess the effect of long 

term stability on drug release. 

Additionally, this thesis will examine the knowledge transfer from ASDs produced via 

TSE into amorphous polymeric nanoparticles and explore key extrusion processing 
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parameters to manufacture polymeric nanoparticles this way. Investigations will focus 

on highlighting the extent parameters such as screw speed and temperature on the final 

product quality and carrier properties. This is examined to provide critical information 

regarding whether extrusion is a viable option for the manufacture of polymeric 

nanoparticles. Finally, it is of interest to consider scale-up manufacture for polymeric 

nanoparticles using an industrial extruder promoting higher screw speeds and longer 

residence time. There are often research issues with the scalability of manufacture and 

transference of pilot-scale and research ideas into real-world application. 
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Chapter 2   

 

Materials and Methods 
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2.1 Materials 

2.1.1 Active Pharmaceutical Ingredients 

Three APIs were used in this thesis: indomethacin (IND), naproxen (NPX) and 

ibuprofen (IBU). They are all classed in the therapy area of non-steroidal anti-

inflammatory drugs (NSAIDs) used primarily due to their antipyretic, antithrombotic 

and analgesic effects. Commonly, these NSAIDs are prescribed for the disease of the 

joints such as arthritis and gout as well as for treatment of both acute and chronic pain 

(Derry et al., 2009; Duggan et al., 2010; Frost et al., 2014; Laubscher et al., 2009). It 

is believed to reduce pain and inflammation by blocking the action of cyclooxygenase 

(COX), an enzyme responsible for the production of prostaglandins (PG) (Duggan et 

al., 2010). PGs act as the message for the inflammation process (Balfour and Buckley, 

1991). All API is mostly given orally, commonly as a tablet or as an oral liquid.   

NPX, IND, and IBU were selected based on several factors: the ability to form ionic 

interactions, the Tg of the amorphous drug, all API are considered practically insoluble 

(<1mg/L at ambient conditions), their extrudability and capability to form ASDs. Each 

API has an ionisable carboxylate group and thus will interact with the tertiary ammine 

on the polymer Eudragit® EPO and form an ASD with good miscibility. Furthermore, 

each API is classed as BCS Class II with low solubility. ASD technology is 

particularly relevant for BCS Class II and Class IV drugs, hence the choice of API. 

They have degradation temperatures high enough to be extruded; each has 

significantly different Tgs, resulting in different physicochemical properties of the 

extrudates. 

IND, NPX and IBU with a purity of 99% were purchased from Sigma Aldrich (Irvine, 

UK), Kemprotec (Kent, UK) and BASF (Ludwigshafen, DE) respectively. Their 
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chemical structures are shown in Figure 2. 1 and their physicochemical properties are 

summarised in Table 2.1. 

2.1.2 Polymer 

Eudragit® EPO (EPO) copolymer based on dimethyl aminoethyl methacrylate, butyl 

methacrylate and methyl methacrylate with a ratio of 2:1:1 was provided as a generous 

gift from Evonik (Dortmund, Germany). EPO is a cationic polymer due to the 

ionisable tertiary amine group. General properties of EPO include a glass transition 

(Tg) of 48 °C, solubility in gastric fluid up to pH 5, a molecular weight of about 47,000 

g/mole and low viscosity. Generally, EPO is used for taste masking of oral tablets 

(Nollenberger and Albers, 2013; Salmani et al., 2015). The polymer and drugs' 

chemical structures are shown in Figure 2. 1, and the physicochemical properties of 

the compounds in this study are summarised in Table 2.1. 

 

 

 

 

 
Figure 2. 1 chemical structure of polymer Eudragit® EPO (a) and drug indomethacin (b) naproxen 

(c) ibuprofen (d), reported potential strong drug-polymer intermolecular interactions are 
highlighted in circles 
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Table 2. 1 Physicochemical properties for drugs and polymer used in this study (Cai et al., 2011; 
Kindermann et al., 2011; S. Li et al., 2016b; Ng et al., 2013). 

 

2.1.3 Additional excipients for nanoparticle development 

In the nanoparticle formulations, xylitol (XYL), sorbitol (SORB) and erythritol (ERY) 

(all purity >99%) were purchased from Sigma Aldrich (Irvine, UK) and used as the 

hydrophilic carriers in the extrusion runs.  Poly (ethyl glycol) 3350 (PEG 3350) also 

from Sigma Aldrich was added to the formulations as the surfactant choice in order to 

reduce nanoparticle size (Berger et al., 2006). PEG 3350 was selected as a surfactant 

due to the solid-state properties, a white crystalline powder that could easily be 

extruded and mixed with the other excipients in the nanoparticle formulation. From 

Sigma Aldrich, Nile red was used as a hydrophobic dye in place of API to produce 

fluorescent nanoparticles.  

 

 

Substance Tg (°C) Tm (°C) Molecular weight 

(g/mol) 

Density 

(g/cm3) 

Eudragit®  

(EPO) 

48 ____ 47000.00 0.83 

Naproxen 6 152 230.59 1.29 

Ibuprofen -44 76 206.29 1.03 

Indomethacin 50 156 357.79 1.32 



 

 

76 
 

2.2 Methods 

2.2.1 Physical mixture preparations 

Firstly, drug and polymer mixtures with different compositions were mixed using a 

mortar and pestle followed by a ball mill mixer (Retsch, MM200, Germany). In a 

typical procedure, drug and polymer powder sample totalling 500 mg was milled 

inside the ball mill mixer with two stainless steel ball at 20 Hz, except when IBU was 

the API of choice where 15Hz was used. A pre-defined milling time of two minutes 

was chosen, followed by a two-minute interval. This procedure was repeated to a 

maximum of ten mill-stop cycles (max 20 minutes mill time) to achieve a 

homogeneous mixture. The ball-milled samples were subjected to a range of thermal 

analysis for the construction of phase diagrams. In order to form quench cooled 

physical mixtures (QCPM), once milled the mixes were melted to the melt ten °C 

above the melt of the API then cooled rapidly on a solid metal block. 

 

2.2.2 Twin-Screw extrusion 

TSE of drug-polymer physical mixtures for forming ASDs was conducted using a 

Rondol Microlab 10 mm co-rotating twin-screw extruder (Rondol Technology Ltd, 

Nancy, France). Drug and polymer premixes at a defined ratio were prepared and fed 

into the extruder using a twin-screw powder feeder at a constant rate within this study. 

The process temperatures for extrusion were selected based on the phase diagrams 

(solubility curve) (Chapter 3- Figure 3. 5) and the screw design was full conveying as 

shown in Figure 2. 2. 
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Table 2. 2 TSE process conditions and drug loadings for EPO with drug IND, NPX and IBU 

Systems Process condition, full convey 

(11mm, L/D 20:1) 

Compositions 

(w/w) 

Indomethacin - EPO 120 °C, 60 RPM 0.4; 0.6; 0.7 

Naproxen - EPO 120 °C, 60 RPM 0.45; 0.6; 0.65 

Ibuprofen - EPO 65°C, 60 RPM 0.45; 0.6; 0.7 

 

To achieve a polymeric nanoparticle formulation, approximately 10 grams of premix 

consisting of drug NPX, EPO, and at sugar alcohol carrier at specific ratios were first 

mixed by mortar and pestle for at least 5 minutes. The blend was manually fed at a 

rate of 0.45 kg/hr into the Rondol Microlab with parameters shown in Table 2. 3The 

screw diameter was 10-mm, and the ratio of barrel length to the screw diameter was 

20:1. A constant screw configuration consisted of 2 mixing zones comprising 2x 90o 

and 2x 60o kneading elements, as shown in (Figure 2. 3). Nile red was used at a 

concentration of 1/200,000 of EPO. 

  

Figure 2. 2 The conveying screw design used on for TSE 
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Table 2. 3 The parameters used for extrusion of PNPS 

Parameters  

Temperature (oC) 100 120 140 

RPM 100 150 20 

Surfactant Concentration (%) 0 0.01 0.02 

 

 

 

 

 

2.2.3 Differential scanning calorimetry 

To identify glass transition temperatures, melting points and thermal events in the 

ASDs, differential scanning calorimetry Q20™ (TA Instruments, New Castle, DE) 

with nitrogen used as the purge gas. For these experiments, 3-8 mg of the samples 

underwent heat-cool- heat cycles at 10 °C/min in a sealed aluminium pan over a 

temperature range dependent on the API however in the range of -65 °C – 165 °C. 

Each sample was repeated a minimum of 3 times, and the results were recorded. 

C  

A  

B  D  

Figure 2. 3 Screw configuration used in the extrusion comprising of b) conveying c) 90 o and  

d) 60 o elements 
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For the production of phase diagrams, the power compensation differential scanning 

calorimetry (DSC8000, Perkin Elmer, UK) was used to study drug and polymer 

systems' physical properties before and after the TSE process. Nitrogen was used as 

the purge gas for low-speed scanning (1-50oC/min); helium gas was used for high-

speed scanning (≥ 100 oC/min). A 3-8 mg powder sample was packed into an 

aluminium pan with a lid.  Melting depression experiments were conducted at a 

heating rate of 1 °C/min from -65 °C to 85 °C for IBU mixes and -15°C to 185°C for 

IND and NPX. The endothermic melting peak's endpoint was calculated from the 

intercept point of the endothermic trace and the post-melting baseline. Given that the 

drug-polymer particle surface interaction is a critical requirement for melting point 

depression experiments, different milling cycles were tested to achieve the optimal 

depression results. The details regarding the optimal milling time for preparing the 

physical mixtures were reported in our previous articles (Tian et al., 2013). 

2.2.4 X-ray diffraction  

  

The polymorphic form of extrudates (EXT) and ball-milled samples were evaluated 

using a MiniFlex II powder X-ray diffractometer (Rigaku corporation, Kent, England).  

Extruded samples were first pulverised in the ball mill for 30 seconds at a frequency 

of 20 Hz. The radiation was generated from a copper source operating at a voltage of 

30 kV and a current of 15 mA. The extrudates were ball milled and packed onto a 

zero-background sample holder and scanned from 0° to 60° using a 2°/min scanning 

rate. 

2.2.5 Temperature-dependent small-angle/wide angle x-ray scattering 

The solid-state properties of ball-milled samples and the dissolution/melting 

behaviours of the crystalline drug into a polymeric matrix as a function of temperature 

were analysed using a small angle/wide-angle x-ray scattering (SAXS/WAXS, 
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Ganesha 300XL, Xenocs, France). Powerful microfocus x-ray was generated from a 

copper source with a motorised collimation system of 4-blad single-crystal slits. 

Portable solid-state photon-counting detector (PILATUS 300K, Dectris AG, 

Switzerland) was mounted on an uninhibited transverse rail along the beamline. A 

total 1.4-meter movement on the detector allows instant interchange between SAXS 

and WAXS configurations. The sample's temperature control was realised by a 

modified Linkam stage vertically installed inside the vacuum chamber. The 

heating/cooling rates were accurately controlled at 30 °C/min. The system was 

carefully calibrated using lanthanum hexaboride and validated again before each 

measurement. In a typical temperature-dependent SAXS/WAXS experiment, a ball-

milled sample (~ 20 milligrams) was packed in an envelope of aluminium foil, secured 

on the heating plate's centre on Linkam stage, and was then subjected to a heat-cool-

heat cycle similar to the DSC experiment. The sample was heated from 25 °C - 160 

°C at a rate of 5 °C/min, then cooled to -40 °C at a rate of 30 °C/min. A second heating 

procedure was conducted from -40 °C - 160 °C at the rate of 5 °C/min. The WAXS 

was collected every 60 seconds at an exposure time of 30 seconds during the heat-

cool-heat cycle. SAXS was also collected on selected samples with 600 seconds of 

exposure time at key temperature points. 

2.2.6 Application of the Gordon- Taylor equation 

The Gordon-Taylor (GT) equation was applied to determine the theoretical Tg of each 

API with EPO across the range of drug concentrations. The results were then 

compared to the experimental values of the extrudate and the ball-milled systems. 

Although there are different methods which can be used, they all are variants of 

general mathematical formula (Equation 2.1): 

 



 

 

81 
 

 

𝑻𝒈𝒎 =
𝑾𝟏𝑻𝒈𝟏 + 𝒌𝑾𝟐𝑻𝒈𝟐

𝑾𝟏 + 𝒌𝑾𝟏
 

Equation 2.1  

 

 

Tgm refers to the glass transition of the mix of both components, 1 and 2 refer to each 

separate component, in this case, the API and EPO, W refers to the weight fractions 

and Tg is the glass transition of each component. The k parameter (Equation 2.2) can 

be calculated from the densities, p, of each component and the Tg. 

 

𝒌 =
𝑷𝟏𝑻𝒈𝟏

𝑷𝟐𝑻𝒈𝟐
 

Equation 2.2 

 

 

2.2.7 Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-

FTIR) 

Analysis of the drug-polymer interactions of ASDs was conducted using ATR-FTIR 

spectroscopy (Spectrum 2, Perkin Elmer, UK). Extruded samples (outside and cross-

section) were directly placed on the ATR stage, and spectrum range of 4000 – 650 cm-

1 was collected based on   4 cm-1 resolutions, 32 runs. 

 



 

 

82 
 

2.2.8 Raman spectroscopy 

Solid dispersions were studied using a RamanStation R3 (Avalon, Instruments, 

Belfast, UK) coupled with a RamanMicro 300 Raman microscope (PerkinElmer, 

Waltham, MA, USA) at 50x magnification. Raman scattered light from a 785 nm laser 

was collected between 3200-400 cm -1 using an acquisition time of 20 s at a resolution 

of 2 cm−1. Solid dispersions were prepared on an aluminium foil-covered slides.  

 

2.2.9 Induced Phase separation 

Phase separation of NPX and IND samples was induced using a saturated salt solution 

of potassium nitrate (95% RH) at 20 °C. A high temperature was avoided due to 

melting and degrading the product; therefore, only relative humidity levels were 

altered. 

2.2.10 Polarised light microscopy  

Polarized light microscopy (PLM, Olympus BX50, Japan) was used equipped with 

online pixel link camera. Extrudates were softened onto a glass slide, covered with a 

coverslip, and imaged under the microscope. Acquired images were captured and 

analysed using Linksy 32 software. The magnification varied from 10 -100x. 

2.2.11 Atomic Force Microscopy 

The NaioAFM (Nanosurf, Switzerland) instrument was used to obtain topographically 

and phase images, allowing calculation of the surface roughness of the solid 

dispersions. Samples of extrudate were softened immediately after TSE between two 

flat glass slides and then cooled on a metal block. The slides were then carefully 

removed, and the solid sample was placed on the sample holder. Both topographic and 

phase images were generated with the instrument operating in dynamic mode using a 

Tap 190Al-G cantilever (BudgetSensors, Bulgaria). Image sizes were 10x10 µm, 
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taken at a speed of 0.8 seconds per line. Additional parameters were varied depending 

on each sample and optimum sensitivity. The cantilever's setpoint was varied from 

50% to 60% of the free vibrational amplitude, which was varied from 200 – 1000 mV. 

Nanosurf Naio software was used to control, obtain the data and Image J was used to 

analyse the images further 

2.2.12 Stability Study 

Both ASDs created through extrusion and quench cooling techniques at 0.6 w/w of 

each API with EPO. The samples were stored in an oven at 40 °C, and 75% RH created 

using a saturated salt solution of sodium chloride. Samples were analysed every month 

for three months and finally, after six months of storage to determine the systems’ 

solid-state. DSC, Raman, and IR were used on all samples and PXRD for NPX and 

IND samples only. 

2.2.13 Ultraviolet visible spectroscopy 

A calibration plot of standard stock solutions for all API was produced using an ultra-

violet visible (UV-Vis) spectroscopy. API was dissolved in 1:1 methanol pH 1.2 

solution. Three stock solutions (50 mg/ml) of each API were prepared on three 

separate occasions, and appropriate dilutions were performed for concentrations listed 

in Table 2. 4. Each solution was analysed at a scan range from 200-800 nm in a quartz 

cuvette using UV-Vis spectrometry (Cary 50, Agilent technologies, Cheshire, UK). 

The calibration plot was performed based on absorbance as a concentration function, 

and the linearity of regression analysed through correlation coefficient (r).  

2.2.14 Drug dissolution  

In vitro drug release was examined using the paddle method (USP II). Release was 

performed in 900 ml of pH 1.2 dissolution medium and temperature 37 ± 0.2 °C to 

mimc conditions in the stomach. The paddle stirring rate was 50 RPM. Five-millilitre 
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aliquots were withdrawn through a 0.22 µm filter over 2hrs (time intervals 15, 30, 45, 

60 and 120 mins). The concentration of drug present was determined using a Cary 50 

(Cary 50, Agilent technologies, Cheshire, UK) UV-VIS spectrophotometer at 

corresponding wavelengths Table 2. 4. 

The dissolution data was further analysed using the similarity factor (F2) to determine 

differences between QCPMs and EXT samples. The equation is outlined in equation 

2.3 where n= number of time points, Tt dissolution value of the test batch at time t, Rt 

dissolution value of the reference batch at a time.  

 

𝒇𝟐 = 𝟓𝟎 ∙ 𝒍𝒐𝒈 {[𝟏 + (
𝟏

𝒏
) ∑

𝒏

𝒕 = 𝟏
 ( 𝑹𝒕 − 𝑻𝒕 )𝟐 ]−𝟎.𝟓  ∙  𝟏𝟎𝟎} 

Equation 2.3 

 

 

 

Table 2. 4 UV calibration parameters for NPX, IBU and IND 

API Wavelength 

(nm) 

Concentrations  

(mg/ml) 

Naproxen 233 0.25, 0.5, 0.75 1, 1.5, 2, 2.5, 3 

Ibuprofen 222 1, 2, 4, 6, 8, 10, 20, 30 

Indomethacin 318 0.5, 1, 2.5, 5, 10, 20, 30 
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2.2.15 Fluorescence Microscopy 

Blank formulations of polymeric nanoparticles were created without NPX. Nile red 

was used at a concentration of 1/200000 w/w of EPO. The system was extruded at 

various parameters based on Table 5. 3. The formulation was pressed on a clean glass 

slide with a coverslip straight from the extruder and viewed using a DM55O B Leica 

microscope (Leica, UK). 

 

2.2.16 Scanning Electron Microscopy 

When imaging nanoparticles using a TM3030 scanning electron microscope (Hitachi 

Ltd, Japan) (SEM), the microscope was equipped with electronically controlled 

cooling stage, Deben Ultra Cold Stage Deben TM-3000 Cool stage (Deben UK Ltd., 

Suffolk, UK), for dispersed PNPs. The PNPs were dispersed in deionised water and 

approximately 2 µL were placed on the sample holder for imaging at -40 °C. 

2.2.17  Transmission Electron Microscopy 

The morphology of the prepared polymeric nanoparticles was studied using a JEOL 

JEM-1400 series 120 kV transmission electron microscope (JEOL Massachusetts, 

USA) operating at an accelerating voltage of 120 kV. Samples for the TEM analysis 

were prepared by adding 5 µL of nanoparticle suspension on a carbon-coated 400 

mesh copper grid (Ted Pella, Inc., Redding, CA, US) and allowed to air-dry.  

 

2.2.18 Dynamic light scattering and zeta potential  

The nanoparticles' mean diameter and poly dispersity index was measured by 

Dynamic Light Scattering (DLS) on a NanoBrook Omni (Brookhaven Instruments, 

Holtsville, NY, USA). Each sample was measured four times at 25 °C with a fixed 

angle of 90° in a dilution of 1:100 using HPLC grade water. Moreover, the same 
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instrument was used to measure the zeta potential. For each formulation, three cycles 

of zeta potential measurements were performed. Size and  zeta distribution were 

measured in multiple samples from each batch.  

 

2.2.19 Encapsulation efficiency and naproxen recovery 

The amount of drug encapsulated within the nanoparticle was determined using the 

centrifugal ultrafiltration method using Amicon ultra-centrifugal filter units (MW 

10KDa). Briefly, a known concentration (2mg/mL) of API was added to the filter and 

centrifuged at 14,000 RPM for 40 mins at 25oC. The filtrate was collected in the 

centrifuge below, which containned the  unencapsulated drug (Figure 2.4), and was 

subsequently measured by a UV–vis spectrophotometer (FLUOstar Omega, BMG 

LABTECH).  

 

 

The remaining polymeric nanoparticle pellet in the filter was washed twice with 

MilliQ water and resuspended in methanol in order to disrupt the polymer matrix and 

centrifuged at 14,000 RPM for 40 minutes at 25oC and measured by UV-VIS. The 

concentration of non-encapsulated (free) NPX (NPXf) and encapsulated drug (NPXe) 

Figure 2. 4 A schematic outline of the method used to determine encapsulation of drug within the 
polymer nanoparticle 
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was determined with the aid of a calibration curve of NPX in a methanol-water mix 

(50:50 MeOH: H2O) at a wavelength of the maximum absorbance of NPX (233 nm). 

The amount of drug was in the final extrudate (NPXf) was measured to validate the 

encapsulation efficiency. For this measurement, a known concentration of polymeric 

nanoparticle was dissolved entirely in methanol to solubilise both the encapsulated 

and non encapsulated drug and measured by UV-VIS. Encapsulation effiency was 

measured using the equation (Equation 2.4). This measurement was to highlight the 

drug affinity for the polymer resulting in high encapsulated PNPs. 

  

 

% 𝐸𝐸 = (
𝑁𝑃𝑋𝑒

𝑁𝑃𝑋𝑒 + 𝑁𝑃𝑋𝑓
) 𝑥 100 

 

Equation 2.4. 

Naproxen recovery refers to the overall yield of the extrusion process and is calculated 

based on Equation 2.5. This total amount of encapsulated drug recovered post-

extrusion (NPXe)was measured compared to the the amount of NPX added to the 

initial formulation, NPXi  resulting in a % recovery of drug. as shown using Equation 

2.5 

% 𝑁𝑃𝑋 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  (
𝑁𝑃𝑋𝑒

𝑁𝑃𝑋𝑖
) 𝑥 100 

 

Equation 2.5 

 



 

 

88 
 

2.2.20 Nanoparticle drug release 

Release studies were conducted in two different media. One mimicking the acidic 

conditions of the stomach in pH 1.2 buffer (sink) and one closer to neutral conditions 

in phosphate buffered saline (PBS) at pH 6.8 (sink). Drug release studies for all the 

formulations were repeated in triplicate. Prior to the analysis, the dialysis tube 

(Dialysis tubing cellulose membrane, Avg. flat width 10 mm, 12kDa pore size, Sigma-

Aldrich) was placed in boiling water for 30 min and thoroughly rinsed with water. A 

volume of 3 mL of each nanoparticle suspension was added into the dialysis tube with 

both ends tied and the tube was suspended in 50 ml of relevant dissolution media. For 

the sampling, 5 mL of media was removed and fresh media pre-equilibrated at 37.0 ± 

0.5°C was added to maintain the dissolution volume. For release in pH 1.2 media, time 

points of 5, 10, 15, 20, 30, 60 and 120 minutes were selected. For release in PBS pH 

6.8 media, intervals of 15 and 30 minutes and 1, 2, 4, 6, 24 hours were used. The 

amount of drug released at each time point was determined by UV-vis 

spectrophotometer (Cary 50, Agilent technologies, California, US). Release curves 

were drawn according to the cumulative drug release and plotted vs time.  

 

2.2.21 Rheology 

A rheological assessment was performed using continuous shear mode on AR2000 

rotational rheometer (TA Instruments, UK). The viscosities of molten sugar alcohol 

carriers (xylitol, sorbitol and erythritol) and drug-polymer ASDs at various 

concentrations (0%, 10%, 20%, 40% NPX) were determined at temperatures (100, 120 

and 140°C) across a shear rate range from 0.5 to 150 (1/s). The temperature used to 

correspond with extrusion temperatures (Table 6.2). A 2 cm parallel plate geometry 

with a fixed gap of 500 μm was employed for analysis.  
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The drug-polymer ASDs were prepared in situ using a heat-cool cycle of the 

rheometer. In a typical procedure, the drug-polymer mixtures were subjected to ball 

milling, then heated to at 150°C to ensure the melting of crystalline NPX, then the 

temperature was reduced to the required temperature range for the particular 

experiment. The same procedure was also used for erythritol. 

2.2.22 Statistical Analysis 

Two-way Analysis of variance (ANOVA) and Student’s unpaired two-tailed t-test  

were used to assess statistical significance between results. This analysis was 

performed using at a significance level p< 0.05, in GraphPad Prism 7.0 (GraphPad 

Software Inc., CA, US). In the DoE model, a Partial least square model for the 

experiment design was used to the fit of the model to the response data. This was 

examined with a significance level of p< 0.05  
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Chapter 3 

 

The design of amorphous solid 

dispersion facilitated by twin- 

screw extrusion 
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3.1 Introduction 

Drugs exhibiting poor aqueous solubility and subsequently, limited bioavailability is 

an on-going issue in the pharmaceutical industry. Approximately 90% of NCEs in the 

development pipeline are characterised as poorly water-soluble compounds (Kalepu 

and Nekkanti, 2015). ASDs as a formulation strategy is now routinely used to 

overcome these solubility issues (Yu, 2001) and has successfully resulted in the 

bioavailability enhancement of several products (J. Zhang et al., 2018). To ensure a 

successful ASD formulation is developed, understanding of polymer selection, 

specifically drug-polymer miscibility, is required for implementing ASDs as 

formulation strategy. Amorphous drugs alone are fundamentally metastable; thus, 

recrystallisation of the drug will occur in time, negating the benefit of ASDs. To 

oppose this, guided polymer selection to ensure high miscibility between API and 

polymer is required in order for the ASD formulation to remain stable for a longer 

time period and allow for effective delivery and acceptable product qualities, including 

homogeneity and stability (Newmman and Munson, 2012). 

Despite many successful ASD formulations, the majority of excipient selections are 

still based on trial-and-error methodologies with a handful of tried tested polymeric 

systems (D. Zhang et al., 2018). Often there is a preference to use the same polymers, 

particularly those with comprehensive safety data that can result in pH responsive 

release for targeting area of the GI-tract. To date, we are still deficient in accurate 

methods for predictive selection of excipients for a given drug molecule, particularly 

with the integration of various modern manufacturing technologies. The 

implementation of QbD in pharmaceutical manufacture increases the need towards 

building quality inherently into the product. Therefore, the use of established, 

considered, and meaningful formulation development, integrated into the design 
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process, should be considered as the modern approach. Several parameters are 

proposed to influence ASD stability, including; glass transition temperature, 

molecular mobility, hydrogen-bonding interactions, and other non-specific 

interactions (Anderson, 2018; Mistry et al., 2015; Quinteros et al., 2008; Song et al., 

2015). This chapter highlights the development of homogenous ASD systems with 

integrated formulation development base on the TSE processing platform, resulting in 

quality-orientated formulation design in-line with QbD principles. 

The implementation of data-driven frameworks and considered excipient selection for 

ASD manufacture will unquestionably improve the productivity of quality-orientated 

research and development in the pharmaceutical sector (Baird et al., 2010; Edueng et 

al., 2017; Graeser et al., 2009; Knopp et al., 2015; Luebbert et al., 2017; Tian et al., 

2013). Multiple approaches have been assessed in the literature to establish good drug-

polymer miscibility. Thermal analysis, particularly DSC,  is the most common method 

used to determine miscibility between components. A single Tg has been used as 

evidence of drug-polymer miscibility (Forster et al., 2001a); however, this is not 

conclusive. The development of a thermodynamic drug-polymer phase diagram can 

guide the development of ASD to establish crystalline drug solubility, especially when 

using TSE. Implementing the FH theory in predicting the miscibility of a small 

molecule within the polymeric material has provided a simple route for qualitative 

research of amorphous-based formulation systems (DiNunzio et al., 2010). 

Furthermore, the integration of the theory into the formulation design and process 

understanding based upon selected advanced process platforms would undoubtedly 

offer significant advancements for the future of pharmaceutical manufacturing 

(Badman and Trout, 2014).  FH-based theory for constructing a phase diagram has 

been implemented in this work to allow for a guided formulation design. It ensures an 
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informative comparison and modelling of the temperature effect on an ASD by 

determining areas of stability, metastability and instability (Tian et al., 2013)(Yang et 

al., 2013). 

This chapter investigates the properties of one particular type of ASD based on the 

formation of ionic bonds between drug and polymer, forming a homogenous mixture 

of substances. The amorphous cationic polymer facilitates the formation of ASD with 

the anionic, crystalline drug, becoming stabilising in the amorphous form. The ionic 

bonding formed between drug and polymer provides the primary mechanism for 

enhanced miscibility and stability. This type of formation has been reported and 

investigated in literature for example and Eudragit® E with drug naproxen or 

indomethacin (H. Liu et al., 2012; Priemel et al., 2013a; Saal et al., 2018; Ueda et al., 

2015). By making a guided design on formulation development, we have produced 

multiple ASDs over a range of drug concentration to establish the validity of FH as a 

predictive method for these types of ASD systems. 
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3.2 Aims and objectives 

In this work, we aim to demonstrate a class of ASD, between weakly acidic drugs and 

a basic polymer resulting in ionic bonding. We highlight this interaction by 

implementing predictive thermodynamic modelling, using the constructed phase 

diagram and Gordon Taylor equation to ensure the manufacture of a high drug-loaded 

ASD which has been successfully predicted.  

Therefore, the primary aim of this chapter was to investigate the potential for 

successful ASDs of NSAIDs and EPO based on the phase diagrams of polymer and 

drugs. In doing so, we can evaluate the suitability of FH theory in determining 

successful ASDs for this type of interaction and further validate the resultant ASDs 

using analytical techniques. We also further explored the impacts of shapes and 

locations of drug-polymer solubility and miscibility curves on the performance of hot-

melt extruded ASDs. The aim was to characterise the uniqueness of this interaction 

between the basic polymer and acidic drug when formulating ASD, using it as a pre-

screening objective to high drug-loaded ASD. Furthermore, the use of TSE was 

investigated to determine whether there were enhanced interactions and drug loading 

over ASD created by quench cooling physical mixtures. The use of various analytical 

techniques including thermal analysis, X-ray diffraction techniques and spectroscopic 

techniques was implemented to determine successful production of ASD.  

To summarise we aim to firstly, highlight the thermodynamic importance of these 

systems using FH theory, assess why high drug loading ASDs are possible based on 

the interactions between drug and polymer and lastly to determine the extent the use 

of TSE to manufacture ASDs results in enhanced interactions between drug and 

polymer analysed DSC and IR.   
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3.3 Results and discussion 

3.3.1 In situ temperature-dependent small-angle and wide-angle x-ray scattering 

analysis 

Small-angle/wide-angle x-ray scattering (SAXS/ WAXS) can provides insight in the 

spatial distribution of a particles at nano/micro-scale ranges, indicting crystallinity 

within the system (Rabiej and Wlochowicz, 1990; Schneider et al., 2009) . SAXS and 

WAXS were implemented in a thermal capacity to directly observe the temperature 

dependences for the crystalline drugs (IND, NPX and IBU) in the presence of the 

polymeric carrier, EPO to determine the ability to form ASDs from physical mixtures 

by analysis of their x-ray scattering pattern. In general, the dissolution of the 

crystalline drug into polymeric matrix results in the decrease of scattering intensity in 

the WAXS graph and eventually, complete disappearance of the well-defined 

scattering pattern in favour of an amorphous halo. The 3D Bragg’s peak for the 

physical mixtures of crystalline drugs (NPX, IND and IBU at 70% w/w drug loading) 

with polymer EPO are shown in Figure 3.1 as a function of temperature. Due to the 

strong bonding interactions between drugs and polymeric carrier EPO, a gradual 

decrease in the intensity of Bragg’s peaks associated with crystalline components can 

be observed with increased temperatures. 
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Figure 3. 1 Evolution of 2D and 3D WAXS scattering profiles as function of sample temperatures for 
physical mixtures a) IND-EPO b), NPX-EPO c) and IBU_EPO at drug loading of 70% w/w 
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For example, in IND-EPO physical mixtures, the temperature for the complete 

dissolution of 70% w/w IND was recorded at 125 to 130 °C which is approximately 

30 °C lower than the melting temperature of pure IND (160°C). For NPX-EPO and 

IBU-EPO systems containing 70% w/w drug loading, the solubilisation temperatures 

were also recorded well below the crystalline drug melt at 120-125 °C and 50-55 °C 

respectively (Figure 3. 1b and c).This information allows for strategic planning and 

prior system insight to the design of TSE for producing ASDs using this drug-polymer 

combination, where a fully amorphous solid dispersion can be generated at conditions 

that are i) significantly lower than the melting of the crystalline drug (e.g., 30 °C lower 

in IND-EPO case); ii) at much high drug loadings (~70% w/w for IND-EPO system). 

Furthermore, the unwanted thermal degradation associated with melting of the drug 

may be avoided entirely since the amorphization of a crystalline drug is caused by the 

dissolution into a suitable polymeric carrier below the melting point of the drug, rather 

than through melting and mixing.  

This in situ temperature-dependent SAXS/WAXS analysis (complementary to DSC) 

has be used in the TSE platform (Sylvie, Tencé-Girault et al., 2019) to provide a direct 

observation at conditions. This work will enable careful selection of extrusion 

temperature. It is additionally recognised that within extrusion, the extra shear in 

mixing will enable further solubilisation of drug in polymer thus will theoretically 

allow for a higher amorphous drug content or a lower processing temperature. 

Implementing shear mixing will cause molecular dispersion of drug and polymer and 

allow maximal drug-polymer interactions to be achieved (Ashish L. Sarode et al., 

2013; Sarraf et al., 2001). 
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3.3.2 The drug-polymer temperature-composition phase diagram 

In order to develop ASDs with an informed design space for TSE, temperature 

composition phase diagrams using the FH model were produced for all three model 

drugs. Through the ball milling process, a range of uniform drug-polymer physical 

mixtures at various ratios was prepared. Both IBU and NPX have low glass transition 

temperatures, thus a rubber mixture was usually obtained after a very short milling 

period. For example, for 50% w/w IBU-EPO system, the physical mixture can be 

converted to full amorphous within only 10 minutes of ball-milling at a frequency of 

15 Hz (confirmed by DSC and SAXS/WAXS Figure 3. 2). Therefore, to achieve 

sufficient experimental points from the DSC measurement for the thermodynamic 

phase diagram, the drug/polymer ratio was selected from 95% - 70% w/w at 0.025 

intervals. An example of the DSC thermogram for the IND-EPO system was shown 

in Figure 3. 3 

 

 

 

 

 

 

 

 

 



 

 

99 
 

  

Figure 3. 3 Example of melting point depression thermograms for IND-EPO ball-milled physical 
mixtures, compositions from 1 to 0.75 w/w at 0.25 w/w interval 

50% IBU_ EPO Ball milled, 10 minutes 15Hz 

Figure 3. 2 The WAXS and SAXS plots for 50% w/w IBU-EPO physical mixture 
processed via ball-milling at 15Hz for 10 minutes 
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For all three EPO based systems, the melting endpoint was not observed at the drug-

polymer ratio lower than 70% w/w. Nevertheless, a quick estimation of the drug-EPO 

interaction parameters for all three drugs at multiple compositions may be obtained 

with a minimum of four experimental points. A plot of interaction parameter, χ, versus 

temperature for these systems was shown in Figure 3.4. The fitting of constants (A&B) 

at selected temperature regions was obtained for IND-EPO, NPX-EPO, and IBU-EPO 

with the goodness of fit ranging from 0.9284, 0.9407 to 0.9747, respectively. The 

obtained interaction parameter constants for all three systems are summarised in Table 

3. 1 A detailed method of obtaining the fitting constants for F-H interaction parameters 

can be found in several previously published articles (Knopp et al., 2015).  

 

Table 3. 1 Flory-Huggins interaction parameter constants for system IND+EPO, NPX+EPO and 
IBU+EPO 

ASDs B A R2 

IND:EPO -19567 42.565 0.9284 

NPX:EPO -8072.5 17.275 0.9407 

IBU:EPO -9400 25.735 0.9747 
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It should be highlighted that, from all the published phase diagrams for various drug-

polymer combinations, an upper critical solution temperature (UCST) where a positive 

B and a negative A were obtained for the drug-polymer interaction parameters (Lin 

and Huang, 2010a; Marsac et al., 2009, 2006; Psimadas et al., 2012; Tian et al., 2018, 

2013). In this case, it was observed that a concave spinodal profile was obtained for 

all three ASD systems (B <0 and A >0) indicating the lower critical solution 

temperature (LCST) behaviours (Table 3. 1). Such behaviour has been observed for 

many temperature-responsive polymer-water systems where a polymer solution to gel 

transition can be observed as the temperature increases (Jones, 2004; Mori et al., 

2010).  Similar behaviours were also reported in polymer-polymer mixtures 

(Kapnistos et al., 1996; Meredith et al., 2000). To our knowledge, this the first a report 

of LCST behaviour for drug-polymer binary systems. All three systems IND, NPX 

and IBU with polymer EPO have exhibited LCST behaviour with B<0 and A>0 at the 

experimental temperature range. As the temperature decreases, the experimental 

Figure 3. 4 Plots of Flory-Huggins interaction parameters versus temperature for 
IND-EPO, NPX-EPO and IBU-EPO systems showing Lower Critical Solution 

Temperature behaviour with B <0, A >0 (LCST, at high temperature range) 
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values for the χ became more negative, suggesting a stronger drug-polymer interaction 

and increased drug-polymer miscibility at lower temperature range. Furthermore, it 

should also be highlighted that the changes of F-H interaction parameter constants (B 

and A) from the three EPO systems compared to previously published systems (Tian 

et al., 2014). The F-H interaction parameter χ is assumed to be consisted of the 

enthalpic term (B) and entropic term (A) fitting constants (Rubinstein and Colby, 

2003). In comparison to hydrogen bonding based ASDs, weakly acidic drugs IND, 

NPX and IBU form strong ionic bonding with polymer EPO; we suggest in here that 

the change from positive B to a negative B may be due to the formation of ionic 

bonding between drug and polymer (in favour of enthalpic contribution to the mixing). 

Indeed, similar negative enthalpy change was also the leading cause for the formation 

of ionic liquids (Emel’yanenko et al., 2007; Köddermann et al., 2007). 

With the interaction parameter constants for all three drug-EPO systems obtained at 

various temperatures, the maximum drug solubility in polymer EPO may be 

approximated. As expected, with a strong enthalpic contribution from the drug-EPO 

systems, large drug solubility values in the polymer were predicted for all three drug-

EPO systems (Figure 3.5). The solid-liquid curves represent the extrapolation of 

dissolution/melting endpoints for drug IND, NPX and IBU with polymer EPO based 

on the temperature-dependent interaction parameters. The experimental glass 

transition temperatures for all three ASDs at various compositions were also 

summarised within the graphs. The theoretical glass transition temperatures were 

calculated using the Gordon-Taylor model (Baird and Taylor, 2012). The theoretical 

spinodal curves for IND-EPO, NPX-EPO and IBU-EPO derived from the 

temperature-dependent interaction parameters (χ) were also plotted in the graphs 

Figure 3.5. Considering the previously published drug-polymer phase diagrams, we 
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observe a significant increase on the predicted solubility values of drug IND, NPX and 

IBU in the polymer EPO. 

Approximately 0.63 w/w for IND-EPO, 0.473 w/w for NPX-EPO and 0.55 w/w for 

IBU-EPO were predicted as the maximum drug solubility in polymer EPO at 

temperature 20°C. Similar high drug-polymer solubility has also been reported in 

literature when a strong interaction was proved to be the main cause. For example, 

Mistry et al. (2015) have reported the ionic bonding interactions between weakly basic 

drug ketoconazole and polymer poly (acrylic acid) confirmed by both infrared and 

solid-state NMR (Mistry et al., 2015). The strong drug-polymer interaction has 

resulted in a very high drug solubility value, 60% w/w. Ueda et al. (2015) have also 

reported a high solubility for weakly acidic drug naproxen (NPX) in cationic polymer 

EPO (Ueda et al., 2015). A crystallisation was observed for NPX only when the drug 

loading is increased to 70% w/w or more. Furthermore, Ueda et al. reported the same 

trend where the experimental Tg increased from the predicated Tg, particularly at 

>30% drug loading towards the solubility line, then reducing again at >70% drug 

loading. 
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Figure 3. 5 the temperature-composition phase diagram for systems 
a)IND-EPO b), NPX-EPO and c) IBU-EPO; the calculated spinodal 

curves are shown in dash lines; the experimental and theoretical glass 
transition temperatures for these ASDs are also included. 
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For all three systems, we observe this trend.  It is suggested that the ester group of the 

polymer acts as a hydrogen bond acceptor as well as the ionic interactions between the 

amine group, promoting enhanced interactions in during this region (between 30-70% 

NPX). With increased NPX levels of 70%, no ionic interactions are present, only the 

hydrogen bonging, hence, reduced Tg values and subsequent recrystallisation of the 

system. We believe that this can explain the positive deviations in the systems' Tg. A 

gradual increase in the maximum drug solubility within EPO can also be observed for 

all three drugs with elevated temperatures. However, such change was not dramatic 

since the inverse contribution of the entropic term (A). The predicted solubility values 

for all g drugs within polymer EPO at several critical temperatures were summarised 

in Table 3. 2  

 

Table 3. 2 The predicted drug-EPO solubility as a function of temperatures for IND, NPX and IBU 
systems from constructed phase diagrams 

Temperatures 

(°C) 

IND solubility in 

EPO (w/w) 

NPX solubility in 

EPO (w/w) 

IBU solubility in 

EPO (w/w) 

20 0.631 0.473 0.541 

30 0.634 0.480 0.557 

50 0.641 0.495 0.611 

70 0.651 0.516 0.766 

90 0.664 0.544 1 

120 0.699 0.614 Spinodal region 
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3.3.3 The importance of spinodal curve in amorphous solid dispersion 

 

When considering the drug phase behaviours within polymer for ASD stability, it is 

critical to be aware that the crystalline drug solubility and amorphous drug miscibility 

with amorphous polymer are two separate definitions.  As the second component 

polymer is a long chain macromolecule, the dynamic aspect of phase separation can 

be extremely slow and highly temperature-dependent. As previously published in the 

scientific literature, ASDs are produced at higher temperature or the solvent-assisted 

environment in most scenarios. The amorphous drug is kinetically “trapped” in a non-

equilibrium state attributing to both the drug-polymer interaction and other dynamic 

factors related to the preparation (Paudel et al., 2012). Hence, most experimental 

results showed significantly higher apparent drug miscibility with a polymeric carrier 

than the predicted results using pure thermodynamic models. We must assess the 

dynamic behaviours of the “trapped” non-equilibrium state and relate it to the physical 

stability of ASD systems by identifying the positions of the spinodal curve. Whilst the 

liquid-solid line describes the thermodynamic phase between crystalline drug with 

amorphous polymer, the binodal and spinodal curve are together defined as the 

boundary between one phase amorphous state and amorphous-amorphous phase 

separation (AAPS) (Tian et al., 2019). The position of AAPS in relation to the 

thermodynamic liquid-solid curve will certainly provide vital information on the 

crystallisation kinetics of drug from ASD (Tanaka and Nishi, 1989). An illustration of 

six possible positions for binodal and spinodal curves in relation to the liquid-solid 

line can be postulated in Figure 3. 6. UCST in relation to the liquid-solid curve can be 

described in a, b, and c; whilst LCST in relation to the liquid-solid curve can be 

described in d, e, and f. 
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The position of the spinodal curve to the liquid-solid curve will strongly affect the 

dynamics of amorphous-amorphous phase separation (Tian et al., 2015). The 

verification of these positions will provide significant advances in understanding the 

stability of ASD systems. Luebbert et al., (2018) recently reported a phase diagram 

(constructed by Perturbed-Chain Statistical Associating Fluid Theory) exemplified as 

UCST behaviour with AAPS inserted through the solid-liquid curve (Luebbert et al., 

2018a). An AAPS was evidenced at high temperatures that are well above the melting 

point of the drug (Figure 3.6a). Purohit and Taylor also reported a study using high 

spatial resolution atomic force microscopy techniques to probe the AAPS in freshly 

prepared ASDs, nano-scale spherical domains were obtained on the surface of ASD 

Figure 3. 6  Schematic phase diagrams for various kinds of crystalline-amorphous polymer 
blends. The binodal and melting point are drawn by solid line (partially by dashed line) and 

spinodal curves are drawn by dotted lines; figure adapted from previous publication 
(Tanaka and Nishi, 1989) 
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films representing a classical binodal pattern within the phase diagram (Purohit and 

Taylor, 2015). 

In comparison, we propose an LCST behaviour for all three ASD systems, IND-EPO, 

NPX-EPO, and IBU-EPO, where the estimated positions for binodal, spinodal and 

solid-liquid curves may be described by Figure 3. 6d, e, or f. From the theoretical 

point of view, a thermodynamically stable drug-EPO amorphous system without the 

potential of AAPS (temperature-dependent) is indeed possible in these scenarios. 

To validate spinodal decomposition, the IBU-EPO system was chosen because the 

predicted spinodal demixing region was well below the temperatures of 

thermodegradation for both components. For IND-EPO and NPX-EPO systems, the 

predicted spinodal demixing regions were above their thermodegradation 

temperatures; thus, experimental validation was not conducted. A physical mixture of 

0.5 w/w IBU to EPO was prepared by the ball milling method described in the method 

section followed by quench-cooling to form a homogeneous ASD. The freshly 

prepared 0.5 w/w IBU-EPO ASD sample was then subjected to annealing experiments 

at two temperatures, 70 °C and 110 °C. These two temperatures (T > Tm of IBU) were 

identified as a one-phase amorphous region and AAPS region for system 0.5 w/w IBU-

EPO respectively (Figure 3. 7). Indeed, through the characterisations of PLM and 

micro-Raman chemical mapping, an AAPS ASD was obtained after annealed at 110 

°C for 24 hours, whilst the ASD stayed homogeneous after annealed at 70 °C for 

similar time-scale (Figure 3. 7). 
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3.3.4 In situ formation of ASDs via TSE 

 

With the guidance from thermodynamic phase diagrams, it was possible to design the 

TSE process for all three ASDs. The predicted stability of these ASDs was also marked 

in the phase diagrams in Figure 3. 5. In each drug-EPO combination, three drug 

loadings were selected with at least one in the predicted one-phase amorphous region, 

and at least one drug loading was selected to be in the crystalline region. The extrusion 

process temperatures were chosen to be below the melting points of the parent 

crystalline drug but above the glass transition of the polymer EPO as guided by the 

phase diagrams. 

The freshly prepared extrudates (EXT) were then characterised using DSC and ATR-

FTIR and directly compared with the results collected from the physical mixtures 

(PM) and ASDs prepared by quench-cooled method (QCPM). A similar trend was 

obtained for the thermograms of all three drug-EPO systems, outlining the in situ 

formation of one-phased ASDs by TSE at pre-defined conditions predicted by phase 

a 

Ball milled 10 

b 

e 

d 

c

IBU 0.5w/w 

EPO 0.5 w/w 

Figure 3. 7 Temperature induced phase separation of a physical mixture of 0.5 w/w IBU_EPO shown by a) 
Image of system after 10 minutes of ball milling b) PLM at 20x magnification (scale bar 20 µm) after 24hrs 
at 110 oC c) PLM of PM after held at 110 oC for 24hrs d) Raman image of 0.5 w/w IBU after 24hrs at 110 oC 

e) Raman map at 70 oC 

20 µm 

20 µm 
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diagrams (Figure 3.5). Previously, TSE methods relied on higher temperatures for 

amorphisation and mixing of the crystalline drug into the polymer were commonly 

documented. However, the presence of a single, distinctive glass transition with the 

absence of an endothermic melting event was observed for all drug-EPO systems 

prepared by TSE at predicted conditions. When comparing the thermograms of 

extruded samples to the QCPM samples, several apparent differences can be 

summarised: 1) the number of glass transitions, 2) the temperature of glass transitions 

and 3) the melting event from the residual crystalline drug (Table 3. 3- 3.5). 

In the case of IBU-EPO system, a homogeneous ASD can be achieved by both ball 

milling and EXT at drug loadings below 0.6 w/w, whilst, EXT can further facilitate 

the generation of one phase IBU ASD up to 0.65 w/w with EPO (Table 3.3). A further 

point of interest is the Tg placement; a higher Tg indicating a more stable amorphous 

solid dispersion system can be observed in all EXT samples compared to the QCPMs. 
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Table 3. 3 The thermal events recorded using DSC for IBU-EPO mixtures at selected drug loadings 
Glass transition temperatures were an average mean of three measurements ±standard deviation 

Sample  (w/w API) 
Glass Transition 

(°C) 

Melting Event (°C) 

0.45 IBU_BM 7.413 ± 0.32 - 

0.45 IBU_EXT 3.62 ± 1.4 - 

0.60IBU_BM - 15.97 ± 1.6 65.23- 81.64 

0.60 IBU_EXT 4.67 ± 1.1 - 

0.65 IBU_BM - 21.88 ± 0.91 58.78- 84.57 

0.65 IBU_EXT -13.6 ± 0.81 - 

 

In the case of NPX-EPO system, given the predicted NPX solubility in EPO was 0.61 

w/w when extruded at 120oC (Table 3.2), it was anticipated that one-phase ASDs 

should be obtained for 0.45 and 0.6 w/w NPX in the ASD (Figure 3. 5). This was first 

validated by the thermal analysis, where a single Tg with the absence of a melting 

event from NPX was recorded for all extruded NPX-EPO samples. Again, higher Tgs 

were recorded for all NPX-EPO EXT samples compared to the QCPM samples, where 

the presence of two Tgs and/or melting event was recorded. It was apparent that the 

use of TSE enhanced the level of mixing allowing for amorphization of NPX-EPO at 

temperatures well below the melting of crystalline NPX (Patil et al., 2016; Tian et al., 

2014). Furthermore, for the PM sample containing 65% w/w NPX, a broad melting 

endothermic peak was observed before the crystalline NPX. 
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Table 3. 4 The thermal events recorded using DSC for NPX-EPO mixtures at selected drug loadings. 
The glass transition temperatures were an average mean of three measurements ±standard 

deviation 

Sample 

Glass Transition 

(°C) 

Melting 

Event(°C) 

0.45 NPX_BM 36.57 ± 0.61 - 

0.45 NPX_EXT 38.1 ± 0.69 - 

0.6 NPX_BM 35.58 ± 0.93 - 

0.6 NPX_EXT 38.23 ± 0.45 - 

0.65 NPX_BM 28.34 ± 0.11 133.14 ± 1.50 

0.65 NPX_EXT 36.42 ± 0.45 - 

 

In the IND-EPO system, similar to the thermograms of NPX-EPO, both PM and EXT 

have converted the crystalline IND to amorphous at drug loadings < 0.6 w/w. In 

addition, two Tgs were observed for PM IND-EPO at 0.6 w/w without the presence of 

melting events. It is clear that a high drug-loaded ASD can be created well below the 

melt of the drug, using FH interaction parameter as a guide, highlighting again the 

excellent miscibility of the drug to polymer in the selected ASDs. Furthermore, the 

Tgs of all systems were comparably higher than the values predicted values by the 

Gordon Taylor equation. 
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Table 3. 5 The thermal events measured using DSC of IND_EPO mixes at different drug loading and 
production method. The glass transition temperatures were average mean of three measurements 

±standard deviation 

 

  

 

 

 

 

 

 

 

 

 

It is shown that through TSE and accurate process design that ASDs can be 

manufactured at high drug loadings well below the melt of the drug enabling the drug 

to dissolve in the polymeric carrier and reduce the viscosity of the system for enhanced 

amorphization. The strength of the drug-polymer bonding interaction was further 

assessed using of the ATR-FTIR where the ASDs prepared by TSE and quench-cooled 

methods were compared. The IR absorption peaks highlighting the carbonyl regions 

of the NSAIDs and amine regions of the EPO were summarised in Table 3. 6.  

 

 

 

Sample 

Glass Transition 

(°C) 

Melting Event (°C) 

0.4 IND_BM 53.50 ± 0.36 - 

0.4 IND_EXT 54.70 ± 0.46 - 

0.6 IND PM 31.10 ± 1.4 

 

81.35-120.45 

0.6 IND EXT 59.49 ± 0.67 - 

0.7 IND PM 19.24 

 

82.2- 132.67 

0.7 IND EXT 54.27 ± 0.77 126.21- 147.58 
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Table 3. 6 The key IR absorption peaks for all drug-polymer ASDs prepared via TSE and quench-
cooled methods 

 Key Peaks presented by IR wavenumbers (cm-1) 

IND_EPO NPX_EPO IBU_EPO 

TSE QCPM TSE QCPM TSE QCPM 

Higher drug 

loading  

1682 

1735 

1690 

- 

- 

- 

- 

1682 

1176 

1158 

1576 

1729 

- 

1716 

Lower drug 

loading  

1682 

1735 

1682 

1735 

- 

- 

- 

- 

1576 

1729 

1566 

1719 

 

Based on the standard IR spectra for all the individual components, the characteristic 

peak of the carbonyl group from EPO is normally observed at 1728cm-1, whilst, the 

carbonyl group for amorphous and crystalline IBU was recorded at 1730 cm-1 and 

1705 cm-1 respectively (Kazarian and Andrew Chan, 2003). These original IR 

absorption peaks of IBU and EPO were used as the reference points as shown in Table 

3. 6. The changes of these characteristic peaks after formation of an ASD may indicate 

the level of interactions within the system. As previously discussed, the ionic bonding 

is attributed as the primarily the interactions between IBU and EPO. (Gryczke et al., 

2011; Li and Dong, 2013) An additional broadened peak was recorded at 1576 cm-1 

for extruded IBU-EPO samples at all drug loadings. This peak was recorded at 1566 

cm-1 in quench-cooled ASD at 0.4 w/w IBU-EPO, but absent from quench-cooled 

ASDs at higher drug loadings. This peak was suggested to be to the absorption band 
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of the carboxylate groups forming ionic bonds with protonated dimethyl amino groups 

of polymer EPO (Moustafine et al., 2006). The broadening of the spectrum is more 

prevalent in the extruded samples, highlighting the formation of stronger bond 

interactions during the production (Abu Ali et al., 2016). Carbonyl peak shifts were 

observed at the positions of 1709 to 1719 cm-1 for IBU after extruded with EPO. These 

peak shifts represent the breaking of carbonyl (C=O) dimer structure in the original 

crystalline IBU (Doreth et al., 2016). Interestingly, a strong absorption peak at this 

position was observed in all extruded IBU-EPO sample in comparison to the ASDS 

prepared by quench-cooled method. Additionally, a peak at 1716 cm-1 in 0.7 w/w IBU-

EPO quench-cooled samples also suggests the presence of crystalline IBU. 

Similar to the IBU-EPO case, stronger bonding interaction between IND and EPO was 

also suggested in the extruded ASDs in comparison to the quench-cooled method 

(Figure 3.8). Peaks of relevance for crystalline IND were the carbonyl group at 1713 

cm-1 and 1690 cm-1, whilst, three peaks at 1735, 1710 and 1684 cm-1 were observed 

for amorphous IND (Strachan et al., 2007).  From the IR spectra, it can be shown that 

the presence of the peak at 1682 cm-1, corresponding to the amorphous IND (benzoyl 

C═O) was evidenced in all ASD samples except in 0.7 w/w IND-EPO prepared by 

quench-cooled method (Priemel et al., 2013b). 
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Figure 3. 8 IR spectra of IBU-EPO mixtures prepared by TSE (solid) and quench-cooled melt 
(QCPM, dashed) compared with pure crystalline drug and pure EPO polymer 

 

  

The peak at 1690 cm-1 for 0.7 w/w quench-cooled IND-EPO indicated the presence of 

crystalline IND. Additionally, the presence of the amorphous IND peak (1735 cm-1) 

for both extruded samples and the 0.4 w/w extruded IND-EPO ASD suggests the 

amorphous nature of IND (H. Liu et al., 2012). The absence of the dimer formation 

(1710 cm−1) for carbonyl peak at 1710−1 cm also suggests the formation of stronger 

ionic interactions between IND and EPO in the extruded ASDs (H. Liu et al., 2012).  

Similar disruption of the dimer formation at the carbonyl peak of the drug has also 

been discussed in the PVP-based ASD systems (Taylor and Zografi, 1997). 
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 The spectra of NPX with EPO (Figure 3. 10) showed different characteristic peaks to 

the other NSAID systems, with less focus on the carbonyl regions. In comparison of 

all the ASDs with crystalline NPX, an additional band at 1682 cm-1 relating to the 

carboxylic acid dimer was recorded for 0.65 w/w NPX-EPO system prepared by 

quench-cooled method. The appearance of this peak indicated the lack of drug-

polymer interactions between EPO and NPX (Adibkia et al., 2013; Doreth et al., 

2016). An strong peak was recorded between around 1230 cm-1 for the pure NPX and 

65% QCPM samples, more pronounced than the rest of the samples suggesting the C-

O stretching on the carboxylic acid of NPX (Figure 3.10) (Brniak et al., 2015). 
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Figure 3. 9 IR spectra of IND-EPO mixtures prepared by TSE (solid) and quench-cooled method 
(QCPM, dashed) in comparison to the crystalline IND 
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3.3.5 Detection of residual crystal in extrudates 

 

Atomic force microscopy (AFM) was further used to determine residual crystal after 

extrusion. Through the use of phase contrast mode, outlining the phase differences 

based on the adhesion and friction on the surface of the extrudates, nanoscale and 

microscale domains may be differentiated (Lauer et al., 2013). Examples of AFM 

phase images (10x10 μm) of the NPX-EPO extrudates at three drug loadings (0.45, 

0.6, 0.7 w/w) were presented in Figure 3. 11(d-f) with corresponding 3D map of the 

surface (a-c). The root mean square surface roughness of the extrudates was also 

calculated based on the average of five different randomly selected samples. When the 

initial drug loading was close to/exceeding the predicted liquid-solid curve (Figure 3. 

5), an increase on the surface roughness was observed for both NPX-EPO and IND-

EPO ASD systems. However, it was difficult to characterise the IBU-EPO ASD 

systems using AFM due to the sticky and rubbery nature of these samples.  For 

example, a smooth, homogenous surface (low surface roughness, Figure 3. 11g) with 

the absence of structured particles were observed for NPX-EPO extrudates at drug 

loadings of 0.45 w/w (d) and 0.6 w/w (e). In comparison, when drug loading was 

increased to 0.65 w/w (predicted to be crystalline in NPX-EPO system), a sudden 

increase on surface roughness with the appearance of structured particles can be 

observed by the AFM (Figure 3. 11c, f, and g). With the calculated root mean square 

surface roughness for each extruded systems, it was possible to directly visualise the 

transitions of the system from one-phase amorphous to extrudates with residual 

crystals (Lauer et al., 2018). 
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3.3.6 Dissolution 

 

The dissolution of each API at a 0.6 w/w concentration of drug to polymer was 

examined in order to measure solubility enhancement of the drug, formulated as an 

ASD, at pH 1.2 to simulate gastric conditions. A comparison between physical 

mixtures and extruded samples are shown in Figure 3. 12. It was evident that all 

extruded samples show an increase in percentage drug release due to conversion of 

more of the drug to the amorphous state which was not achieved in the QCPM. 

For IND and NPX, there was an increase of 31.59% and 33.21% drug release after 120 

mins respectively, from the extruded product over the QCPM, highlighting the 

benefits of using extrusion for higher drug loadings, close to the solid liquid line. 

Extrusion was shown to enhance solubility and dissolution rates, particularly for IND 

Figure 3. 11 Atomic force microscopic images of NPX-EPO extrudates containing 0.45, 0.60 and 0.65 
w/w drug loadings collected in both topography (a, b, c) and phase contrast modes (d, e, f); the root 
mean square surface roughness of the extrudates containing various drug loadings for systems (g) 

NPX-EPO and (h) IND-EPO (n=3) 
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and NPX due to a higher content of amorphous drug present. Furthermore, there was 

a faster rate of release for the extruded samples compared with QCPMs.  This is most 

pronounced in the extruded NPX sample due to the of the dissolution experiment 

(37.5oC) occurring very close to the glass transition of the system (38.3oC), thus, the 

EXT exhibits increased molecular mobility and enhanced dissolution rate over the 

QCPM (Baghel et al., 2016). The Tg of the extruded 0.6 w/w IND samples also had a 

much higher Tg (59.59°C), than the ASD produced using QCPM methods (31.10°C) 

resulting in a faster dissolution rate of the extruded ASD. With regard to the IBU 

formulations, both ASD manufacturing method showed highest overall release; the 

extruded product showed promising dissolution data with 74.97% release achieved 

over 120 minutes compared with 41.392% release from the QCPM. 
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Figure 3. 12 Dissolution on non-sink conditions of the extrudates (red) compared with QCPM (blue) 
for a)IND-EPO B)NPX-EPO and c)IBU- EPO (n=3) 

 

The F2 similarity factor values (Table 3. 7) shows there was a significant difference 

(<50)(FDA/CDER, 1997) in release between all QCPM and EXT samples . This 

further exemplifies the implementation of TSE as a manufacturing tool for creating 

ASD at a high drug loading, ensuring successful conversion of drug to the amorphous 
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form resulting in enhanced solubility of the API in gastric conditions, increased rate 

of immediate release in extruded formulations and increased overall drug release. 

 

 

Table 3. 7 The determination of similarity between the dissolution of QCPM and EXT samples for 
each system at 0.6 w/w API 

   

 F2 Value 

IND_EPO 23.40 

NPX_EPO 21.35 

IBU_EPO 46.99 
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3.6 Conclusion 

Flory-Huggins based thermodynamic modelling is an informative framework for the 

establishment of a design space of amorphous solid dispersions. In this work, three 

amorphous solid dispersions, indomethacin-EPO, ibuprofen-EPO, and naproxen-EPO 

were employed as the demonstrators. The main aims of this chapter were to investigate 

FH theory as a predicative method for guiding TSE design of amorphous solid 

dispersions and to validate this method. 

The temperature-dependent SAXS/WAXS was firstly used to confirm that the 

dissolution of crystalline drugs into polymer EPO occurs at temperatures below the 

individual melting temperatures of the crystalline drug, therefore allowing extrusion 

at temperatures below the melt of the drug, thus reducing chances of instability and 

degradation.  Through the aid of constructed phase diagrams for all three systems. 

LCST behaviours were obtained indicating the possibility of forming stable 

amorphous systems with high drug loadings. Based off this, suitable process 

temperatures and drug loading ranges for all three ASDs were predicted for hot-melt 

extrusion platform. Further characterisations on the extrudates confirmed that the 

amorphization of NPX, IBU and IND by one-step TSE can be achieved at these pre-

defined conditions. 

Furthermore, the benefit of the use of TSE was highlighted by DSC, FTIR and through 

increased dissolution of the extruded product. Establishment of predictive 

thermodynamic model allows the interpretation and evaluation of TSE process in a 

well-defined space, in return, ensure the quality of amorphous solid dispersion can be 

designed into the process. Further work will be focused on the investigations of kinetic 

impacts of the TSE process as well as associated drawback of ASDs around the 

stability of the three ASD systems. 
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  Chapter 4 

 

Investigation of induced phase 

separation and long term stability 

of Amorphous solid   dispersions 
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4.1 Introduction 

It is widely recognised that the main drawback associated with the use of ASDs is their 

innately inadequate physical stability (Ambike et al., 2005; Qian et al., 2010). The 

amorphous form, considered inherently unstable, can revert to the more stable 

crystalline form, thus negating the solubility advantage posed by using this enabling 

formulation strategy. Additionally, in an initial, uniform system, the potential of phase 

separation prior to recrystallisation may result in the reduction of the overall 

performances of the final formulation. If amorphous AAPS occurs, the system is not 

homogenously dispersed and can further reduce the stability during both storage and 

dissolution (Luebbert et al., 2018a). Thus, it is imperative to determine the physical 

stability of an ASD. It is common however, for difficult-to-detect, nano-sized crystals 

to develop in an amorphous system, either by storage or by inadequate form 

transformation whereby the drug is not converted fully to the amorphous form 

(Alsante et al., 2014). This leads to a compromised integrity and reduced benefit of 

the amorphous form (Edueng et al., 2019).  

 

 4.1.1 Stability issues of ASD 

The amorphous form exists at a higher energy state than its crystalline counterparts, 

allowing apparent solubility and dissolution rate to increase. However, this can come 

at a trade-off for its’ physical stability. To reduce molecular mobility and nucleation 

of the amorphous drug, the ASD should be stored well it’s Tg, typically at least 50 K 

below the Tg, to ensure β relaxation is negated (Vyazovkin and Dranca, 2007).  β 

relaxation, often referred to as the local or secondary mobility, profoundly impacts 

ASD stability due to the lower activation energy than the α relaxations (Paluch et al., 

2003). Therefore, these β relaxations occurring at temperatures below the Tg can 
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impact the integrity of the ASD (Kissi et al., 2018).  To rescind the impact of β 

relaxations on physical stability, the Tg -50 rule was derived (Hancock et al., 1995; 

Pandi et al., 2020; Yu, 2001). For this reason, the storage temperature is a crucial factor 

for the stability of ASDs (Edueng et al., 2019; Repka et al., 2018). Increasing 

temperature increases the molecular mobility and thus the propensity to crystallise 

(Lehmkemper et al., 2017; Xie and Taylor, 2017). For an ASD to be a beneficial and 

viable formulation option in the industry, a comprehensive understanding of stability 

across a range of storage conditions and time frames should be considered. 

Aging of the amorphous form is often accelerated the presence of water, whereby the 

water acts as a plasticiser  in the process (Edueng et al., 2019).  Due to the very low 

Tg of water (-137 °C), sorption of water into the amorphous solid reduces the overall 

Tg of the amorphous solid and therefore increases molecular mobility. At higher 

molecular mobility, the molecules can rearrange in to a more stable form and thus 

recrystallise (Fung and Suryanarayanan, 2017). Additionally, temperature plays a 

crucial role in ASD stability. At higher temperatures, the molecular mobility also 

increases, thus the above statement is additionally true for increasing temperatures 

where; an increase in molecular mobility will increase the likelihood of 

recrystallisation (Yoshioka and Aso, 2007). However, reducing molecular mobility 

does not necessarily result in increased storage stability. Primarily, a strong interaction 

between drug and polymer will result in favourable stability and should be considered 

in addition to temperature and moisture to predict the stability of ASDs. Since the 

entropy of mixing components will always be favourable, the enthalpy produce in 

mixing becomes the key factor which will influence miscibility. Furthermore, 

increasing temperature often reduces interactions between drug and polymer 

depending on whether UCST, LCST behaviour or both is exhibited (Marsac et al., 
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2010). In case of a UCST, above a the critical temperature the system is deemed to be 

miscible (Lin and Huang, 2010b). 

 

. 
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4.2 Aims and objectives 

The chapter's overall aim was to determine the stability of the amorphous solid 

dispersions produced using TSE. In the previous chapter, we had highlighted the 

strength of the interactions between Eudragit® EPO and a number of NSAIDs 

(indomethacin, naproxen, and ibuprofen). Therefore, a set of predicted parameters 

such as the solubility line and AAPS boundary from the generated phase diagrams 

were validated in this study. The specific aim for this chapter includes: 

• To determine the solid-state of the amorphous drug within the ASD in the 

period of several months under stressed conditions.  

• To use a range of analytical techniques such as, XRD, DSC, and IR 

spectroscopy to investigate the occurrences of AAPS and recrystallisation in 

ASDs. 

• To compare the stability of the ASDs produced by of the extrusion and quench 

cooling methods. 

• To investigate stress-induced phase separation of the system and how this 

relates to the previously constructed phase diagram using Raman mapping and 

AFM as a validation tool.   
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4.3 Material and methods 

4.3.1 Materials  

All material details are included in Chapter 2- Material and methods. In this chapter 

all three NSAIDS and polymer EPO were used to form three ASDs systems: 

IND_EPO, NPX_EPO and IBU_EPO. For this work, only one drug loading of a 0.6 

w/w API was used for all ASD systems and analysed. 

 4.3.2 Methods 

 

 Exact methods are detailed in Chapter 2- Material and methods. 0.6 w/w API ASDs 

were produced using TSE and compared to QCPM of the same system. Each sample 

was analysed under two storage conditions: long term (75% RH, 40°C) and short term 

(95% 25°C) to determine shelf life and stability in clinic in the long term and induce 

phase separation in the short term. Table 4. 1 below outlines the characterisation 

techniques used for stability assessments. 

  

 Table 4. 1 A summary of analytical techniques used to assess ASD stability. Full details are in 
chapter 2- Material and methods 

 

  

 

 

 

 

 

Technique Stability assessment 

XRD Long term 

DSC Long term 

Raman Mapping short term 

FT-IR  Long term 

AFM Short term 
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4.4 Results and discussion 

4.4.1 Stressed accelerated stability 

 

XRD was implemented to determine the physical form of the drug and whether 

recrystallisation occurred under stressed storage conditions, detailing the system 

miscibility and stability (Figure 4. 1). Under stressed storage conditions (40 °C and 

75% RH), all three ASD systems, produced via both TSE and QCPM methods were 

analysed. IBU_EPO could not be analysed using XRD due to the system being 

considerably sticky, turning to a liquid form on storage (Ziaee et al., 2019). Water acts 

as an effective plasticiser for amorphous solids, thus, at increased water content, the 

Tg of the system depresses (Hancock and Zografi, 1994). Coupled with the storage 

temperature well exceeding the Tg of IBU_EPO system,  the ASD existed as a super-

cooled liquid instead of an amorphous glass (Handle et al., 2017).  Both the extruded 

samples of IND and NPX at a 60% drug loading were shown to be amorphous for the 

whole 3-month under stressed conditions. The excellent miscibility between drugs and 

polymer EPO increases the likelihood of good ASD stability (Ivanisevic, 2010; Qian 

et al., 2010; Tian et al., 2020a).  
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Figure 4. 1 X-ray diffraction for  NPX_EPO and IND_EPO ASDs systems produced using extrusion 
(EXT) and quench cooled physical mixtures (QCPM) stored in accelerated storage conditions for 

a) 1month b) 2 months c) 3 months 
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Furthermore, the use of extrusion proved to enhance the physical stability of these 

high drug loading ASDs when compared to the quench cooled systems. It is 

demonstrated that extrusion allows for more intimate mixing between components. As 

a controlled process, under higher shear stress, the interaction between drug and 

polymer is enhanced when compared to regular heat-cool procedures alone (J. Y. Lee 

et al., 2015; Sarraf et al., 2001). TSE was shown to aid in producing stable ASDs in 

this scenario.  

Both the NPX_EPO QCPM and IND_EPO QCPM were shown to be crystalline after 

one month of storage with IND_EPO QCPM exhibiting crystalline peaks, albeit at a 

lesser extent than NPX_EPO QCPM. The differences between these two ASDs may 

be due to the difference in glass forming ability of IND and NPX. The IND_EPO ASD 

has a higher Tg (Table 4. 2) than the NPX_EPO ASD. Therefore, NPX ASDs were 

more likely to recrystallise due to high storage temperature. The higher temperature 

increased molecular mobility, allowing the drug molecules more energy to reorder 

themselves into a more stable form and hence, recrystallisation. The absence of 

crystalline peaks on the extruded samples however highlights TSE’s superiority in 

producing stable ASDs. 
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Table 4. 2The average Tgs (n=3) determined by DSC for all three drug-polymer ASD systems 
produced by extrusion and quench cooling methods 

  
IBU NPX IND 

  
QCPM EXT QCPM EXT QCPM EXT 

  1 Month Tg 1 -16.99 -14.46 32.97 35.55 41.32 53.79 

Tg 2 - - 114.55 - 92.08 - 

2 months Tg 1 -13.98 -13.8 14.65 31.83 34.89 52.51 

Tg 2 - - 118.94 - 94.23 - 

3 months Tg 1 -16.15 -14.44 33.95 33.73 51.18 51.81 

Tg 2 82.94 83.74 116.98 107.36 92.49 98.25 

 

XRD as a non-destructive method is widely used to determine the solid-state of the 

drug and can be implemented to aid the assessment of amorphous drug-polymer 

miscibility in the ASD (Bates et al., 2006; Ivanisevic, 2010; Newman et al., 2008; 

Zhao et al., 2007). When comparing the DSC data to the XRD data, differences can 

be observed. To determine system miscibility after stressed conditions, a single 

ramping method was used to record the 'wet' Tg. From the DSC traces (Figure 4. 2), 

there was no apparent melting peak observed, indicating that the drug had not 

crystallised. Despite this, the XRD patterns (Figure 4. 1)showed distinct crystallisation 

of the QCPMs for both IND and NPX. These discrepancies may be explained by the 

fact that heating involved in the DSC causes dissolution of the crystalline drug into 

the molten polymer, therefore melting peaks were not observed for most highly 

miscible systems (Bikiaris et al., 2005).  
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Figure 4. 2 Stability of each after 1 month (black), 2 months (red) and 3 months (blue) at accelerated 
storage conditions for both quench cooled physical mixtures (PM) shown as dashed line and extruded (EXT) 

shown as solid line of a)ibuprofen b) naproxen and c) indomethacin 
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DSC has also often been considered a standard analysis method to determine 

miscibility (Clas et al., 1999). Chiefly, a single Tg indicates system miscibility, 

whereas two Tgs suggest phase separation (Rumondor et al., 2009; Rumondor and 

Taylor, 2010; Shamblin et al., 1998). However; it has been reported in the literature 

that a single Tg is not conclusive of miscibility and phase separation can still be present 

when only a single Tg is detected (Lodge et al., 2006). On the other hand, XRD is not 

a thermal technique, thus does not alter the solid state of the ASD (Williams and Vogt, 

2017). Despite this; it does not distinguish between amorphous states and nano-sized 

crystals (Dedroog et al., 2020). 

The DSC traces for NPX_EPO and IND_EPO ASDs produced via QCPM (Figure 4. 

2b & c) showed two Tgs for all cases, indicative of AAPS and migration into drug-rich 

and polymer-rich phases (Rumondor et al., 2009). Although phase separation 

occurred, there was no melting peak observed in the DSC traces. It is likely, as 

previously mentioned, that on heating these crystals have dissolved into the polymer 

(Bikiaris et al., 2005). The single Tg, present in the EXT samples indicated drug-

polymer miscibility (Clas et al., 1999). As expected, the extruded samples evidenced 

a higher degree of miscibility and better overall stability than the ASDs produced by 

quench cooling. Table 4. 2 shows that the average Tg in the EXT samples were higher. 

This is due stronger interactions created between drug and polymer during extrusion 

(Forster et al., 2001a; Repka et al., 2008). At both one and two months in accelerated 

storage, the extruded samples showed a single glass transition (Figure 4.2 black and 

red lines). Thus, suggests the system remained one phase and amorphous for at least 

two months. At three months of accelerated storage, AAPS has occurred, 

demonstrated by the presence of two Tgs in both NPX_EPO and IND_EPO extruded 

ASDs (Figure 4. 2,blue lines).  Based on the measured Tg values shown in Table 4.2, 
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the lower Tg temperature corresponds to the Tg of the homogenous ASD. The higher 

Tg is likely to be a combination of both the amorphous polymer and some melting at 

depression of crystalline drug. Undoubtedly in the EXT NPX_EPO trace after  3 

months storage, these thermal events are particularly difficult to distinguish and should 

be used in conjunction with other techniques to determine stability.  

When considering IBU (Figure 4. 2a), there was little difference between the ASDs 

produced by extrusion and QCPM. In addition, a single Tg system was observed for 

IBU-EPO ASDs at both one-month and two-month time point under stressed 

conditions indicates no phase separation had occurred after two months of stability. 

However, by three months, AAPS of the ASD had occurred, suggested by the presence 

of two Tgs. The second Tg is close to the melt of the drug (75 °C) therefore both phase 

separation and crystallisation has likely occurred (Newman and Zografi, 2020). 

Although displayed as a single broad endotherm, due to the temperature range, (Figure 

4.2a) the event corresponds to both the polymer Tg and the melt of the crystalline drug. 

On storage, the IBU-EPO ASD exists as a super-cooled liquid, well above its Tg and 

therefore crystallisation of the drug was expected (Forster et al., 2001b).  

Figure 4. 3 displays an enlarged image of the DSC traces after three months in 

accelerated storage conditions. For all three systems, the presence of two endothermic 

events has been clearly highlighted in both EXT and QCPM. Coupled with the average 

Tg values shown in Table 4. 2, the values indicate that the lower Tg value is of the 

homogenous ASD and a second endothermic event for either a melt, a Tg, or mix of 

both. After three months of storage, a broadened endothermic event for both IBU and 

NPX ASDs, close to their respective crystalline melts was shown (Figure 4. 3 a & b). 

NPX EXT ASD lacked a single distinct second Tg after 3 months. Rather, a broadened, 
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endothermic event occurred close to the temperature of the melting point of NPX. This 

suggest that there was crystalline drug present in the sample.  
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Figure 4. 3 The enlarged DSC thermogram indicating the stability of each API  after  3 months at 
accelerated storage conditions to clearly highlight two Tgs for both QCPM shown as dashed line EXT  

shown as solid line of a)ibuprofen b) naproxen and c) indomethacin 
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For the extruded IND ASD after three months at accelerated storage conditions, phase 

separation has occurred with the presence of two Tgs. The second Tg of is still 

considerably lower than the melt of the crystalline drug, thus, indicates no or very little 

crystallisation IND. Furthermore, the average Tg of the QCPM was slightly lower than 

for the extruded system (Table 4. 2), thus, indicating better miscibility between drug 

and polymer produced by extrusion as previously mentioned (Zhang et al., 2003; 

Zheng et al., 1997). All extruded samples appeared to highlight some degree of phase 

separation and potential recrystallisation after three months. 

The ASDs have been subject for prolonged periods of high humidity. The presence of 

moisture in the system can act as a third component in the drug-polymer mix (Newman 

and Zografi, 2020; Taylor et al., 2020). However, further techniques such as Raman 

(Luebbert et al., 2018a), nuclear magnetic resonance (Lubach and Hau, 2018; Suihko 

et al., 2005) and AFM (Han, 2001; Lauer et al., 2013; Purohit and Taylor, 2015) need 

to be used to confirm what exactly was taking place. The slight disparities between 

the techniques is due to the fact that samples can be altered on heating, causing 

misinterpretations (Dedroog et al., 2020). The data supports the fact that there is a high 

miscibility between the NSAIDs with EPO due to the lack of distinct crystallisation 

after three months at temperatures well above recommended Tg - 50 rule (Hancock 

and Zografi, 1997). 

Additionally, spectroscopic techniques can be implemented to understand the solid-

state properties of the ASD during storage. Generally, crystalline material exhibits 

firm, distinct peaks compared to the amorphous form where the peaks are less intense 

and broader (Du et al., 2018). The sharp and distinct peaks of the QCPM ASDs from 

NPX samples, as shown in Figure 4.4aError! Reference source not found., suggest t

here was an increased crystalline NPX content. Thus, confirming the superiority of 
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TSE to produce ASDs of this type of polymer-drug interaction. The characteristic IR 

peaks of interests for all three drug-polymer systems associated with this study has 

been previously discussed in detail (Chapter 3) and have also been highlighted in Table 

4.4.  

IND has two peaks surrounding the carbonyl region (Figure 4. 4a). The peak position 

at the higher wavenumber (1735 cm-1) for all samples suggests that the system was 

predominantly amorphous (H. Liu et al., 2012). Interestingly, the peak at the lower 

wavenumber of 1682 cm−1 shows discrepancies between IND samples prepared by 

different methods.  A single smooth peak at 1680 cm-1 was recorded for all EXT 

samples, whereas a secondary peak at 1690 cm-1 was observed for IND prepared by 

QCPM method. The appearance of the secondary peak at 1690 cm1  is the 

characteristic of C=O in the ɣ crystalline IND form suggesting the existence of 

crystalline drug in the QCPM (Dupeyrón et al., 2013). NPX exhibits apparent 

differences between the extruded and QCPMs in the region of 1720- 1730 cm-1 (Figure 

4. 4b), associated with the –C=O stretching of the carboxylic acid (Kaewchingduang 

et al., 2019).  This peak is commonly present in crystalline NPX (Fiandaca et al., 

2020), suggesting the drug was not interacting with the polymer (Paudel and Van Den 

Mooter, 2012). The absence of this peak after three months at accelerated storage in 

the extruded sample would suggest that NPX is still amorphous. NPX is still 

interacting with the polymer and thus has not precipitated towards the crystalline form 

(Vynckier et al., 2015). Figure 4.4c highlights the interactions between IBU and EPO 

at the same carbonyl region. After one month, both the extruded and quench-cooled 

samples appeared to remain amorphous. However, after two months, the presence of 

the peak in both EXT and QCPM samples suggests they exhibited crystallinity. 
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Table 4.3 Key peaks of interest determined using FT-IR for each of the three drugs investigated 

 IND NPX IBU 

Wavenumber cm-1 1682  1726 1730 

 

Descriptions 

Shape change, 

becoming two 

peaks 

Absent in 

amorphous drug, 

present in 

crystalline drug 

Absent in 

amorphous 

drug, present in 

crystalline drug 
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Considering the analysis of the long-term stability of the ASDs, the extruded ASD is 

superior to the quench-cooled physical mixtures. IBU_EPO has a very low glass 

transition (~ -15°C), thus, an increased likelihood of recrystallisation due to storage 

above well above the Tg the FT-IR data suggested recrystallisation of the drug has 
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Figure 4. 4 Key IR peaks for a)IND-EPO b)NPX-EPO and c) IBU-EPO for both EXT and 
QCPMs after 1 month (black) 2 months (red) and three months (blue) at accelerated 

storage conditions 
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occurred >1 month in accelerated storage conditions. Given the high storage 

temperature of the ASD compared to the low glass transition, it is highly likely. Both 

NPX and IND extruded ASDs appeared to remain amorphous for the up to three 

months, despite storage at temperatures are close to the Tgs of the ASDs (Table 4.2). 

This further highlights the potential strong drug-EPO  ionic interactions facilitated by 

TSE (Tian et al., 2020a). This has allowed for high drug loading in the ASDs to be 

achieved (60% w/w drug) and with good stability. 

 Under accelerated storage conditions, a crude assessment of storage at ambient 

conditions was made with accelerated conditions representing a third of the amount of 

time for a sample stored at ambient conditions. Thus, even in the worst-case scenario, 

IBU_EPO at a 60% w/w drug loading produced by TSE remained amorphous for a 

month at accelerated storage, equating to three months at ambient conditions. 

NPX_EPO and IND_EPO ASDs produced by TSE were shown to be stable for at least 

2 months in accelerated conditions, thus equating to 6 months at ambient conditions. 

 

4.4.2 Moisture induced phase separation  

 

To further understand the interaction between drug and polymer, inducing AAPS in 

the ASDs was attempted using high relative humidity (95% RH). The goal was to 

determine detectable drug rich areas and drug lean areas within the ASD. The high 

atmospheric water content acted as a plasticiser and increase molecular mobility, thus 

increasing the likelihood of phase separation. Additionally, the temperature remained 

at ambient conditions for inducing phase separation as not to degrade the systems. Due 

to the ingression of water in the system at high humidity, Raman spectroscopic 

analysis was employed to monitor the appearance of crystalline drug during storage. 
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This technique has also been widely recommended to offer the sensitivity of 

differentiating the crystalline and amorphous nature of the drug within ASDs without 

the influence of moisture (Esmonde-White et al., 2017). The correlation maps were 

constructed based on the relative spectra correlation calculation between the freshly 

prepared ASDs and the spectra of crystalline drugs (white to black rainbow colour 

chart was used to represent the correlation ratio of 0.999 – 0.599). 

Raman mapping was used to build a visual map of the distribution of amorphous 

content within the extrudates. Pure, crystalline samples were used as the spectra 

reference for all systems to determine whether recrystallisation had occurred. For 

NPX, the critical peak of interest is around 3070 cm -1 (Figure 4. 4). This peak is 

present in NPX in the crystalline form but absent in the amorphous and is attributed 

to the aromatic CH stretch. (Agarwal R.S.; Pandey, A.K.; Ralph, S.A. Hirth, K.C.; , 

Atalla, R.H., 2005; Howell et al., 1999) At drug loading >0.6 NPX w/w, this peak at 

3070 cm-1 stipulates the existence of crystalline NPX in the ASD, allowing for 

comparison between amorphous and crystalline content. Figure 4. 5 outlines the NPX 

sample at a drug loading of 0.6 w/w NPX, showing the sample remained amorphous 

both prior to and after three weeks of high humidity storage with potential aggregation 

and amorphous phase separation (T = 3 weeks, chemical map).  Despite the lack of 

crystallisation, some areas of the Raman map show lighter and darker areas after three 

weeks, correlating closer to the crystalline drug, indicative of aggregation into drug-

rich and drug- lean areas. 
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Figure 4. 5 Raman mapping (49 x 49um, pixel size 1.25um/pixel) and spectra for NPX_EPO extrudates 
before and after 3 weeks at 95% relative humidity 
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Similarly, IND also showed no recrystallisation after three weeks of storage at the 

same high humidity conditions (Figure 4. 6). The key peak of interest for IND is within 

the carbonyl region, where shifting from at 1680 cm−1 in the amorphous IND to 1700 

cm−1 in the crystalline IND (Fini et al., 2008; Taylor and Zografi, 1997). This 

characteristic peak of amorphous IND was recorded for the 0.6 w/w IND-EPO ASD 

prior to and after three weeks of storage. Like with NPX, no recrystallisation has 

occurred, and the sample is still stable. Additionally, from the Raman map ( Figure 

4.7) the colour has not altered and appears homogenously one colour unlike in NPX, 

thus phase separation has not occurred.  

 

In the case of 0.6 w/w IBU-EPO system, the characteristic peak again resides in the 

carbonyl region.  At 1608 cm−1, the peak is observed in the crystalline IBU form, 

shifting to 1613 cm−1 in the ASD (Rossi et al., 2009). Again, there was no apparent 

recrystallisation of the drug after three weeks at high humidity storage (Figure 4. 7). 

Figure 4. 6 Raman mapping (49 x 49um, pixel size 1.25um/pixel) and spectra for IBU_EPO extrudates 
before and after 3 weeks at 95% relative humidity 
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However, a shift on the correlation between amorphous and crystalline IBU was 

recorded with potential drug aggregation after the storage. When considering all 

Raman maps and spectra (Figure 4. 5, Figure 4. 6, Figure 4. 7), it was evident that no 

system had recrystallised after three weeks at 95% RH.  

 

Furthermore, a small degree of phase separation has been observed due to extra 

molecular mobility into high drug concentration areas. It is surprising that the systems 

do not show an increase in crystallinity due to the high humidity, and the amorphous 

forms inherent instability (Craig et al., 1999). The is in part due to excellent miscibility 

between drug and polymer. Additionally, the presence of moisture in the system is 

also a big contributing factor, with a ternary drug- water- polymer system leading to 

favoured homogeneity. It has been reported that the interaction can be enhanced in the 

presence of water due to the ionising effect on each component, essentially acting as 

Figure 4. 7 Raman mapping (49 x 49um, pixel size 1.25um/pixel) and spectra for IBU_EPO extrudates 
before and after 3 weeks at 95% relative humidity 
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a catalyst (Ashish L Sarode et al., 2013).   Sarode et al. reported that water may act as 

a catalyst to induce an enhanced interaction. In the presence of moisture between EPO 

and IND, the polarity of a water molecule further polarises the amine ion and 

carboxylate ion, enhancing the strength of the ionic interaction between the drug and 

polymer. 

The phase separation in the NPX extrudates was investigated using AFM to enable 

identification of nano-sized phase separations. IBU ASDs were not suitable for AFM 

analysis due to the stickiness of the ASD sample attracting impurities and breaking 

the cantilever.  To further analyse the AAPS system, a lower drug loading was 

considered due to the decreased likelihood of phase separation in comparison to 0.6 

w/w NPX. Additionally, a drug loading of 0.85 w/w NPX was used as a known 

crystalline ASD for the comparison of surface roughness data. 

After seven days at 95%, it can be visualised from Figure 4. 8 that there has been an 

apparent migration of drug dense and polymer dense areas, where the system had 

begun to de-mix (Moffat et al., 2014). The 0.45 w/w NPX ASD  also showed some 

level of aggregation, as was no longer a homogenous surface; however, it lacked 

distinct regions and colour changes indicating different phases (Li and Taylor, 2016).  

The 0.6 w/w NPX ASD shows much clearer areas of consisting of different phases.  
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The surface roughness data generated using AFM (Figure 4. 9) can be quantified to 

indicate homogeneity (Magonov and Reneker, 1997). This work has been 

implemented to determine potential phase separations and differences in crystallinity 

in the ASDs (Lauer et al., 2013). In this case, a crystalline sample (0.85 w/w NPX) 

showed to have the highest original surface roughness, increasing further at high 

humidity. This suggested the sample was mainly crystalline, although still with some 

amorphous drug present. After one week at high humidity, the 0.85% w/w NPX ASD 

became more crystalline, as shown by the increase in surface roughness. An increased 

surface roughness is typically associated with increased crystallinity in an amorphous 

sample (Lauer et al., 2013, 2011). The 0.45 w/w NPX and 0.6 w/w NPX ASD had a 

much lower overall roughness, indicating a one phase system. After a week at high 

humidity, 0.6 w/w surface roughness increased indicating phase separation and 

crystallisation of the drug. The lower drug loaded sample, 0.45 w/w NPX, recorded a 

decrease in surface roughness, thus the system remained homogenously one phase 

Figure 4. 8 Phase contrast images obtained on AFM (10 x 
10um) for 0.45 w/w NPX and 0.6 w/w NPX prior to and after 

1 week at 95% RH. The green-purple colour bar highlights 
phases 
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(Lauer et al., 2011) and possibly became more homogenous with water acting to 

enhance this interaction as previously mentioned (Ashish L Sarode et al., 2013).  

 

 

The excellent drug and polymer miscibility ensure system stability.  EPO acted to help 

stabilise the amorphous drug at 0.45 w/w and reduced surface recrystallisation speed. 

Ng et al. investigated the stabilising effect of different polymers with model drugs.  

They showed that EPO had the most significant ability to inhibit crystallisation (Ng et 

al., 2013). As shown from the phase diagram, the excellent miscibility between NPX 

and EPO retards recrystallisation of NPX at 0.45 w/w NPX.  

Statistically, a two-way ANOVA (P<0.05) was performed to compare the effect of 

drug loading and the effect of 95% humidity. The surface roughness was considered 

significant between drug loadings and for each drug loadings with increased humidity 

on both accounts. Therefore, we can conclude that high humidity at a higher drug 
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Figure 4. 9 Surface roughness of each ASD prior to (black) and after one week 
(blue) at 95% RH (n=3) 
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loading, increases surface crystallinity due to a large increase in surface roughness 

compared with 0.45 w/w NPX where there is a smaller increase. EPO acted to help 

stabilise the extrudate at 0.45 w/w and reduce surface recrystallisation speed.  

IND was also analysed by AFM in order to assess whether APPS was induced. In 

agreement with the Raman map, AAPS was not visualised in the AFM images. Figure 

4.12 shows that prior to high RH, the extrudate is smooth, flat, and homogenous, 

showing no obvious visual indication of AAPS or recrystallisation. Compared to a 

week at 95% RH, there appears to be little difference in the homogeneity of the sample 

phase separation on the extrudate surface has not occurred., The surface roughness 

also provides further information into the system homogeneity. From Figure 4. 10 

there has been an overall increase in surface roughness. However, when evaluating the 

results using the t-test, the results are not considered significant (p<0.05).  Throughout 

the chapter, IND has exhibited excellent stability and shown the least tendency 

towards phase separation and recrystallisation. 
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The LCST behaviour of our ASDs contributes to the formation of stable amorphous 

systems with high drug loadings. In the LCST system, a decrease in temperature 

results in a stronger drug-polymer interaction, thus increased drug miscibility (Tian et 

al., 2020a). These stability studies were performed at ambient conditions, accounting 

for the potential lack of phase separation. Additionally, the temperature on long term 

storage at 40 oC is likely to be sufficiently low that good drug-polymer miscibility is 

achieved, thus reduced the propensity towards crystallisation. 

Luebbert et al. have produced significant work within the area of ASDs, recently 

reporting a UCST phase diagram, detailing areas of measured and predicted AAPS 

inserted through the solid-liquid curve (Luebbert et al., 2018a).  Purohit and Taylor 

also reported a study using high spatial resolution atomic force microscopy techniques 

to probe the AAPS in freshly prepared ASDs, nano-scale spherical domains were 

obtained on the surface of ASD films representing a classical binodal pattern within 

Figure 4. 10 0.6w/w IND ASD EXT prior to and after 1 week at 95% RH with the graph displaying the 
corresponding surface roughness (n=3) 
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the phase diagram (Purohit and Taylor, 2015). Kilpelӓinen et al. studied AAPS in co-

amorphous binary mixtures, using Raman spectroscopy to assess the stability. 

Paracetamol, indomethacin and terfenadine were selected based on their immiscibility; 

thus, they found AAPS occurred, particularly on a surface level than in bulk 

(Kilpeläinen et al., 2020). In comparison, our systems are highly miscible, exhibiting 

LCST behaviour for all three ASD systems, IND-EPO, NPX-EPO, and IBU-EPO. 

Therefore, both from a theoretical assessment based on the thermodynamics and the 

experimentally derived work, our amorphous systems showed excellent stability. 

AAPS was successfully induced into the NPX_EPO systems under extreme conditions 

although crystallisation was not obtained. For all ASD examined in this work, we have 

shown their superior stability when subjected to enhanced elevated humidity without 

the recrystallisation of the system and thus a highly desirable and successful 

production if an ASD.  
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4.5 Conclusion  

With stability being a major drawback associated with the success of the amorphous 

form and ASD manufacture, the stability of the ASDs were investigated in this chapter. 

As mentioned in the previous chapter, a good miscibility between the three drugs: 

IND, NPX and IBU with polymer EPO was predicted. It was expected that the high 

miscibility should therefore further translate into good stability of the systems in real 

storage conditions. This chapter has shown that ASDs manufactured by TSE result in 

both high drug loading and excellent stability. 

At a drug loading of 0.6w/w, IND_EPO ASD was shown to be the most stable ASD 

and IBU_EPO the least. This outcome was concurrent with the Tg of the amorphous 

drug, the highest Tg IND and the lowest Tg IBU resulting in the most stable ASDs and 

least stable ASDs respectively. In all cases, TSE resulted in favourable ASD stability 

with the drug remaining in the amorphous form for longer than using QCPM methods. 

Thus, we highlight the use of extrusion as preferred manufacturing method in this 

system. For up to three months in accelerated storage conditions, no phase separation 

or recrystallisation occurred in any of the extruded ASD systems. This emphasised the 

exceptional miscibility with EPO and its ability to stabilise these ASD formulations. 

At 3 months, phase separation was evident in all systems with some crystalline drug 

present in the IBU ASDs.  

To further validate previously constructed phase diagrams, during the study moisture 

induced phase separation occurred in the NPX extruded ASD samples although absent 

in the IND_EPO samples. It was concluded that water in the system acted to further 

stabilise the system in the lower RH condition (75%) although, at higher RH (95%) 

the concentration of water was too great thus induced phase separation in some 

scenarios.   
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Overall, for all, three ASD systems examined in this work, we have shown they have 

good stability when manufactured by TSE. Recrystallisation of the system was not 

detected at extreme RH for either NPX or IND ASDs and up to 3 months in accelerated 

storage conditions. This can be attributed to the LCST phase behaviour shown in these 

ASD systems, contributing to the excellent thermodynamic stability.  This chapter 

coupled with the results from Chapter 3 lead to the foundation of nanoparticle 

development by TSE. Based on a favourable ASD system, the future work in this 

thesis will investigate these model systems for the continuous manufacture of 

nanoparticles, capable of targeted release. 

 

 

  



 

 

158 
 

 

Chapter 5   

 

Feasibility study of the one-step 

solvent/water-free production 

of Amorphous nanoparticles 

via twin-screw extrusion 
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5.1 Introduction 

5.1.1 Nanoparticles for drug delivery 

 

The use of nanoparticles is particularly desirable for the targeted delivery and 

controlled release of therapeutic agents.  Controlled release of therapeutics leads to a 

reduced dosing frequency, and a reduce dosage leading to higher patient compliance 

(Patra et al., 2018). Furthermore, controlled and targeted release promote efficacy of 

the API and reduced unwanted side effects (Stuart et al., 2010; Wilczewska et al., 

2012). On a smaller scale, the therapeutic material exhibits different properties. These 

properties such as a high surface area to volume ratio, chemical adaptability and 

enhanced cellular uptake can often be more desirable and impact drug delivery. In 

addition, the ability to customise the nanoparticle surface makes them of particular 

interest for drug delivery due to their vast application. Nanoparticular drug delivery 

shows promise in areas including targeting brain diseases and disorders by the ability 

to cross the blood-brain barrier (BBB) and cellular and intracellular drug delivery, 

particularly in gene therapies and treatment diagnostics in cancer therapies (De Jong 

and Borm, 2008). 

 Despite this, there are still challenges for nanoparticle use in drug delivery.  These 

potential issues are surrounding: safety, toxicity and regulation, and manufacturing 

issues such as cost of production and scalability (Patra et al., 2018). Considering 

nanoparticles exhibit unique properties compared to the material, evaluation of 

toxicity is complex and added problems in the use of non-biodegradable excipients 

(Havel, 2016; Wolfram et al., 2015). Furthermore, there are scaling up issues in 

commercial nanoparticle manufacture, often due to expensive, inefficient and low 

throughput of the traditional setups, leading to high failure rate and poor stability of 

the intermediate and final nanomedicine products (Biswas et al., 2012). 
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As a manufacturing technique, TSE is unique when compared to common methods of 

nanoparticle production, where the water or organic solvent is required as the 

continuous phase in a batch process set-up. Ordinarily, there is a drying step involved 

to remove the residual solvent to reduce toxicity of nanoparticles  and improve stability 

(Campardelli et al., 2012; Pustulka et al., 2013). Although it is still in its infancy, a 

handful of attempts in this field has enlighten a possible pathway forward for building 

simple, robust, and adaptive manufacturing technologies for wide range of 

nanoparticle drug delivery systems. Patil et al. has investigated high-pressure 

homogenisation (HPH) coupled with TSE to produce more consistent and 

reproducible solid lipid nanoparticle formulations than using HPH alone  (Patil et al., 

2015, 2014). Khinast et al. have also reported a single step nanoextrusion (NANEX) 

process to manufacture solid nanosuspensions, feeding the pre-prepared 

nanosuspension in the extruder then followed by removing the solvent in the 

subsequently venting step (Khinast et al., 2013). TSE for nanoparticle production not 

only provides a means of continuous manufacture, but also the ability for high material 

throughput and great additivities for handling different active pharmaceutical 

ingredients. However, aforementioned technologies were still relied on the aqueous 

system for the generation of nanoparticles, where the low process efficiency and 

further downstream steps (e.g., particle size reduction or drying) still remain in the 

setup. The self-assembly process of amphiphilic surfactant/polymer into nanoparticles 

is not unique to water but a rather special case of more general solvophobic effects. 

Dave et al, revealed that anhydrous powders of sugars and surfactants suspended in 

oil spontaneously form molten glasses with nanometre-size domains (Dave et al., 

2007). For example, nano-emulsion can be achieved using a range of non-aqueous 

solvents such as molten sugar, salts, deep eutectic solvents and ionic liquids (He et al., 
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2006). With this concept, we have developed TSE as a new manufacturing platform 

for the one-step ASD nanoparticle production. 

By directly feeding the starting powder mixture containing hydrophobic drug, 

polymer, and hydrophilic carrier, through various temperature changes and mechanic 

shearing, amorphous drug-polymer solid dispersion nanoparticles (ASD 

nanoparticles) can be continuous produced using TSE technology. The use of 

hydrophilic carrier as continuous phase and hydrophobic drug with polymeric matrix 

as the disperse phase allow us to transform the convention multi-step nanoparticle 

production into one-step solvent/water-free TSE process as outlined in Figure 5.1. 

 

This work utilises the concept of proliposomal formulation whereby the carrier, in this 

case, sugar alcohol xylitol, will dissolve freely in water leaving the polymeric 

nanoparticles suspended. With this concept and the thermodynamic understandings of 

highly miscible naproxen-Eudragit EPO ASD system (Tian et al., 2020b), we have 

designed a new the one-step ASD nanoparticle manufacturing platform (Tian et al., 

2020a) and investigated the main factors that drive the qualities of the final product, a 

design of experiment (DoE) approach was also implemented.  

Figure 5. 1 A schematic overview outlinning the concept for using TSE to produce PNPs of NPX (red) 
and polymer EPO (blue) by incorporating a hydrophilic sugar alcohol as a carrier (yellow). The 

carrier should dissolves in the presence of water/ aqueous media at a neutral pH, allowing the PNPs 
to suspend in media for dosing, 
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5.2 Experimental design 

Quality is an integral part of the pharmaceutical industry, ensuring products are safe 

for use, free of contamination and provides a reproducible and beneficial product. 

(Lionberger et al., 2008) Essentially, the QTPP outlines which characteristics of the 

product are crucial in ensuring efficacy and patient safety A product that is substandard 

in terms of quality results in serious safety concerns if released to the market and 

serious financial and reputational damage to the company. Thus, a quality by design 

(QbD) has been adopted to ensure inherent quality from start to finish of the 

manufacture, ensuring that quality is built into the products by designing the process. 

Regulatory agencies have strongly promoted this. (U.S. Department of Health and 

Human Services Food and Drug Administration, 2009) QbD is a systematic approach 

to the understanding, variables optimisation and process control of the pharmaceutical 

manufacturing processes taking into consideration quality risk management.  

5.2.1 Aspects of QbD 

To achieve QbD a quality target product profile (QTPP) needs to be defined, outlining 

the product's key quality features that will need to be achieved to ensure the final 

product is of the desired quality, safety, and efficacy. The FDA defines the QTPP in 

ICH Q8 guidelines as: "A prospective summary of the quality characteristics of a drug 

product that ideally will be achieved to ensure the desired quality, taking into account 

safety and efficacy".(U.S. Department of Health and Human Services Food and Drug 

Administration, 2009)  In essence, QTPP refers to determining which characteristics 

of the product ensure patient safety, drug efficacy and product quality. The QTPP can 

then form the basis to identify critical quality attributes (CQAs), features of the 

product which are critical to its' quality and safety, including physical, chemical, or 
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biological. Formulation and process variables may affect the CQAs of a product. 

Therefore, it is essential to determine and understand the relationship between these 

variables and CQAs. Critical process parameters (CPPs) for the formulation and in the 

extrusion process for this chapter must be identified in order to ensure product quality 

in line with the assessed CQAs. CPP inconsistency or alteration can impact a CQA 

thus must be controlled to ensure the process produces the desired quality. Table 5. 1 

outlines the CQAs for the chapters and experiment design.  

 

Table 5. 1 generic identification of CQAs for nanoparticles 

Quality Attribute Target Level Justification 

Size <200nm A smaller particle size allows for 

enhanced uptake by a wider range of cells 

Zeta potential +/- 30mV The further away from zero, the greater 

the stability of the nanoparticles due to 

repulsion between each particle and thus 

preventing aggregation 

Drug 

Encapsulation 

>60% High drug encapsulation is desirable due 

to the ability for high dosing and reduced 

excipient delivery to tissues 

Polydispersity 

Index 

<0.3 A PDI of less than 0.3 is desirable to show 

consistent particle size and less tendency 

for aggregation 
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The CQAs determine preliminary characteristics of PNPs, which are crucial for the 

success of utilising the TSE process. Nanoparticles size is crucial to nanoparticle 

design due to delivery route and cell-specific targeting. Nanoparticles are defined from 

a few nanometres up to 1000 nm (Prabha et al., 2016) although optimal nanoparticle 

size depends on the specific location and target tissue. As previously mentioned, 

nanoparticles crossing the BBB is an area of significant research. It has been found 

the nanoparticles less than 200 nm can successfully cross the BBB (Kozlovskaya et 

al., 2014). Furthermore, nanoparticles larger than 200 tend to activate the lymphatic 

system and are removed from circulation quicker and are taken up by macrophages 

intracellularly (Jindal, 2017; Li et al., 2011). The polydispersity index (PDI) is another 

measure of homogeneity of nanoparticle size. For a formulation nanoparticle to be 

considered safe, stable, and efficient, generally, a PDI value of <0.3 is considered 

acceptable; however, <0.2 is preferred. (Danaei et al., 2018) Although the FDA does 

not mention acceptable criteria, they highlight PDI's importance as a CQA in 

liposomal products. (Services, 2018) The measure of zeta potential measure the degree 

of electrostatic repulsion between molecules thus impacts the stability of the system. 

Generally, nanoparticles with a zeta potential of ±10 mV are considered insipiently 

stable, with a measurement greater than ± 30 mV have good stability. Zeta Potential 

is an important tool for understanding the state of the nanoparticle surface and 

predicting the long term stability of the nanoparticle. (Freitas and Müller, 1998a) 

Despite this, zeta potential can be altered by altering the nanoparticle's surface 

chemistry (Berg et al., 2009). Encapsulation efficiency if the API is considered 

significant for the successful development of nanoparticles. Poor entrapment of drug 

results in low drug dosing accompanied with high dosing of excipients leading to 

ineffective treatment and undesirable dosing regimens. Furthermore, this is 
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particularly true for expensive drugs or drugs where there is a supply shortage (Zhang 

and Feng, 2006). 

In this chapter, we assessed these four CQAs and to what extent changing CPPs 

impacted the final product. A further CQA considered in the initial process 

development was the ability to disperse the solid matrix in water successfully. This is 

essential for the use of extrusion in creating PNPs. For the manufacture of PNPS, 

extrusion is a novel method. Thus, identification of CPPs is based on previous 

extensive research in TSE use, particularly for ASD manufacture.  

Figure 5. 22 highlights CPPs and CMAs to be considered during extrusion to achieve 

desired CQAs. CPPs for extrusions such as shear, temperature and time are 

distributional, thus not easily defined. Therefore, controllable parameters such as 

screw design, screw speed and process temperatures can be adjusted to manage the 

CPPs for extrusion (Markarian, 2012; Simões et al., 2019). Design space 

establishment is required to develop a QbD paradigm. To understand the impact of 

variables such as material attributes and processing parameters on CQAs, a design 

space can be determined for the development of TSE for PNPs. 

Figure 5. 2 CPPs and CMAs to be considered for extrusion 
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5.2.2 Experimental design 

Applying DoE systematically determines the cause and effect relationship between 

controlled input variables parameters and output response (Dhoot et al., 2019). For 

assessment for the successful development of PNPs, optimisation of process 

parameters is necessary to achieve the desired quality of the final nanoparticle product. 

DoE has been implemented to replace the time consuming and tedious strategy of 

simply changing one variable at a time and measuring the outcome. Moreover, it 

allows for analysis of the simultaneous effect of changing more than one. DoE is a 

tool implemented for designing an experiment to assess critical parameters affecting 

the desired quality of the product, utilising a minimum number of experiments, to 

determine the relationship between CPPs and desired outcomes. The design space for 

the DoE consists of all values and combinations of the controllable parameters (the 

independent variables) predicted to yield all of the outlined QCAs with a probability 

determined dependent on user setting (normally 95%) and is defined as "the 

multidimensional combination and interaction of input variables and process 

parameters that have been demonstrated to provide assurance of quality"(Medicines 

Agency, 2015).  

The QTPP for this chapter of work has been considered to ensure key preliminary 

attributes for the system and understand its scope. Table 5. 2 summaries primary 

qualities that we aim to explore based on CQAs to develop TSE for extrusions. 
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Table 5. 2 Outlined QTPP for design space 

 

 

 

5.2.3 Screening Design 

We implemented a screening design to determine the most critical factors for the 

experiment. The critical assumption is based on the belief that the processes are driven 

by only a few, important factors to allow for a simplified observation of the impact of 

these factors. These designs are constructed by selecting fractions of corner 

experiments, drawn from the underlying full factorial designs with the least number 

of runs to reduce time and cost (Wass, 2010). In a three-factor screening of a two-level 

high low example, there would be a total of 8 runs (23=8) as shown in Figure 5.3. The 

design is based on full factorial design, to include the main effects and trends of the 

factors used and assess predictability. The light blue is included to show where a repeat 

would typically occur for 2+ runs at the same position and factors in order to ensure 

reproducibility and validity. 

 

QTPP Attributes 

CQAs Particle size, PDI, Zeta potential, encapsulation efficiency, 

dispersibility in water 

CPPs Barrel temperature, screw speed, ASD to carrier ratio, 

surfactant addition, screw design 

CMAs Thermal stability of excipients and drug, miscibility of 

excipients and drug, melting point and glass temperature of 

excipients and drug 
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If there are many factors or more than the classic two-level example, then a full 

factorial design may not be feasible. For example, if there were seven factors with a 

two-level design (27=128), a fractional design would be used where some levels would 

be omitted to minimise the number of runs and maximise the information output. 

Figure 5. 4 shows a fractional factorial design of the same experiment as in Figure 5. 

33, although some experiments are not included. Naturally, this set up is not as 

informative as a full factorial design, so the full effect cannot be analysed.  

 

 

 

 

 

 

 

Figure 5. 3 A schematic outline of a full factorial design of 23 
where the dark blue indicates an experiment and the light blue 

indicates an experimental repeat (not included in the full 
factorial design but necessary) 
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In a screening study screening, each factor is individually analysed against a single 

response, although it is possible to determine interaction by plotting two factors 

against a single response and determining the slope of the lines. If the lines run parallel, 

there is no interaction between the two factors. A screening study has been utilised in 

this work to develop an understanding of the factor effect on each response. 

  

Figure 5. 4 A schematic outline of a fractional factorial design of 
23 where the dark blue indicates an experiment and the light 
blue indicates an experimental repeat (not included in the full 

factorial design but necessary 
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5.3 Aims and objectives 

The manufacture of nanoparticles utilising continuous solvent-free manufacture is 

attractive for developing life-changing medicine. TSE has the potential to be 

implemented as a novel method for nanoparticle fabrication utilising continuous 

manufacture, in line with QbD principles. Therefore, this chapter's primary aim was 

to further demonstrate the flexibility and scalability of TSE platform by developing a 

unique continuous, solvent/water-free process to produce polymeric nanoparticles. 

The information collected will allow the application into various types of 

nanomedicine and aim to overcome drawback associated with current manufacturing 

technique. (Colombo et al., 2018). We hypothesis that TSE can be used to produce 

PNPs encapsulating NPX within EPO utilising a hydrophilic carrier to produce a solid 

extrudate that when suspended in water forms PNPs. The specific aims of this chapter 

are: 

• To ascertain the feasibility for producing PNPs using TSE.  

• To select an appropriate hydrophilic carrier selection using Flory-Huggins 

solubility approach and physicochemical properties of the carrier.  

• To develop a scope for the DOE design and determine whether the method is 

practicable by performing initial extrusion runs.  

• To use a DoE approach to highlight key processing and formulation conditions 

of extrusion for the nanoparticle formulation  

• To characterise the formulations based on CQAs in order to develop the use of 

TSE for PNP manufacture  
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5.4 Methods 

5.4.1 Feasibility assessment 

An initial set of experiments was conducted to probe the design process limits. In this 

preliminary work, the FH interaction parameter was used to assess XYL as a suitable 

carrier.  A total of 25 initial extrusion runs were performed to determine screw 

configuration and overall feasibility outlined below in Table 5.3. The screw 

configuration was full conveying (Figure 2. 2) or a mixing design (Figure 2. 3), as 

shown in. The ASD component refers to the NPX and EPO together set at 4:6 ratio 

based on previous work. A drug loading of 0.4w/w NPX was used in this work at this 

ratio the ASD of NPX and EPO was shown to be fully amorphous with excellent 

stability. 
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Table 5. 3 The initial TSE runs for manufacture of PNPs. ASD refers to a 40:60 composition NPX: 
EPO 

 
ASD 

ratio 

XYL 

ratio 

Temperature 

(oC) 

Screw 

speed 

(RPM) 

Surfactant 

ratio 

Screw 

Configuration 

F1 1 3 100 100 0 Conveying 

F2 1 3 120 100 0 Conveying 

F3 1 1 100 100 0 Conveying 

F4 1 1 120 100 0 Conveying 

F5 1 1 100 150 0 Conveying 

F6 1 1 120 150 0 Conveying 

F7 1 3 120 100 0 Mixing  

F8 1 3 100 150 0 Mixing 

F9 1 1 100 100 0 Mixing 

F10 1 3 100 100 0 Mixing 

F11 1 2.98 120 100 0.02 Mixing 

F12 1 2.98 120 150 0.02 Mixing 

F13 1 2.98 100 100 0.02 Mixing 

F14 1 3 100 150 0.02 Mixing 

F15 1 9 100 100 0 Mixing 

F16 1 9 100 150 0 Mixing 

F17 1 8.98 100 100 0.02 Mixing 

F18 1 8.98 100 150 0.02 Mixing 

F19 1 8.95 100 100 0.05 Mixing 

F20 1 8.95 100 150 0.05 Mixing 

F21 1 8.95 120 100 0.05 Mixing 

F22 1 8.95 120 150 0.05 Mixing 

F23 1 9 120 100 0 Mixing 

F24 1 9 120 150 0 Mixing 

F25 1 8.98 120 100 0.02 Mixing 

F26 1 8.98 120 150 0.02 Mixing 
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5.4.2 The design of experiment set-up 

After the initial feasibility study was conducted, key process variables were identified. 

Process variables investigated were barrel temperature (oC), screw speed (RPM) and 

formulation factors: xylitol to ASD ratio and the addition of a surfactant. From the 

results of the feasibility, the screw configuration was kept mix two mixing zones and 

the feed rate was fed manually at approximately 0.75g/ min.  

A D-optimal design was utilised with the factors mentioned above at pre-defined 

limits, as shown in Table 5. 4. Critical quality attributes such as particle size, size 

distribution, drug encapsulation efficiency and zeta potential were considered 

dependent responses. MODDE® Pro (version 12.1, Umetrics, Sartorius-Stedim 

Biotech, Sweden) was employed to establish the DoE design. Optimal responses for 

PNPs, outlined in Table 5. 5. 

 

Table 5. 4 The Factors changed in the extrusion of PNPs 

 

 

 

 

 

 

 

 

 

 

 

Factor Low High 

Temperature (oC) 100 140 

Screw speed (RPM) 100 200 

Ratio ASD 0.1 0.5 

Ratio Surfactant 0 0.002 

Ratio carrier 0.5 0.9 
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Table 5. 5 Definined measured responses of the PNP 

 

 

 

 

 

 

 

 

 

 

A total of 12 runs were performed consisting of 9 independent runs and three 

replicated centre point runs, as shown in Figure 5. 5. The runs cover the outer limits 

of all the variables, including the three replicated centre points (run number 10, 11, 

12) A P value of <0.05 is considered for a significant contribution of each parameter 

in the model evaluated statistically by ANOVA.  

  

 Optimal Range 

Particle size (nm) <200 50- 400 

PDI 0.2 0-0.5 

Encapsulation Efficiency (%) 100 50-100 

Zeta potential (mV) >±30 ±100 

Figure 5. 5 Cubic display of DoE experiment. The numbers correlate to the run number in the 
table colour scheme relating to surfactant concentration 
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5.5 Results and discussion 

The design concept of the solvent/water-free process for ASD nanoparticles was 

inspired by the amphiphilic self-assembly of surfactants in anhydrous sugars as 

previous highlighted in the literature (Dave et al., 2007). Common production of 

polymeric nanoparticles is carried out in various batch process settings where the 

water or organic solvent is used as the continuous phase. The addition of such media 

would normally require the drying to improve the final stability of the formulation. 

However, the self-assembly process of amphiphilic surfactant/polymer into 

nanoparticles is not unique to water but a rather special case of more general 

solvophobic effects (Dave et al., 2007). With this concept and the thermodynamic 

understandings of highly miscible naproxen-Eudragit EPO ASD system, we have 

designed a new the one-step ASD nanoparticle manufacturing platform (Tian et al., 

2020a). 

5.5.1 Feasibility 

The use of XYL as a suitable carrier was assessed based on the absence of a strong 

interaction with the polymeric component (EPO) and with the drug (NPX). Figure 5. 

6 shows the carrier's solubility curve with components drug and polymer using the FH 

method. There is minimal interaction between XYL and with the polymer (Figure 5. 

6 a) or the drug (Figure 5. 66 b). When compared to the solubility of NPX in EPO 

(Figure 5. 6 c), NPX has a greater solubility in EPO; thus, we hypothesise 

nanoparticles will form of EPO and NPX whilst XYL should act as a carrier for the 

system but not interact with the drug-polymer mix. 
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The solubility of each component across the range of temperatures is shown in Table 

5. 6. NPX has a very high solubility in EPO, indicating good miscibility, shown in 

previous work in this thesis (Tian et al., 2020a). Based on the poor miscibility between 

the hydrophilic carrier with both the API and polymer, XYL was used to act as the 

hydrophilic continuous phase and stabilise the system for extrusion.  

 

 

 

 

a) b) 

c) 

NPX with EPO 

NPX with XYL  XYL with EPO 

Figure 5. 6 The solubility curves predicted using FH modelling of a) XYL: EPO b) NPX:XYL c) 
NPX:EPO 
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Table 5. 6 The maximum solubility of each binary system at corresponding temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

Trial 

extrusion runs were performed to assess TSE as a method of ASD nanoparticle 

manufacture. Of the 26 runs performed (Table 5. 3), 12 were able to disperse on 

hydration (Table 5. 7), and particles size was measured. The addition of two mixing 

zones in the screw design, as shown in Figure 2. 3 ensured that the formulations could 

disperse in water. Furthermore, the use of the mixing elements produced particles on 

the nanoscale (<1000nm). Therefore, it was deemed that the use of mixing elements 

and an intense mixing screw design is highly significant in the contribution of 

manufacturing successful PNPs by TSE. The hydrophilic carrier containing 

NPX_EPO PNPs must be able to dissolve fully in de-ionised water, leaving the 

remaing PNP dispersed in media. The theory is similar to that of a proliposomal 

formulation, whereby the carrier must dissolve entirely in water leaving the polymeric 

Temperature (°C) Maximum solubility (w/w) 

 
NPX: EPO NPX: XYL EPO: XYL 

25 0.475 0.00513 0.00667 

50 0.495 0.0133 0.0367 

75 0.522 0.0305 0.0906 

100 0.562 0.0567 - 

125 0.632 0.120 - 

150 0.801 0.293 - 
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nanoparticles suspended in the water. (Chu et al., 2011; Payne et al., 1986b, 1986a) 

Therefore, if the hydrophilic matrix didn’t not successfully dissolve, the extrusion 

process was deemed unsuccessful. 

 

 Table 5. 7 The extrusion parameters and formulation ratios  and particle size of initial runs that 
successfully dispersed in water 

 

 

In addition, the ratio of polymer and drug to the carrier is a crucial aspect of the 

formulation design. At ratios where XYL was equal to that of the ASD, the system 

would aggregate. Ionic EPO is insolubility at a neutral pH, causing the ASD to swell 

 
ASD 

Ratio 

XYL 

Ratio 

Temperature 

(oC) 

Screw 

Speed 

(RPM) 

Surfactant 

ratio 

Screw 

Configuration 

Particle 

Size 

(nm) 

F7 1 3 120 100 0 Mixing 407.57 

F12 1 2.98 120 150 0.02 Mixing 255.21 

F15 1 9 100 100 0 Mixing 298.44 

F16 1 9 100 150 0 Mixing 145.2 

F17 1 8.98 100 100 0.02 Mixing 252.15 

F18 1 8.98 100 150 0.02 Mixing 300.51 

F19 1 8.95 100 100 0.05 Mixing 245.32 

F21 1 8.95 120 100 0.05 Mixing 257.81 

F23 1 9 120 100 0 Mixing 234.91 

F24 1 9 120 150 0 Mixing 239.1 

F25 1 8.98 120 100 0.02 Mixing 284.63 

F26 1 8.98 120 150 0.02 Mixing 232.64 
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and aggregate together.  At a higher w/w content of XYL, dispersion in water occurred 

readily. The formulation composition has additionally shown to be a highly influential 

factor. Some of the initial trial runs were repeated using a hydrophobic dye, Nile red, 

instead of the drug NPX for visualisation purpose. As shown in Figure 5.7, under the 

fluorescence microscope, the EPO polymeric particles were exhibiting red 

fluorescence colour.  

 

 

The PNPs were characterised using electron microscopy method prior to and after the 

reconstitution of water to confirm successful nanoparticle manufacture (Figure 5. 8) 

The image confirms the presence of spherical ASD nanoparticles, manufactured 

through TSE. Thus, it has been demonstrated that in the solvent/water-free TSE 

platform design a hydrophobic component can be encapsulated by the polymer EPO 

forming particles. 

  

5 µm 5 µm 

Figure 5. 7 Fluorescence microscopy of formulation 24 using Nile red. The Scale bar 5 µm. 
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2 um 

a) 

2 um 

2 um 

2 µm 

Figure 5. 8 a) TEM image of F7 encapsulating NPX in 
the PNPs in the solid xylitol matrix and b)SEM image of 

F7 encapsulating NPX in the PNPs when dispersed in 
water. Scale bar is 2 µm. 

b) 

2 µm 
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5.5.2 The Design of Experiment model  

A DoE approach was employed to obtain a design space where the impacts of 

independent variables on the selected responses can be linked. In pharmaceutical 

formulation, DoE and related statistical analysis has applied to obtain high-quality 

products, ensuring product efficacy and patient safety (Hwang and Kowalski, 2005; 

Politis et al., 2017).In this DoE model, the aim was to determine the extrusion and 

formulation factors on the outlined CQAs in order to develop a design space for PNPs 

produced by TSE. 12 runs including three replicates using a D-optimal linear design 

(Table 5. 8). All data were initially included and modelled using PLS to establish a 

suitable design space for PNP production; however, samples N2, N4, N6 and N9 were 

unable to disperse on hydration successfully. Therefore, they do not meet one of the 

CQAs for the experiment. 
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Table 5. 8 Experimental runs of D-optimal design with obtained responses for PNPs formulations 
altering (A) Temperature (OC) (B) Screw speed (C) ASD ratio (D) Xylitol Ratio (E)Surfactant ratio 
base on outcome particle size (nm) zeta potential (ZP) (mV), encapsulation efficiency (EE)(%) and 

PDI 

 

 

 

 

 A B C D E Size ZP EE PDI 

N1 100 100 0.1 0.9 0 332.4 

±49.8 

9.65 

 ±1.66 

95.2 

±6.95 

0.25 

±0.06 

N2 100 100 0.498 0.5 0.002 201.5 

±12.2 

-5.18 

±2.80 
81.8 

±0.34 

0.25 

±0.03 

N3 140 100 0.1 0.9 0 429.4 

±14.3 

5.67  

±1.04 

77.1 

±4.70 

0.30 

±0.04 

N4 140 100 0.5 0.5 0 218.4 ± 

9.3 

-5.94 

±2.46 
87.8 

±0.56 

0.66 

±0.17 

N5 140 100 0.1 0.898 0.002 327.4 

±20.2 

7.30 

 ±5.95 

76.6 

±1.48 

0.67 

±0.02 

N6 100 200 0.5 0.5 0 375.4 

±70.9 

5.79  

±4.61 

93.8 

±0.31 

0.58 

±0.20 

N7 100 200 0.1 0.898 0.002 147.8 

±60.4 

27.98 

±8.11 
88.2 

±2.21 

0.20 

±0.01 

N8 140 200 0.1 0.9 0 299.1 

±37.1 

11.49 

±2.62 
91.7 

±2.94 

0.59 

±0.02 

N9 140 200 0.498 0.5 0.002 257.0 

±45.4 

-22.37 

±12.54 
91.2 

±3.39 

0.62 

±0.09 

N10 120 150 0.2995 0.6995 0.001 235.0 

±20.1 

1.40  

±1.54 

96.9 

±5.35 

0.25 

±0.03 

N11 120 150 0.2995 0.6995 0.001 222.3 

±19.4 

-0.72 

±1.19 
91.9 

±3.03 

0.25 

±0.04 

N12 120 150 0.2995 0.6995 0.001 200.3 

±18.0 

0.80 

±0.173 
95.1 

±2.63 

0.23 

±0.02 
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Four values, R2 and Q2 are used to assess the model’s validity. 

• Q2- estimates the projecting ability of the model. Q2 is defined as the sum of 

squares of the samples around the mean (proportional to the variance of the 

response) and the mean response computed. Q2 value greater than zero 

indicates that the model is significant (i.e., it performs better than just 

predicting the mean value for each response) 

• R2- is the coefficient of determination. The R2 denotes the fraction of the 

response that is explained by the model. The R2 could be considered an upper 

bound on the estimate for how well the model predicts outcomes of new 

experiments. 

• Model validity- measure hoe the model corresponds to the real system, or at 

how accurately the model represents the real results. 

• Reproducibility- is a measure of the extent to which consistent results are 

obtained when an experiment is repeated. It is important that the model is 

reproducible to ensure reliable results. 

 

Figure 5. 9 summarises the model validity of all 12 runs. The co-efficient of 

determination (R2) is considered significant, present in all factors except particle size. 

Q2 exhibits insignificant values for all responses except for zeta potential, which is 

considered significant for model predictions. Furthermore, no responses showed a R2-

Q2 value <0.3 thus the model does not fulfil the criteria of a good model (Berry et al., 

2000). The acceptance criteria, for a good DoE model, is summarised through main 

characteristics: R2, Q2, model validity and reproducibility (Eriksson et al., 2008). 
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In terms of numerical values, acceptable limits can be outlined: 

1.  R2> 0.5  

2. Q2> 0.1 to be considered significant however >0.5 for a good model  

3. The difference between R2 − Q2 < 0.3,  

4. model validity > 0.25, and  

5.  reproducibility > 0.5.  

 

For all factors, the reproducibility is very high (>0.5) as evidenced from replicate runs 

(N10, N11 and N12) exemplifying, the use of TSE can be used to produce consistent, 

reproducible results. When considering model validity, the value is low (<0.25) for all 

terms except encapsulation, suggesting a lack of fit and presence of outliers. 

However, encapsulation shows a high model validity, thus can be well predicted using 

the DoE model. plot of the coefficient for all the factors (Figure 5. 9) determines to 

what extent each factor influence the CQA.  

 

Figure 5. 9 The summary of fit for modelled DoE data 
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A plot of the coefficient for all the factors (Figure 5. 10) determines to what extent 

each factor influences the CQA. The green plot represents the level of significance 

and illustrates whether there is a positive or negative relationship between the CPP 

and the CQA (Murray et al., 2016).  Only one term was deemed significant which was 

the effect of the ASD concentration on zeta potential. ASD concentrations show a 

negative contribution and subsequent decrease in zeta potential. Nanoparticles have a 

surface charge that attracts a thin layer of ions of opposite charge to the nanoparticle 

surface, the more positive or more negative the nanoparticles, the more stable the 

system. With an increase of ASD concentration, the zeta potential of PNPs becomes 

more negatively charged, which is favourable to the stability of the system. Ideally, a 

value of <-30mV or >30mV typically has a higher degree of stability due to decreased 

aggregation likelihood. This is likely due to the ASD being comprised of two ionisable 

molecules (NPX and EPO) and therefore alters the charge of the NPs. Despite this, the 

system's zeta potential remains close to 0, with all but one sample ± 10 mV, which is 

still considered within the unstable region (Ye et al., 2016). 
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Since a high ASD ratio and low XYL ratio (~0.5:0.5) did not successfully disperse in 

water, these results were then excluded from determining the effect these outliers had 

on the DoE model. Considering that the samples did not disperse, the response 

measurements may not be accurate. 

Figure 5. 10 The Co-efficient plot for all responses based on process parameters and formulation 
considerations 
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There has been a clear improvement in the model fit in particular regarding particle 

size. All four statistical modelling values for the analysis of particle size (Figure 5. 11) 

are closer to 1 than previously with the inclusion of all data. Therefore, the DoE model 

can be accurately applied as a sound prediction for particle size with good replicability 

and accurate future predictions for PNPs produced by TSE. When considering Zeta 

potential, this model was also vastly improved based on the criteria except for the 

difference between R2-Q2 >0.3. This value is 0.44, thus higher than desired and may 

prove certain inaccuracies when fitting the model. The model for predicting 

encapsulation efficiency exhibits a low Q2 value. Therefore, the process parameters 

affect encapsulation efficiency and are deemed to be significant but not a good model.  

 

The R2-Q2 is 0.46, thus too high to be considered a successful model between process 

variables and encapsulation. The polydispersity index shows the least successful and 

valid model with a very low Q2 value and difference, thus poor prediction for the 

future.   

Figure 5. 11 The altered summary of fit plot excluding sample unable to disperse in water 
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5.5.3 The Effect of changing Critical process parameters on critical quality 

attributes 

 

 Considering the adapted co-efficient plots in Figure 5. 12, all factors affect the particle 

size of the PNPs after reconstitution in aqueous media.  A higher temperature leads to 

an increase in particle size. This result is surprising given at a higher temperature the 

melt would be less viscous and easier to break up particles (Patil et al., 2015). On the 

other hand, at a higher temperature where the viscosity of the melt is lower, there is 

less shear in the system to promote particle break up (Dhenge et al., 2013). Increase 

the screw speed leads to a decrease in nanoparticle size. Increased screw speed leads 

to higher shear within the barrel, leading to particle break up and smaller particle size 

(Patil et al., 2014). Desired nanoparticle size is relative to the target site of action 

(Gaumet et al., 2008) and can help increase performance in specific applications 

(Heinz et al., 2017). It was found that nanoparticles greater than 200 nm are captured 

within the spleen and cannot easily join the circulation (Moghimi et al., 1991)(Moein 

Moghimi et al., 2001).In this DoE model, smaller particle size is favoured to ensure 

the ability to produce nanoparticles of a small size for delivery to multiple areas. 

Furthermore, when considering tumour delivery, nanoparticles less than 200nm can 

harness the enhanced permeation and retention (EPR) effect, thus, are more desirable 

for passive solid tumour targeting (Table 5. 9) (Acharya and Sahoo, 2011).  
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An increase in surfactant concentration also decreases the particles size. Surfactants 

act to lower the surface tension at the interface between nanoparticles and continuous 

phase resulting in reduced particles size and stabilisation of the nano-droplet. This has 

been shown to be the case in numerous studies on the effect of surfactant on particle 

size (Astete et al., 2011; Hu et al., 2004; Liu et al., 2007, 2010; Mu and Feng, 2003; 

Patil et al., 2015). 

Figure 5. 12 The modified Co-efficient plot with the removal of formulations that did not disperse in 
water 
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Table 5. 9 Factors influencing PNP production based on the target profiles as shown in  

Table 5. 5 

 

To alter the zeta potential, increasing the RPM results in a small positive increase in 

zeta potential. The ratio of ASD in the formulation exhibits the most significant effect 

on zeta potential: with an increase in the amount of ASD in the formulation, a decrease 

in zeta potential occurs.  This may be due to an increase in molar content of NPX per 

gram, contributing to a more negative charge. Additionally, an increase in XYL results 

in a very slight increase in average particle size probably based on the reduced amount 

of NPX. As previously mentioned, a polarised zeta potential of >±30mV for stability, 

therefore altering the components' ratio, can result in a more favourable zeta potential 

value.  

When considering the effect of the CPPs on both encapsulation efficiency, there was 

no significantly contributing factors (Figure 5. 12). The encapsulation efficiency is 

governed by the strong interaction between NPX and EPO and thus altering extrusion 

and formulation parameters in this study parameters had no effect. Moreover, there 

was surprisingly no significant effects of changing CPPs on PDI. As PDI measures the 

Response Favoured By Disfavoured by 

Particle Size Increasing RPM 

Increasing ASD content 

Increasing Surfactant Content 

Increasing XYL content 

Increasing Temperature 

Zeta potential Increasing RPM 

Increasing ASD content 

Increasing XYL content 
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heterogeneity of size, it was expected that there would be similar results to the impact 

of changing CPPs on particle size. In the extrusion of solid lipid nanoparticles, Patil et 

al. found increased surfactant concentrations decreased the PDI (Patil et al., 2014). 

This was expected in this work considering increasing surfactant concentrations 

decrease nanoparticle size. Considering the model validity for both EE and PDI were 

low (Figure 5.10), there is no accurate correlation between any parameter effecting 

these two outcomes. 

The observed vs predicted plot (Figure 5. 13) indicates the model's ability to predict 

the outcome variables for the PNPs and all R2 values for the assessment of linearity 

are shown in Figure 5. 12. For good linearity, it is expected that the R2 is close to 1 

(Mark, 2003; Walfish, 2006).  As can be seen from Figure 5. 13, particle size has a 

very strong relationship between measured and calculated data with an R2 of 0.98, 

suggesting an excellent, predictable model. In addition, zeta potential also shows a 

strong positive correlation between the observed and predicted data with an R2 value 

of 0.97, again suggesting that the model can be used to predict Zeta potentials of the 

reconstituted PNPs. The other factors: encapsulation efficiency and dispersity index 

also show a positive correlation, although not as significant with R2 values of 0.85 and 

0.71, respectively. 
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Figure 5. 13 The prediction and correlation of the  four responses of observed data vs predicted data. R2 was 
used to assess the linearity. 

 R2=0.98     R2= 0.97 

 

 

 

 

 

 R2= 0.85     R2= 0.71 
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Considering ideal parameters, the response contour plots (Figure 5. 14) with no 

surfactant and a 1:9 ASD: XYL ratio, outlines that for optimal results a lower 

temperature and higher screw speed is favoured.  In these conditions, the 

physicochemical properties of the PNPs are optimised. The particle size and PDI are 

reduced resulting a favourable particle size in vivo and sample homogeneity 

(Masarudin et al., 2015). Also, the encapsulation of the drug is maximised ensuring 

high drug concentration to the site of action and the zeta potential also increased 

slightly to promote nanoparticle stability. 

 

The addition of surfactant is also considered in the formulations in the design of 

optimal settings. Figure 5. 15 compares the effect of surfactant in the sample to the 

process parameters and the desired outcomes. The presence of a surfactant at 2% has 

Figure 5. 14 The 1:9 ASD: XYL ratio with no surfactant response contour outlining the response 
outcome at each RPM and temperature. The shaded area is parameters not experimentally 

determines. 
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a significant benefit in reducing particle size and increasing the zeta potential of the 

PNPs.  

  

a) 

 

 

 

 

 

 

 

 

 

b) 

Figure 5. 15 Assessment of ideal RPM and temperature for desired response based on a) 3:7 ASD XYL  
and b) with addition of surfactant 0.2% w/w 
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As previously mentioned, a surfactant is generally added to the system to reduce 

particle size. Surfactants lower the interfacial tension between nanoparticle and 

continuous phase and stabilise the particle surface (Heinz et al., 2017). PEG 3350, as 

a non-ionic surfactant, was not expected to alter zeta potential as previously 

investigated by Sis et al. (Sis and Birinci, 2009). It is presumed that the charge of the 

PNPs originates from the surface. However, the addition of the surfactant resulted in 

more positive zeta potential, although not significantly. The addition of surfactant had 

a disadvantageous effect on both the PDI and encapsulation efficiency. It has widely 

been reported that a higher surfactant concentration reduces the EE (Bnyan et al., 

2018). The addition of surfactant had a disadvantageous effect on both the PDI and 

encapsulation efficiency. It has widely been reported that a higher surfactant 

concentration reduces the EE (Bnyan et al., 2018). With the addition of surfactant, the 

drug may have to compete to form bonds with the polymer, reducing its encapsulation 

(Patel et al., 2009; Socaciu et al., 2000). Jain et al. determined that a reduced EE was 

due to the similar steroidal structures both surfactant and drug possess, thus competing 

for bonding with the phospholipid. The study revealed that encapsulation efficiency 

decreased as the surfactant concentration increased (Jain et al., 2003).  

The analysis of variance (ANOVA) outlines both the regression and goodness of fit 

for the model (Table 5. 10).  A goodness of fit test compares the mean square (MS) 

lack of fit to the MS of the pure error to establish whether the variation of the results 

due to experimental noise or whether they are significant. These replicates and used 

for the computation of the pure error and evaluation of the model.  In this case, three 

replicate points, (N10, N11, N12) provided an estimate of variation which is due to 

noise and subsequently determines if measured differences are due to signal noise. 
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Table 5. 10 The ANOVA test results for each factor. LOF stands for a line of fit and REG stands for 
regression 

  

 

Furthermore, additional unique lack-of-fit points may assess the fitting of a model 

across the ranges studied. The lack-of-fit test compares the actual and predicted values 

to the pure error between the replicates. In essence, these measures can statistically 

evaluate how suitable the applied model is for describing the responses measured.  

The results of the two factors, regression, and lack of fit, the P value is considered 

relative for the significant value. For regression analysis, both particle size and zeta 

potential a value <0.05 thus can be deemed significant. Thus, it can be concluded that 

the model is statistically good as the probability of regression is >95%. Moreover, the 

P value for lack of fit >0.05, indicating that there is no lack of fit for either of these 

two factors, and therefore the model is statistically sound. 

The encapsulation efficiency of drug and PDI shows a P value for regression of >0.05, 

thus accepting the null hypothesis that there is no regression between the terms and 

the outcomes and the model is not statically significant. Considering the lack of fit, a 

P value ≥0.05 can conclude that statistically there is no lack of fit for the model and 

Factor N Q2 R2 

R2 

ADJ 

F value 

REG 

P value 

REG 

F value 

LOF 

P value 

LOF 

Particle Size 
8 0.910 0.984 0.962 45.0 0.005 1.02 0.420 

Encapsulation 
8 0.361 0.848 0.645 4.18 0.135 8.92 0.096 

Zeta potential 
8 0.534 0.970 0.931 24.6 0.013 12.7 0.071 

PDI 
8 -0.109 0.712 0.327 1.85 0.320 695 0.001 
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therefore can be considered a good fit. In the case of this experiment, encapsulation 

did show there to be a good fit with a P value of 0.096, thus accepting the null 

hypothesis of there being no lack of fit. Only the dispersity index showed a value <0.05 

(Table 5. 10) at 0.001; thus, the model is not valid for polydispersity. 

5.5.4 Microscopic analysis 

Nanoparticles were viewed using both TEM and SEM to confirm the successful 

production of PNPs using extrusion. The TEM images of two different formulations, 

dispersed in water are shown in Figure  5. They were exhibiting a consistent spherical 

shape of these particles. N7 (Figure 5. 16a) shows spherical nanoparticles of small 

particle size of  <200nm, corresponding with DLS's particle size. N10, as shown in 

Figure 5. 16b, shows a single spherical particle of around 200nm, again corresponding 

with the average size determined using DLS. These images confirm the manufacture 

of PNPs by TSE . 
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 The SEM image outlines a sample with larger particle size (Figure 5. 17). The scale 

bar represents 2 µm, producing a formulation with both a high PDI and general particle 

size, although spherical. Formulation 5, when analysed using SEM showed a large 

particles size with large standard deviation values and a high PDI, agreeing with DLS 

results. Ideally, a particle size of less than 200nm is preferred as this size is more 

relevant for drug delivery purposes (Hickey et al., 2015). Furthermore, a particle size 

reproducibility is required for TSE to be used as a processing technique. With poor 

reproducibility and large particle size measured in formulation 5, the process and 

formulation parameters do not result in a favourable nanoparticle formulation. 

200 nm 

a) 

 

 

 

 

 

 

 

b) 

Figure 5. 16 TEM images for a) N 7 and b) N 10 taken from 
reconstituted PNPs dispersed in purified water. Scale bar 

200nm for both images. 

200 nm 

200 nm 
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However, it does confirm the presents of nanoparticles created using TSE, thus 

exhibiting a promising future for further development in this area.  

 

 

 

 

 

 

 

 

5.5.5 Total Naproxen concentration the solid extrudate 

 As highlighted, this formulation has an extremely high encapsulation efficiency. 

Despite this, the overall NPX recovery in the final extrudate is very low. Table 5. 11 

shows the NPX recovery from the initial concentration added to be very low, ranging 

from 1% to 66% w/w, indicating the inconsistencies for NPX during TSE process. 

This could be due to insufficient mixing between the drug-polymer mix and the carrier; 

thus, the drug is not homogenously dispersed in the carrier and remains in the extruder 

barrel. The low viscosity of the hydrophilic carrier compared to the high viscosity of 

the drug-polymer mix could be a contributing factor (Carson et al., 2018; Grace, 1982) 

 

Figure 5. 17 Formulation 5 visualised using cold stage SEM 

2 µm 
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Table 5. 11 The total amount of naproxen in the system relative to the initial amount fed in the 
extruder as the mean ± standard deviation of three measured measurements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, the immiscibility between XYL with the drug-polymer mix is also a 

contributing factor making a homogenous dispersion challenging to achieve. Forester 

et al. highlight the difficulties in extruding immiscible drug-excipient systems. They 

assessed the drug-excipient miscibility of two poorly water-soluble drugs, 

indomethacin and lacidipine, with 11 excipients using the Hansen solubility 

parameter. The aim was to produce ASDs by TSE. They found that drug-excipient 

systems classified as immiscible did not form homogenously dispersed amorphous 

drug within the carrier (Forster et al., 2001a). It is recognised that mixing a high 

viscosity dispersed phase into a low viscosity continuous has effectively will present 

  NPX (%) 

N1 15.83 ± 5.75 

N2 51.82± 6.84 

N3 12.58 ± 10.66 

N4 66.20 ± 0.047 

N5 21.22 ± 18.8 

N6 1.35 ± 7.34 

N7 48.49 ± 9.83 

N8 16.72 ± 11.31 

N9 12.75 ± 4.33 

N10 11.58 ± 13.04  

N11 4.56 ± 1.95 

N12 4.62 ±3.34 
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an issue (Gogos and Liu, 2012), and will require further process development in this 

area. 

The level of inconsistency between the total amount of drug recovered was influenced 

by the formulation and the associated process conditions.  The highest NPX recovery 

recorded was for formulation 4 (N4) followed by formulation 2 (N2). This is likely to 

be due to the higher overall NPX added to the extruder, with the carrier exiting the 

extruder first followed by the ASD although not dispersed in the carrier. The 

formulations also have high standard deviations in NPX recovery, further indicating 

inconsistent mixing. For example, formulation 5 (N5) shows a standard deviation of 

18.8. Thus, there are large discrepancies between each sample measured. Going 

forward, this problem will be explored to advance the production of polymeric 

nanoparticles using hot-melt extrusion. Two main factors governing the mixing of 

excipients were suggested to be the carrier and the polymer's viscosity differences and 

the screw design in TSE (Kohlgrüber, 2008). Therefore, this will be investigated 

further to optimise nanoparticle production in the next chapter. 
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5.6 Conclusion  

Manufacture of polymeric nanoparticles by TSE was demonstrated in this chapter. 

After initial feasibility to select XYL as a potential sugar alcohol carrier for the 

extrusion in order to form a pro-polymeric nanoparticle system where the 

nanoparticles were dispersed within the matrix, it was found that an equal ration of 

ASD to carrier did not disperse in water; thus, these formulation ratios were not 

considered going forward. Additionally, two intense mixing zones are required in the 

screw design. 

The DoE approach concludes to be a good fit for predicting particle size and PDI, with 

a high screw speed and a lower temperature resulted in reduced particle size. In 

consideration to encapsulation and PDI, the model showed poor regression between 

predicted and observed data and PDI exhibiting a lack of fit. It was found that an equal 

ration of ASD to the carrier would inhibit successful dispersion in water. Thus, these 

results were not considered going forward. 

Moreover, an unanticipated problem was the poor mix of the ASD with the carrier and 

the inhomogeneous distribution of nanoparticles within xylitol. The results show that 

the total drug loading is low, although the free and encapsulated drug loading is also 

low. This shows that there are still issues with the extrusion process and despite 

showing that it is possible, there is further work required regarding screw design and 

overcoming this problem which is to be explored in the next chapter.  
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Chapter 6 

 

Investigation of Viscosity and 

Viscoelastic Properties of 

Excipients in Polymeric 

Nanoparticles Manufactured by 

Twin- screw extrusion  
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6.1 Introduction 

Previously in chapter 5, the extrusion parameters were analysed to determine 

favourable processing conditions for successful nanoparticles. For the first time, the 

work showed that polymeric nanoparticles could be produced using hot-melt 

extrusion. In the initial design of experiment work and feasibility assessment, it 

became apparent that despite the high encapsulation of drug within the polymeric 

nanoparticles, the overall total NPX concentration was low, suggesting that NPX was 

not being recovered in the resultant extrusion process. Therefore, it highlights several 

questions: 1) where is the NPX was residing, and 2) how can the issue be resolved? 

The most logical explanation was that the NPX remained within the extruder barrel 

and was not carried through with the polymer. Therefore, further investigations into 

the rheological behaviours of drug, polymer and hydrophilic carrier at the relevant 

extrusion conditions were proposed.  

In this chapter, the impacts of various hydrophilic carriers at the relevant temperature 

and shearing rate were investigated. It was hypothesised that the rheological behaviour 

of the ternary mixture under shearing could significantly alter the residence time of 

the materials within the extruder. Insufficient mixing occurred based on the large 

differences in viscosity between the polymer and hydrophilic carrier. For 

implementing TSE as a production technique of pharmaceutical material, the molten 

material's viscosity must be understood and controlled to ensure sufficient flow and 

mixing (McGinity et al., 2001; Wu and McGinity, 2003). Sarode et al. studied three 

API: Indomethacin, Itraconazole and Griseofulvin with several polymers: Eudragit 

EPO, Eudragit L-100-55, Eudragit L-100, HPMCAS-LF, HPMCAS-MF, Pharmacoat 

603, and Kollidon VA-64. From their analysis of the physical drug-polymer mixes' 

viscosity, they were able to estimate TSE processing conditions and optimise the TSE 
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process (Ashish L. Sarode et al., 2013). Therefore, the rheological properties of the 

hydrophilic carriers and drug-polymer mix were explored in order to overcome 

inconsistency in mixing and optimise the TSE process.  In addition, we believed the 

differences in the flow of the material resulted in different residence times. Residence 

time is a key factor in the extrusion process (Paulsen and Leister, 2013). If the 

residence time is high, thermal decomposition of the material may occur. 

Alternatively, a low residence time may result in inadequate mixing of the material 

(Reitz et al., 2013). We suspect that more drug and polymer will be left within the 

extruder barrel instead of uniformly distributed within the hydrophilic carrier because 

of the residence time difference.  

 The main question we address in this chapter is the effect of the difference in 

rheological properties on the mixing process. The focus addresses mixing a low 

viscosity major component (sugar alcohol carrier) with a highly viscous drug-polymer 

minor component (NPX_EPO ASD). It is generally accepted that it is more 

challenging to mix a high viscosity minor component into a low viscosity major 

component than vice versa. This agrees with the previously mentioned requirement 

that to achieve laminar mixing; both components must be deformed and, of course, it 

is harder to deform a high viscosity minor component placed in an easily deforming 

low viscosity major component than the other way around.   
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6.2 Aims and objectives 

This chapter investigates the importance of the viscosity difference in the major and 

minor components of the mixture and how it influences the uniformity of content. It 

is hypothesised that due to the viscosity difference between the carrier XYL and the 

drug-polymer mix (0.4w/w NPX to EPO) at previously chosen conditions, there is 

insufficient mixing of the components during extrusion. Therefore, NPX ASD 

remained within the extruder barrel. Therefore, the aims of this chapter were: 

• To confirm the drug was remaining in the barrel of the extruder by measuring 

the drug content at different stages of the extrusion process.  

• To investigate the rheology of the system and understand how the rheology 

links to the quality of the PNPs and determine whether a higher viscosity 

carrier would improve the uniformity of content of the system.  

• To use the rheological data obtained can be implemented to predict the 

required screw speed to enable sufficient homogenous mixing at specific shear 

rates. This data will indicate process parameters in extrusion to obtain 

sufficient mixing throughout the system. 

• To determine the effect of changing process parameters: screw speed and 

temperature in relation to system viscosity and residence time can enhance 

nanoparticle development using TSE.  
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6.3 Methods 

 6.3.1 Extrusion 

 

Extrusion was performed as outlined in the material and methods chapter. Excipient 

ratio (Table 6. 1) remained the same throughout regardless of carrier and processing 

temperatures, and screw speeds are detailed in Table 6. 2. Erythritol was not processed 

at 100°C as the temperature is too low to cause the material to melt. The samples were 

collected at different time points during the extrusion run: the initial formulation, after 

10 minutes, after 20 minutes and from the final zone of the extruder barrel, after the 

second mixing zone for analysis. 

  

Table 6. 1 The composition of excipients and API in the premix 

 Ratio (%) 

Carrier 69.95 

Naproxen 11.98 

EPO 17.97 

PEG 3350 0.1 

 

 

Table 6. 2 Extruder process conditions 

Temperature (°C) Screw speeds (RPM) 

100 150 

120 200 

140  
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6.4 Results and discussion 

6.4.1 Uniformity of content studies 

As shown in Figure 6.1, the NPX content is much higher in the formulation residing 

in the extruder barrel than in the formulation exiting the barrel. Ordinarily, the 

potential causes for drug loss during hot-melt extrusion would be the degradation by 

photolysis, heat, chemical, mechanical, hydrolysis and oxidation (Schmidt and 

Molnár, 2013) or by loss in transfer. Degradation by light water and oxidation is 

unlikely due to extrusion occurring in a closed system. Furthermore, the API is not 

sensitive to degradation by these routes. Thermal degradation is a common drawback 

associated with TSE (Repka et al., 2007). Mechanical degradation due to high shear 

forces has also been shown as a possible route of degradation in TSE (Censi et al., 

2018; Repka et al., 2008). As the temperature of extrusion was well below the 

degradation temperature of NPX, thermal degradation is not likely. 

Figure 6. 1 The percentage of NPX at different stages in the extrusion process with carrier xylitol 
(black) and sorbitol (blue). N=3 for each sample at each timepoint 
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As the NPX concentration quantified was highest in the extruder barrel (Figure 6. 1), 

the drug-polymer mix resided in the barrel, and insufficient mixing between the 

dispersed and distributive phases occurred. It was apparent from the NPX distribution 

that the initially collected extrudate consisted primarily of the carrier, with an increase 

in drug concentration after 10 minutes suggesting increased mixing of phases. This is 

common for any continuous manufacturing process where an initial start-up phase is 

required until the process can be stabilised (Keleb et al., 2002). In addition, more NPX 

is present in the formulation after 10 minutes extruding with SORB as the carrier when 

compared to XYL signifying that the carrier selection is important in the uniformity 

of content, in particular, the viscosity of the carrier. The viscosities of both sugar 

alcohols are shown in Table 6. 3. There is a considerable viscosity difference between 

the two sugar alcohol at the extrusion temperature 120 °C with sorbitol showing a 

much higher viscosity. Figure 6. 1 The percentage of NPX at different stages in the 

extrusion process with carrier xylitol (black) and sorbitol (blue) evidence that by using 

SORB as the carrier,  there is a reduction in NPX content residing in the barrel, albeit 

still high. The increased amount of NPX in the XYL formulation could be attributed 

to its lower viscosity compared to SORB resulting in a shorter residence time and 

insufficient mixing with the drug-polymer ASD. Therefore, investigating higher 

viscosity carriers, processing temperatures and RPM on the final uniformity of content 

became the overriding aim for this work. Improved uniformity of content will enhance 

NPX recovery and overall nanoparticle yield. 
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Table 6. 3 The measured viscosity of hydrophilic carriers’ xylitol (XYL) and sorbitol (SORB) when 
measured using rheometry at three different shear rates, 10, 50,100 (1/s). The temperature 

remained constant at 120 oC 

 Measured viscosity (Pa.s) 

Shear rate (1/s) XYL SORB 

10 0.338 0.735 

50 0.225 0.608 

100 0.203 0.577 

 

 

To determine a suitable carrier, there needs to be a full understanding of the mixing 

process occurring during this extrusion process. Several processes need to occur to 

achieve uniform mixing: distribution of materials, the formation of drug-polymer 

ASD, and size-reduction of materials to results in NPX_EPO nanoparticles. In this 

case, we have a low viscosity continuous phase (hydrophilic) and a high viscosity 

dispersed phase (hydrophobic) where complete homogeneity between the two phases 

is required. As previously discussed, the mixing process in a co-rotating twin-screw 

extruder is categorised as distributive mixing or dispersive mixing. In this case, 

distributive mixing means the distribution of particles within the extruder barrel. The 

dispersive mixing is referred to as reducing the particle size of components and 

promoting particle break up though breaking cohesive, van der Waals forces between 

particles (Tadmor and Gogos, 2006). Due to the viscosity differences between the 

major and minor phases, distributive mixing plays an important role.  

To achieve distributive mixing, both components must be deformed. However, it is 

recognised that this poses a significant challenge. It is considerably harder to deform 

a high viscosity minor component in an easily deforming low viscosity major 
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component than the other way around (Tadmor and Gogos, 2006; Vyakaranam et al., 

2012). To obtain dispersive mixing, higher shearing forces should be created during 

extrusion in order to obtain de-agglomeration of the minor component. It has been 

suggested that the particles will undergo deformation rather than breaking-up if the 

viscosity ratio (Equation 6.1) is larger than 3.5 or less than 1 (Giles, 2005). 

 

𝜆 =
𝜂𝑑

𝜂𝑐
 

Equation 6. 1 

 λ is the viscosity ratio, ηd is the viscosity of the dispersed phase, the drug-polymer 

mix in this case and ηc is the viscosity of the continuous phase, the sugar-alcohol 

carrier in this case. It can be seen from Table 6. 4 that all viscosity ratios are below 

one, and thus particles will not sufficiently break up. 

 

Table 6. 4 The viscosity ratio of each sugar alcohol carrier, xylitol, sorbitol and erythritol and three 
processing temperature where the drug-polymer mix (40% w/w NPX) is the dispersed phase (ηd), 

and the sugar alcohol is the continuous phase (ηc) 

 
100 °C 120 °C 140°C 

XYL 0.000493 0.00219 0.0114 

SORB 0.00148 0.00299 0.0137 

ERY - 0.240 0.00832 

 

 

To break up the particles and droplets within the extruder at these viscosity ratios, 

extensional flow needs to be considered; the droplets can be broken up even when the 

viscosity of dispersed phase is high. Extensional flow refers to the pulling or stretching 

a material when no shear is involved (Vlachopoulos and Strutt, n.d.). At these low 
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viscosity ratios (λ <1), it is not possible to break the particle up from pure shear. Hence, 

extensional flow plays a vital role in dispersing and breaking-up the viscous drug-

polymer ASD phase (Xiaochun et al., 2016). The work by Grace showed 

experimentally that for Newtonian blends, efficient mixing was possible over a wider 

range of viscosity ratios with strong extensional flow components than shear flow 

(Grace, 1982). This work has been further investigated with non-Newtonian fluids 

with similar outcomes (Lin and Ku, 2008; Zepnik et al., 2013).  

In extensional flow, droplets are drawn into filaments that ultimately break up into 

smaller particles. For this to occur, the droplets must be maintained for a certain period 

(Tadmor and Gogos, 2006). Figure 6.2 outlines the effect of shear and extensional 

forces on a single droplet. α is an indicates the type of flow type where pure shear flow 

and pure extensional flow are represented with α=0 and α=1, respectively.  Only slight 

droplet deformation occurs at pure shear flow, and the droplet does not break up. With 

increasing amounts of extensional force added, the droplets are drawn-out into 

filaments. At of α =0.2, droplet break-up is possible after sufficient deformation time. 

Further increase in the extensional flow (α=0.3) results in droplet break up occurring 

faster. Better dispersion of material is obtained with a larger extensional flow 

(Kohlgrüber, 2008). 
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6.4.2 Plasticising effect of naproxen 

When extruding the high viscose polymer with a low viscose carrier, the viscosity gap 

needs to be overcome in order to produce a homogenous mix. EPO is highly viscose; 

however, with increased naproxen concentrations, the viscosity of the mixture 

reduces, known as a plasticising effect.  Plasticisation refers to the change in the 

polymer's thermal and mechanical properties. It allows for easier processing by 

reducing polymer rigidity and for a lower processing temperature to be used 

(Immergut and Mark, 1965).  In this scenario, due to the plasticising effect of the NPX 

on polymer EPO, a decrease in the viscosity of the drug-polymer mixture can be 

observed (Table 6. 5). With increasing concentration of NPX to 40% w/w, there is a 

further reduction of the mixture's viscosity. Thus, higher drug loading was selected to 

reduce the dispersive phase's overall viscosity. In addition, a higher drug percentage 

is particularly desirable so that high drug loading in the formulation can be achieved. 

 

 

t= 0 

 

t= 8x 

t= 16x 

t= 4x 

t= 2x 

Figure 6. 2 The effect of duration of deformation on a droplet at different ratios of 
shear and extensional flow for a droplet with a viscosity ratio of λ=3. The dot refers 

to liquid droplets. Pure shear flow is represented by α=0 and the larger α is 
corresponding to the large extent of extensional flow. t+ is the duration of droplet 

deformation. Adapted from reference  (Tadmor and Gogos, 2006). 
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Table 6. 5 The overall viscosity of drug-polymer mixes with increasing drug content at different 
shear rate 

                    Measured  Viscosity (Pa.s)  

% w/w NPX 

Shear Rate (1/s) 0 10 20 40 

10 12600 7625 7425 2400 

25 5550 4025 2450 1600 

50 1750 1400 925 725 

75 1075 825 625 500 

100 750 725 475 325 

 

Ueda et al. have shown NPX to have a concentration-dependent plasticising effect on 

EPO, attributed to the high miscibility between NPX and EPO (Ueda et al., 2015).  

NPX has a plasticising effect on many polymers as shown by Vynckier et al. for 

Eudragit® L100-55 (Vynckier et al., 2015) as well as Poly(vinylpyrrolidone) (Haser 

et al., 2017). Therefore, at the higher concentration of NPX, the viscosity of the ASD 

mix reduces, thus reducing the potential viscosity gap between premix and carrier. 

Thus, it is favourable to use a higher concentration of drug to promote homogenous 

mixing in the extrusion process. 

6.4.3 The viscosity measurements of excipients 

The viscosity of each sugar alcohol carriers was measured to determine the suitability 

in forming polymeric nanoparticles with NPX-EPO system. XYL was initially 

selected based on immiscibility with polymer and drug, thus not interfering with the 
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formation of the PNPs. In this chapter, alternative sugar alcohol carriers were also 

considered.  

At 100°C (Table 6. 6), ERY has the highest viscosity of all the sugar alcohols, 

comparable with the NPX and EPO mix. However, ERY has a melt of 121°C, and 

therefore the extrusion would have to be performed around this temperature.  

Compared to SORB and XYL, ERY has an abundantly higher viscosity and thus a 

reduced viscosity gap with the drug-polymer mixture. At a shear rate of 50 (1/s), 

SORB is slightly more viscous than XYL at 100°C a potential improvement in 

distributive mixing of NPX_EPO ASD may also be expected. All materials show a 

rapid drop in viscosity with increasing shear rate between 1-50 1/s, stabilising at a 

shear rate of around 100 1/s where there is no further viscosity decrease. This suggests 

that at a shear rate greater than 100 1/s, the samples exhibit more of a Newtonian flow 

than the shear thinning flow at lower shear rates (Rivera- Armenta and Salazar Cruz, 

2018). Therefore, an initial shear rate value must be overcome before homogenous 

mixing can be achieved. Even at higher shear rates, the viscosity gap between sorbitol 

and xylitol compared to the drug-polymer mix is still incredibly high; therefore, 

homogenous mixing is unlikely to occur using these two carriers at 100°C. 
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Table 6. 6 The viscosity of the hydrophilic, sugar alcohol carrier compared to the drug-polymer 
ASD mix when exposed to different shear rates. This measurement is performed at 100 oC 

 

                           Viscosity (Pa.s)  

Shear Rate (1/s) XYL SORB ERY 40:60 NPX_EPO 

10 0.795 3.44 1880 2371 

25 0.758 2.87 483 1595 

50 0.636 2.46 224 792 

75 0.616 2.26 301 549 

100 0.599 2.14 293 427 

150 0.595 2.06 195 312 

 

At 120°C, (Table 6. 7), all excipients' viscosity reduces significantly compared to the 

rheology results at 100°C (Table 6. 6).  As expected, the drug-polymer ASD still has 

a much higher viscosity value when compared to the hydrophilic carrier. ERY still has 

the highest viscosity of all sugar alcohol carriers. At a shear rate of 50 (1/s), ERY is 

2.5 times more viscous than SORB and seven times more viscous than XYL, although 

ERY is 135 times less viscous than the drug-polymer ASD mix highlighting the 

extreme viscosity gap between the hydrophilic carrier and drug-polymer ASD. 
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Table 6. 7 The viscosity of the hydrophilic, sugar alcohol carrier compared to the drug-polymer 
ASD mix when exposed to different shear rates. This measurement is performed at 120 oC 

                          Viscosity (Pa.s) 

Shear Rate (1/s) XYL SORB ERY 40:60 NPX_EPO 

10 0.33 0.733 16.3 320 

25 0.758 0.710 3.54 303 

50 0.22 0.613 1.54 211 

75 0.209 0.597 1.36 127 

100 0.193 0.578 1.18 65.3 

150 0.181 0.575 2.07 38.1 

 

By 140 °C (Table 6. 8), there are very few differences between the potential carriers, 

where all the carriers are fully molten. The viscosity gap between NPX-EPO ASD and 

the hydrophilic carriers has dramatically decreased at this temperature. ERY is the 

least viscous of the sugar alcohol carriers and SORB the most viscous at this 

temperature. At a shear rate of 50 (1/s), the drug-polymer ASD is 250 times more 

viscous than SORB. If the shear is increased to 150 (1/s), this viscosity gap reduces 

significantly with the drug-polymer ASD to 32 times more viscous (Table 6. 8).  
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Table 6. 8 The viscosity of the hydrophilic, sugar alcohol carrier compared to the drug-polymer 
ASD mix when exposed to different shear rates. This measurement is performed at 140 oC 

 Viscosity (Pa.s) 

Shear Rate (1/s) XYL SORB ERY 40:60 NPX_EPO 

10 0.265 0.384 0.218 71.1 

25 0.170 0.316 0.127 72.8 

50 0.154 0.278 0.104 69.7 

75 0.124 0.250 0.0812 56.9 

100 0.110 0.238 0.0587 37.3 

150 0.108 0.235 0.0584 7.70 

 

From this rheological data, it is apparent that there is a clear viscosity difference 

between the continuous phase (hydrophilic carrier) and dispersed phase (NPX-EPO 

ASD) at all temperatures. Thus, a higher shear rate must be created within the extruder 

to ensure homogenous mixing in the final extrudates. As expected, the increased 

temperature can reduce the viscosity of all materials. Table 6. 9 summarises the 

predicted most suitable carrier choice based on the measured viscosities at 

corresponding shearing rates. XYL was predicted to result in the poorest mixing at all 

temperatures and shearing rates. Therefore, we believed that based on this data, the 

uniformity of content studies would be improved through using SORB and ERY as 

hydrophilic carriers for all extrusion process parameters. 

 



 

 

219 
 

 

Table 6. 9 The preferred hydrophilic carrier at corresponding shear rates and temperature-based 
of the measured viscosities from rheological data generated 

 Suggested suitable Carrier at each temperature (°C) 

Shear rate (1/s) 100 120 140 

10 Sorbitol Erythritol Sorbitol 

25 Sorbitol Erythritol Sorbitol 

50 Sorbitol Erythritol Sorbitol 

100 Sorbitol Erythritol Sorbitol 

125 Sorbitol Erythritol Sorbitol 

150 Sorbitol Erythritol Sorbitol 

 

 

6.4.4 Calculation of required screw speed to produce a homogenous product 

From the rheology data, it is possible to predict the screw speed required to bridge the 

viscosity gap between the disperse phase and continuous phase (Table 6. 10) assuming 

the linear relationship between shearing rate and the dynamic viscosity of NPX-EPO 

ASD system. The interception point for the NPX-EPO ASD with the sugar alcohol at 

the corresponding shearing rate can be used to obtain required screw speed. Figure 6. 

3 shows the interception point between the drug-polymer ASD with every hydrophilic 

carrier across the temperature range to predict required shear rates for homogenous 

mixing.  The values shown in both Table 6. 10 and Table 6.11 were used to determine 

interception points of the extended plots shown in outlining the exact intersection of 

the extrapolated lines (Table 6. 12) which can therefore be used to predict required 

shear rates during the extrusion process. 
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Table 6. 10 The fitting constants for the drug-polymer mix at corresponding temperatures to 
determine a line of best fit for extrapolation 

 
40% w/w NPX_EPO ASD 

Temperature (°C) intercept Slope R2 

100 633.710 -2.225 0.997 

120 116.920 -0.616 0.994 

140 40.538 -0.220 0.823 

 

  

Table 6. 11 Fitting constants for shearing rates and viscosity relationship for hydrophilic carriers 
at corresponding temperatures take from Figure 6.5 as shown below 

 XYL SORB ERY 

Temp

(°C) 

Intercept Slope R2 Intercept Slope R2 Intercept Slope R2 

100 0.616 -0.0001 0.792 2.40 -0.0023 0.953 403.0 -1.66 0.505 

120 0.210 -0.0001 0.782 0.584 -0.0002 0.885 1.74 -0.0061 0.527 

140 0.127 -0.0001 0.853 0.253 -0.0001 0.860 0.0842 -0.0002 0.831 
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a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

c) 

Figure 6. 3 Extrapolated plots of the viscosity measurements determining 
intersection of drug-polymer mix with sugar alcohol carriers at a)100°C b) 

120°C and c) 140°C. The red live represents ERY, the blue line SORB, the 
black line XYL and the green line is 40% w/w 
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Table 6. 12 XY values for  interception points of each sugar alcohol with the drug-polymer mix at 
the corresponding temperature 

 
100°C 120°C 140°C 

 
Shear rate 

(1/s) 

Viscosity 

(Pa.s) 

Shear rate 

(1/s) 

Viscosity 

(Pa.s) 

Shear rate 

(1/s) 

Viscosity 

(Pa.s) 

XYL 284.55 0.59 189.46 0.19 183.69 0.11 

SORB 284.03 1.74 188.89 0.55 183.11 0.23 

ERY  - 188.82 0.59 183.97 0.047 

 

The viscosity required for each system to achieve uniform mixing is below 1 Pa.s 

except for sorbitol at 100°C. Therefore, the low viscosity of both continuous and 

disperse phase promotes intimate mixing. ERY has not been plotted at 100°C as the 

sugar is not molten thus cannot be extruded at this temperature. The shear rate required 

for all sugar alcohols is similar, suggesting little difference for creating a uniform mix 

at these higher shear rates. Despite this, the viscosity of the drug-polymer ASD 

required to achieve a homogenous mix is incredibly low and unlikely to be attained 

(Vasconcelos et al., 2016). Therefore, it is probable that further alterations of process 

parameters such as screw design and residence time will be required. 

Suparno et al. (Suparno et al., 2011) modelled the average shear rate in extrusion-

based off significant work from Mohamed et al. (Mohamed and Morgan, 1990), 

modelling average shear rate in a co-rotating extruder. Both groups have suggested 

using Equation 6. 2 to express the relationship between shearing rate and rotation 

speed of the TSE as: 

 



 

 

223 
 

𝛾𝑠 = 𝑘′𝑁𝛼 

Equation 6. 2 

where γs is the average shear rate (1/s), N (rev/s) is the screw speed, α is a constant to 

account for the material in the extruder and k′ (sec - 1/rev) is a constant, unique for the 

given type of geometry of the extruder screws at a given degree of fill. This model is 

incredibly insight if all geometries of the individual extruder are known and can be 

accurately modeled. Due to the extruder design, where by no die has been used in the 

extrusion of nanoparticles, the same back pressure is not generated during extrusion 

as assumed in Equation 6.2. Therefore, an alternative model to determine the shear 

rate at flight tip of the screw was applied in this thesis as shown in Equation 6.3. 

 

𝛾𝑠 =
𝜋𝐷𝑁

𝜎
 

Equation 6. 3 

Where γs is the shear rate (1/s), D corresponds to the diameter of the barrel (mm), N 

represents the speed of extruder (rev/s) and σ is referred to the clearance between flight 

tip and barrel (mm). In this work, we have rearranged the equation as follows 

(Equation 6.4). 

𝑁 =
𝛾𝑠𝜎

𝜋𝐷
 

Equation 6. 4 

 

From the given shear rates in Table 6. 12 and Equation 6. 4, the screw speed can be 

calculated, as shown in Table 6. 13. Although a somewhat simplified approach, it gives 

an indication of screw speeds required to generate a homogenous mix between the 

disperse phase drug-polymer mix and continuous phase carrier in our designed system.  
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Table 6. 13 The calculated screw speed (RPM) to produce a homogenous mix of carrier and drug-
polymer mix at each temperature when calculated from predicted shear rate from Table 6.12 and 

input into Equation 6.4 with known extrusion geometries od D=20 and σ= 0.2 

 
100° 120° 140° 

XYL 543.45 361.84 350.82 

SORB 542.46 360.75 349.72 

ERY 
 

360.61 351.35 

 

As shown, screw speed is an essential factor in creating sufficient shear; however, 

several other crucial parameters need to be considered during the extrusion process. 

TSE in a pharmaceutical setting is often starve-fed so that the feeding rate directly 

dictates the throughput rate and the residence time of the process. In a starve-fed 

machine, throughput rates are determined by the feed rate and not by the screw speed 

(Martin, 2016a). The screw speed in a starve-fed extruder controls the residence time 

and the screw fill and must be balanced with the feed rate to prevent over-torquing.  

Furthermore, the screw design is critical in the extrusion process demonstrated time 

and time again. Nakamichi et al. showed in the manufacture of solid dispersions of 

Nifedipine with HPMCP that the screw configuration plays a vital role in converting 

the crystalline form to the amorphous form (Nakamichi et al., 2002). Van Melkebeke 

et al. also studied the effect of modifying the screw configuration in twin-screw 

granulation, determining that the screw configuration and presence of 60-degree 

screws impacted granule quality, tablet properties, and mixing efficiency (Van 

Melkebeke et al., 2008). In this work, the screw design remained constant for each 

extrusion run, thus will not affect the results. However, it is noted that in an alternative 

calculation proposed by Mohamed et al., the exact extruder and screw dimensions and 

geometries should be investigated together to determine required screw speed 
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(Mohamed and Morgan, 1990). Also, the average fill volume within the extruder is 

another important factor, particularly for ensuring an adequate mixing between 

components (Shearer and Tzoganakis, 2001a). If a region of the extruder is partially 

filled then the polymer is mainly conveyed with little shear, however, in a fully filled 

region, the polymer is subject to high shear rates and flow recirculation (Gogos et al., 

2012; Van Der Goot et al., 1998).  

To further these results, a multivariate analysis approach was taken to assess the 

formulation and parameters of the TSE process impact quality attributes. The impact 

of changing the carrier and altering the barrel temperatures and screw speed were 

analysed to determine whether improved mixing could be achieved. Properties such 

as size, PDI and zeta potential were also assessed to determine whether changing the 

carrier and extrusion parameters adversely affected these attributes.  

 

6.4.5 The impact of the carrier choice on nanoparticle attributes 

6.5.4.1 Total Naproxen in the formulation 

To assess whether altering the carrier impacted the uniformity of content, the total 

NPX concertation was measured at four-time points during extrusion.  For all samples, 

regardless of processing conditions and carrier, the trend showed increased NPX 

content in the barrel over and the lowest NPX concentration in the initial sample. 

Therefore, regardless of carrier and process condition used, there is still agglomeration 

of the polymer within the barrel.  This suggests that despite changing carriers, the 

extrusion process is insufficient (Thiry et al., 2015). 
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At 100°C, there is a small variation in drug content with different carriers (Figure 6.4), 

which was analysed using a two-way ANOVA. It is determined that the carrier 

selection was significant (p<0.05) at the lower screw speed but not for, the higher 

screw speed. It has been shown that higher screw speeds can induce higher shear and 

thus promotes homogenous mixing in this case (Seker, 2005; Su et al., 2009). 

Therefore, the use of a higher screw speed promotes mixing whereas, at a lower screw 

speed, a more viscous carrier is also required. Interestingly, the main point at which 

the carrier is determined to have an impact was after 10 minutes at 150 RPM where 

when XYL was used as the hydrophilic carrier showed a considerably higher NPX 

content than SORB as the carrier. Although screw speed has been suggested to impact 

mixing (Waje et al., 2007), the screw speed alone for each carrier was shown not to 

significantly affect total NPX concentration (Figure 6. 4).  

 

 

Figure 6. 4 The total amount of measured NPX in each formulation after collection post-extrusion 
with at either 150 RPM (Black, Navy) or 200 RPM (grey, light blue) and processed at 100°C for XYL 

(Black, grey) and SORB (navy, light blue) 
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Table 6. 14 The results obtained using a Two way ANOVA to determine significant factors 

 

 

 

 

 

 

 

Extrusion at 120°C exhibits the same trend whereby the majority of the drug resides 

in the barrel (Figure 6. 5). When SORB is used as the carrier of choice,  it shows to 

consistently contain a more homogenous distribution of NPX throughout the 

formulation, although this is not deemed significant. Only the sample removed from 

the barrel showed significant differences in NPX concentration at 150 RPM, whereby 

SORB showed the lowest NPX content, thus the least aggregation. When ranking the 

carrier for NPX residing in the barrel the order is SORB> ERY> XYL at 150 RPM 

and 120 °C. At 200 RPM and 120 °C, using ERY and SORB showed a significant 

increase in NPX concentration at the 20 minute point over XYL however, neither ERY 

nor SORB showed significant difference over the other (Table 6. 14).  Considering the 

rheology data, ERY was more viscous at 120 °C and closer to the drug-polymer mix's 

viscosity. The viscosity ratio between components is still relatively low (Table 6. 4), 

but it is still significantly higher than SORB or XYL. Thus the more viscous ERY 

carrier may result in a more uniform NPX distribution and mixing between the 

continuous and dispersed phase is achievable compared to SORB or XYL (Martin, 

2012). 

 Significant (p< 0.05) 

 100 °C 120 °C 140°C 

Screw speed No No  Sorbitol only 

Carrier Yes at 150 RPM Yes  Yes 

Timepoint Yes Yes Yes 
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Furthermore, screw speed did not affect the NPX concentration at 120 °C, but it was 

deemed to significantly affect the XYL samples taken from the extruder barrel; there 

was a significant reduction in NPX concentration higher screw speeds for XYL 

samples. This result would suggest that NPX-EPO mix is distributed more 

homogeneously through the sample as there is less agglomeration of the drug-polymer 

mix within the barrel.  With XYL having the lowest viscosity of all carriers, screw 

speed is likely to improve NPX uniformity of content. The formulation is grossly 

under mixed, and the immiscibility between the carrier and drug-polymer system is 

high. Therefore, increasing the screw speed can promote mixing by increasing the 

shear rate in the extruder (Reitz et al., 2013). Despite the apparent increase in NPX 

content, increased screw speed alone does not overcome the issues. Wahl et al. showed 

that changing screw design had the most significant impact on improving content 

uniformity using inline monitoring (Wahl et al., 2013). 
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Again, at 140 °C, the same NPX distribution in the extrusion process was witnessed 

(Figure 6. 6). Using ANOVA, it was deemed that hydrophilic carrier choice 

significantly impacted the total NPX concentration. The carrier selection can form a 

uniform mix at higher temperatures and can be ranked ERY> SORB > XYL. This is 

contrary to the results based on rheology data, where it was predicted that SORB was 

ranked highest (Table 6. 9). In addition, screw speed significantly impacted the total 

sorbitol concentration with a faster screw speed enhancing homogeneity of the sample. 

As mentioned, a faster screw speed increase mixing and shear even though screw 

speed promotes mixing for specific sample points, overall there is no significant 

a) 

 

 

 

 

 

 

b) 

Figure 6. 5 The total amount of measured naproxen in formulation post extrusion when processed at 
120oC for all hydrophilic carriers XYL (Black), SORB (blue) and ERY (Red) at a screw speed of a)150 RPM 

b)200 RPM of n=3 measurements 
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impact on the uniformity of content  (Ainsworth et al., 1997; Kumar et al., 2006; 

Wesholowski et al., 2018). This is likely to be due to the sample's reduced residence 

time (Thiry et al., 2015). Several studies have shown that screw speed did not affect 

the uniformity of content (Almeida et al., 2011; Verhoeven et al., 2008; Verreck et al., 

2003) or product quality, often attributed to the excellent miscibility of components. 

  

Figure 6. 6 The total amount of measured NPX post extrusion at different time points when 
extruded at 140oC at a screw speed of a)150 RPM and b) 200 RPM. XYL is represented by the 

black, SORB by the blue and ERY by the red of n=3 measurements 
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Overall, when considering carrier selection on the content of uniformity, ERY showed 

to be the preferred carrier at 140 °C and 120 °C and SORB at 100°C. Screw speed did 

not impact the uniformity of drug content in general, although in certain conditions a 

higher screw speed proved to be favourable Table 6.15. Additionally, increasing the 

temperature did not affect the uniformity of drug content except when combined with 

high screw speeds for ERY. ERY as the hydrophilic carrier with process temperature 

of 140 °C and 200 RPM would promote the uniformity of NPX within the drug-

polymer nanoparticle embedded extrudates 

 

 

Table 6. 15 The effect of changing the processing conditions on each carrier for the overall 
uniformity of content of NPX 

 

  

 SORB XYL ERY 

Screw speed At 140°C Only for barrel sample 

120 °C 

Only 10 min sample at 

140°C 

Temperature No Only for barrel sample Significant at 200 RPM 

Yes, for 10-minute 

sample at 150 RPM 
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 6.5.4.2 The impacts on particle size and polydispersity index of the nanoparticles after 

reconstitution 

 

The particle size for all samples was measured to determine whether changing the 

formulation and the process parameters altered the particles' size. Smaller particle size 

from the reconstituted samples was obtained for all extrudates with ERY as the 

hydrophilic carrier compared to SORB and XYL. In addition, the barrel particle size 

was consistently larger for most conditions (Table 6. 16). The sample removed from 

the barrel likely has a larger particle size as the sample has not undergone the fully 

extrusion and mixing process.  For ERY, smaller particle size was obtained at the 

lower processing temperature (120°C). There was a significant reduction in particle 

size when switching from XYL or SORB to ERY as the carrier for all sample 

conditions, particularly at the initial sampling point of 3 minutes.  

Screw speed did not significantly impact the particle size. However, the use of ERY 

as the carrier resulted in more uniform particles size across the range of sampling 

points.  Repka et al. showed similar results that screw speed did not impact particle 

size when processing solid-lipid nanoparticles by HME (Patil et al., 2015). Bahaghur 

et al. showed that a lower RPM resulted in smaller particle size due to increased 

residence time (Bhagurkar et al., 2017). In our platform, changing screw speed did not 

change the particle size (Table 6. 16 Average particle size (nm) of all extrusion runs.  

Particle sizes were collected from the reconstituted extrudate in water as average +/- 

standard deviation).  
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Table 6. 16 Average particle size (nm) of all extrusion runs.  Particle sizes were collected from the 
reconstituted extrudate in water as average +/- standard deviation 

 
150RPM 200 RPM 

 3 10 20 Barrel 3 10 20 Barrel 

 (°C)                                                 Sorbitol 

100 247.63 ± 

23.97 

144.52 

± 3.33 

159.39 

± 6.36 

170.46 

±1.57 

198.94 

± 15.17 

168.75 

± 3.03 

135.47 

± 3.48 

182.36 

± 3.72 

120 204.93 ± 

3.53 

194.17 

± 3.65 

207.24 

± 6.68 

250.77 

±5.10 

220.29 

± 3.84 

245.11 

±9.25 

314.51 

±9.97  

214.73 

±4.70 

140 278.27 

±30.64 

191.98

±3.00 

262.30

±10.74 

239.57 

±15.75 

191.75 

±2.47 

194.01

±1.63 

234.16 

±3.52 

253.98

±18.09 

Xylitol 

100 181.33 ± 

2.61 

150.12 

±1.76 

150.37 

±0.82 

259.51 

± 63. 06 

121.75 

± 23.24 

157.93 

± 6.73 

171.86 

±5.11 

168.09 

±4.62 

120 245.87 

±33.52 

204.22 

±15.97 

287.53 

± 43.28 

322.50 

±51.47 

323.67

±51.64 

216.94 

±4.33 

203.11 

± 4.13 

283.93 

± 6.81 

140 186.92 ± 

2.79 

215.47 

±4.40 

304.49 

±32.33 

250.12±

2.42 

271.47

±25.20 

262.01

±4.43 

273.51

±43.33 

205.69

±6.30 

Erythritol 

120 129.97 

±1.70 

125.06 

±5.02 

110.11 

±5.80 

195.49 

±9.23 

132.04 

± 7.10 

145.66 

±19.98 

135.37 

±1.93 

120.31 

±6.21 

140 117.87 

±1.77 

215.18 

±34.11 

191.94

±9.45 

184.26 

±13.15 

155.71

±17.36 

191.92

±9.49 

130.92 

±3.47 

180.56

±13.5 
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For all carriers, the lower processing temperature proved to produce the smaller 

particle size yielded after reconstitution in water which has also been shown in solid 

lipid nanoparticles where at increased temperatures there is an increased particles size 

(Bagde et al., 2019; Freitas and Müller, 1998b; Shashidhar and Manohar, 2018). This 

could be attributed to the fact that there is an increased residence time of materials 

increased shear at lower temperatures and increase viscosity as previously highlighted 

(Sue Shan et al., 2015). With increased shear and increased residence time, the systems 

are subjected to a mixing intensity within the extruder, resulting in smaller particle 

size. 

PDI is an important attribute for producing nanocarriers with optimal stability, 

performance and processability (Danaei et al., 2018). Table 6. 17 outlines the PDI 

value for all nanoparticle formulations. A system with a PDI value of <0.3 is deemed 

acceptably monodisperse for pharmaceutical application (Chen et al., 2011). All the 

sampling points for the tested system were confirmed to be acceptable (below 0.3) 

with the only exception was the sample using sorbitol as the hydrophilic carrier 

processed at 100°C, 150 RPM at the 10-minute sample point where the value is 0.33. 

This exemplifies the use of extrusion as a continuous, solvent/water-free 

manufacturing methods to produce homogenous NPX-EPO nanoparticle suspensions 

at a variety of processing conditions regardless of sugar alcohol carrier used.  
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Table 6. 17 The  measure PDI for each sample when reconstituted in water (n=3) 

 
Xylitol 

 
Initial 10 mins 20 mins Barrel 

100oC 150 RPM 0.13  ±0.02 0.12 ±0.01 0.11 ±0.02 0.20±0.07 

100° C 200 RPM 0.16 ±0.02 0.21 ±0.04 0.18 ±0.03 0.20 ±0.01 

120° C 150 RPM 0.19 ±0.03 0.25 ±0.01 0.23 ±0.06 0.25 ±0.02 

120° C 200 RPM 0.25 ±0.02 0.16 ±0.02 0.19 ±0.01 0.24 ±0.01 

140° C 150 RPM 0.10 ±0.02 0.20 ±0.02 0.23 ±0.10 0.26 ±0.02 

140° C 200 RPM 0.27 ±0.03 0.17 ±0.02 0.28 ±0.01 0.24 ±0.02 

 
Sorbitol 

 
Initial 10 mins 20 mins Barrel 

100° C 150 RPM 0.28 ±0.04 0.32 ±0.02 0.16 ±0.02 0.12 ±0.01 

100 ° C 200 RPM 0.30 ±0.01 0.16 ±0.02 0.22 ±0.01 0.12 ±0.02 

120° C 150 RPM 0.18 ±0.01 0.17 ±0.02 0.20 ±0.02 0.23 ±0.04 

120° C 200 RPM 0.16 ±0.01 0.18 ±0.03 0.28 ±0.01 0.22 ±0.01 

140° C 150 RPM 0.21±0.03 0.17 ±0.01 0.22 ±0.02 0.24 ±0.01 

140° C 200 RPM 0.17 ±0.01 0.23 ±0.02 0.20 ±0.02 0.20 ±0.03 

 
Erythritol 

 
Initial 10 mins 20 mins Barrel 

120° C 150 RPM 0.21 ±0.01 0.28 ±0.04 0.27 ±0.01 0.30 ±0.08 

120° C 200 RPM 0.27 ±0.28 0.25 ±0.01 0.20 ±0.01 0.23 ±0.02 

140° C 150 RPM 0.23 ±0.01 0.29 ±0.01 0.23 ±0.01 0.17 ±0.06 

140° C 200 RPM 0.18 ± 0.12 0.23 ±0.01 0.24 ± 0.04 0.25 ±0.02 
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6.5.4.3 Effect on zeta potential 

 

The zeta potential is related to the charge on the surface of the vesicle which 

determines properties such as the stability of the vesicle and nanoparticle penetration 

at target tissues or sites of action (Mikolajczyk et al., 2015). In this system, the 

suspended nanoparticles from the process with xylitol as the hydrophilic carrier 

showed a zeta potential between -22.37 and 11.49 mV.  Generally, all the zeta 

potentials are negative except for two samples using XYL as a carrier. This could be 

attributed to an extremely low level of drug content in the extrusion's initial stages. 

The initial stages of extrusion have previously shown to lack uniformity which could 

explain zeta potential fluctuations; otherwise, all zeta potentials for all samples are 

recorded as negative. Extrusion with ERY results in the most negative results, and 

therefore the more stable PNPs are produced. This shows there is a strong interaction 

with the drug and polymer, resulting in the formation of nanoparticles with good 

stability (Tantra et al., 2010). A higher screw speed results in more negative zeta 

potential for ERY, which may be due the increased mixing and shear required between 

all components resulting in stable nanoparticles. The temperature did not significantly 

impact (Table 6.4) on the zeta potential measured when extruding for ERY despite the 

reduction in viscosity or ERY at 140 °C. Furthermore, the zeta potential recorded were 

consistent across all the sample points, indicating a good uniformity of content.  

Extrusion with SORB at the lowest screw speed produces the most stable and 

consistent zeta potential readings. This could be due to the longer residence times at 

reduced screw speeds allowing for an enhanced mixing (Ainsworth et al., 1997).  At 

the lower screw speed, changing the temperature had a significant impact on the zeta 

potential of the nanoparticles (Table 6.4). This suggests that the higher screw speeds 

result in a more consistent nanoparticle is produced regardless of the temperature.  
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Table 6.4 Statistical significance of changing process parameters for each carrier from each 
sampling point. Using student t-test (p< 0.05) n=3 

 
Temperature Screw speed 

 
XYL SORB ERY XYL SORB ERY 

3 

Yes, except 

from 100 °C 

to 120°C at 

200 RPM 

Yes, except 

from 100 °C 

to 120 °C at 

200 RPM 
 

No Yes Yes Yes 

10 Yes 
Only at 150 

RPM 
No 

At 100 °C 

and 120 °C 

Only at 

120 °C 
 

Only at 

120 °C 

20 Yes 
Only at 150 

RPM 
No Yes 

Only at 

140 °C 
 

No 

Barrel Yes 
Only at 150 

RPM 

Only at 

150 

RPM 

At 100 °C 

and 140 °C 

At  120 °C 

and 140 °C 
Yes 

 

Nanoparticles can be produced using SORB and ERY as the hydrophilic carriers result 

in more negative and more consistent zeta potential across all the sampling points 

(Figure 6. 7). At a more negative zeta potential, the nanoparticle has better stability on 

storage and less tendency to aggregate on dispersion (Shah et al., 2014). Using XYL 

as a hydrophilic carrier produced more inconsistent results as a carrier and therefore 

is a less desirable choice than either SORB or ERY. Producing stable and consistent 

nanoparticle is significant in successful nanoparticle formulation (Blanco et al., 2015). 

Additionally, zeta potential can be during manufacture altered to achieve the desired 

outcomes using various additives such as surfactants and other lipids (Blanco et al., 

2015). For example, PEGylating the nanoparticles is one of the most widely used 

techniques to enhance stability, circulation time and tissue targeting (Otsuka et al., 

2003). 
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c) 

Figure 6. 7 The zeta potential for a)ERY b)XYL and c)SORB at varying process 
conditions with bars showing error bars of standard deviations n=3 
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6.6 Conclusion 

Understanding the impact of material rheological profile on the conditions relevant to 

the extrusion process is crucial for rational design and production of the proposed 

nanoparticle suspensions. To produce homogenously mixed nanoparticles, an 

understanding of the systems' mixing needs to be completed. It has been identified that 

achieving a homogenous mix between continuous and dispersive phase is crucial in 

ensuring good uniformity of content and API recovery. Therefore, the use of higher 

viscosity carriers was investigated, proving that the higher viscosity carriers resulted 

in increased mixing in the extruder. It was predicted that higher screw speeds would 

be required for all carriers at all temperatures investigated to produce homogenous 

mixing between the continuous and dispersive phase. 

The rheology data predicted that ERY would result in a more homogenous 

nanoparticle at 120°C and SORB at both 100°C and 140°C. When measured, ERY 

resulted in better drug-polymer distribution at in a more homogenous nanoparticle at 

both 120°C and 140°C and SORB at 100°. Changing the carrier from XYL to ERY 

and SORB had a positive impact on the nanoparticles' physicochemical properties. 

Switching the hydrophilic carrier resulted in more favourable properties, including 

smaller average particle size and stable, consistent zeta potentials as well as increased 

content uniformity. Therefore, switching to ERY as the carrier for higher extrusion 

temperatures and SORB for extrusion at 100°C will result in better content uniform 

and better nanoparticle properties. 

Despite this, the formulation is still significantly under-mixed regardless of carrier. 

Therefore, there needs to be further investigations and focus on creating more shear 

and better mixing within the extrusion process. Thus, it is suggested that an extruder 

with the potential for faster screw speeds and longer residence time would result in a 
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better mix between components. A screw configuration that would result in a high 

shear and promote intricate mixing between components is expected to improve the 

overall uniformity of the system and thus drug recovery exiting the extruder and over 

nanoparticle yield. 
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Chapter 7 

Scale-up for the manufacture of 

polymeric nanoparticles by Twin-

screw extrusion 
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 7.1. Introduction 

One of the significant drawbacks of nanoparticle manufacture is the ability to scale up 

and mass production at relatively cheap costs (Kim et al., 2012; Paliwal et al., 2014). 

Often conventional methods have a low nanoparticle throughput, resulting in limited 

yield and subsequently, a shortage of supplies for life-saving medicines (Gaspani, 

2013). Therefore, using a scalable, robust and continuous manufacturing technology 

is a logical approach to tackle these issues (Ma and Williams, 2018).  

TSE for nanoparticle production can provide both a means of continuous manufacture 

and the ability for a high material throughput. The TSE process is easily altered by 

changing process parameters. Therefore, pharmaceutical products with various quality 

attributes can be manufactured by TSE through altering theses parameter to meet 

desired outcomes. When it comes to scaling up manufacture, there are often previously 

unforeseen issues (Shanley, 2019), including time, economic, and process concerns 

from increased dimensions and material (Muller and Latimer, 2009). This can result 

in time delays in the production of nanoparticles at a cost to the company and the 

patient (York et al., 2005). A DoE approach is often implemented in scale-up, where 

a multi-dimensional design space identifies critical process parameters (CPP)s based 

on a set of laboratory-scale experimental data (Yeom and Choi, 2019). Despite this 

approach, the experiment designs often do not translate when larger batches or 

equipment are required in commercial manufacturing (Yu, 2008). 

Furthermore, this paradigm shift to continuous manufacturing technologies with in-

line/online quality assessment and quality control has been driven by both the 

pharmaceutical industry and regulatory bodies. It allows formulations to be translated 

from lab to clinical faster. To obtain a successful scale-up, accurately mimicking large-

scale production in a laboratory setting, referred to as scaling down, has been readily 
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implemented in the pharmaceutical industry over the last decade (Chen et al., 2010; 

DiCesare et al., 2016; Nie et al., 2019). 

The FDA has highlighted the difficulties in maintaining close control over the 

manufacturing process in draft guidance stating for nanoparticles with particular 

regard for liposomes. It states they are "sensitive to changes in the manufacturing 

conditions," which includes changes in production scale (US Food and Drug 

Administration, 2002). Liposomes are just one example of nanoparticle systems where 

the ability to produce them on a mass scale is minimal, often resulting in poor 

reproducibility and high production failure, hindering the comprehensive patient’s 

benefits of these advanced drug delivery vesicles (Bozzuto and Molinari, 2015). 

Vauthier and Bouchemel comprehensively reviewed the processing and scale-up of 

polymeric nanoparticles by different manufacturing methods highlighting the issues 

that occur during scale-up (Vauthier and Bouchemal, 2009). At the time of their 

publication, only two methods were reviewed for nanoparticle scale-up: 

emulsification–solvent diffusion method and the nanoprecipitation method. One of the 

significant issues with liposomal nanoparticle scale-up is the altered nanoparticle 

properties due to increased momentum and mass transfer rates (Desai, 2012). In one 

study, Colombo et al. used the emulsification–solvent diffusion method to scale up 

nanocapsules at 33x the laboratory scale. They found that increasing the impeller 

speed and agitation time during the scale-up resulted in altered nanoparticle features, 

such as particle size. Their paper detailed the differences between the laboratory scale 

and pilot scale equipment and suggested that adjustments in experimental design and 

process parameters are needed for successful scale-up (Colombo et al., 2001). 

Additionally, Galindo-Rodríguez et al. investigated the scale-up of ibuprofen-loaded 

polymeric nanoparticles produced by three methods: salting-out, emulsification–
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diffusion, and nanoprecipitation. They found a reduction in drug loading and 

nanoparticle size upon the scaling up production. However, reproducible nanoparticles 

were generated from all three methods on the pilot scale. Of all the methods, the 

nanoprecipitation method allowed for the fastest nanoparticle production (Galindo-

Rodríguez et al., 2005). 

Paliwal et al. reviewed the progression on in method of development of nanoparticles, 

particularly the scale-up techniques and challenges in their commercialisation for 

polymeric nanoparticles (Paliwal et al., 2014). They outlined the preference for 'top-

down' nanoparticle production methods on a large scale, especially considering the 

'bottom-up' process requires removing the remaining solvent, which is a complicated 

process at a large scale. They suggested the importance of many aspects, including 

careful selection of materials, solvent, the procedure of nanoparticle development, 

cost, and acceptability of finished product both by clinicians and patients. More 

recently, Feng et al. demonstrated flash nanoprecipitation as a scalable and continuous 

technique to scale-up the production rate of nanoparticles of lumefantrine, a 

hydrophobic anti-malaria drug with polymer Hypromellose acetate succinate 

(HPMCAS). They were able to increase nanoparticle production rate from a few 

milligrams to 1 kg/day while maintaining similar size and polydispersity (Feng et al., 

2019). 

In nanomedicine manufacture, several components need to be considered for 

successful scale-up of formulations (Desai, 2012). Both the nanoparticle 

physicochemical properties, safety and efficacy profile, the starting materials, solvent 

selection, nanoparticle development, and costs are an essential part of the 

considerations (Paliwal et al., 2014). In this project, the use of a larger extruder with 

the ability to achieve higher throughput and intensified mixing was investigated.  It is 
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of particular interest to evaluate the impacts of screw speed, feed rate, and residence 

time at a more relevant scale to the industrial manufacturing setting. Most crucially, it 

was hypothesised that using a larger extruder with a greater L/D ratio (40:1) would 

improve the overall quality of our nanoparticle formulation. Previously, low drug 

recovery was proving to be a significant issue in implementing TSE for nanoparticle 

manufacture. Therefore, the TSE process was investigated further to optimise 

nanoparticle production using a larger TSE with the ability to enhance mixing of the 

components considering three factors: larger length to diameter(L:D) ratio, increased 

residence time and intricate screw design to enhance shear mixing. 
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7.2 Aims and objectives 

This overarching aim was to improve the quality of our current nanoparticle 

formulation and assess the feasibility of scaling up production for amorphous drug-

polymer nanoparticles using twin-screw extrusion. With the expertise and equipment 

from Thermofisher, a larger extruder was used to produce polymeric nanoparticles at 

a higher throughput. The impacts of higher screw speeds and longer residence times 

provided by the larger extruder were also investigated. 

The specific objectives for this chapter were: 

• To increase overall drug recovery in the TSE process 

• To design and transfer nanoparticle production from a small scale to a larger 

scale (45 grams/hour to 400 gram/hour) based on the TSE platform. 

• Investigate the impacts of the process variables on the critical quality attributes 

of polymeric nanoparticles produced at a larger scale.  

• To evaluate the effectiveness of drug nanoencapsulation and uniformity of 

content produced by this scale-up TSE method.  

• To determine whether these nanoparticles' produce by the TSE scale-up 

version allowed for improved, targeted release profiles. 
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7.3 Methods 

7.3.1 Extrusion 

 

A total of 100 grams of formulation (at a fixed ratio of API and excipients shown in 

Table 7.1) was premixed with a mortar and pestle then passed through a 255um sieve 

for each extrusion run. The extrusion was conducted using a Pharma 11 twin-screw 

extruder Mini Twin gravimetric feeder (Thermo Scientific™, Karlsruhe, Germany). 

Two screw configurations were used, the first included a standard TSE configuration 

with two kneading zones and the second had the same two kneading zones with the 

addition of a reverse screw (Figure 7. 1). The design space adopted a high/low 

parameter model using two temperatures, two screw speeds, and two feed rates, as 

outlined in Table 7.1. The formulations and process variables for all experiments are 

shown in Table 7. 2, totaling ten experiments. The formulation remained constant 

throughout the trial. 

 

 

Figure 7. 1 The screw configuration for the extrusion with the position of the reverse screw segment 
on position Fs1 
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Table 7. 1 Process parameters used for extrusion detailing the investigating an upper and lower 
limit for  barrel temperatures, feed rate, and screw speed 

 Temperature (°C) Screw Speed (RPM) Feed rate (kg/hr.) 

Low 100 200 0.2 

High 140 800 0.4 

 

 

 

Table 7. 2 Process parameters used for extrusion detailing the investigating an upper and lower 
limit for  barrel temperatures, feed rate, and screw speed 

 NPX 

(w/w) 

EPO 

(w/w) 

XYL 

(w/w) 

Temp 

(°C) 

Screw speed 

(RPM) 

Feed rate 

(kg/hr.) 

Screw 

configuration 

F1 0.04 0.06 0.9 100 200 0.2 Standard 

F2 0.04 0.06 0.9 100 200 0.4 Standard 

F3 0.04 0.06 0.9 140 200 0.4 Standard 

F4 0.04 0.06 0.9 100 800 0.4 Standard 

F5 0.04 0.06 0.9 140 800 0.4 Standard 

F1R 0.04 0.06 0.9 100 200 0.2 Reverse 

F2R 0.04 0.06 0.9 100 200 0.4 Reverse 

F3R 0.04 0.06 0.9 140 200 0.4 Reverse 

F4R 0.04 0.06 0.9 100 800 0.4 Reverse 

F5R 0.04 0.06 0.9 140 800 0.4 Reverse 
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7.4 Results and Discussion 

7.4.1 The change of the physicochemical properties of the nanoparticles during 

scale-up 

The extrudates' critical quality attributes were defined as particle size, PDI, zeta 

potential, encapsulation efficiency, and total NPX content in the formulations after 

reconstitution in the aqueous medium. These critical quality attributes (CQAs) were 

used to determine the new TSE impacts to produce polymeric nanoparticles on a larger 

scale. The results shown in (Table 7. 3) confirm that the formulations result in particle 

formation are on the nanoscale, with a low PDI value, indicating reproducibility 

results.   

 

Table 7. 3 Physicochemical properties of nanoparticles manufactured in the scale-up process ± 

standard deviation of n=3 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Particle size 

(nm) 

PDI 

Zeta Potential 

(mV) 

F1 146± 5.37 0.25 ± 0.04 -16.89 ± 1.89 

F2 182 ±5.34 0.31 ±0.01 -13.29 ± 3.94 

F3 219 ± 7.90 0.29 ±0.02 6.38 ±2.67 

F4 282 ± 14.7 0.27 ±0.03 -2.19 ± 0.52 

F5 137 ± 10.5 0.31 ±0.04 -7.58 ± 1.85 

FR1 168 ± 8.03 0.23 ±0.02 -7.70 ± 2.72 

FR2 174 ±12.2 0.27 ±0.02 -4.20 ±1.09 

FR3 105 ±4.6 0.27 ±0.02 -1.00 ± 0.85 

FR4 142 ±10.5 0.33 ±0.03 -19.25 ± 3.93 

FR5 134.1 ± 22.7 0.27 ±0.02 -21.46 ±0.41 
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Generally speaking, a reduction in the particle size of these PNPs was observed 

compared to the previous work, particularly with the addition of the reverse screw 

elements.  If the nanoparticle size changes during the scale-up process, significant 

issues may arise in the nanoparticles' final delivery, distribution, and efficacy. The 

nanoparticle size and size distribution are crucial properties when considering 

nanoparticles' target size and applications (Patra et al., 2018).  Fundamentally, 

nanoparticle size can alter many factors, including release, toxicity, distribution, and 

nanoparticle stability (Chenthamara et al., 2019). Liu et al. investigated the 

biodistribution in the blood, liver and spleen of different sized liposomes (30−400 nm) 

(Liu et al., 1992). They found that liposomes ranging from 100 to 200 nm in size had 

a 4-fold higher concentration in tumors compared to liposomes below 50 and above 

300 nm. Additionally, particles below 50 and above 300 nm had a liver uptake of 25% 

of injected dose, compared to 10% of the injected dose for 100 nm liposomes. Moreira 

et al. also established that the rate of tumoral uptake was up to 20 fold greater in 

liposomes with a diameter of 120 nm compared a diameter of 170nm(Moreira et al., 

2001). The size of PNPs highly influences clearance by the reticuloendothelial system 

(RES) through opsonisation. Nanoparticles around 100 nm in diameter tend to 

represent an optimal range for leveraging the EPR effect and minimising clearance (Li 

and Huang, 2008). De Jong and Borm suggested that gold nanoparticles of a smaller 

particle size showed the less widespread organ distributions than larger particles (De 

Jong and Borm, 2008). In general, a size range of 30-200 nm is an acceptable range to 

avoid leakage into capillaries and system clearance (Rollerova et al., 2011; J. Wang et 

al., 2010). Additionally, drug release can also be adjusted based on particle size. 

Smaller particles with a higher surface-to-volume ratio will release the drug faster than 

larger particles (Sandri et al., 2014). More drug molecules can be accommodated in 
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large particles, resulting in a higher drug loading. Therefore, it is imperative that 

during the scale-up production of nanoparticles, the changes in particle size and size 

distribution of PNPs should be limited.  

When comparing the results from scale-up (Table 7. 3) to the results obtained during 

chapter 5, there is a decrease in the same formulation's particle size when using the 

larger extruder. Only one formulation is directly comparable based on process 

parameters and formulation composition (Chapter 5- formulation N8 with F3). The 

results show a  significant decrease in particle size and PDI when using the larger 

extruder (Table 7. 4). The reduction in particle size during scale-up production could 

be attributed to the increased residence time of the barrel's formulation (van Zuilichem 

et al., 1989). The increased time in the barrel leads to advanced mixing and further 

break down of the PNP agglomerates. The same reason could also explain the 

improved reproducibility and size dispersity of the reconstituted PNPs (Puckhaber et 

al., 2020). Ideally, during scale-up, the formulation's physiochemical properties 

should not significantly alter (Vauthier and Bouchemal, 2009). Despite this, these 

changes are favourable for our formulation. For the PNPs produced by our platform, 

smaller size and narrow size distribution can be obtained at a larger scale, favouring 

better biological responses in nanoparticle formulations. As previously shown in 

chapter 6, there were issues with insufficient mixing. A lower PDI means that the 

nanoparticles are more uniform in size, thus suggesting a better nanoparticle 

reproducibility and a more homogenous mix of components than previously obtained 

(Danaei et al., 2018).   
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Table 7. 4 A direct comparison of two formulations made on a lab-scale extruder (N8) and a pilot-
scale extruder (F3) when comparing particle size, PDI, and zeta potential. These results were 

deemed significantly different when measured using the student t-test (p<0.05)  of n=3 

 

 

The zeta potential readings of each extrusion result fluctuated depending on the 

process condition. When comparing the average zeta potential of the formulations 

obtained for both screw configuration, the difference was not deemed to be significant 

despite the slight differences in average measured zeta potential. When comparing the 

effect of scale up on the comparable small-scale vs large-scale formulations (F3 vs N8 

Table 7.4) the measured zeta potential using the larger extruder did not significantly 

impact the zeta potential. This change in physicochemical properties during scale-up 

could result in nanoparticle stability and cellular uptake issues. Altering the surface 

potential alters the electrostatic repulsive potential between nanoparticles suspended 

in a medium (Edwards and Williams, 2004), which can cause cluster formation. The 

changes to the surface potential can also influence drug delivery efficacy via PNPs 

(Phan and Haes, 2019). The impact of the nanoparticle surface, such as positive or 

negative charges and the type and length of the polymeric tails. For example, 

positively charged nanoparticles show a better uptake by direct permeation mechanism 

than neutral and negatively charged NPs (Nakamura and Watano, 2018). Thus, 

 Size (nm) PDI Zeta Potential 

(mV) 

EE % Total NPX  

Recovery 

N8 299 ± 37.1 0.59 ±0.02 11.49 ± 2.62 91.65 ± 2.94 16.72 ± 18.31 

F3 219 ± 7.90 0.29 ±0.02 6.38 ± 2.67 96.24 ± 5.94 89.19 ± 15.94 

Significant  No Yes No No Yes 
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changes in surface potential during scale-up will significantly affect nanoparticle 

delivery.  

Regardless of extruder size, the encapsulation efficiency of drug the formulations 

>90% Table 7. 4. The results are auspicious for the use of TSE; a manufacturing tool 

ad further exemplifies the miscibility between drug and polymer. When comparing the 

uniformity of content for NPX in the formulation, the results are significantly 

different. The use of a larger extruder results in a significant increase in NPX recovery. 

Considering the process and formulations parameters for the extrusion are the same in 

both conditions, the increase in NPX content in the final formulation can be attributed 

to the use of the larger extruder, specifically the increase in residence time and L/D 

ratio. An increased residence time results in a longer mixing time for components and 

therefore the ability to promote mixing between the dispersive and continuous phases 

for a homogenous pro-polymeric extrudate (Gogos and Liu, 2012; Hyvärinen et al., 

2020). As this was previously a significant issue when extruding on a smaller scale, 

the change in NPX recovery has improved a desired CQA of the final formulation. 

 

7.4.2 Effect of screw configuration  

In this study, only two configurations are considered. The standard configuration used 

has two mixing zones, akin to previous chapters as this configuration was already 

shown to result in successful nanoparticles production. The addition of a reverse screw 

in the reverse configuration is deemed to promote further mixing as the molten system 

is passed backwards at the reverse screw, resulting in an increased backwards mixing 

and residence time (Hyvärinen et al., 2020).  The forward thread element is mainly 

used to convey material forward from the feeder towards the die exit in extrusion. In 

contrast, the reverse screw element, as the name suggests, passes the material in the 
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opposite direction towards the feeding zone. This is possible as the screw groove 

direction is opposite to the rotation of the screw, passing the material backward 

(Chandrasekaran and Karwe, 1997). The addition of a reverse screw produces a strong 

back-pressure, ensuring that the element before the reverse element is filled with melt 

(Diemer et al., 2011).  

When comparing the screw configurations, including the reverse, screw element 

results in a different mixing profile could significantly impact the formulation, 

including NPX recovery and physicochemical properties of the PNPs. The 

nanoparticles' overall size is reduced with the use of a reverse screw (Figure 7. 2). It 

is most notable for formulations 3 and 4 as validated using a two-way ANOVA. The 

results were deemed significant for these two formulations, although was non-

significant for formulations 1, 2, and 5. In this case, the reverse screw made a 

substantial impact on decreasing the size of the nanoparticles if the formulation was 

operated at either the higher temperature or higher screw speed.  However, this effect 

was, negated when both were at, the higher setting. Configurations with the reverse 

screw elements produce the PNP system with smaller PDI values. The PDI for both 

configurations resulted in predominantly monodisperse systems.  All PDI for the 

reverse configuration except formulation 4 were below 0.3, thus considered acceptable 

in dispersity. Despite the impact of a reverse screw configuration on reducing the 

particle size, there were no significant differences between the reverse or standard 

screw configuration for PDI values (Figure 7. 2b). In order to further reduce the PDI, 

then formulation approaches, such as surfactant use can be considered (Masarudin et 

al., 2015). 
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Figure 7. 2 a) Size and b) PDI of each formulation comparing standard mixing configuration 
(black) to reverse screw addition (blue). **** represents a significant difference (p<0.0001) 

when analysed using student  t-test where n=3 
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The reverse screw impacted the total NPX concentration in the final formulation 

(Figure 7. 3a). As previously discussed, the NPX recovery and content uniformity was 

a crucial drawback associated with the use of TSE to produce PNPs. On the laboratory 

scale, it was found that the majority of the drug-polymer mix resided in the barrel. For 

all measurements of NPX content, ten samples were measured to ensure that this was 

representative.  With the reverse screw inclusion, the NPX content was consistent 

amongst all formulations, with an average of 49.80% and a standard deviation of 

5.54%. Thus, regardless of processing condition, the reverse screw leads to consistent 

total NPX content. Compared to the standard mixing setup, the average content was 

considerably higher, with an average of 80.45% and a standard deviation of 9.21%. It 

is deemed significant in all cases that the addition of the reverse screw element 

decreased the NPX content in the formulations. 

The encapsulation efficiency of the drug by PNPs was high for all formulations using 

a larger-scale TSE platform (Figure 7.3 b). In all cases, the encapsulation was greater 

than 75% for most of the formulations, with one formulation reaching up to 90%.  The 

addition of a reverse screw did not significantly impact the encapsulation efficiency 

of the drug except for formulation four, where there was a significant decrease in 

encapsulation. As there is a strong interaction between NPX and EPO (Tian et al., 

2020a; Ueda et al., 2015), they have high miscibility, resulting in successfully high 

drug-loaded nanoparticles.  The total drug loading in the nanoparticles is 40% NPX 

(w/w), with an average encapsulation efficiency for all formulations reaching 93.44% 

by the TSE setup. The overall drug loading, accounting for only the encapsulated in 

the nanoparticles, is 37.38%. Therefore, it can be concluded that the use of TSE results 

suggested in the overall design efficiency is high. 
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Screw configuration has a crucial impact on the final product. The effect of screw 

configuration in twin-screw granulation has been extensively studied for the resultant 

granule properties (Djuric and Kleinebudde, 2008; Sayin et al., 2015; Thompson and 

Sun, 2010). Djuric and Kleinebudde were the first to examine the effect of screw 

configurations, including conveying, kneading, and distributive feed elements on the 

tablet and granule properties (Djuric and Kleinebudde, 2008). The inclusion of the 
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Figure 7. 3 Comparison of the addition of the reverse screw for a) the total amount of NPX 
in the final formulation and b) the encapsulation efficiency ). ** represents a significant 

difference of (p<0.001), **** represents a significant difference (p<0.0001) using student t-
test n=3 
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reverse screw resulted in significantly different results in producing smaller particles 

with a larger PDI and lowered NPX content in the final formulation. With the addition 

of a reverse screw, there is a greater back pressure in the barrel created promoting 

intense mixing and greater shear rate(Zhang et al., 2015). Additionally, the reverse 

screw creates a longer residence time, increases the degree of fill and specific 

mechanical energy within the barrel (Gogoi et al., 1996). A higher degree of fill leads 

to more effective shear input and heat transfer. More material creates higher residence 

time and pressure in the barrel(Van Zuilichem, 1992). With a higher shear rate, the 

particle size is likely reduced due to further dispersive mixing and breaking down of 

the particles. Based on the total NPX content results, the distributive mixing is higher 

in the standard mixing than with the reverse screw. The inclusion of the reverse screw 

was predicted to result in a better mix of components (Akdogan, 1996) due to the fact 

there is higher pressure in the barrel with a longer residence time (van Zuilichem et 

al., 1989).   Figure 7. 3 shows a higher overall NPX content in the system without the 

reverse screw, suggesting that the reverse screw resulted in lower content uniformity. 

There was no sample collection at a specific time. Thus, NPX content cannot be 

quantified during each stage of the process; however, this could likely be the case 

based on the previous chapter. Often the addition of a reverse screw agglomeration of 

material due to high material stress (Djuric and Kleinebudde, 2008). In this scenario, 

the reverse screw element produced less homogenous mixing and NPX recovery due 

to the agglomeration of material within the barrel. 
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7.4.3 Effect of increasing screw speed and temperature 

Regardless of processing condition, the drug encapsulation remained above 90%, 

except for FR4, as previously discussed. The total NPX content in the formulation was 

indicative of content uniformity (Figure 7. 4). Following Chapter 6, the use of an 

extruder capable of faster screw speeds was predicted to promote mixing between 

dispersed and continuous phases in the extrusion process (Shearer and Tzoganakis, 

2001b).  For the system, a screw speed of 285 RPM and 184 RPM was predicted for 

extrusion temperatures at 100 °C and 140 °C, respectively. Thus, it is anticipated that 

homogeneity of the PNPs within the carrier will be achieved in both the low and high 

screw speeds at 140°C but only at higher screw speeds when the barrel temperature 

was 100 °C. Additionally, the barrel temperature will impact the components' viscosity 

and flow and is also considered an essential factor in the extrusion of PNPs (Li et al., 

2014; Monchatre et al., 2018).   A higher drug content measured in the final pro-

polymeric nanoparticle extrudate suggests that more drug-polymer mix was exiting 

the barrel than on the laboratory scale extruders. It was determined that a higher screw 

speed would result in a higher total NPX content recovered. 
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At a higher screw speed, there was a higher total NPX content in all accounts. The 

higher screw speed promoted more intimate mixing between components due to 

greater shear forces created.  The same trend was observed for temperature where there 
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Figure 7. 4 The a) encapsulation efficiency and b) total NPX content at different processing conditions. 
The screw speed remained at 0.4 kg/hr throughout. Significant results were reported as * (p< 0.05) 

when analysed using student t-test of  n=3 
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was a higher total NPX content when the barrel temperature was higher. As the 

viscosity of the formulation lowers at the higher temperature, less shear stress is 

required in the extruder barrel to overcome the viscosity gap between continuous and 

dispersed phases (Al-Shammari et al., 2011; Cogswell and McGowan, 1972). Despite 

the slight increase with increasing process parameters, the impact was only deemed 

significant when the positive interactive combination of both temperature and screw 

speed was elevated. 

In some cases, screw speed has been shown to influence the final formulation 

properties during granulation, particularly granule size  (Liu et al., 2017; Thompson 

and Sun, 2010), although it has also been reported that the effects may be minimal 

(Keleb et al., 2004).  Only one other study by Patil et al. investigates TSE for 

production of nanoparticles (Patil et al., 2015). They undertook a DoE study to 

determine CPPs and their effect on CQAs in the extrusion of solid lipid nanoparticles. 

In their work, it was concluded that screw speed affected the drug's encapsulation 

efficiency, and that temperature impacted the particle size of solid lipid nanoparticles.  

Altering the screw speed or the temperature appeared to have no distinct outcomes in 

changing the average particle size of the NPs or the dispersity (Figure 7.6). The 

smallest particle size recorded was from the samples generated at a higher temperature 

with the lowest screw speed in the reverse configuration. A lower screw speed results 

in higher residence time (Shearer and Tzoganakis, 2001a); thus, a longer mixing time 

for components is available (S. Li et al., 2016a). A higher temperature reduced the 

polymer's viscosity and thus reduced the viscosity gap between components, 

promoting further mixing and improved flow properties (S. Li et al., 2016a). 
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b) 

 

Figure 7. 5 Influence of changing screw speed and temperature on a) Particle size and b) PDI 
measurements. Due to the high number of significant results for changing particle size, the 

results are shown in Table 7.5. There were no significant changes in PDI using the student t-
test (p< 0.05) of n=3 
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A positive interactive combination of screw speed and temperature in the standard 

configuration results in a significant particle size decrease (Table 7. 5). At 800 RPM, 

increasing barrel temperature resulted in a significant reduction in the particle size, 

although at 200 RPM, the opposite was true, and a significant increase in particle size 

was shown (Table 7. 5)> Increasing the RPM had a significant increase in particle 

size; however, increasing RPM significantly decreased the particle size at the higher 

temperature. Therefore, both RPM and temperature make significant alterations to the 

nanoparticles' size.  
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Table 7. 5 The significant result on changing temperature and screw speed on the average size of 
the nanoparticles using student t-test (p<0.05) of n=3 

 p 

The effect size 

on the average 

particle 

Factor 

100 °C:200 RPM Standard vs. 

100 °C:800 RPM Standard 
<0.0001 Increase Screw speed 

100 °C:200 RPM Standard vs. 

140 °C:200 RPM Standard 
0.0066 Increase Temperature 

100 °C:200 RPM Standard vs. 

140 °C:800 RPM Standard 
0.0008 Decrease Interactive 

100 °C:800 RPM Standard vs. 

140 °C:200 RPM Standard 
<0.0001 Decrease Interactive 

100 °C:800 RPM Standard vs. 

140 °C:800 RPM Standard 
<0.0001 Decrease Temperature 

140 °C:200 RPM Standard vs. 

140oC:800 RPM Standard 
<0.0001 Decrease Screw speed 

100 °C:200 RPM Reverse vs. 

140 °C:200 RPM Reverse 
<0.0001 Decrease Temperature 

100 °C:200 RPM Reverse vs. 

140 °C:800 RPM Reverse 
0.0062 Decrease Interactive 

100 °C:800 RPM Reverse vs. 

140 °C:200 RPM Reverse 
0.0053 Decrease Interactive 

140oC:200 RPM Reverse vs. 

140oC:800 RPM Reverse 
0.0443 Increase Screw speed 

 

 

Overall, the reverse screw configuration had the most significant impact in reducing 

the NP size. In the reverse configuration, the trend in changing parameters is opposite 

to that of the standard configuration. In the reverse screw configuration, at a low barrel 

temperature, increasing the screw speed resulted in smaller average particle size, 

contrary to the effect at higher barrel temperature. Increasing the screw speed resulted 



 

 

266 
 

in larger average particle size. Also, increasing the temperature at lower screw speeds 

resulted in a significant decrease in the average particle size; however, changing the 

temperature made no impact at the higher screw speeds. Increasing both screw speed 

and temperature resulted in a significant decrease in particle size, again highlighting 

an interactive factor of changing both parameters simultaneously. When considering 

each formulation's dispersity, no significant differences were exhibited using various 

process parameters in extrusion. In general, the PDI was all below the desired 0.3 and 

thus considered to have narrow size distributions. 
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7.4.4  Effect of feed rate 

In formulations 1 and 2, the only parameter changed was the feed rate, which increased 

from 0.2 kg/hr. to 0.4 kg/hr. at a low screw speed and temperature setting. Figure 7. 

6a shows a significant increase in average particle size when increasing the feed rate 

for the standard configuration but not for the reverse screw configuration. A slower 

feed rate results in a longer residence time in the extruder barrel (An-I Yeh et al., 

1992), thus promoting further mixing and particle disruption (Martin, 2016b). This 

impact is negated with the revere screw as the reverse screw already acts to increase 

residence time for mixing in the barrel. It is also the case when considering each 

formulation's PDI: a significant increase in the PDI value was observed when the feed 

rate was increased in the standard screw configuration; however, no significant 

difference was observed in the reverse screw configuration. Again this was attributed 

to the effect of residence time on each formulation (Nakayama et al., 2018). 

The encapsulation efficiency and the total NPX in the final product post extrusion 

were again assessed to evaluate the impact of feed rate on the uniformity of NPX 

content. There was no significant difference in increasing feed rate in any screw 

configurations with encapsulation efficiency remaining remarkably high (Figure 7. 6 

c). The total NPX concentration in the final formulation has been an issue during 

previous extrusion conditions. Figure 7.6d showed that feed rate resulted in 

differences in NPX content recovery. In both screw configurations, an increased feed 

rate led to decreased NPX in the formulation and a reduction in content uniformity. 

However, it was not deemed statistically significant.  At a higher feed rate, the 

residence time and resultant time for mixing are reduced (Hyvärinen et al., 2020). 

Therefore, a slower feed rate allows for the system to be sufficiently mixed in the 

barrel, promoting distributive mixing and content uniformity (Nakayama et al., 2018). 
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The design of a sugar/polymer nanoparticle system where a significant viscosity gap 

exists between the disperse phase (polymer), and continuous phase (sugar), 

appropriate selection of feed rate ensures sufficient mixing and shear during TSE 

process must be optimised. 
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Figure 7. 6 The effect of altering screw speed in both screw configurations for a) Average particle size b) 
PDI c) Encapsulation efficiency of NPX and d) the total amount of NPX in the final formulation. * represent 

significant results using student t-test at  (p<0.05) of( n=3) 
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7.4.5 Drug release 

 

The use of a pH-responsive polymer (EPO) allows for greater encapsulation efficiency 

of drug NPX and controls the drug release at specific pH ranges. This is an area of 

tremendous potential for applying nanoparticles as therapeutics where site-specific 

release can reduce systemic toxicity (Patra et al., 2018; Tiwari et al., 2012). The pH 

responsive release of nanoparticles can lead to targeted nanoparticle release to tumor 

cell (Liang et al., 2020) . The  concept would utilise the typically mildly acidic 

microenvironments of tumors (pH 6.0–7.0), endosomes (pH 5.0–6.0) and lysosomes 

(pH 4.0–5.0) to promote targeted release of therapeutics and enhanced tumor 

penetration (Palanikumar et al., 2020).  

 Each formulation was analysed in both acidic and neutral media in order to determine 

whether it is possible to harness the ability of pH-responsible polymer EPO (soluble 

at pH<5)(Fine-Shamir and Dahan, 2019). As expected, all nanoparticle formulations 

showed a similar response where there was an immediate release of NPX in acidic 

media and prolonged release at pH 6.8. At pH 6.8 (Figure 7. 7) there is a  prolonged 

zero-order release of NPX from the nanoparticle (L. Zhang et al., 2018). This is due 

to the swelling mechanism of EPO rather than dissolution at a higher pH (Moustafine 

et al., 2009)(Debotton and Dahan, 2017). When considering the release of pure, 

crystalline NPX, this release profile is vastly different, with crystalline NPX exhibiting 

immediate release. This is due to NPX becoming ionised at pH 6.8 (Al-Ali et al., 

2018). There is a higher drug release in the reverse screw formulation when compared 

to the standard configuration, which may be attributed to lower overall drug loading 

within the total system. 
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When considering release at pH 1.2, immediate burst release occurs for all 

formulations (Figure 7. 8). As EPO is soluble up to pH 5, it is expected that if the 

nanoparticles are successfully encapsulated, then the immediate release will occur at 

lower pH due to dissolution of EPO in acidic media (Moustafine et al., 2006). 

Additionally, the release profile further exhibits enhanced solubility by using an 

amorphous nanoparticle formulation, considering that NPX, as a weakly acidic drug, 

would have limited solubility in acidic conditions. NPX in the pure crystalline form 

a) 

 

 

 

 

 

 

 

 

b) 

 

 

Figure 7. 7 Nanoparticle release at pH 6.8 over 24 hours  for a) the standard screw configuration and b) the 
reverse screw configuration the pink dashed line represents release of crystalline NPX (n=3) 
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exhibited higher solubility at pH 6.8 than pH 1.2. At pH 1.2, NPX exists in the 

unionised form; thus, the solubility was limited (Chowhan, 1978). However, as shown 

from Figure 7. 8, NPX loaded nanoparticles allow for the complete dissolution of the 

drug in an acidic medium.   
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Figure 7. 8 Nanoparticle release at pH 1.2 over 2 hours for a) the standard screw configuration and b) the 
reverse screw configuration in sink conditions. The pink dashed line represents release of crystalline NPX 

(n=3). 
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Using the F2 similarity factor, each formulation's dissolution results were compared. 

A value greater than 50 indicates that the formulations are similar (FDA/CDER, 1997). 

Over 2 hours, 100% drug release was achieved for all formulations at pH 1.2, half the 

formulations (F3, FR3, F5, FR5) can be considered immediate release with a greater 

than 80% release within the first 15 minutes. The release profile at pH 1.2 exhibited a 

more significant difference in drug release for each formulation than at pH 6.8. 

Significantly, changing the feed rate for both screw configurations did not affect the 

dissolution media's drug release, indicating a robustness of the nanoparticle 

encapsulation process. The drug release at pH 6.8 showed a statistically similar release 

profile for most formulations indicating that process parameters did not affect the 

formulation's overall release profiles.  Additionally, all nanoparticle formulations 

when compared to the crystalline NPX were showed to be significantly different based 

on the F2 values (Table 7.7). Therefore, the implementation of this nanoparticle 

formulation of NPX has shown to enhance the solubility of the drug in acidic media 

as well as provide sustained release in pH 6.8 highlighting further the ability of this 

formulation to enhanced solubility and adapt nanoparticle release.   
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Table 7. 6 The F2 similarity factor for all dissolutions at pH 1.2 and pH 6.8 were compared to 
determine the effect of changing process parameters on the release profile of the drug 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Process change pH 1.2 Similar pH 6.8 Similar 

F1 VS F2 Feed rate 53.49 Yes 57.17 Yes 

F2 VS F3 Temperature 35.41 No 54.99 Yes 

F2 VS F4 Screw speed 47.19 No 74.43 Yes 

F3 VS F5 Screw speed 36.49 No 81.06 Yes 

F4 VS F5 Temperature 45.61 No 63.98 Yes 

F1 VS F1R Screw configuration 48.71 No 36.01 No 

F2 VS F2R Screw configuration 37.03 No 63.78 Yes 

F3 VS F3R Screw configuration 64.08 Yes 59.73 Yes 

F4 VS F4R Screw configuration 24.96 No 56.76 Yes 

F5 VS F5R Screw configuration 25.37 No 39.19 No 

F1R VS F2R Feed rate 55.22 Yes 50.90 Yes 

F2R VS F3R Temperature 27.41 No 59.15 Yes 

F2R VS F4R Screw spee 52.12 Yes 91.59 Yes 

F3R VS F5R Screw speed 46.47 No 48.08 No 

F4R VS F5R Temperature 31.47 No 63.67 Yes 
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Table 7. 7 The F2 similarity factor for all dissolutions at pH 1.2 and pH 6.8 when compared to pure 
crystalline NPX 

 

 

 

 

 

 

 

 

  

 

pH 1.2 pH 6.8 

 

F2 Value Similar F2 Value Similar 

F1 
20.07 No 20.06 No 

F2 
20.81 No 20.72 No 

F3 
21.69 No 20.15 No 

F4 
25.86 No 20.07 No 

F5 
17.64 No 20.32 No 

F1R 
23.46 No 23.02 No 

F2R 
25.58 No 20.29 No 

F3R 
16.74 No 20.16 No 

F4R 
28.92 No 20.76 No 

F5R 
16.38 No 21.72 No 
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7.5 Conclusion 

In this chapter, polymeric nanoparticles have been successfully continuously 

manufactured on a larger scale, with an increased throughput from 45g/hr. in the 

laboratory setting to 400 g/hr. in the scale-up. The obtained nanoparticles from the 

scale-up show to have a very high encapsulation efficiency, are of small size and 

distribution. Also, the release profiles of these nanoparticles were investigated under 

different pH conditions. Release data showed that drug-release results were in fair 

agreements with the initial design, where a pH-dependent drug release is designed 

with the polymer EPO. These results reveal that the prepared nanoparticles could be 

used as an acceptable carrier for the sustained release or immediate release of NPX.  

This chapter validates our design principle for the use of TSE as a continuous platform 

for nanoparticle manufacture. We have shown the encapsulation of the drug into EPO, 

forming a dispersion of drug-polymer ASD nanoparticle can be achieved via one-step. 

Such a principal can be adopted in a larger scale TSE platform with minimal 

difficulties. It has been shown that a larger extruder with a longer residence time 

allows for a good, uniform mix to be achieved between high and low viscosity 

components. The reverse screw configuration produced smaller nanoparticles but 

reduced the overall uniformity of content in the formulation. A slower feed rate leads 

to favourable nanoparticle properties such as smaller, more uniform sizes, high 

encapsulation, and good uniformity of content.  We have shown this continuous, single 

step method was shown to be advantageous based on increased efficiency and high 

throughput to produce PNPs for future nanoparticle development. 
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Chapter 8 

 

Conclusion  
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8.1 Concluding Statement 

Despite the continual development of nanoparticle formulations by academia and 

industry, in addition to the evident therapeutic need, there is still a distinct lack of 

nanoparticles in clinical use. This is not down to one sole reason, the lack of a 

continuous, highly scalable and a solvent/water-free process hinders the production of 

reproducible nanoparticles on a large scale required for clinical use. We believe that 

this issue can be overcome by utilising TSE as a manufacturing technique for 

polymeric nanoparticles. Hence, in this thesis, we assessed the feasibility of producing 

polymeric nanoparticles by TSE. There have been very few reports of a one-step, 

continuous manufacture of nanoparticles using TSE; previous studies using extrusion 

often add premade nanosuspensions (Baumgartner et al., 2014; Khinast et al., 2013; 

Ye et al., 2016). This work is the first to use TSE to produce polymeric nanoparticles 

through a continuous method from the raw starting material fed into the extruder to 

the solid final pro-polymeric nanoparticle formulation exiting the barrel. 

The basis is underpinned by the considered design and development of ASDs for the 

NPX and EPO. We build upon the strategic understanding of the design space for 

extrusion and develop this further with the view to make these ASDs on the nanoscale, 

dispersed within a hydrophilic carrier matrix. We investigated the design of high drug-

loaded ASDs of model drug NPX and polymer EPO (Chapter 3) and confirmed their 

high stability levels despite unfavourable conditions (Chapter 4). Once a promising 

formulation was established, the feasibility for producing the same formulation on the 

nanoscale was assessed by a DoE approach and shown to be possible (Chapter 5). The 

TSE design space and formulation were further optimised to overcome insufficient 

mixing between components and determine carrier selection, precisely carrier 

viscosity, on a homogenous formulation (Chapter 6). Finally, scale-up of the TSE 
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process was performed to show that TSE is a feasible tool for nanoparticle 

manufacture as well as overcoming previous issues shown in poor distributive mixing 

on a smaller scale (Chapter 7). Not only were these nanoparticles scaled up, but we 

were also able to show that targeted release can be achieved by polymer selection, 

allowing for immediate release in acidic conditions and sustained release at pH 6.8. 

In Chapter 3, we confirmed that a predictive, rationalised approach could be applied 

to achieve ASDs with a high drug loading using Flory-Huggins based thermodynamic 

modelling. The FH theory application guided the design of the extrusion process for 

three drug-polymer systems. These constructed phase diagrams for all three drug-

polymer systems exhibited LCST behaviours. Prior to the manufacture of the ASDs, 

the phase diagram results suggested that these amorphous systems would have 

excellent stability and allow for high drug loading even when extruded at below the 

melting temperature of the drug. The extrusion process was guided based on these 

phase diagrams and characterised to confirm the extrudates were amorphous. This 

chapter utilised FH theory to guide the selection of processing parameters and design 

the extrusion process, ensuring the quality of ASDs produced. 

Moreover, this work highlights extrusion as a robust manufacturing technique to create 

enhanced mixing and interactions over the quench cooled physical mixtures. Through 

extrusion higher amorphous drug loading and an improved dissolution profile was 

achieved. Further work in considering different LCST systems using FH as a guide 

for the extrusion process would benefit the understanding of experiment design for the 

production of high-quality ASDs by extrusion.  

Stability of these ASD systems is assessed in Chapter 4 due to the amorphous state's 

inherent instability proving to be the main drawback associated with ASD 
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manufacture. We hypothesised that based on the results from Chapter 3, the ASDs 

would exhibit favourable stability profiles. Under accelerated storage conditions, the 

ASDs' stability was shown to exceed expectations, and recrystallisation was not 

evident in the NPX and IND drug-polymer systems produced using extrusion, even 

despite the high storage temperatures. Again, TSE proved to be more favourable in 

producing quality ASDs than quench-cooled methods.  Despite using a further high 

humidity (95% RH) storage condition in the effort to induce recrystallisation and 

phase separation, this was not successful due to the excellent stability of the ASD 

systems. Additionally, water may act as a catalyst to assist in the charge transfer 

between the counter ionic moieties that prevents phase separation and recrystallisation 

of the API  (Ashish L Sarode et al., 2013). From findings in both Chapter 3 and Chapter 

4, there is exceptional miscibility between drug and polymer EPO, resulting in high 

drug-loaded, stable ASDs formed using TSE. The LCST phase behaviour has been 

highlighted to explain these systems' excellent thermodynamic stability. 

Furthermore, the rationalised experiment design based on FH theory as a predictive 

model has been shown. Although these chapters draw insightful conclusions in our 

manufacturing of these ASDs, there are still plenty of opportunities to interpret and 

apply these results further. Understanding the kinetics of the ASDs in terms of phase 

behaviour, working with different LCST systems as well as UCST systems, would 

consolidate the knowledge in the field.  This work was implemented to aid the design 

of and develop polymeric nanoparticles, but the outcomes could be further expanded 

further to aid the guided design of ASDs by TSE. 

We assessed the necessary process alterations in Chapter 5 for PNP production by 

taking a DoE approach. This work was developed based on the need for a method of 

continuously manufacturing PNPs and the excellent miscibility of our drug-polymer 
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systems. Firstly, the results from a feasibility study showed that PNPs could be 

produced using xylitol as a hydrophilic carrier for the system provided kneading 

elements with two intense mixing zones were included in the screw design. Using a 

DoE approach probed the design space for the manufacture of PNPs, highlighting the 

critical process and formulation parameters. One of the key findings was that to ensure 

a high amount of XYL relative to the ASD results; the extrudate successfully disperses 

on the addition to water. Additionally, it was found that increasing the screw speed 

and decreasing the barrel temperature resulted in smaller particle size. The DoE model 

showed a good fit for predicting particle size and zeta potential but not for modelling 

encapsulation of drug and PDI. This chapter demonstrated the scope for nanoparticle 

manufacture using TSE; however, highlighted it also potential issues in terms of 

nanoparticle recovery and the ability to produce a homogenously mixed system. This 

result is crucial for governing TSE's success for the manufacture of PNPs. The results 

show that the total drug loading is low, although the encapsulated drug loading is high, 

suggesting that there are still issues with the extrusion process. This finding was the 

basis for the investigation work in the following chapter.   

In Chapter 6, we address the concerning issue from Chapter 5 by considering two 

factors: the impact of the rheological profile of the material and further process 

conditions that are relevant to the extrusion. ERY and SORB were considered 

alongside XYL as hydrophilic carriers to promote better mixing between continuous 

and dispersive phases. The rheology data results indicated that ERY would result in 

more homogenous nanoparticles at 120 °C and SORB at both 100 °C and 140 °C than 

XYL due to the reduced viscosity gap between continuous and dispersed phases. When 

measured, ERY displayed the highest overall NPX content followed by SORB at both 

120 °C, and 140 °C and SORB was better than XYL at 100 °C. Also, changing the 



 

 

281 
 

carrier from XYL to SORB and ERY resulted in smaller average particle size and 

stable, consistent zeta potentials. Despite the improvements in content uniformity 

within the extrudate, the issue was not resolved fully by changing the carrier, and the 

pro-polymeric nanoparticles are still significantly under-mixed. From the predictions, 

a faster screw speed would result in an improved mix due to increased shear. Thus, 

further work will focus on creating more shear within the extruder to promote better 

mixing between the continuous and dispersed phases. To enable this, an extruder with 

the capacity for faster screw speeds and longer residence time could be used. 

Additionally, a more comprehensive range of available screws to further modify the 

screw design could further enhance the mix and shear within the barrel to promote 

distributive and dispersive mixing.  

In the final chapter, the aim was four-fold: 1) to explore polymeric nanoparticle scale-

up manufacture by twin-screw extrusion, 2) to continue to optimise key process 

parameters for the extrusion process, 3) to further action to resolve the issues 

surrounding poor content uniformity and low NPX recovery and 4) to measure NPX 

release in both acidic and neutral environments to assess the potential for a targeted 

release profile. 

The scale-up manufacture of the polymeric nanoparticles system showed promising 

results in improving the physicochemical properties. The obtained nanoparticles were 

shown to have very high encapsulation efficiency, in addition to a small, consistent, 

and reproducible size. Additionally, there was a significantly improved uniformity of 

content and overall recovery of NPX. The use of a larger extruder would aid the 

development of polymeric nanoparticles as opposed to presenting further issues that 

are often the case with larger manufacture. This scale-up highlights that two key 

process parameters, residence time and higher screw speeds (>200 RPM), improved 
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the overall nanoparticle quality with regards to improving the content uniformity and 

promoting homogenous mixing between the dispersed and continuous phase. The 

screw design is a crucial component in the extrusion process. In this extrusion, the 

addition of a reverse screw element produced smaller nanoparticles but reduced the 

overall content uniformity in the formulation. Further work using this extruder could 

investigate multiple different screw configurations instead of the two selected for this 

study. Using the larger Thermo Fischer Pharma-11 extruder, there are many more 

screw elements and infinitely many more screw designs possible than the two used. 

Finally, the nanoparticle drug release showed that targeted release could be achieved 

using the pH-dependent polymer EPO. Immediate release occurred at pH 1.2, 

simulating the gastric fluid, and sustained release was achieved at the higher pH of 

6.8, highlighting the adaptable nature of polymeric nanoparticles. It was shown that 

the screw configuration had a significant impact on the release profiles with the reverse 

screw leading to an increased dissolution.  

 

8.2 Future perspective 

 The most significant conclusion of this thesis was that TSE could be used to 

manufacture polymeric nanoparticles in a solvent and water-free continuous process. 

The suggested future work focuses both on investigating the ASD systems and 

developing polymeric nanoparticles by TSE.  

This work initially focused on the interaction of a single class of acidic drugs with a 

single basic polymer to form high drug-loaded quality ASDs. For a further 

comprehensive study, the work could expand across a broader range of drug-polymer 

combinations focusing on LCST phase diagrams with basic drugs and acidic polymers 

to determine whether this integrated and predictive modelling approach works for 
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other like systems. Further investigation could also be expanded into non-ionic 

polymers and drug-polymer systems exhibiting UCST systems. Predictive modelling 

is crucial in pharmaceutical design, and validation of modelling techniques is required 

to guide formulation design and streamline the development process. Therefore, 

further studies in designing the TSE process using FH theory across a wide range of 

drug-polymer systems will ensure that a robust and reputable predictive system can be 

implemented. Following on, the stability of a wider range of these drug-polymer 

systems can be assessed for ensuring ASD quality. Currently, there are few accurate 

methods for predicting stability. If this can be understood and validated, then it could 

be integrated into the design process to avoid unwanted amorphous phase separation. 

Future studies could also focus on shedding light on this poorly understood process 

and highlighting certain 'red flags' within ASD development, which can be avoided to 

ensure stability. Furthermore, AFM could be applied in a quantitative function to 

measure the extent of phase separation through the nanomechanics function and aim 

to determine phase separation on the nanoscale. This approach can also be used to 

determine either AAPS's kinetics or the recrystallisation of the API in ASDs. 

Although we have achieved the aim to manufacture polymeric nanoparticles by TSE, 

the further investigations mentioned above would help determine the scope for 

nanoparticle manufacture by investigating multiple drug polymer combinations and 

other further formulation optimisations such as revisiting carrier choice, surfactants, 

and surface modification. It would be interesting to determine in this one step, the 

continuous process of how easily modifiable the nanoparticles are produced. Our work 

has shown that this fundamental concept can be achieved, but there are significant 

factors to further consider besides changing the drug and polymer. First and foremost, 

a comparative study between TSE and alternative means of nanoparticle manufacture 
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such as microfluidics or nano-precipitation techniques could be investigated head on 

to highlight the strengths and weaknesses of standard techniques and how TSE 

compares. Nanoparticle reproducibility is a factor that needs to be investigated using 

TSE extensively. Although most of this thesis focuses on optimisation of TSE for 

polymeric nanoparticle manufacture, there is much more to consider regarding 

formulations and further optimisations. Even when considering screw design, there is 

an infinite number of possible screw combinations that could further be investigated 

by a DoE approach. 

A further area of work to be explored is the in vitro and in vivo biopharmaceutical 

aspect. In this thesis, one drug release study was conducted, and although the results 

were promising, there is much potential work that could be explored. A bio relevant 

solubility assessment would enable an understanding of the drug release at different 

pH values as well as in fed or fasted states. Off-target effects, accumulation in organs, 

and poor in vivo in vitro correlation being some of the critical drawbacks with the use 

of nanoparticles (Anselmo et al., 2013; Haute and Berlin, 2017; Lundquist and 

Artursson, 2016; Manzoor et al., 2012); a pharmacokinetic and toxicity study of 

nanoparticles would be required to ensure their success. 
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