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Abstract  

Glioblastoma (GBM) is an aggressive brain tumour with low survival rates. The blood-

brain barrier (BBB) limits drug penetration into brain tissue, affecting the 

effectiveness of systemic chemotherapy. Localised drug delivery devices have 

emerged as a promising solution to address these limitations. This study focuses on 

developing and investigating biodegradable implantable devices to directly deliver 

chemotherapeutic drugs to brain tissue, reducing systemic administration and 

recurrence risk. Irinotecan (IRN) has shown success in clinical trials against GBM. 

However, large intravenous doses of IRN lead to severe systemic side effects. The 

study investigates the local delivery of IRN through implantable drug delivery devices 

to improve therapeutic outcomes while minimising adverse effects. The first study 

develops IRN-loaded poly(lactic-co-glycolic acid) (PLGA) implants using injection 

moulding (IM) and hot melt extrusion (HME) techniques. The study compared IM and 

HME implants, finding that HME implants showed better drug content uniformity and 

homogeneous drug distribution due to high shear mixing. Factors such as PLGA 

type, drug load, and implant size influenced drug release behaviour. HME implants 

exhibited slower drug release due to their denser matrix. Accelerated release studies 

showed both IM and HME implants had sustained release over seven days, with 

HME implants considered preferable based on drug content, stability, and distribution 

results. Pitavstatin (PTV) effectively slows tumour growth, but its limited BBB 

penetration suggests potential benefits of local administration. The second study 

involves the development of PTV-loaded PLGA implants using IM and HME 

techniques. Both IM and HME implants demonstrate an amorphous state of PTV. 

HME implants show higher drug content and uniformity due to homogeneous drug 
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distribution facilitated by high shear mixing force, making them preferable over IM. In 

vitro drug release studies revealed slower drug release from HME implants due to 

denser matrices, and accelerated release studies confirmed sustained release over 

seven days for HME implants. In the third study, the high-performance liquid 

chromatography (HPLC) method was developed and validated for quantifying IRN 

and PTV in multi-layered implantable drug delivery devices. This method allowed 

precise drug release quantification, ensuring accurate safety and efficacy 

assessment of the devices. The final study involves the development of IRN-PTV-

loaded PLGA implants as multi-layered devices using HME. The purpose of 

combining IRN and PTV in these implants is their synergistic effects against the 

GBM. The multi-layered implants were characterised using HPLC, differential 

scanning calorimetry (DSC), X-ray diffraction (XRD), and Raman spectroscopy. They 

demonstrated uniformity in size, weight, and drug content, validating the reliability of 

the HME technique. XRD and DSC analyses confirmed crystalline IRN in the IRN-

PLGA layer and amorphous PTV in the PTV-PLGA layer, suggesting enhanced drug 

bioavailability and therapeutic effectiveness. Raman mapping reveals homogeneous 

drug distribution within the implants, ensuring consistent drug release. In vitro studies 

show biphasic drug release over seven days, characterised as non-Fickian behaviour 

by the Korsmeyer-Peppas model. This enhances our understanding of the release 

mechanism. This thesis presents advancements in implantable drug delivery devices 

for localised GBM treatment, offering valuable insights into formulation compositions 

and manufacturing techniques. Further research is necessary to assess in vivo 

performance and therapeutic efficacy.  
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1.1 Gliomas 

Glioma is the most prevalent type of primary brain tumour found in the brain 

parenchyma of adults (Lee et al., 2018; Lee & Wee, 2022; Wen & Kesari, 2008). 

They account for approximately 80% of all malignant primary brain tumours and are 

the most frequent tumours of the central nervous system (CNS) (Agnihotri et al., 

2013; Hanif et al., 2017; Messali et al., 2014; Schwartzbaum et al., 2006). The World 

Health Organization (WHO) has established a classification system for gliomas that 

relies on layered reports diagnosis approach (Figarella-Branger et al., 2022; Lee & 

Wee, 2022; Osborn et al., 2022). The layered report includes histological 

classification, grade determination, and molecular information. The histological 

classification considers factors such as nuclear atypia, mitotic activity, perivascular 

proliferation, the degree of necrosis, and clinical results. The 2021 WHO 

classification has recently undergone a paradigm shift, emphasising molecular 

information as the primary evidence for classifying gliomas and determining their 

grade. This significantly differs from the previous reliance on classic histology 

(Figarella-Branger et al., 2022; Lee & Wee, 2022). This updated classification divides 

the diffuse glioma into; adult type diffuse glioma, paediatric type diffuse low-grade 

glioma and paediatric type diffuse high-grade glioma (Osborn et al., 2022). The adult-

type diffuse gliomas consist of three main subtypes: astrocytoma with Isocitrate 

dehydrogenase gene (IDH) mutation, oligodendroglioma with IDH mutation and 

1p/19q codeletion, and glioblastoma with IDH wildtype. These subtypes are 

characterised by specific molecular alterations, irrespective of their morphological 

characteristics (Komori, 2023; Osborn et al., 2022).  
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1.2 Glioblastoma: description, incidence, and symptoms 

Glioblastoma (GBM) is a subtype of adult diffuse glioma, characterised by being IDH 

wildtype and grade 4 according to the 2021 WHO classification (Canoll & Goldman, 

2008; Lee et al., 2018; Louis et al., 2021; Melhem et al., 2022). It is recognised as 

the most prevalent and aggressive primary malignant tumour of the brain and central 

nervous system (Grochans et al., 2022; Koshy et al., 2012; Melhem et al., 2022). It 

accounts for 14.5 percent of all central nervous system tumours and 48.6 percent of 

malignant central nervous system tumours (Grochans et al., 2022; Koshy et al., 

2012). Patients with GBM have poor survival outcomes, with only a 5% to 10% 

overall survival rate over five years (Lee & Wee, 2022; Ostrom, Cioffi, et al., 2019). 

The symptoms of GBM are diverse and can vary depending on the location and size 

of the tumour. Increased pressure within the brain, indicated by common symptoms 

like headaches, nausea, vomiting, and drowsiness, patients may additionally 

experience seizures, changes in personality, and visual or speech disturbances (Ellor 

et al., 2014; Hanif et al., 2017; JOVČEVSKA et al., 2013). The incidence of GBM 

might vary from 3.19 cases per 100,000 people per year to 4.17 cases per 100,000 

people per year, depending on the report, making it challenging to characterise 

precisely (Fabbro-Peray et al., 2019; Grochans et al., 2022; Perry & Wesseling, 

2016; Razavi et al., 2016). Although GBM is a rare disease with a worldwide 

incidence of less than 10 cases per 100,000 individuals, its poor prognosis and 

survival rate of only 14–15 months after diagnosis make it a major public health 

concern (Hanif et al., 2017; Iacob & Dinca, 2009; Lee et al., 2018; Thakkar et al., 

2014). The incidence of GBM is influenced by factors such as age, gender, and 

race/ethnicity, with the incidence rate significantly increasing after age 40. With a 
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mean age of diagnosis at 65, the incidence is highest between the ages of 75 and 84 

years, reaching 15.30 cases per 100,000 individuals. Males have a 1.59 times higher 

likelihood of developing GBM compared to females, and Caucasians have a 1.99 

times higher incidence compared to Africans (Louis et al., 2021; Melhem et al., 2022; 

Ostrom et al., 2018; Ostrom, Cioffi, et al., 2019). 

1.3 Causes and risk factors of GBM 

Little is known about the causes of the brain tumours. No underlying genetic causes 

can be identified. The only risk factor identified to date is high-dose ionising radiation 

exposure (Bondy et al., 2008; Hanif et al., 2017; Inskip et al., 2001; Ohgaki, 2009). 

More than 116 cases of GBM linked to radiation exposure have been documented 

since the 1960s, and it has been predicted, calculated, or estimated that the overall 

probability of getting GBM after radiotherapy is 2.5% (Hanif et al., 2017; Salvati et al., 

2003). Additionally, it has been observed that the relatively low doses of radiation 

used to treat skin hemangiomas and tinea capitis in children and new-borns have 

also been linked to relative risks for gliomas (Hanif et al., 2017; Ostrom, Fahmideh, et 

al., 2019; Wrensch et al., 2002). A significant rise in the risk of glioma in paediatric 

populations following therapeutic intracranial radiation exposure has also been 

observed (Hanif et al., 2017; Prasad & Haas-Kogan, 2009). This risk depends on the 

patient's age, radiation dose, and volume (Hanif et al., 2017; Prasad & Haas-Kogan, 

2009). Fewer data are available for adults, although those that are exposed to 

radiation have a higher risk (Hanif et al., 2017; Prasad & Haas-Kogan, 2009). The 

effects of ionising radiation after the Japanese populace was exposed to radiation 

from the atomic bombs in Nagasaki and Hiroshima have also been examined in 

several studies. They discovered a rise in the frequency of gliomas and all other 
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forms of brain tumours (Hanif et al., 2017; Prasad & Haas-Kogan, 2009). No proof 

exists that regular diagnostic radiation exposure to children and adults increases the 

chance of acquiring GBM (Hanif et al., 2017; Prasad & Haas-Kogan, 2009). 

Furthermore, patients with acute lymphoid leukaemia (ALL) were more likely to 

develop GBM, which may be related to side effects from the leukaemia or the 

chemotherapeutic drugs used to treat ALL (Hanif et al., 2017; Salvati et al., 2003). No 

significant correlation between GBM and environmental variables such as smoking, 

nutritional risk factors, electromagnetic fields from mobile phones, serious head 

injuries, occupational risk factors, or pesticide exposure has been observed 

(Adamson et al., 2009; Agnihotri et al., 2013; Fisher et al., 2007; Hanif et al., 2017; 

Inskip et al., 2001; Ohgaki, 2009). However, some agricultural chemicals and 

insecticides, such as organochlorides and alkylureas mixed with copper sulphates, 

have been suspected of causing cancer in animal trials. Case-control studies and 

cohort studies of agricultural labourers have shown outcomes that were equally 

negative or positive in terms of the risk for brain tumours (Hanif et al., 2017; Wrensch 

et al., 2002). According to a few studies, ovarian steroid hormones may contribute to 

the development of GBM (Hanif et al., 2017; Kabat et al., 2010). It has been 

discovered that gliomas run in families, although the susceptibility gene is unknown 

(Bondy et al., 2008; Hanif et al., 2017). Only 5–10% of cases have a genetic 

propensity (Fisher et al., 2007). Researchers discovered an increased incidence of 

GBM in rare genetic disorders such as neurofibromatosis type 1 and type 2, tuberous 

sclerosis (Adamson et al., 2009; Bondy et al., 2008; Hanif et al., 2017; Iacob & Dinca, 

2009; Ohgaki, 2009). In contrast, case-control studies have demonstrated that a 
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history of atopic diseases (e.g., eczema, allergies) reduces the incidence of glioma 

by 30% (Amirian et al., 2016; Melhem et al., 2022).  

1.4 GBM location in the brain  

GBM often develops in the cerebral hemispheres; 95% of these tumours start in the 

supratentorial region, compared to a small percentage in the cerebellum, brainstem, 

and spinal cord (Nakada et al., 2011).  

1.5 Characteristics of GBM 

GBM is a diffuse glioma with a high tendency to infiltrate the surrounding brain tissue 

(Ceccarelli et al., 2016). Histological features of GBM include marked hypercellularity, 

nuclear atypia, microvascular proliferation, and necrosis (D’Alessio et al., 2019). 

Tumour heterogeneity, another characteristic of GBMs, presents one of the biggest 

obstacles in treating GBM (Agarwal et al., 2011; Florio & Barbieri, 2012; Furnari et 

al., 2007; Olar et al., 2012). GBM cells are particularly invasive, proliferative, and 

angiogenic compared to other types of normal and malignant cells (Karcher et al., 

2006). It has been found that the interaction of the integrin heterodimer with the 

extracellular matrix, which results in alterations to the cytoskeleton's conformation, is 

what encourages the migration of tumorigenic cells from GBMs to the surrounding 

tissue (Louis et al., 2016).  

1.6 Diagnosis 

Magnetic resonance imaging (MRI) has been the primary method for diagnosing 

GBM for the past few decades to find any abnormal brain structure changes. T1-

weighted MRI scans with and without gadolinium, and T2-weighted MRI images are 

usually used to identify the tumour's size, shape, and location. Several new MRI 
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methods could produce images with better detail. Diffusion-weighted MRI produces 

contrast-enhanced MR images by using differential diffusion of water molecules in 

malignancies and healthy brain tissue. In addition, perfusion-weighted MRI uses a 

tracer agent to calculate relative cerebral blood flow, volume, and mean transit time 

to assess the degree of tumour neo-angiogenesis (Korfiatis & Erickson, 2014). 

Contrast-enhanced "computerised tomography" (CT) scans can be used if MRI 

technology is not possible (Abd-Elghany et al., 2019). However, MRI is generally 

considered the primary imaging modality for diagnosing GBM. To confirm the 

diagnosis, the histological and molecular characterisations are conducted on the 

surgically removed tumour tissue that is typically removed during the tumour removal 

procedure (Di Bonaventura et al., 2021). This analysis helps further grade the 

tumour, identify specific genetic mutations, and classify the specific type of GBM (Di 

Bonaventura et al., 2021). 

1.7 Classification of GBM 

GBM is a grade 4 IDH-wildtype diffuse glioma according to the 2021 WHO 

classification, which serves as the international standard for the nomenclature and 

diagnosis of gliomas (Guo et al., 2023). The 2021 WHO classification defines three 

different types of glioma (Guo et al., 2023; Melhem et al., 2022; Osborn et al., 2022): 

1. Adult-type diffuse glioma: 

• Astrocytoma, IDH-mutant: This type includes IDH mutations and is 

graded as 2, 3, or 4 based on histological and molecular characteristics. 

• Oligodendroglioma, IDH-mutant, and 1p/19q-codeleted: This type 

includes IDH mutations and 1p/19q codeletion and is graded as 2 or 3. 
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• Glioblastoma, IDH-wildtype: This refers to diffuse gliomas lacking IDH 

mutations but exhibiting specific molecular features such as 

microvascular proliferation, necrosis, Telomerase reverse transcriptase 

(TERT) promoter mutation, epidermal growth factor receptor (EGFR) 

gene amplification, or specific chromosomal copy number changes (e.g., 

gain of chromosome 7, loss of chromosome 10), and this glioma is 

graded as grade 4.  

2. Pediatric-type diffuse glioma: 

• Low-grade gliomas occur in young individuals and are characterised by 

specific genetic alterations such as MYB or MYBL1. 

• High-grade gliomas occur in young individuals and are characterised by 

specific genetic alterations such as H3K27. 

3. Circumscribed Astrocytic Gliomas: This type encompasses specific subtypes 

of astrocytic gliomas with distinct molecular characteristics, such as BRAF 

V600E mutations or fibroblast growth factor receptor 1 (FGFR1) alterations. 

1.7.1 Molecular subtypes of GBM 

GBM has been further classified into three different molecular subtypes (proneural,  

classical, and mesenchymal) based on gene expression profiles to develop specific 

clinical strategies. The distinguishing features of proneural transcriptional subtypes 

are cyclin-dependent kinase 4 (CDK4) and platelet-derived growth factor alpha 

(PDGFRA). The classical subtype defines the loss of homozygous CDKN2A/B and 

EGFR amplification. The critical characteristic of the mesenchymal subtype is the 

loss of neurofibromatosis type 1 (NF1) (Brennan et al., 2013; Ceccarelli et al., 2016; 

Melhem et al., 2022). In addition to genomic alterations, profiling the epigenome and 
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methylome has improved the classification of GBM. DNA methylation profiling 

determined seven distinct entities within GBM. Despite these advances, however, the 

clinical applicability of these distinct subtypes has yet to be realised (Capper et al., 

2018; Melhem et al., 2022).  

1.8 Current treatment of GBM 

1.8.1 Surgical resection  

The current standard treatment for newly diagnosed GBM involves surgically 

debulking as much of the tumour as possible, followed by radiotherapy and 

chemotherapy (Kreth et al., 2013; Minniti et al., 2008). Surgical resection is the major 

component of GBM treatment. Removing a tumour’s mass can have several 

advantages, such as lowering the tumour's burden, lowering seizure frequency, and 

reducing or even eliminating neurological deficiency. Surgery also plays a diagnostic 

role because it provides tissue samples for histologic and molecular diagnosis. 

Moreover, local therapeutic agents can be inserted during surgery to increase the 

effectiveness of the resection and quality of life (Newton, 2016). However, complete 

resection is impossible due to the high degree of GBM invasion, which frequently 

occurs in eloquent areas (Iacob & Dinca, 2009). Therefore, within 2-3 cm of the 

original tumour, GBM recurrence occurred in 80% of patients (Mrugala, 2013).   

1.8.2 Radiation therapy (RT) 

Radiotherapy and surgery have been the cornerstone of treatment for GBM since the 

1970s, and the combination of the two doubles overall survival in those with 

malignant gliomas (Walker et al., 1978, 1980; Wick et al., 2018). To allow for 

adequate wound healing following surgery, RT should not be started until two weeks 

after surgery (Adamson et al., 2009; Kristiansen et al., 1981). The location, grade, 
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and histology of the tumour, as well as the extent of the resection surgery, all affect 

the total dose of radiation (Lapointe et al., 2018). In the current care, the "standard" 

RT dose for patients with GBM consists of fractionated focused irradiation of 60 Gy 

with daily fractions of 2 Gray units (Gy), five times per week for six weeks (30 

treatment days). Higher doses, different fraction schemes, and radiation sensitisers 

have all been investigated to increase the therapeutic efficacy of RT, but these efforts 

have so far been ineffective (Bianco et al., 2017; Buckner et al., 2007a). 

Nevertheless, Elderly patients are recommended procedures with shorter and hypo-

fractionated radiation doses (Bianco et al., 2017; Corso & Bindra, 2016; Patel et al., 

2015; Stupp et al., 2014). Patients who simply receive supportive care after surgery 

had a survival time of 4 to 5 months; however, phase III randomised clinical trials 

(RCTs) have demonstrated that RT can double that time to 9 to 10 months (Adamson 

et al., 2009; Kristiansen et al., 1981; Walker et al., 1978). Whole-brain radiation was 

traditionally used; however, due to most recurrences being found close to the edges 

of the resection cavity, it became normal to practise irradiating smaller local areas of 

the brain, minimising potential side effects. Additionally, experience and development 

led to the introduction of innovative technologies such as focused radiation, intensity-

modulated radiotherapy, and 3D-conformal radiotherapy, which made the 

radiotherapy treatment for the patient more precise and secure as well as 

stereotactic radiosurgery; however, these are less usually used to treat GBMs 

(Bianco et al., 2017; Buckner et al., 2007b). Compared to the more targeted and 

precise three-dimensional conformal RT, whole brain RT did not increase survival. 

Targeted variants of RT that are highly targeted have been created to be more 

similar to surgery - hence its generic term, radiosurgery. This procedure is typically 
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used to treat minor areas (<3 cm), radiographically well-defined lesions in physically 

inaccessible or eloquent brain regions or in patients with substantial underlying 

medical conditions who are unsuitable for open resection (Iacob & Dinca, 2009; 

Kayama et al., 1991). However, Radiation therapy is linked to a number of adverse 

reactions, including the necrosis of healthy tissues, disruption to the BBB, 

neurological deficits and headaches (Iacob & Dinca, 2009; Wilson et al., 2014). 

Resection surgery, radiation therapy, and the drug temozolomide together have been 

used in the current Stupp protocol for GBM management with better results (Minniti 

et al., 2008) than resection surgery and radiation therapy alone (Stewart, 2002; 

Walker et al., 1978).  

1.8.3 Systemic chemotherapy  

The main administration routes for GBM chemotherapy currently used are oral and 

intravenous. Although these certainly provide flexibility in administration, treatment of 

GBM is challenging due to a variety of reasons that frequently prevent drug delivery 

to the brain:  

• High proliferative and infiltrative potential, heterogeneity, and inherent and 

acquired chemoresistance of GMB cells. 

• The tumour microenvironment, such as the capacity to provoke anergic states 

in surrounding lymphocytes and glial cells, limiting the antitumor immune 

response. 

• The brain macroenvironment, specifically the surrounding BBB and blood-

tumour barrier, which restrict the ability of drugs to reach the brain 

parenchyma (Masui et al., 2016; Tabet et al., 2019).  
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These systemic chemotherapies have demonstrated some clinical efficacy; however, 

higher systemic toxicities have been reported because of the high rate of drug 

diffusion throughout the systemic circulation (Bhandari et al., 2017; Parodi et al., 

2019). 

1.8.3.1 Temozolomide (TMZ) 

TMZ, an oral alkylating chemotherapeutic drug, damages DNA and starts events that 

kill tumour cells (Day & Waziri, 2012; Wilson et al., 2014). TMZ undergoes 

intracellular conversion into its active metabolite, MTIC (5-(3-methyl-triazen-1-yl) 

imidazole-4-carboxamide), which then methylates DNA at the N7 and O6 sites of 

guanine residues. This process hinders the cell's ability to repair itself and ultimately 

results in cell death (apoptosis) by breaking down double-stranded DNA (Duwa et al., 

2019) (Figure 1.1). The standard care for the treatment of GBM recently included 

TMZ. Previously, RT alone remained the standard of care following surgical resection 

because chemotherapy had not been shown to provide any clinically significant 

advantages (Anton et al., 2012; Wilson et al., 2014).  

Clinical research conducted in 2005 found that concurrent radiation therapy plus the 

drug TMZ, followed by adjuvant TMZ, significantly increased median survival 

compared to radiation therapy alone (14.6 months versus 12.1 months; P< 0.001). In 

this study's 5-year review, more patients who had received TMZ were still alive (9.8% 

versus 1.9%; P 0.001) (Minniti et al., 2008; Wilson et al., 2014). These results 

confirmed the therapeutic effectiveness of TMZ when combined with RT so-called 

"Stupp regimen," which is now the accepted standard of care for treating GBM 

(Minniti et al., 2008; Stupp et al., 2006; Wilson et al., 2014). Despite these 

advancements, the median progression-free survival time is still only seven months 
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(Clarke et al., 2010). When given TMZ combined with RT, patients get TMZ at a dose 

of 75 mg/m2 per day for six weeks. For adjuvant therapy, after RT is finished, patients 

get 150 mg/m2/day of TMZ for five days every 28 days for at least six cycles (Minniti 

et al., 2008; Wilson et al., 2014). As previously stated in the literature, the therapeutic 

advantage of TMZ is derived from the addition of a methyl group to the purine bases 

of DNA, which results in DNA damage and sets off a series of events that cause 

tumour cells to apoptose (Day & Waziri, 2012; Wilson et al., 2014; Zhang et al., 

2012). O6 methylguanine methyltransferase, or MGMT, is a DNA repair protein that 

works to remove methyl groups from the O6 position of guanine and to remove the 

methyl group that has been added to O6 methylguanine. The removal of this methyl 

group gives tumour cells resistance to TMZ and other alkylating chemotherapy drugs 

by protecting cells from the DNA-damaging effects (Kaina et al., 2007; Villalva et al., 

2012; Wilson et al., 2014; Zhang et al., 2012). In certain patients, MGMT expression 

has been reduced or stopped by methylation of the promoter regions of the MGMT 

gene, inhibiting it from removing methyl groups from the O6 position of guanine 

(Villalva et al., 2012). As a result, one of the primary factors affecting TMZ sensitivity 

or resistance in individuals with GBM is the methylation state of the MGMT gene 

promoter region (Chinot et al., 2007; Hegi et al., 2005; Martinez et al., 2009; van den 

Bent et al., 2009; Villalva et al., 2012). Unmethylated MGMT patients are much less 

sensitive to TMZ, but methylated MGMT promotes sensitivity to TMZ in GBM 

patients. The most frequent adverse effect of TMZ is hematologic toxicity (Gerber et 

al., 2007; Wilson et al., 2014). 

Thrombocytopenia has been observed in approximately 10% to 20% of patients 

undergoing treatment. Notably, a Phase II clinical trial incorporating a thrombopoietin 
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receptor agonist, Romiplostin, in adjuvant concurrent chemoradiation treatment 

(CCRT) demonstrated a higher completion rate of regimens (Le Rhun et al., 2019; 

Wu et al., 2021). TMZ can cause hepatotoxicity, nausea, anorexia, and other non-

hematologic toxicities, which are less frequent (Dixit et al., 2012; Wu et al., 2021). 

Systemic TMZ is administered in six 5-day, 4-week cycles. In actuality, increasing the 

number of adjuvant TMZ cycles from 6 to 12 enhances overall survival by 8.4 months 

but at the expense of increased hematological toxicity (Bhandari et al., 2017; Tabet 

et al., 2019). 
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Figure 1. 1 Schematic diagram illustrating the mechanism of action of TMZ. Intracellular 
conversion of TMZ into its active metabolite, MTIC, initiates the methylation of crucial nucleobases, 

particularly guanine. This process induces DNA strand breaks, ultimately leading to apoptosis, 
redrawn and modified from (Duwa et al., 2019; Tomar et al., 2021; Zhang et al., 2012). 
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1.8.3.2 Carmustine (BCNU) 

BCNU  was approved for intravenous infusion in 1977 (Bota et al., 2007). BCNU, an 

alkylating agent, has been utilised as a first-line glioma treatment, much like 

temozolomide (Engelhard, 2000). BCNU, also known as bis-chloroethyl nitrosourea 

(BCNU), prevents DNA synthesis and repair by generating interstrand linkages on 

the DNA chain. Like temozolomide, it acts on the chloroethyl adducts that form at the 

O6 site of guanine. Chloroethylation displaces a chloride ion from the opposing DNA 

strand, which develops an ethyl bridge across the DNA strand (Bota et al., 2007). 

This will stop the DNA from unravelling, which would otherwise restrict DNA 

replication and cause apoptosis (Dronkert & Kanaar, 2001) (Figure 1.2). Like MGMT 

mediates resistance to temozolomide, MGMT also mediates resistance to BCNU  

(Friedman et al., 1998). MGMT does this by eliminating the 30 chloroethyl adducts 

from the O6 -position of guanine (Esteller et al., 2000). As a result, BCNU is more 

effective when the MGMT gene is silenced, and MGMT can be artificially depleted 

using inhibitors like O6-benzylguanine (Wedge & Newlands, 1996). The use of BCNU  

depends on careful patient group selection because the effectiveness of the 

medication depends on genes like TP53 and MGMT (Batista et al., 2007; Hegi et al., 

2005; Hirose et al., 2001). 
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Figure 1. 2 Schematic diagram illustrating the mechanism of action of BCNU, redrawn and modified 
from (Han et al., 2019; Schjesvold & Oriol, 2021). 
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1.8.3.3 Lomustine  

Lomustine is an additional alkylating anti-tumour drug. Lomustine can pass across 

the BBB because of its small size and strong lipophilicity. Lomustine is administered 

orally (Bartzatt, 2013), and its action is connected to the methylation of the MGMT 

gene, just like TMZ and BCNU (Heiland et al., 2016). Patients are only instructed to 

administer one dose every six weeks due to the extremely high toxicity, which can 

have fatal consequences. Lomustine is rarely given for GBM since the introduction of 

the STUPP regimen because it may result in permanent systemic side effects, such 

as kidney damage, renal failure, thrombocytopenia, and leukopenia. Patients on 

lomustine treatment must regularly undergo testing for their electrolyte levels, liver 

function, and blood count (“Highlights of Prescribing Information.,” 2016). 

1.8.3.4 Bevacizumab 

Bevacizumab is a humanised monoclonal antibody with anti-angiogenic 

characteristics, bevacizumab is given intravenously. It binds to and inhibits vascular 

endothelial growth factor A (VEGF-A), which triggers the formation of new blood 

vessels when attached to its receptor. Since the levels of VEGF-A in GBM are 

thought to be 30 times higher than in low-grade astrocytomas, it is a desirable 

therapeutic target. Bevacizumab does not significantly prolong overall survival for 

individuals with newly diagnosed GBM, despite treatment apparently prolonging 

progression-free survival (Khasraw et al., 2010; Wu et al., 2021). Thus, it is mainly 

applied to the management of recurrent GBM. The combination of Irinotecan (IRN), a 

small-molecule prodrug that transforms into a topoisomerase I inhibitor, has been 

investigated (Friedman et al., 2009; Ozel et al., 2016; Wu et al., 2021). However, 

leukopenia and hypertension are the two side effects of bevacizumab most frequently 

reported (Brandes et al., 2016; Diaz et al., 2017; Wu et al., 2021). 
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1.9 Problems associated with systemic chemotherapy 

The main factor in their failure is that most GBM therapies are either administered 

orally or intravenously. Due to the BBB, systemic delivery of chemotherapy drugs to 

the brain is challenging (Reese & Karnovsky, 1967). Only low molecular weight, 

electrically neutral, hydrophobic molecules can pass the BBB (Abbott & Romero, 

1996; Gawley et al., 2020b; Kemper et al., 2003; Seelig et al., 1994). The majority of 

chemotherapeutic drugs are large, ionically charged, hydrophilic molecules that make 

it difficult for them to pass the BBB at the levels needed for therapeutic action, 

requiring a substantial systemic dose (Abbott & Romero, 1996; Gawley et al., 2020; 

Greig, 1987; Siepmann et al., 2006; Wang et al., 2002). After systemic delivery, 

maintaining stable drug levels in the brain might be challenging even if the drug 

crosses the BBB because it can quickly diffuse back (Gawley et al., 2020b). Local 

administration would deliver the chemotherapy drug to the tumour directly, providing 

benefits such as enhanced bioavailability, direct transport to the site of action, a 

lower amount of drug needed, and fewer adverse effects because systemic 

circulation would not be involved (Gawley et al., 2020b; Wolinsky et al., 2012). 

Additionally, given that 80 to 90 percent of GBM returns within 2 cm of the site of 

resection, local drug delivery may be appropriate for treating GBM (Gawley et al., 

2020; Wang et al., 2002). As a result, many local delivery techniques have been 

researched for direct administration into the brain parenchyma of the resection cavity, 

including polymer millirods (Gawley et al., 2020b; McConville et al., 2015; Qian et al., 

2001; Weinberg et al., 2008), gels (Jackson et al., 2000; Krupka et al., 2006; Vogl et 

al., 2002; Vukelja et al., 2007), micro and nanoparticle formulations (Béduneau et al., 



  
 

[20] 
 

2007; Cruickshank et al., 2015; Gawley et al., 2020; Koo et al., 2011; Menei et al., 

2005; Meyers et al., 2013; Reguera-Nuñez et al., 2014; Wang, 2012).  

1.9.1 Local chemotherapy  

As a result of the complications associated with systemic chemotherapy, local 

chemotherapy has emerged. Local chemotherapy involves the direct administration 

of chemotherapeutics to the tumour location, as opposed to systemic administration 

through intravenous injection or oral route (Nam et al., 2018). Local drug delivery 

would help increase the drug concentration at the tumour site, reducing the side 

effects associated with systemic chemotherapy (De Souza et al., 2010; Nam et al., 

2018). Localised delivery vehicles can also be created in the form of depots, a type of 

pharmaceutical dosage form that releases the active ingredient of a drug over an 

extended period of time. Localised drug depots offer a variety of benefits in the 

delivery of anticancer medications: (1) they enhance the stability of the 

chemotherapeutic drugs, (2) they produce longer and regulated drug release 

patterns, which improve drug level control and lower the number of invasive drug 

administrations, (3) can combine poorly soluble chemicals within the depot, (4) 

reduce the overall amount of drug in the formulation, and (5) minimise the side 

effects of chemotherapy (Nam et al., 2018; Wolinsky et al., 2012). The local delivery 

strategy appears to have additional advantages for treating GBM and other brain 

disorders since it can avoid the BBB and concentrate higher amounts of a drug in the 

cancerous tissues (Chakroun et al., 2018; Nam et al., 2018). In addition, to target the 

remaining cells when there is the least tumour burden. Two main delivery 

technologies have been created to date for local delivery of chemotherapies to target 

residual disease: Gliadel wafers and brachytherapy.  
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1.9.1.1 Gliadel wafer  

Gliadel wafer, a local delivery device, was created first to increase the therapeutic 

effectiveness of BCNU by administering the drug locally. BCNU stability was 

extended, and the dosage required was reduced as a result of avoiding large drug 

distribution and rapid liver elimination rates (Fleming & Saltzman, 2002; Wait et al., 

2015). It is a disc-shaped, 200 mg biodegradable wafer (Siepmann et al., 2006; 

Wolinsky et al., 2012; Zembko et al., 2015) manufactured using  1,3-bis(p-

carboxyphenoxy) propane: sebacic acid (20:80 ratio) polymer and containing 3.85 % 

w/w of the chemotherapy drug BCNU (Attenello et al., 2012). These wafers have a 

diameter of 14.5 mm, a thickness of 1 mm, and contain a total of 7.7 mg of BCNU 

(Domb et al., 1999). Following surgical removal, a maximum of 8 wafers can be 

inserted into the tumour bed (Figure 1.3), releasing the drug over five days as the 

wafers swell and eventually break down (Domb et al., 1999; Wolinsky et al., 2012). 

Local delivery of chemotherapeutic drugs into the resection cavity is a very promising 

method since surgical resection plays a crucial role in GBM therapy and because 80–

90% of recurrences are located within 2 cm of the original site of the tumour 

(Hochberg & Pruitt, 1980; Wang et al., 2002; Westphal et al., 2003). The Food and 

Drug Administration (FDA) approved the Gliadel® wafer in 1996 to manage recurrent 

GBM (Fleming & Saltzman, 2002; Valtonen et al., 1997). Initial research 

demonstrated the effectiveness of these wafers in treating recurrent GBM in patients, 

with improved overall survival (OS) of 31 weeks as compared to 23 weeks (placebo 

wafers) (Brem et al., 1995), which, coupled with other clinical trials, resulted in FDA 

approval for recurrent GBM in 1997. Additional clinical studies on newly diagnosed 

GBM resulted in expanded FDA approval in 2003 (Ashby et al., 2016; Westphal et 
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al., 2003). Similar to TMZ, Gliadel wafers extended patient survival by two months (in 

a subset of patients) as compared to radiation (RT) alone (Ashby et al., 2016).  

However, not all patients are suitable for Gliadel wafers. Wafers can only be 

implanted if the resection cavity's size, shape, and site enable it. A wide resection 

cavity is needed to fit eight wafers considering that they are each 1.45 cm in diameter 

and 1 mm thick (Desai & Lee, 2008). Besides, It results in post-implant problems 

such as tumour cyst formation, intracranial abscess, meningitis, delayed wound 

healing, cerebrospinal fluid leak, seizures, and cerebral abscess (Engelhard, 2000). 

In addition, Gliadel wafers can only penetrate a few millimetres (1mm or less) due to 

the dependence on drug diffusion from the device into the brain parenchyma. 

According to a study by Fung et al., drug penetration from the wafer in rats reached a 

maximum of 5 mm in the first three days after implantation. This dispersion 

decreased to 1 mm from the implant site after 3 to 14 days (Fung et al., 1998). 

Previous studies show that recurrence, however diffuse, frequently occurs within 2 

cm of the initial tumour (De Bonis et al., 2013). As a result, the limited diffusion and 

high BCNU transcapillary penetration limit the potential of this local delivery device. 

Gliadel wafers release the majority of the drug content within the first week, and after 

this initial large bolus release, the adverse effects of this technique start to manifest 

(Domb et al., 1995; Fleming & Saltzman, 2002; Fung et al., 1998; Grossman et al., 

1992; Tabet et al., 2019). A stiffer matrix does not necessarily indicate a prolonged 

release in vivo (Tabet et al., 2019). 
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1.9.1.2 Brachytherapy 

Brachytherapy is a localised treatment where a sealed radioactive source or seed is 

inserted into the tumour or surgical cavity that degrades over time, releasing radiation 

to surrounding tissue. In GBM, brachytherapy has been most often utilised with 

iodine-125, although two phase III randomised trials found no improvement in 

survival (Barbarite et al., 2017; Gawley et al., 2020b; Laperriere et al., 1998; Waqar 

et al., 2022). Additionally, brachytherapy technology advancements have increased 

its safety, which has raised support for its use. Gamma-Tile® (GT), a new 

brachytherapy technology, contains seeds of caesium-131 (Cs-131) embedded in 

absorbable radioisotope carrier systems (Gessler et al., 2020; Waqar et al., 2022). 

The radioactive seed has a physical length of 4.5 mm and an exterior diameter of 0.8 

mm (Ferreira et al., 2021; Murphy et al., 2004; Rivard et al., 2017). GT delivers 120–

150 Gy at the cavity surface, and at 5 mm depth, it maintains 60–80 Gy (Brachman 

et al., 2019; Gessler et al., 2020). GT offers a cumulative radiation boost earlier than 

Figure 1. 3 Gliadel Wafers inserted intracranially 
into a cavity used to treat a GBM adopted from 

(Wolinsky et al., 2012). 
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radioisotopes like iodine-125 from an efficacy standpoint because it has a shorter 

half-life (Gessler et al., 2020; Waqar et al., 2022). GT is approved as a treatment for 

newly discovered malignant and recurrent brain tumours (Gessler et al., 2020; 

Rivard, 2007; Youssef et al., 2017).   

However, one of the drawbacks of this treatment for these tumours has been the 

frequent occurrence of radiation necrosis in malignant gliomas treated with high-dose 

radiation (Marriott et al., 1998; Vitaz et al., 2005; Wald et al., 1997). Additionally, 

brachytherapy dosage distributions do not reach GBM cells that are more distantly 

invasive (Giordano et al., 2019; Waqar et al., 2022). This therapy is unlikely to be 

effective on tumour cells more than 5-8 mm away from the resection cavity where the 

GT is placed (Gessler et al., 2020).  

1.10 Selected drugs suitable for local drug delivery to treat GBM  

1.10.1 Irinotecan (IRN) 

IRN is a semi-synthetic analogue of camptothecin that was discovered in 1983 in 

Japan in Camptotheca acuminata Chinese plants (Rothenberg, 2001). IRN is 

metabolised into the active form of 7-ethyl-10-hydroxycamptothecin (SN-38) (Figure 

1.4), a topoisomerase I inhibitor and 100–1000 times more potent than IRN (Xu & 

Villalona-Calero, 2002). Topoisomerase I enzymes work within the cell to cause 

transient breaks in one or both DNA strands, enabling the DNA to uncoil for 

transcription and replication (Gawley et al., 2020b; Sinha, 1995). Topoisomerase I 

creates a covalent bond with DNA during this step, allowing it to form a cleavable 

complex (Gawley et al., 2020b; Sinha, 1995). In this way, SN-38 binds to 

Topoisomerase I and prevents the enzyme from reconnecting the DNA strands, 

leading to S-phase-specific cell death (Gawley et al., 2020; Sinha, 1995; 
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Vredenburgh et al., 2009; Xu & Villalona-Calero, 2002). IRN has been approved for 

the first and second-line therapy of colorectal cancer and other solid tumours 

(Potmesil, 1994; Ramesh et al., 2010). IRN has demonstrated clinical activity against 

colorectal, lung, stomach, cervical, and ovarian cancers, as well as malignant 

lymphoma and other malignancies (Masuda et al., 1992; Ohno et al., 1990; Ramesh 

et al., 2010; Shimada et al., 1993).  

IRN has been used as a second or alternative line treatment for GBM for patients 

who do not act in response to the treatment with TMZ or BCNU (Iacob & Dinca, 

2009). Treatment with TMZ plus BCNU may result in resistance or severe 

unfavourable side effects. As a result, the ability of IRN to cross the BBB 

(Hasselbalch et al., 2010) and the differential mechanism of action from 

temozolomide are useful in overcoming GBM resistance to temozolomide 

(Hasselbalch et al., 2010; Vredenburgh et al., 2007). A study showed that after 

receiving IRN intravenously, 55 percent of 60 glioma patients responded for 12 to 42 

weeks (Friedman et al., 1999). However, IRN can pass through the BBB, it requires 

high intravenous doses of between 125 and 500 mg/m2 to reach therapeutic levels in 

the brain. This can have severe systemic adverse effects, such as gastrointestinal 

toxicity that can cause both early and late-onset diarrhoea and severe neutropenia 

(Gawley et al., 2020b; Hecht, 1998). All these issues with the systemic administration 

of IRN have led to the development of novel drug-delivery techniques for transferring 

IRN to the brain (Gawley et al., 2020a). Local delivery of IRN might improve 

therapeutic results by delivering a larger dose locally to the tumour resection site and 

minimising systemic concentrations, which would minimise the aforementioned side 

effects.  
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Drug Eluting Beads (DEB) implanted into the brains of healthy and tumour-bearing 

BD IX rats were manufactured from a modified, biocompatible polyvinyl alcohol (PVA) 

hydrogel and contained either doxorubicin or IRN, according to histology and survival 

studies (Baltes et al., 2010). When IRN or doxorubicin DEB was administered to the 

rats, they demonstrated a substantial difference in survival compared to the placebo 

group. Although there was no statistically significant difference between the survival 

curves of doxorubicin and IRN DEB, there was some local toxicity associated with the 

use of doxorubicin DEB, which led to noticeable haemorrhage around the area of 

implantation of the beads. IRN had no such impact (Baltes et al., 2010; Gawley et al., 

2020b). According to the results of this study, compared to the pattern often seen 

with Gliadel® wafers, there was no evidence of swelling, inflammation, or any 

indication that a pseudo-abscess had formed. This suggests lower local toxicity and a 

lower risk of infection. This is because IRN is less toxic than BCNU, making it better 

suitable for local administration to the brain. It is also injected directly into the brain 

parenchyma rather than deposited in the resection cavity. This study shows that local 

distribution into the brain parenchyma provides a safe therapeutic benefit over 

systemic delivery in treating GBM if the medication selection and administration 

technique are adequate. Although most of the DEB gel formulation was forced out of 

the brain parenchyma and into the bed of the resection cavity, the DEBs could only 

supply IRN for up to 72 hrs. Because of this, manufacturing solid implants with PLGA 

polymers might supply drugs for a much longer time and will stay inside the brain 

parenchyma. 
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Figure 1. 4 Chemical structure of IRN and its active metabolite SN-38, adopted and redrawn from 
(ISHIMINE et al., 2020). 
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1.10.2 Pitavastatin (PTV) 

PTV (Figure 1.5), a drug from the statin group, is often used to treat high blood 

cholesterol levels (Stein, 2003; Voss et al., 2021). PTV inhibits the liver's HMG-CoA 

(3-hydroxy-3-methyl-glutaryl-CoA) reductase, which regulates cholesterol production 

(Ose, 2011). Multiple studies have shown statin drugs, such as PTV, to be effective 

in slowing the growth of tumours (Jiang et al., 2014; Nielsen et al., 2012; Thurnher et 

al., 2012). According to a study, PTV reduced multidrug resistance protein 1 (MDR-1) 

and promoted cellular autophagy in GBM tumour cells (Jiang et al., 2014). The 

mechanism of action was postulated to involve PTV's effects on the metabolism of 

cholesterol, a substance found in cell membranes, and tumour cell signalling, both of 

which are critical for developing tumours. Since GBMs are highly proliferative cells, 

they need a lot of cholesterol, which may cause them to respond to statin therapy 

(Jiang et al., 2014). Additional research suggests that statins can cause GBM cells to 

apoptosis by targeting LDL cells and acting via the ERK/AKT pathway (Guo et al., 

2011; Yanae et al., 2011).  

The findings on the cytotoxicity of statins against GBM cells stated above have 

prompted scientists to investigate the cytotoxicity of the IRN and PTV dual therapy. 

PTV has proven more effective than other statin drugs and produces synergistic 

effects when combined with IRN (Jiang et al., 2014). One mechanism for drug 

resistance in GBM is the overexpression of the MDR-1, often referred to as the 

permeability glycoprotein pump or P-glycoprotein 1 (PGP) (Nabors et al., 1991; Nakai 

et al., 2009). This protein creates an active transporter that carries cytotoxic agents 

like IRN out of the cell using ATP (Garrigues et al., 2002; Jiang et al., 2014). When 

PTV and IRN are used together, there is an increased level of apoptosis. This is 
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because PTV decreases the glycosylation of MDR-1, inhibiting its function and 

allowing a higher IRN concentration to enter the GBM cells. This synergistic effect 

was verified in mice during an in-vivo study (Jiang et al., 2014). 

Moreover, it has been suggested that PTV treatment for glioma cells inhibits nuclear 

factor-kappa B activation, which inhibits autophagy and causes autophagic cellular 

death (Koukourakis et al., 2016; Tsuboi et al., 2009). A high throughput drug 

screening assay of GBM cell lines was used by Fan et al. to screen PTV and IRN 

separately and in combination (Fan et al., 2016). Results showed that the 

combination medication treatment using IRN and PTV was more successful than 

using either drug alone. The ability of PTV to pass the BBB is expected to be 

restricted, with a calculated logarithm value of brain to plasma concentration ratio (-

log BB) of -0.6499 (Jiang et al., 2014). Therefore, PTV delivery by oral or intravenous 

routes will produce sub-therapeutic concentrations in the brain and is not a suitable 

mode of administration for treating GBM. Local delivery would be the greatest choice.  
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Figure 1. 5 Chemical structure of PTV, adopted and redrawn from (Davignon, 
2012). 
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1.11 Implantable drug delivery system (IDDS) 

Polymeric implantable devices are a viable alternate delivery route for drug 

molecules. IDDS provide localised and targeted drug delivery. They may achieve 

high local concentrations of active ingredients while reducing or avoiding systemic 

toxicity (Dash & Cudworth, 1998; Fialho & Silva Cunha, 2005; Langer, 1990; Rajgor 

et al., 2011; S. Stewart et al., 2018). In the 1960s, IDDS, which uses polymers as 

delivery vehicles, began to be developed, providing a new idea in drug delivery 

(Kamaly et al., 2016; Kleiner et al., 2014). Since then, significant efforts have been 

undertaken to enhance their formulation and release characteristics. These systems 

allow for the prolonged, continuous, and predictable delivery of drugs, which is 

particularly helpful for treating chronic disorders requiring repeated treatments (Fung 

& Saltzman, 1997). The systems were built utilising nondegradable polymers and 

were first designed to transport hormones, among other therapies (Fung & Saltzman, 

1997; Kamaly et al., 2016). They were based on biocompatible polymers with 

suitable physical properties. The term IDDS refers to both nondegradable and 

degradable systems. The first controlled-release devices were built on 

nonbiodegradable polymeric materials such as silicone elastomers (Folkman & Long, 

1964; Fung & Saltzman, 1997). The consequence was the development of reservoir 

drug delivery systems, which release the drug through the polymer wall of the 

delivery device via controlled diffusion (Brown et al., 1986). The drug was released in 

a  controlled manner, however, a medical practitioner needs to remove the device 

after the treatment period. After the reservoir IDDS, solid polymer matrices were used 

for long-term drug release. The need to develop biodegradable IDDS that can 

degrade into compatible biological components under physiological conditions has 
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been a significant incentive (Kleiner et al., 2014; Markland & Middleton, 2015). One 

of the benefits is that the implant does not need to be removed at the end of 

treatment, which enhances patient compliance, especially when dealing with chronic 

diseases that require prolonged therapeutic periods and multiple treatments to 

control the disease. These systems consist of natural or synthetic biodegradable 

polymers, typically polymers that can be disintegrated in vivo, either enzymatically, 

nonenzymatically, or both, to yield biocompatible, endogenous metabolites that the 

body's natural metabolic pathways can remove without toxic effects (Makadia & 

Siegel, 2011). Biodegradable polymers are widely utilised in matrix implants to create 

delivery devices by physically trapping drug molecules in matrices. Because 

biodegradable polymers disintegrate following implantation and drug release, they 

undergo degradation along with drug release, making it possible to regulate some 

elements of device degradation and erosion by carefully selecting suitable polymer 

properties (Fung & Saltzman, 1997). The main benefit of this method over micro and 

nanoparticles is related to the capability to be removed in the incidence of 

unfavourable adverse outcomes since the matrix implants retain a degree of 

reversibility which is not present in depot injections (Makadia & Siegel, 2011; Rabin 

et al., 2008; SIEGEL et al., 2006).  
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1.12 Requirements for Implantable drug delivery system (IDDS) in GBM 

GBM is a highly complex brain tumour that presents challenging requirements for 

developing a suitable IDDS. The first step in effectively treating tumours is to provide 

suitable drug release kinetics in combination with an effective drug. As a result, 

applied systems should ideally have zero-order controlled release to sustain a 

constant drug concentration within the therapeutic window at the cancerous site for 

an extended period of time (Fenton et al., 2018; Hauck et al., 2022). However, there 

is a growing debate on the potential benefits of incorporating a burst release to 

deliver a high initial dose of the drug. A burst release strategy may help target and kill 

the majority of cancer cells while also increasing the diffusion of the drug into the 

brain parenchyma to reach deep seated tumour cells (Gawley et al., 2020b). Here, 

the drug release kinetics depend on several factors, including drug loading and 

solubility, drug diffusion coefficient, and matrix breakdown rates for biodegradable 

systems  (Hauck et al., 2022; Stewart et al., 2018). Furthermore, IDDS should be 

biocompatible and not harm brain tissue. This involves having appropriate 

mechanical properties that correspond to the stiffness of the brain tissue, 

consequently preventing a foreign body reaction (Hauck et al., 2022; Moshayedi et 

al., 2014). The most widely used polymers, such as poly (lactide acid) (PLA), poly 

(caprolactone) (PCL), alginate, and poly (lactic-co-glycolic acid) (PLGA), have FDA 

approval and are well known for their biocompatibility, non-toxic attributes, and 

biodegradability (Hauck et al., 2022; Mansour et al., 2010). The insertion of the IDDS 

into the tumour cavity is one of the most important parts of the treatment plan; it is 

preferable if the IDDS conformally adheres to the surface of the cavity to facilitate 
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drug penetration into the brain tissue. Additionally, biodegradable devices are helpful 

since they prevent the need for surgery to remove the IDDS. 

1.13 PLGA copolymers used for Implantable drug delivery device 

PLGA is a biodegradable and biocompatible copolymer of PLA and PGA (Maurus & 

Kaeding, 2004; Stewart et al., 2018). The popularity of PLGA has increased among 

the several polymers used in drug delivery systems because of its biodegradability, 

biocompatibility, ease of manufacture, and superior mechanical feature (Zhang et al., 

2013). This polymer breaks into its primary monomers, lactic and glycolic acids, 

which are non-toxic and easily excreted from the body through hydrolysis of ester 

linkages (Fialho & Silva Cunha, 2005; Jain, 2000). Owing to its superior 

biocompatibility, biodegradability, and drug compatibility, PLGA has become one of 

the biodegradable polymers that have received FDA approval (Klose et al., 2008). A 

study by Makadia and Siege (Makadia & Siegel, 2011) demonstrated that PLGA has 

excellent mechanical properties that enable processing into any shape and size. The 

study also mentioned that it could be processed into implants using solvent-casting, 

compression moulding, and extrusion, or it can be manufactured into 

micro/nanoparticles (AVERINENI et al., 2012; Fonseca et al., 2002; Jin et al., 2009; 

Mu & Feng, 2003) by solvent evaporation, phase separation, and spray drying. PLGA 

foams (Ong et al., 2009), films (Steele et al., 2011), electrospun fibres (Xie & Wang, 

2006), and hydrogels (SHIM et al., 2007) have also been successfully created for 

drug delivery applications. Several physical and chemical factors, including pH, ionic 

strength, temperature, crystallinity, and the presence of drugs, can influence how 

rapidly these polymers degrade. The nature of the polymer, such as the molecular 

weight (Mw) and proportion of the lactic and glycolic monomers, can also affect how 
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well the drug is released (Fialho & Silva Cunha, 2005). It is possible to change the 

physical properties of the polymer by changing the lactide-to-glycolide ratio and 

polymer Mw (Makadia & Siegel, 2011; Stewart et al., 2018). PLA has side methyl 

groups, which increases the copolymer's hydrophobicity. As a result, PLGA 

copolymers with a high PLA content exhibit greater hydrophobicity and, as a result, 

degrade at a slower rate. The advantages of PLGA include a higher degradation rate 

than PLLA but a lower degradation rate than PDLA; and the absence of acidic by 

products created during degradation (Maurus & Kaeding, 2004; Stewart et al., 2018). 

The Mw of the PLGA molecules and the composition of the monomers directly affect 

the polymer's crystallinity. The polymer's degree of crystallinity significantly impacts 

both the mechanical properties and the rates of degradation. The degree of 

crystallinity of PLGA decreases with increasing PGA concentration, whereas the rate 

of hydration/hydrolysis increases. The highest degradation rates are shown in 

PLGAs, which contain 50:50 PLA:PGA. PLGA copolymers have glass transition 

temperature (Tg) values above 37°C, displaying a relatively solid chain structure that 

is suitable for the manufacturing of implants (Stewart et al., 2018). Finally, due to its 

biocompatibility, mechanical strength, and ease of formulation, PLGA is the 

biodegradable polymer that is most frequently used for biomedical purposes 

(Luckachan & Pillai, 2011; Stewart et al., 2018).  
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1.14 PLGA matrix implant  

Matrix implants are solid, rigid objects that often take the form of cylindrical rods 

millimetres in length and less than a millimetre in diameter. In PLGA matrix implants, 

a drug is homogeneously dispersed throughout the matrix, making them similar to 

monolithic implants (Iyer et al., 2006; Sequeira et al., 2018). They are dosage forms 

that, depending on the type of polymer utilised in their manufacture, provide the 

controlled release of a drug over an extended time of months or years (Markland & 

Middleton, 2015; Sequeira et al., 2018). The system does not require additional 

surgery to remove the implant at the end of the therapeutic period (Iyer et al., 2006; 

Sequeira et al., 2018). 
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1.15 Mechanism of PLGA degradation  

As previously stated, PLGA degrades through hydrolytic cleavage of its poly (ester) 

backbone (Houchin & Topp, 2008), as shown in (Figure 1.6). Polymer chains are 

broken down into oligomers, which are shorter chains (Lao et al., 2011). The matrix's 

mass is then reduced due to the latter's transformation into CO2 and water, a process 

known as erosion (Lao et al., 2011). PLGA is a bulk-eroding polymer (Kapoor et al., 

2015; Lao et al., 2011), which consists of four main stages and is a homogenous 

process in which degradation occurs across the polymer matrix (Lao et al., 2011). 

First, a polymer swells after absorbing water, which enters secondary or tertiary 

structures previously held together by hydrogen bonds and van der Waals forces are 

destroyed. Second, the covalent ester bonds in the polymer backbone begin to break 

down by hydrolysis, producing an increasing amount of carboxylic end groups that 

can autocatalyse the process and speed up the breakdown of the polymer backbone. 

At this stage, the molecular mass starts to decrease, and the mechanical strength 

begins to decline. Third, the backbone covalent bonds continue to disintegrate 

massively. Significant mass loss takes place when the Mw reaches a certain point. At 

the same time as this process occurs, physical and mechanical integrity is lost. 

Fourth, oligomer solubilisation into the surrounding media causes the polymer to lose 

a significant mass. The polymer disintegrates into several tiny fragments, which will 

then undergo hydrolysis to produce free acids (Hines & Kaplan, 2013; Lao et al., 

2011).  
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Figure 1. 6 Mechanism of PLGA degradation, adopted and redrawn from (Sequeira et 
al., 2018). 
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1.16 Mechanism of drug release from PLGA  

Despite degradation by bulk-eroding being a feature of PLGA polymers and is what 

enables a drug entrapped in a matrix to be released, drugs are typically released 

from macroscale PLGA-matrix implants through a mixture of three mechanisms: 

diffusion-controlled release, drug-carrier affinity, and degradation of the matrix 

material (Kamaly et al., 2016; Kearney & Mooney, 2013). The drug release is 

diffusion-driven and can be influenced by concentration gradients, matrix swelling, 

and diffusion distance in relation to the implant's shape (Kamaly et al., 2016). 

Because of this, the release also mainly depends on the matrix's size. There might 

be variations in the release if the matrix has pores. Other processes, such as water 

penetration and solubilisation following the device's first immersion in an aqueous 

environment, erosion and diffusion of PLGA polymer fragments, and the rate of drug 

diffusion, may also play a role in the release mechanism. These actions may occur 

simultaneously, so that the releasing method may be complicated (Hines & Kaplan, 

2013).  

1.16.1 Release profile of PLGA Matrix implant  

Due to the heterogeneous degradation, a macroscopic PLGA matrix implant typically 

exhibits a release profile with three phases. It is commonly known as a tri-phasic 

profile. Phase I, frequently described as a burst release, has been related to drug 

particles on the matrix's surface that is rapidly dissolved by the surrounding aqueous 

media at the implantation site. Phase II is commonly a slow-release phase, 

sometimes known as the lag phase. Drug diffusion occurs gradually during this 

phase through the distributed pores or the relatively dense polymer. While polymer 

hydration and degradation are already causing quicker drug release, which is 
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frequently linked to the start of erosion, polymer chains still have enough length to 

entrap the drug. The drug is typically released quickly during this phase, commonly 

described as the second burst. It might also result from the matrix forming cracks. 

The formulation optimisation can enable alterations to the conventional tri-phasic 

release profile. Degradation of PLGA is a dynamic process; properties and behaviour 

change while the degradation occurs. The conditions that lead to slow release are 

also changing as the pH and other properties of the matrix change throughout 

degradation; a pore-forming process may take place over pore closure. The type of 

PLGA utilised will also affect the speed of drug release. Since the beginning of rapid 

drug release was discovered to be correlated with swelling, erosion, and distortion of 

the device and, consequently, the more accessible hydration of the PLGA matrix, this 

rapid release might begin in Phase II rather than in Phase III. Phases may also be 

overlaid, so using the release profile alone to make predictions about the drug 

release is insufficient (Fredenberg et al., 2011). Numerous mathematical models 

have been created to explain drug release from PLGA matrix implants (Siepmann & 

Siepmann, 2012). Mathematical modelling is a helpful technique that can be used to 

determine release mechanisms, characterise the essential transport processes 

involved, estimate unknown parameters, such as the diffusion coefficient when 

diffusion is involved, decrease experimentation, and offer predictive capabilities 

(Hines and Kaplan, 2013). These models can predict the release behaviour of a 

specific formulation and help clarify the driving release mechanisms (Siepmann & 

Siepmann, 2012).  
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1.17 Methods of PLGA Implant Manufacture  

PLGAs have properties of low-melting thermoplastics that soften and melt when 

heated over their Tg. With pressure and mild to high temperatures, they can be easily 

moulded into macroscopic (or even microscopic) forms, allowing the fabrication of 

devices with various morphologies (Hines & Kaplan, 2013; Jain, 2000). 

Thermoplastic polymers, including PLGA, can be manufactured into implants using 

compression, solvent casting, hot melt extrusion (HME), injection moulding (IM) or 3D 

printing techniques (Fialho & Silva Cunha, 2005; Stewart et al., 2018). Different 

implant manufacturing techniques produce PLGA under various processing 

conditions. Differences in the moulding process, shearing forces generated, and 

thermal treatments at the end may modify the polymer's final molecular weight, 

crystallinity, or microporous structure, resulting in variations in the degradation of the 

final implant (Rothen-Weinhold, 1999; Rothen-Weinhold et al., 1999). As a result, it 

will have various in vivo and in vitro release profiles (Fialho & Silva Cunha, 2005; 

Stewart et al., 2018). The degradation characteristics of the polymers, the 

manufacturing techniques, and the device's drug-loading ratio define the in vivo 

performance of the PLGA matrix implant delivery system (Rothen-Weinhold, 1999; 

Rothen-Weinhold et al., 1999; Rothen-Weinhold et al., 1997). Most of the final matrix 

implant's properties result from the manufacturing method.  
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1.17.1 Compression 

Compression as a manufacturing process does not require heat or solvents, making 

it a valuable method for manufacturing implants containing components that are 

sensitive to heat or solvents, such as proteins or peptides (Jivraj et al., 2000). 

However, implants made with this method usually have a faster release profile than 

those made with other manufacturing methods. It may be necessary to use additional 

procedures, such as covering the implant, to delay drug release. Additionally, as 

demonstrated by Fialho et al., implants formed by compression had an irregular 

surface with numerous pores and channels (Fialho & Silva Cunha, 2005), which may 

cause an unstable release from an implant produced in this technique.  

1.17.2 Solvent casting 

The solvent casting process involves dissolving the polymer in a suitable solvent first, 

then casting the formed solution into a mould and eliminating the solvent through 

evaporation (Makadia & Siegel, 2011). This technique frequently produces films or 

laminar implants (Dorta et al., 2002; Santoveña et al., 2006; Umeki et al., 2011). The 

drawback of this technique is the large amount of organic solvent required, which 

might impact the toxicity and stability of the drugs and cause significant 

environmental problems (Makadia & Siegel, 2011).  

1.17.3 Hot Melt Extrusion (HME) 

HME is the process of melting, mixing, and forcing a polymer through a narrow hole 

known as a die (Makadia & Siegel, 2011). It is a continuous process where a mixture 

of polymer and drug via a die produces implants with constant diameter without using 

solvents (Makadia & Siegel, 2011; Wang et al., 2010). The HME requires that the 

polymers used be thermoplastic (Breitenbach, 2002a). PLGA is a thermoplastic 

polymer and can be processed using this technique (Breitenbach, 2002a). Above the 
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Tg, the mixture is melted and pushed through a die. If necessary, pre-mixing can be 

performed to help in generating a homogenous extrudate. It is the most suitable 

method for creating matrix systems since the drug is uniformly distributed throughout 

the implant. The drug stability and Mw of the polymer could be affected by a change 

in the temperature that is being employed. As a result, the extrusion procedure 

restricts the drugs used depending on their melting point, thermal stability, polymorph 

stability, and chemical interactions with PLGA (Makadia & Siegel, 2011). 

1.17.4 Injection moulding (IM) 

IM is a technique that is well suited for large-scale industrial production. This 

manufacturing method enables the production of implants of various shapes while 

ensuring a suitable polymer and drug mixing process. A particular designed IM 

machine is commonly used, with a mould of the desired shape and size for the 

finished required form. The polymer and drug mixture is first heated to a suitable 

temperature to become flexible. Then it is injected under pressure and heated again 

to provide it with the desired shape. The manufactured implants are allowed to cool 

at a significantly lower temperature (Rothen-Weinhold, 1999; Rothen-Weinhold et al., 

1999). It is not just a continuous process but also very reproducible and automatable. 

Again, high temperatures are necessary for this method, and a decrease in PLGA's 

Mw is commonly found. As was previously stated, this might cause some active 

ingredient degradation (Rothen-Weinhold, 1999; Rothen-Weinhold et al., 1999). 
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1.17.5 3D printing 

3D printing is usually used to manufacture dental implants, prostheses and 

orthopaedic implants (Shi et al., 2014). This approach could be very promising for 

producing implantable drug delivery devices because it is inexpensive, accurate, and 

highly flexible (Shi et al., 2014). 3D printing might be used to form the biodegradable 

implant structure, which would be loaded with the drug and released from the 

implant, controlled by degradation of the implant structure or rate-controlling 

membranes that cover pores in the implant. 3D printing is a promising technique and 

could be particularly valuable in the fast development of prototypes for research. Its 

viability as a manufacturing process for mass production is still yet to be determined. 

But once the FDA approved a 3D-printed drug in 2015, the viability of 3D printing for 

the production of pharmaceutical dosage forms took a step forward (Norman et al., 

2017).  

1.18 Factor affecting degradation and drug release from PLGA matrix 

1.18.1 Type of polymer 

The type of polymer used, among other crucial factors, is the main factor affecting 

the degradation and, consequently, the drug-release mechanism of a matrix implant 

(Fredenberg et al., 2011). A particular drug release behaviour could be achieved by 

altering some polymer properties (Hines & Kaplan, 2013). 

1.18.2 Polymer composition  

In terms of the PLA-PGA ratio, the polymer composition is considered the most 

significant factor influencing the degradation rate (Alexis, 2005; Washington et al., 

2017). An increase in the ratio of hydrophilic glycolic acid in PLGA composition 

speeds up weight loss because specific chain scission glycolic links lead to 
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preferential degradation of those units over lactic acid units (Makadia & Siegel, 

2011). The hydrophilicity of the PLGA matrix increases with PGA content, which 

causes the rate of PLGA backbone disintegration to increase due to hydrolytic 

scission. This results in a faster drug release (Makadia & Siegel, 2011). In contrast, a 

rise in the lactic acid residue ratio accelerates backbone breakdown by raising the 

crystallinity of PLGA. According to reports, PLGA with high initial crystallinity, i.e., a 

high amount of L-PLA not subject to any process that could cause crystallinity loss, 

such as compression moulding or quenching processes, had a faster rate of Mw 

decrease when subjected to hydrolysis (Alexis, 2005). 

1.18.3 Crystallinity 

There is a correlation between crystallinity and Tg. It depends on the proportion of 

PGA and PLA units (Makadia & Siegel, 2011). It is more crystalline if the PLGA 

contains more L-PLA or PGA. 

1.18.4  Molecular weight (Mw) 

Since PLGAs with higher Mw have longer polymer chains, they consume longer to 

hydrolyse and decompose completely (Makadia & Siegel, 2011). The converse is 

true for L-PLA because of their high crystallinity, which increases with Mw (Makadia 

& Siegel, 2011). It is well known that PLGA chains with low Mw have faster 

biodegradation rates and release drugs faster than PLGA chains with high Mw 

(Alexis, 2005). The Tg drops along with this behaviour. L-PLA exhibits the opposite 

behaviour because of the high level of crystallinity that develops when the Mw 

decreases. Less hydrophobic PLGA is produced by low Mw, a low PLA-PGA ratio, 

and uncapped end groups. This PLGA has higher water absorption rates, hydrolysis, 

and erosion (Fredenberg et al., 2011; Tracy et al., 1999). However, as was 
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previously stated, those properties change as the polymer degrades and releases the 

drug. PLGA is dynamic during these processes because it degrades, changing its 

properties and behaviour. The transition from hydrophobic, high Mw, and slow-

degrading PLGA to hydrophilic, low Mw, and fast-degrading PLGA will eventually 

occur (Fredenberg et al., 2011).  

1.18.5 Morphology of the matrix 

The matrix degradation increases with the surface area-to-volume ratio, especially for 

large devices (Grizzi et al., 1995; Kapoor et al., 2015). Bulk degradation will occur 

more quickly, causing a rapid release of the drug (Makadia & Siegel, 2011). The 

presence of pores in the matrix can predict drug release if the initial pores have 

sufficient size to enable drug molecules to be released by diffusion when water 

enters the pores following implantation. 

1.18.6 Manufacturing technique 

The implant manufacturing technique will affect the final PLGA properties because of 

the processing parameters used, which will impact degradation (Hines & Kaplan, 

2013). 

1.18.7 Drug type 

The type of drug incorporated could modify the matrix's degrading mechanism and 

rate of degradation (Makadia & Siegel, 2011; SIEGEL et al., 2006). The drug of 

choice can significantly impact the release mechanism due to its chemical properties. 

Lower drug loadings, salts, and chemicals that stimulate hydrolysis caused the matrix 

to degrade more rapidly. The drug and polymer may interact, which could slow down 

the rate of release (Hines & Kaplan, 2013). Some drugs, including caffeine and 

salicylic acid, can decrease the Tg when dissolved in a PLGA matrix. In contrast, 
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others can interact with the carboxyl groups produced by the PLGA degradation 

process (as observed for quinidine) (Alexis, 2005).  

1.18.8 pH 

Strongly alkaline and acidic media promote the degradation of PLGA. As PLGA 

degrades, the accumulation of carboxylic end groups will act as an auto catalyst for 

the degradation by hydrolysing the ester bonds (Makadia & Siegel, 2011).   

1.18.9 Drug load 

The polymer-to-drug ratio affects the rate and duration of release when drugs are 

entrapped in a PLGA matrix. A higher polymer-to-drug percentage increases the rate 

and duration of release; however, this will result in a higher burst release if present in 

the mechanism of release (Makadia & Siegel, 2011). When the drug is released, the 

space left will result in a pore in the matrix. As the medium enters the pore, it will 

enable more drugs to be released by diffusion (Fredenberg et al., 2011).   

Other factors influencing the degradation and, subsequently, the drug-release 

mechanism of PLGA include flow rate, sterilisation of the final pharmaceutical form, 

strain, the presence of plasticisers, and the presence of enzymes, despite multiple 

findings related to the function of body enzymes with the degradation of PLGA 

(Alexis, 2005).  
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1.19 Aim and objectives  

The problem – The systemic delivery of chemotherapeutic drugs to the brain is 

difficult due to the BBB, which acts as a barrier to large, ionically charged, hydrophilic 

molecules. And a high systemic dose is needed because most chemotherapeutic 

drugs could not cross the BBB at concentrations required for therapeutic effect. 

Additionally, approximately 80 to 90% of cases experience recurrence within 2 cm of 

the resection site. 

The research idea – To develop a range of biodegradable implantable devices of 

varying parameters formulated by different manufacturing techniques, IM and HME, 

for localised delivery of chemotherapeutic drugs to the brain. Identifying the most 

promising biodegradable implantable device by investigating physical and 

physiochemical characterisation. The localised delivery of chemotherapeutic drugs to 

the brain will overcome the issues associated with systemic administration of 

chemotherapy and relapse of GBM.  
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Objectives: 

• To provide insight that could be used for the local treatment of GBM with a 

view to possible discovery and helpful variations and improvements in drug 

choice, polymer type, and manufacturing techniques of this implantable drug 

delivery device. 

• Develop a range of single-layer sustained-release implantable devices 

containing anticancer drugs with varying drug loading and grades of PLGA.  

• Study the impact of using different drug loading and different grades of 

biodegradable PLGA on drug release.  

• Develop a multi-layer implantable device containing anticancer drugs with 

varying drug loadings. 

• Develop and optimise different manufacturing techniques for manufacturing 

implantable drug delivery devices.  

• Evaluate implantable drug delivery devices by investigating the size uniformity, 

drug content, drug release from implants, drug distribution, thermal stability 

and crystallinity. 

• Study the impact of using different manufacturing techniques on drug release, 

homogeneity, crystallinity, and drug content.  
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CHAPTER 2: DEVELOPMENT AND CHARACTERISATION OF 

SINGLE-LAYER IMPLANTABLE DELIVERY DEVICE (IRINOTECAN-

LOADED PLGA) FORMULATED BY USING INJECTION MOULDING 

AND HOT MELT EXTRUSION TECHNIQUES 
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2.1 Background  

PLGA is commonly utilised as a polymeric matrix former to control the release of 

drugs from implants and microparticles. Numerous implantable pharmaceutical 

products of PLGA have been on the market for many years. The success of this 

polymer can be attributed to its (i) good biocompatibility (Anderson & Shive, 2012; 

Grund et al., 2011; Nair & Laurencin, 2007), (ii) biodegradability (iii) ability to give 

desirable drug release rates across a range of times periods, from a few hours to 

several months (Dorta et al., 2002; Schreiner et al., 2021). The choice of the most 

appropriate biodegradable matrix form for a particular application depends on a 

number of variables, such as the material's processability, the desired/required 

mechanical characteristics of the delivery system, the targeted release period and 

drug release profile. Importantly, PLGA-based implants can be prepared using a 

variety of techniques, such as HME, IM, solvent extrusion, compression and 3D 

printing (DESAI et al., 2008; Hamoudi-Ben Yelles et al., 2017; Kempe & Mäder, 

2012; McConville et al., 2015; Takahashi et al., 2004). The type of manufacturing 

technique used and the chosen process parameters can substantially impact the 

dosage forms' inner and outer structure and, consequently, the drug release kinetics 

(Andhariya et al., 2019; Bassand et al., 2022; Vay et al., 2011). Additionally, the 

device's composition can have a significant impact, depending on the drug loading 

and drug properties (such as solubility, hydrophilicity and affinity of PLGA) (Bassand 

et al., 2022; Do et al., 2015; Grizić & Lamprecht, 2020; Hamoudi-Ben Yelles et al., 

2017; C. Wu et al., 2018), PLGA type (such as average polymer molecular weight, 

end group type) (Bassand et al., 2022; Xiao et al., 2020; Zolnik & Burgess, 2008), 

presence of potential additives (Bassand et al., 2022; Lehner et al., 2019; Schliecker 



  
 

[52] 
 

et al., 2004; Thalhauser et al., 2020) and size of the dosage form (Lin et al., 2018). It 

is crucial to investigate the mechanism by which the type of drug affects the 

properties of PLGA. The choice of drug entrapped in PLGA matrices plays a crucial 

role in altering matrix degradation mechanisms and affecting the rate of degradation 

(Makadia & Siegel, 2011; SIEGEL et al., 2006). The behaviour of the release 

mechanism is intimately related to the chemical properties of the chosen drug. For 

instance, lower drug loadings, salts, and drugs assessing hydrolysis processes could 

accelerate matrix degradation, leading to alterations in the release mechanism 

(Hines & Kaplan, 2013). Certain drugs, when dispersed in a PLGA matrix, exhibit 

additional effects such as decreasing the Tg or interacting with carboxyl groups 

generated during PLGA degradation, further influencing the drug release mechanism 

(Alexis, 2005). Understanding how the drug interacts with the PLGA matrix is 

fundamental. It extends beyond release kinetics, impacting the mechanical and 

thermal properties of the polymer. Ascertaining these mechanisms is essential for 

tailoring drug release profiles and optimising the performance of PLGA-based drug 

delivery systems.  

PLGA is a thermoplastic polymer that can be simply shaped when it is molten. As a 

result, PLGA is frequently utilised as a thermal binder in the manufacturing of 

biodegradable implants through IM or HME (QUINTEN et al., 2009).  

In this work, HME and IM techniques were chosen since these techniques offer an 

interesting potential for the preparation of homogeneous drug-polymer blends 

(Bassand et al., 2022; Breitenbach, 2002b; Duque et al., 2018; Lehner et al., 2019; 

QUINTEN et al., 2009). IM is the process of converting the molten material under 

high pressure into a compact and shape-specific mould. When the material solidifies, 
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the mould is opened to generate the final product (Quinten et al. 2009). HME has 

become an innovative processing method for producing molecular dispersions of 

active pharmaceutical ingredients (APIs) into different polymer matrices, which has 

allowed this technique to provide time-controlled, modified, extended, and targeted 

drug delivery (Maniruzzaman et al., 2012; Repka et al., 2007, 2008, 2012). In 

addition, it complies with the requirements of the US FDA Process Analytical 

Technology (PAT) scheme for designing, analysing, and controlling the 

manufacturing process through quality control measurements made during the active 

extrusion process (Maniruzzaman et al., 2012). HME has been shown to be a reliable 

method for developing various drug delivery systems. Hence it has also been shown 

to be helpful in the pharmaceutical industry (Maniruzzaman et al., 2012). For the 

manufacturing of solid rod-shaped PLGA implants, HME is a suitable and frequently 

used technique. Implants are molecularly distributed or suspended drug matrix 

systems (Ghalanbor et al., 2010; Zhou et al., 1998).  

IRN, a semi-synthetic pro-drug (Ramesh et al., 2010), inhibits the Topoisomerase I 

group of enzymes through its active metabolite, 7-ethyl-10-hydroxycamptothecin (SN-

38) (Xu & Villalona-Calero, 2002). IRN is proven to be transformed to SN-38 

following intratumoral administration to gliomas (Wang et al., 2011). It has been 

demonstrated to be successful in the clinic against GBM both as a monotherapy 

(Batchelor et al., 2004; Buckner et al., 2003; Chamberlain, 2002; Cloughesy et al., 

2002, 2003; Friedman et al., 1999; Gilbert et al., 2003; Prados et al., 2004, 2006; 

Raymond et al., 2003; Turner, 2002) and in combination with TMZ (Gruber & Buster, 

2004; Yung et al., 2005), BCNU (Brandes et al., 2004; Quinn et al., 2004; Reardon et 

al., 2004), and bevacizumab (Bokstein et al., 2008; Friedman et al., 2009b; Goli et 
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al., 2007; Mesti et al., 2015; Ozel et al., 2016b; Purow & Fine, 2004; Raval et al., 

2007; Vredenburgh, Desjardins, Herndon, Dowell, et al., 2007; Vredenburgh, 

Desjardins, Herndon, Marcello, et al., 2007). IRN can cross the BBB, but large 

intravenous doses of between 125 and 500 mg/m2 are needed to reach therapeutic 

levels in the brain, which can have serious systemic adverse effects, including 

gastrointestinal toxicity that can cause early and late onset diarrhoea and severe 

neutropenia (Hecht, 1998). The issue of severe side effects such as diarrhoea and 

neutropenia and the required to increase the dose level of IRN in the brain has 

provoked new developments in enhancing IRN's ability to pass through the BBB. 

Local delivery of IRN could enhance therapeutic outcomes by enabling the delivery of 

a higher dose of IRN locally at the site of the tumour removal, reducing systemic 

concentrations, and hence minimising the aforementioned side effects. 
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2.2 Aims and objectives 

The aim of this chapter was to develop an IRN-loaded PLGA implantable delivery 

device by using IM and HME for localised treatment of GBM . 

The objectives were: 

• To determine the manufacturing processing parameters for chosen material 

that can be manufactured by IM and HME techniques.   

• To produce PLGA matrix implants containing IRN by using IM and HME 

techniques.   

• To characterise the implants using differential scanning calorimetry (DSC),  

X-ray Powder Diffraction (XRD) and Raman. 

• To investigate the IRN content of the implants. 

• To investigate the stability of IRN in various solvents for in vitro release 

studies. 

• To study the impact of the drug load, type of PLGA, size of implant, release 

media and manufacturing techniques on the in vitro drug release from 

implants.  
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2.3  Materials & Methods  

2.3.1  Chemicals  

Irinotecan hydrochloride was purchased from LGM Pharma, Memphis TN, USA. 

Kolliphor P188 and Sodium hydroxide were purchased from Sigma-Aldrich, Saint 

Louis, USA. Polymer PLGA from Corbion Purac, Amsterdam, Netherlands. 

Acetonitrile, Methanol HPLC grade and Potassium dihydrogen phosphate analytical 

reagent grade were obtained from Fisher Scientific, Loughborough, United Kingdom. 

Ortho-phosphoric acid 99% was obtained from Merck, Darmstadt, Germany. 

Potassium dihydrogen phosphate, 98+%, was obtained from Alfa Aesar, England. 

Phosphate buffered saline (Dulbecco A) was obtained from OXOID, Hampshire, 

England.  

2.3.2  Methods  

2.3.2.1  HPLC analysis  

Quantification of IRN was performed using an Ultimate 3000 Autosampler HPLC 

(Thermo Scientific Inc., Germering, Germany) with a Zorbax Eclipse XDB-C18 4.6 x 

150 mm, 3. uM particle size column (Agilent Technologies, USA). The column 

temperature time was set at 25°C. The mobile phase consisted of a mixture of 0.02 

M potassium di-hydrogen orthophosphate pH adjusted to 3.5 with the ortho-

phosphoric acid, methanol and acetonitrile (60:20:20 v/v/v). The flow rate of the 

mobile phase was 1.0 ml/min, while the wavelength detection was 220 nm. The total 

run time was 10 min, and the retention time of IRN was 4.7 minutes. The calibration 

curve for IRN was plotted over a concentration range of 4–100 μg/mL. 
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2.3.2.2  Rheological measurements  

Rheological analysis of the polymers, drug and polymer blends, and polymers and 

plasticiser P188 (1, 5, 10 & 20%) blends was performed to determine the melt 

viscosity and processing parameters as a function of temperature for IM and HME. 

The experiments were performed on a Discovery hybrid parallel plate rheometer 

(T.A. Instruments, USA) using a 20 mm cross-hatch steel plate and a 500 μm gap 

height. The rheometer was calibrated for zero gap before analysing a sample. 

Initially, an oscillation amplitude sweep was performed for each sample to determine 

the linear viscoelastic region. Each test was performed at an angular frequency (10 

rad/s) with stress between 0.01 and 10,000 pa.s and seven temperature 

measurements (80, 100, 110, 120, 130, 140, and 150°C). Then, Flow temperature 

ramp tests were performed to determine an ideal extrusion temperature. The test was 

conducted from 80-200°C at a ramp rate of 5 °C/min, with constant stress 1000 pa.s 

(viscoelastic zone), and a time of 30 seconds was used for all measurements.  

2.3.2.3 Manufacturing of IRN-Loaded PLGA implant  

2.3.2.3.1  Injection moulding (IM) 

A 500 mg mixture consisting of the required amount of the drug (10, 20, 30 (w/w)) 

and PLGA with plasticiser Kolliphor P188 was weighed into a small glass beaker and 

mixed using a spatula for approximately 10 minutes. The active mix was placed into 

a 1 mL syringe with a piece of 2 mm diameter and 70 mm length silicon tubing 

attached. The syringes and tubing were placed in a vacuum desiccator to remove air 

and subsequently placed into an oven at 110°C for 40 minutes. Upon removal from 

the oven, the active mix was injected into the silicon tubing and left to cool at room 

temperature for 20 minutes. Each implant rod was cut to produce an IRN-loaded 

implant rod 2 mm in diameter and 3 mm or 6 mm in length. 
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2.3.2.3.2 Hot Melt extrusion (HME) 

The appropriate amount of drug (10, 20, 30% (w/w)), PLGA 5004 and plasticiser 

kolliphor 20% P188 were weighed into a sealed plastic container and roll mixed for 

approximately 10 minutes to ensure uniform blending of API and excipients. The 

active mix was subsequently fed into a twin-screw minilab extruder (Kapex 

Manufacturing, USA) at a feed rate of 5 g per hour. The extruder's feeding, mixing 

and metering zones were set at 65°C, 87°C and 60°C, respectively, with a screw 

speed of 20 RPM. The melt was extruded through a 2 mm die and subsequently cut 

into a rod implant of 3 mm or 6 mm in length to produce 10, 20, and 30% (w/w) IRN-

loaded PLGA implant rods. Temperatures of the extruder were sited according to the 

rheology studies. 

2.3.2.4 Physical characterisation of implants 

2.3.2.4.1 Determination of the lengths, diameters and weights of IRN-loaded 

PLGA implants 

The length and diameter of each implant rod were measured using a digital vernier 

calliper. The diameters of the implant rods were measured at both ends and, in the 

middle, with the results averaged to obtain the average (n=10) diameter of each rod. 

The lengths of the implant rods were measured (n=10), and the results were 

averaged to obtain the average length of each implant rod. The weights of implant 

rods (n=10) were measured using an electronic balance, and the results were 

averaged to obtain the average weight of each implant rod. 
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2.3.2.5 Physiochemical characterisation 

2.3.2.5.1 Determination of drug content  

Each implant (n=6) was accurately weighed and placed into a glass vial. 5ml of 

Dichloromethane (DCM) was added to each vial and left for 1 hour to dissolve the 

implant. Then, the DCM was evaporated in a water bath at 65°C. Once completely 

dry, 10 ml of the mobile phase was added to the IRN/PLGA residue. The vial was 

placed into the ultrasonic bath for 10 minutes, followed by vortex mixing for 2-3 

minutes, causing the PLGA and plasticiser to precipitate while the IRN remained 

soluble in the solution. The sample was then filtered using a 0.45 uM syringe filter 

and transferred into the HPLC vials for analysis. The samples were analysed by the 

IRN HPLC method to determine the content of the drug, and the results were 

compared to the theoretical content, which was calculated from the implant's total 

mass to determine the manufacturing process's reliability. An acceptable limit was 

determined as ±10% of the theoretical content. 

2.3.2.5.2 Determination of the Physical State of IRN in the PLGA implants by 

using Raman 

Raman spectroscopy and Raman imaging were performed using a Thermo 

Scientific™ DXR Raman Imaging Microscope (Waltham, USA) using a 780 nm laser 

operated at 20 mW power on the solid-state samples were collected at room 

temperature on a microscope objective of 10X magnification. A 400-groove per 

millimetre grating was used. The resulting resolution was 2.4– 4.4 cm−1 across the 

spectrum. Data acquisition and processing were carried out using the Thermo 

Scientific OMNICxi software. 
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2.3.2.5.3 Drug distribution in PLGA implant by using Raman mapping 

The surface of the implants was Raman mapped using a Thermo Scientific™ DXR 

Raman (Waltham, USA) with a 780 nm laser operated at 20 mW power. Each 

spectrum was the co-addition of three 5-second exposures collected from 200 to 

3200 cm−1. An Olympus 10× objective with a 25 µm confocal pinhole was used to 

collect the Raman signal. The spectra were collected with a step size of 106 µm in 

both the x- and y directions. 

2.3.2.5.4 Crystallinity studies using X-ray Powder Diffraction (XRD) 

X-ray powder diffraction patterns of the implants (ground to a fine powder), 

formulation blends and pure IRN, PLGA and P188 were filled into a flat sample 

holder and scanned with a 2θ range of 3–50° and step size of 0.02, and the voltage 

was 30 kV and 15 mA current. Samples were recorded using a Rigaku MiniFlex 600 

(Rigaku, USA) with a Cu Kα X-ray source (λ=1.5418 Å) and with software Miniflex 

Guidance version 1.2.01. 

2.3.2.5.5 Thermal stability studies using Differential Scanning Calorimetry 

(DSC) 

A Thermo analytical study was performed using a T.A. instrument Q200 (DSC) (T.A. 

Instruments, New Castle, DE, USA) to investigate the physical state of the 

incorporated IRN in the moulded and extruded implants. The sample was weighed 

(5–10 mg), placed into an aluminium pan, and sealed, with an empty aluminium pan 

used as a reference. Each sample was heated from 25°C to 300°C at a 10°C/min 

heating rate. Nitrogen was used as a purge at a flow rate set at 50 ml/min. 
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2.3.2.6 In vitro dissolution studies 

2.3.2.6.1 Solubility experiments 

The saturation solubility of IRN was investigated in Phosphate buffered saline (PBS), 

Deionised water (dH2O), 50% Dimethyl sulfoxide (DMSO), 70% DMSO and 80% 

DMSO to ensure maintenance of sink conditions in all experimental setups. A 

saturated solution was prepared by dissolving an excess amount of IRN in 1 ml of 

each media in a glass flask (n=3) and vortex mixed for 30s then transferred to a 

shaker incubator and maintained at 37°C for (72 h) to reach equilibrium. After three 

days, samples were transferred into microtubes and centrifuged for 10 minutes. The 

supernatants were diluted and analysed by HPLC. Results were represented as a 

mean (n=3) ± standard deviation (S.D.). 

2.3.2.6.2  In vitro stability of IRN in the different release media  

The purpose of the stability testing was to determine the stability of the IRN over time 

in different media (dH2O, PBS and DMSO) and temperatures (8°C, 20°C and 37°C). 

Standard solutions (100 ug/ml) of IRN in each media were prepared and transferred 

into glass vials and stored under various conditions, room temperature (20°C), cold 

room (8°C) and incubator (37°C) for 36 days. IRN has been previously reported to be 

light sensitive (Kumar et al., 2012), therefore, all samples were protected from the 

light. Samples were taken daily starting from day 0 up to day 36 and analysed by 

HPLC. The results were represented as a mean (n=3) ± standard deviation (S.D.). 
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2.3.2.7 In vitro drug release studies  

2.3.2.7.1 Effect of polymer type (PLGA grades) on drug release 

In vitro release study was conducted to investigate drug release from different PLGA 

grades (5002, 5004, 5010 and 7507) implants manufactured by IM. Each implant 

(10% w/w) loading with varying PLGA grades (5002, 5004, 5010, 7507) 2x6 mm 

(n=3) was placed into a sealed flask containing 10 mL of PBS (pH 7.4) and placed 

into an orbital shaking incubator at 37°C and 100 rpm. 1 mL of the release media 

was sampled at 1, 2, 4, 5, 6, 9, 11, 14, 18, and 21 days and replaced with the same 

volume of PBS. The samples were filtered using a 0.45 uM filter and analysed using 

the IRN HPLC method. 

2.3.2.7.2 Effect of drug loading ratio on the release 

In vitro release study was conducted to investigate the effect of drug loading on the 

release of IRN from PLGA IM implants.  Each 2 × 6 mm PLGA5004 implant with 

varying (10, 20, and 30% w/w) loadings (n=3) was placed into a sealed flask 

containing 10 mL, 20ml and 30ml of PBS (pH 7.4) and placed into an orbital shaking 

incubator at 37°C and 100 rpm. Those volumes provide complete sink conditions for 

the drug with varying (10, 20, and 30% w/w) loadings. 1 mL samples were taken at 

time intervals of 1, 2, 4, 5, 6, 9, 11, 14, 18, and 21 days and replaced with the same 

volume of PBS. The withdrawn samples were filtered using a 0.45 uM filter and 

analysed using the IRN HPLC method. 

2.3.2.7.3 Effect of implant dimensions on drug release  

In vitro release study was conducted to investigate the effect of implant dimensions 

on the release of IRN from PLGA IM implants. Each 30%IRN loaded PLGA 5004 

implant (n=3) with two different dimensions, 2X6 mm and 2X3 mm, was placed into a 

sealed flask containing 15 mL and 30ml of PBS (pH 7.4) and placed into an orbital 
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shaking incubator at 37°C and 100 rpm. Those volumes provide sink conditions for 

the drug with varying dimensions of 2X3 mm and 2X6 mm. 1 mL samples were taken 

at time intervals of 1, 2, 4, 5, 6, 9, 11, 14, 18, and 21 days and replaced with the 

same volume of PBS. The withdrawn samples were filtered using a 0.45 uM filter and 

analysed using the IRN HPLC method. 

2.3.2.7.4 Effect of manufacturing procedure on the release of IRN 

In vitro release study was conducted to investigate the effect of manufacturing 

procedure on the release of IRN from PLGA implants. Each 10%IRN loaded PLGA 

5004 implant why (n=3) formulated by IM and HME was placed into a sealed flask 

containing 10 ml of PBS (pH 7.4) and placed into an orbital shaking incubator at 37°C 

and 100 rpm. 1 mL samples were taken at time intervals of 1, 2, 3, 5, 7, 10, 15, 20, 

25 and 30 days and replaced with the same volume of PBS. The withdrawn samples 

were filtered using a 0.45 uM filter and analysed using the IRN HPLC method. 

2.3.2.7.5 Long-term in vitro release 

Each 10%IRN loaded PLGA 5004 implant (n=3) formulated by IM and HME was 

placed into a sealed flask containing 10 ml of PBS (pH 7.4) and placed into an orbital 

shaking incubator at 37°C and 100 rpm.  1 mL samples were taken at time intervals 

of 1, 2, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 days and replaced with 

the same volume of PBS. The withdrawn samples were filtered using a 0.45 uM filter 

and analysed using the IRN HPLC method. All the measurements were conducted in 

triplicate, and the results were represented as mean % cumulative release ± SD.  
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2.3.2.7.6 Accelerated short-term release (Effect of the various release media on 

the drug release) 

Drug release testing under various types of release media (dH2O, 50%DMSO, 70% 

DMSO and 80% DMSO) at 37°C was investigated in order to develop a suitable 

accelerated in vitro release testing method. Each implant was placed into a sealed 

flask containing different release media (dH2O, 50%DMSO, 70% DMSO and 80% 

DMSO) (volumes provide sink conditions) and placed into an orbital shaking 

incubator at 37°C and 100 rpm. 1 mL samples were taken at time intervals of 1, 2, 3, 

5, 7, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 days and replaced with the same 

volume of release media. The cumulative percentage of IRN released into each 

release media is plotted as a function of time to generate the IRN release profile 

under different release media. Drug stability under different release media such as 

(PBS, dH2O and DMSO) was obtained in order to understand whether IRN was 

stable under different release media.  

2.3.2.8 Statistical Analysis  

The statistical analysis was conducted using GraphPad Prism version 9 and 

Microsoft Excel 2016. The mean, SD and %RSD were calculated. Two-way analysis 

of variance (ANOVA) was performed for multiple comparisons, followed by post-hoc 

comparisons of means using Tukey’s Honestly Significance Difference test. A 

significance level of p < 0.05 was assumed significant for all analyses. In addition, a 

2-sample t-test was used to determine statistical significance between two values at 

the same time point, with p values less than 0.05 assumed significant. 
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2.4 Results and discussion  

2.4.1 HPLC analysis  

Figure 2.1 illustrates the IRN standard curve at seven different concentrations 

quantified by the HPLC. The correlation between the IRN concentration and the 

HPLC area under the curve (AUC) was very good, with the R2 values at 0.9997 

ranging from 4 to 100 µg/ml. The high R2 value indicates a strong linear relationship 

between the IRN concentrations and the AUC, confirming the accuracy and reliability 

of the HPLC method for IRN quantification in the samples. 
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2.4.2 Rheology 

Rheology is the study of how materials flow, and it can be used to predict the 

behaviour of a material when subjected to stress (Phan-Thien & Mai-Duy, 2017). 

Applied heat, screw speed, and pressure can improve a material's flow properties in 

pharmaceutical manufacturing processes such as HME or IM. Rheology can 

measure a material's flow under these conditions, which is useful for predicting 

processing parameters and developing a formulation that can be manufactured 

(Campanella et al., 2002). The melt viscosity determines the processing temperature 

of the polymer or its mixtures with the drugs (Gupta et al., 2014). Typically, a 

viscosity between 103-104 Pa.s is required for extrusion, and the processing 

temperature is determined accordingly (Gupta et al., 2014). It is crucial to determine 

an optimal processing temperature to avoid drug degradation during manufacturing 

(Gupta et al., 2014). Some APIs are unsuitable for high-temperature processing 

because of thermal decomposition, which could result in a loss of pharmacological 
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Figure 2. 1 Standard Curve of IRN using HPLC (n= 3). 
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activity. Therefore, reducing the risk of degradation is a major challenge during 

extrusion processing (Follonier et al., 1994; Kulkarni et al., 2018). One approach is to 

add plasticisers to lower the Tg and melt viscosity, enabling extrusion to be 

performed at lower temperatures  (Ghebremeskel et al., 2007; Gupta et al., 2014; 

Kulkarni et al., 2018; Repka et al., 2008). The addition of plasticisers, such as 

Kolliphor P188, plays a crucial role in altering the mechanical and thermal properties 

of the polymer matrix during extrusion (Fița et al., 2022; Gupta et al., 2014; Jha, 

2020). Plasticisers, low molecular weight compounds added to polymers, interact 

with polymer chains, effectively lowering the Tg and enhancing the flexibility of the 

matrix. This reduction in Tg, coupled with improved chain mobility, leads to lowered 

melt viscosities, enabling extrusion at lower temperatures (Lim & Hoag, 2013; 

Pradhan et al., 2007). Kolliphor P188, a plasticiser chosen for its low melting point 

(below 60°C) and excellent thermal binding ability, facilitates the flow of polymer 

chains, making the extrusion process more efficient and viable at lower temperatures 

(Fița et al., 2022). Kolliphor P188 is a bio-compatible and non-ionic linear copolymer, 

enhances its plasticising and solubilising effects, making it a suitable choice for 

optimising the extrusion process (Chen et al., 2022; Curry et al., 2004; Gawley et al., 

2020). Understanding the mechanisms by which plasticisers, specifically Kolliphor 

P188, impact the polymer matrix is fundamental for tailoring processing conditions, 

reducing the risk of drug degradation, and ensuring the success of pharmaceutical 

manufacturing processes. 
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In this study, the rheological properties of a physical mixture of polymer and the IRN 

as a function of temperature were investigated to determine an appropriate 

processing temperature for moulding and extrusion.  

2.4.3 Rheological measurements 

Polymer PLGA 50:50 with different grades (5002, 5004, 5010) and PLGA75:20 grade 

(7507) were selected because of their short-term drug release (1-2 months) & (4-5 

months), respectively, minimising the possibility of significant differences in drug 

release between the drugs and enable any drugs with slow diffusion rate to release 

(Major et al., 2019). First, the melt rheology of the following polymers; PLGA 50:50 

with different grades (5002, 5004, 5010) and PLGA75:20 grade (7507) were 

investigated. A viscosity-temperature sweep was performed on each polymer to 

model each polymer extrusion profile and its manufacturing processing parameters. 

For all polymers, viscosity decreased with an increase in temperature (Figure 2.2). 

The Mw impacted the melt viscosity profile; a higher Mw produced a higher viscosity 

profile. PLGA 5002, 5004, 5010 and 7507 molecular weights are 16,500 g mol−1, 

40,800 g mol−1, 126,000 g mol−1, and 91,400 g mol−1, respectively (Casalini et al., 

2019). The ideal viscosity range for a small-scale pharmaceutical extruder is between 

103-104 Pa.s (Gupta et al., 2014, 2015, 2016; Solanki et al., 2018) since greater 

viscosities would demand high amounts of torque and lower viscosities would result 

in an extrudate that is too fluid and would not accept the shape of the die (Kolter et 

al., 2012). To obtain an ideal viscosity range from 103-104 Pa.s, the processing 

temperature for the IM method should not exceed 110oC because the syringe used in 

this method could be melted at a temperature above 110oC. Figure 2.2 shows that 

only polymer PLGA 5002 has its melt viscosity range of 103-104 Pa.s. at low 
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temperatures of 85 to 99oC, which is acceptable to be extruded. While the other three 

PLGA polymers (5004, 5010 and 7507), their melt viscosities range from 103-104  

Pa.s. at very high temperatures, 110 - 138oC, > 180oC, 126 - 159oC, respectively.   
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Figure 2. 2 Rheology of different PLGA polymers 5002, 5004, 5010 and 7507 
Temperature sweep data between 80 to 180oC for PLGA 5002, 5004, 5010 and 

7507. Dashed lines represent the Ideal viscosity range for extrusion (103-104 

Pa.s). There was a decrease in viscosity observed with an increase in 
temperatures. 
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The viscosity of the polymer melt is affected by the presence of additives such as 

drugs (Gupta et al., 2015). Each drug has different physiochemical properties 

(molecular weight, hydrophilicity, melting point and charge), and adding a drug to the 

PLGA polymer might affect its melt viscosity and processing temperature. It is crucial 

to understand how the drugs or plasticisers affect the melt viscosity and extrudability 

of polymers. Therefore, melt rheology of IRN with a maximum drug loading of 30% 

w/w mixed with each PLGA polymer (5002, 5004, 5010, 7507) was investigated. 

Higher melt viscosities were observed for the mixtures of 30% w/w IRN with all 

grades of PLGA (Figure 2.3A to D). The melt viscosity of the 30% IRN with PLGA 

5002 reached the 103-104 Pa.s viscosity range at 122-144oC (Figure 2.3A), while for 

30%IRN with PLGA 5004, 5010, and 7507 reached extremely high viscosities >105 

Pa.s (Figure 2.3B, 2.3C, & 2.3D). According to their melt viscosity curves, it is 

anticipated that they would require higher extrusion processing temperatures 

>110oC, which is not applicable to the IM method. Due to this, a plasticiser must be 

added to lower their melt viscosities and allow for suitable processing temperatures. 

It has been reported that adding plasticisers can reduce the process temperature 

(Gupta et al., 2014). Melt viscosities of 30% IRN with PLGA (5002, 5004, 5010 & 

5007) were investigated with the addition of P188 Plasticisers at 1, 5, 10 and 20% 

(w/w) (Figure 2.3A to D). Adding different percentages of P188 Plasticiser were 

proven to lower their melt viscosities (Figure 2.3A to D). For 5002 (Figure 2.3A), 

adding 1% w/w P188 plasticiser achieved 103-104 Pa.s viscosity but within a high-

temperature range of 97-118oC. In comparison, adding 5%, 10% & 20% w/w 

plasticiser P188 achieved 103-104 Pa.s viscosity within acceptable low-temperature 

ranges 85-106oC, 85-102oC and 61-76oC, respectively. For 5004 (Figure 2.3B), 
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adding 1% w/w plasticiser P188 does not achieve 103-104 Pa.s viscosity and their 

melt viscosity range from 105-106 Pa.s. In comparison, adding 5% & 10% w/w 

plasticiser achieved 103-104 Pa.s viscosity but within a high-temperature range of 

110-145oC and 119-167oC, respectively. Only the addition of 20% w/w plasticiser 

P188 achieved 103-104 Pa.s viscosity within the acceptable low-temperature range of 

87-106oC. For 5010 (Figure 2.3C), adding 1% and 5% w/w do not achieve 103-104 

Pa.s viscosity and their melt viscosity >104 Pa.s. While the addition of 10% & 20% 

w/w plasticiser P188 achieved 103-104 Pa.s viscosity but within the high-temperature 

range of 110-152oC and 82-114oC, respectively. For 7507 (Figure 2.3D), adding 1% 

w/w plasticiser P188 does not achieve 103-104 Pa.s viscosity and their melt viscosity 

range from 105-107 Pa.s.  Addition of 5%, 10% & 20% w/w plasticiser P188 achieving 

103-104 Pa.s viscosity but within a high-temperature range of 163-199oC, 143-167oC, 

110-132oC, respectively.  

It is demonstrated that only adding the highest concentration of w P188 20% w/w to a 

mixture of 30%IRN with PLGA 5004 would be appropriate for extrusion at optimum 

viscosity 103 to 104 Pa.s at low-temperature extrusion <110oC. While for a mixture of 

30%IRN with PLGA 5002, adding different percentages of P188 plasticiser P188 1%, 

5% or 20% w/w would be appropriate for extrusion at optimum viscosity 103 to 104 

Pa.s at low-temperature extrusion <110oC. In contrast, increasing the plasticiser 

loading from 1% to 20% w/w for the 5010 and 7507 polymers does not achieve the 

required melt viscosities for low-temperature moulding <110oC. Table 2.1 

summarises selected mixtures appropriate for extrusion and their processing 

temperatures.   
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Figure 2. 3 Rheology of different IRN-PLGA-P188 mixtures; 30% IRN w/w with different PLGA 
polymers (5002, 5004, 5010 & 7507) and different percentages of plasticiser P188 (1, 5, 10, 20%) 

(A, B, C & D). The temperature sweep was performed at 60-200 oC. Rheology results were 
described at the ideal viscosity range for extrusion (103 to 104 Pa.s) (E, F, G &H). 
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According to the rheological results (Figures 2.3G & 2.3H), drug load, 30% w/w of 

IRN, could not be extruded with the Polymer PLGA 5010 and 7507 even with the 

highest percentage (20% w/w) of plasticiser P188. Therefore, melt rheologies of 

lower drug load of IRN 10% w/w mixed with each PLGA polymer (5002, 5004, 7507 

and 5010) were investigated with plasticiser P188 20% w/w. The percentage of 

plasticiser P188 (20% w/w) was selected to obtain the exact composition of the 

extruded formulation of the mixture 30%IRN with PLGA 5004. Thus, study the effect 

of drug load 30%, 20% and 10% w/w with the same type of Polymer PLGA and the 

same percentage of P188 (20% w/w) on drug release. Moreover, mixtures of 10% 

w/w of IRN mixed with each PLGA polymer (5002, 5004, 5010, 7507) and plasticiser 

P188 20% w/w were investigated for screening polymers for drug release and ability 

to be extruded.  

Figure 2.4 shows the melt rheology of the 10% w/w IRN mixed with each PLGA 

polymer (5002, 5004, 5010, 7507) and plasticiser P188 20% w/w. Figure 2.4 

demonstrated that only PLGA polymers (5002 and 5004), when mixed with 10% w/w 

of IRN and 20% P188, achieved 103-104 Pa.s viscosity within acceptable low-

temperature range 78-103oC, 79-95oC, respectively. While other PLGA polymers 

(5010 and 7507), when mixed with 10% w/w of IRN and 20% P188, achieved 103-104 

Pa.s viscosity but within a high-temperature range of 102-118oC and 103-134oC, 

respectively. Table 2.2 summarises selected mixtures of 10% IRN w/w with 20%P188 

and PLGA (5002, 5004, 5010 & 7507) appropriate for extrusion and their processing 

temperatures.   

The processing temperature must be controlled to avoid drug degradation during 

manufacturing (Gupta et al., 2014). In this work, the processing temperature used 
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was ≤ 110°C, which is lower than the melting point of the selected drug IRN (250-

256°C) (Khan, 2010). Theoretically, when drugs and polymers are mixed, the 

polymer melts, and the drug particles are dissolved in the molten matrix. As a result, 

a typical processing temperature is found between the Polymer's Tg and the drug's 

melting point (Gupta et al., 2014). Hence, the processing temperature was used ≤ 

110oC, which is between the Tg for the PLGA (43°C) and the melting point of the IRN 

drug.  
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Figure 2. 4 Rheology of the mixtures; 10% IRN w/w, 20%P188 and different PLGA polymers (5002, 
5004, 5010 &7507). Temperature sweep data for the IRN-PLGA-P188 mixture of 10% IRN loading 

with P188 20%. The temperature sweep was performed at 60-200oC. Rheology results were 
described at the ideal viscosity range for extrusion (103-104 Pa.s). 
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Table 2. 1 Selected mixtures of 30% IRN loading, polymers and plasticiser can be extruded at 
optimum viscosity according to the rheology studies. 

Formulations Temperature°C at Viscosity 103 to 

104 Pa.s 

30%IRN+5002+20%P188 61-76 

30%IRN+5002+10%P188 85-102 

30%IRN+5002+5%P188 85-106 

30%IRN+5004+20%P188 87-106 

 

Table 2. 2 Selected mixtures of 10% IRN loading, polymers and plasticiser that can be extruded at 
optimum viscosity according to the rheology study. 

Formulations Temperature°C at Viscosity 103 to 104 Pa.s 

10%IRN+5002+20%P188 79-103 

10%IRN+5004+20%P188 79-95 
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2.4.4  Physical characterisation of the implants  

2.4.4.1 Determination of the lengths, diameters and weights of IRN-loaded 

PLGA implants 

IRN-PLGA implants were manufactured by two different techniques, IM and HME.  

Size, weight, and content analysis were conducted to evaluate the manufacturing 

process's reliability. Uniformity of size (diameter and length) and weight 

measurements for the individual IRN-PLGA implants formulated by IM and HME 

show that they were consistent in size and weight with a ±10 % deviation. (Table 2.3 

& 2.4).  

The two-way ANOVA with Tukey's post-hoc tests revealed no significant difference in 

length, diameter and weight of the 10%, 20%, and 30% IRN-PLGA implants between 

the two groups (IM and HME) (p > 0.05).  

Overall the uniformity of size and weight was acceptable across all IRN-PLGA 

implants formulated by IM and HME. 
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Figure 2. 5 Representative images of single-layered IRN-PLGA-
20%P188 implants formulated by IM; 2X3 mm (a) & 2X6 mm (c), 
single-layered IRN-PLGA-20%P188 implants formulated by HME; 

2X3mm (b) & 2X6mm (d). 
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Table 2. 3 Physical Appearance of IRN-PLGA implants formulated by IM. 

IRN-PLGA IM implants 

 10% IRN 

PLGA 5004 

20%P188 

20% IRN 

PLGA 5004 

20%P188 

30% IRN 

PLGA 5004 

20%P188 

Length (mm) 

Mean±SD 

(n=10) 

6.0 ± 0.1 6.0 ± 0.1 6.0 ± 0.1 

%RSD 1.3% 1.7% 1.9% 

Diameter (mm) 

Mean±SD 

(n=10) 

2.0± 1.3 2.0± 0.1 2.0± 0.1 

%RSD 4.5% 3.3% 3.67% 

Weight (mm) 

Mean±SD 

(n=10) 

25.7± 0.6 25.0 ± 0.4 25.5±0.4 

%RSD 2.6% 1.9% 0.49% 

S.D is the standard deviation, %RSD is the relative standard deviation 
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Table 2. 4 Physical Appearance of IRN-PLGA implants formulated by HME. 

IRN-PLGA HME implants 

 10% IRN 

PLGA 5004 

20%P188 

20% IRN 

PLGA 5004 

20%P188 

30% IRN 

PLGA 5004 

20%P188 

Length (mm) 

Mean±SD 

(n=10) 

6.0 ± 0.0 5.9 ± 0.1 6.0 ± 0.0 

%RSD 1.3% 1.9% 1.2% 

Diameter (mm) 

Mean±SD 

(n=10) 

2.0± 0.0 2.0± 0.0 2.0± 0.1 

%RSD 3.4% 4.7% 5.7% 

Weight (mm) 

Mean±SD 

(n=10) 

26.3± 0.1 25.0 ± 0.1 25.5±0.1 

%RSD 0.5% 0.5% 0.49% 

S.D is the standard deviation, %RSD is the relative standard deviation 
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2.4.5 Physiochemical characterisation of implants  

2.4.5.1 Determination of drug content  

IRN drug was measured for drug content and uniformity within IRN-PLGA implants 

formulated by IM and HME. All HME implants demonstrated good content uniformity 

for IRN, with results between 89-95 % and % RSD values below 20 % (Table 2.5). To 

distinguish between the drug content of the HME and IM implants at different drug 

loading (10, 20 and 30% w/w), a two-way ANOVA with Tukey's post-hoc test multiple 

comparisons test was performed. The content analysis for HME implants 10, 20, & 

30% IRN show significantly higher IRN drug content (p < 0.05), 89 %, 94% and 95%, 

respectively, with % RSD values below 3 % for all implants (Table 2.5). However, the 

content analysis for IM implants 10, 20, & 30% IRN show significantly lower IRN drug 

content (p < 0.05), 68 %, 73% and 81%, respectively, with % RSD values below 14 

% for all implants (Table 2.5). The content was low for 10%IRN IM implants, 

measuring less than 70% with the % RSD value of 13 %, demonstrating the lowest 

drug content among the different implants (Table 2.5). The implants' drug content 

and uniformity varied depending on the manufacturing techniques and drug loading. 

The HME implants with 20% and 30% drug loading had similar drug content (p > 

0.05), but both had significantly higher drug content than the HME implants with 10% 

drug loading (p < 0.05). The IM implants with 10%, 20%, and 30% drug loading had 

significantly lower drug content than all corresponding HME implants (p < 0.05). The 

%RSD values for the HME implants were lower than those for the IM implants (Table 

2.5). This indicates that the HME implants had good content uniformity compared to 

the IM implants. This can be due to the HME technique permits more precise control 

over the processing parameters (Major & McConville, 2015), resulting in more 

constant drug content. Moreover, the HME implants have significantly higher drug 
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content than IM implants at different drug loading (p < 0.05). This can be attributed to 

the HME technique permitting better drug mixing and distribution in the polymer 

matrix (Patil et al., 2016) due to the high shear forces of the twin screws (McConville 

et al., 2015), resulting in a more drug concentration. In contrast, the IM technique 

may result in an uneven drug distribution within the implant due to no shear in the 

barrel (McConville et al., 2015), resulting in a lower drug concentration. 

The HME technique is preferable to the IM technique. It can produce PLGA implants 

containing stable IRN at the correct level.  
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Table 2. 5 IRN content, RSD and %RSD values for each of the 10, 20 and 30% IRN-loaded PLGA 
implants manufactured by IM and HME. (n=6). 

IRN-PLGA IM implants 

 10%IRN 20%IRN 30%IRN 

Drug content (%) 

(n=6) 

68.9 73.5 81 

RSD 10.71 4.6 11.3 

%RSD 13.2 5.5 12.4 

IRN-PLGA HME implants 

 10%PTV 20%PTV 30%PTV 

Drug content (%) 

(n=6) 

89.2 94.4 95.6 

RSD 2.3 1.7 1.3 

%RSD 2.5 1.8 1.3 
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2.4.5.2 Determination of the Physical State of IRN in the IM and HME implants 

by using Raman 

Spectral fingerprints of the IM implant (Figure 2.6A) and HME implant (Figure 2.6B) 

corresponded fully to the ones of pure IRN used as reference (Figure 2.6D). This 

confirmed the presence of the solid state of IRN in IM implants and HME implants. 

The results showed that the crystal form of IRN in both implants did not change, and 

it was still the crystal form reported in the literature (Chinna Babu et al., 2012). It has 

been proven that the crystal form of IRN was stable during the moulding and 

extrusion process.  

This study is crucial for monitoring and controlling the entire manufacturing cycle 

when using a technique that involves melting processes, such as HME and likely 

dissolution of API in the melt and re-crystallisation. It is essential to understand the 

novel, non-established pharmaceutical production methods, including HME and is 

required by regulatory bodies. Finally, understanding how the API crystallises is 

essential for interpreting dosage form dissolution results (Fanous et al., 2020).  
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Figure 2. 6 Raman spectrogram of the IM implants (A), HME implant (B), PLGA (C) 
and API (IRN) (D). 
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2.4.5.3 Drug distribution in IM implant and HME implant by Raman mapping 

To ensure IRN was homogenously distributed throughout the implants, Raman 

confocal microscopy, a non-descriptive method frequently used to evaluate drug 

distribution and the amorphous and crystalline content of pharmaceutical implants 

(Goyanes et al., 2015; Netchacovitch et al., 2017; Scoutaris et al., 2014). Within this 

study, the entire surface of the IM implant and HME implant were scanned using a 

Raman microscope. At each point of the formulation mapped, reference IRN and 

PLGA spectra were inputted into the software and compared with the implant spectra 

collected. IRN was homogeneously distributed across the entire mapped area of the 

HME implant (Figure 2.7d), as evidenced by the consistent red areas indicating a 

uniform IRN presence. In contrast, the IM implants exhibited heterogeneity in IRN 

distribution (Figure 2.7c), with green areas of varying intensities suggestive of both 

IRN-rich and IRN-poor regions. Notably, upon closer examination, the intensity maps 

(Figures 2.7e) revealed significant variations in drug concentration within the IM 

implants, indicating the presence of hot spots of heightened IRN presence, as well as 

areas with markedly lower drug levels. 

In this study, three samples (n=3) for each implant type were analysed to determine 

consistency and variability in drug distribution. The IM implants demonstrated 

considerable variability, with all samples containing variations in drug concentration 

within the IM implants, pointing towards non-uniformity that may be inherent to the IM 

manufacturing process. Variability in drug distribution was quantified and visualized 

on the revised axes of the intensity maps, with the x-axis (um) and the y-axis 

representing the intensity of the drug IRN. The colour intensity scale has been 

clarified to reflect the concentration of IRN, with darker regions representing higher 
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concentrations. Conversely, the uniformity within the HME implants was consistent 

across all samples, with no significant variability, suggesting a robust and controlled 

manufacturing process. 

The results can be attributed to the fact that the IRN was dispersed entirely 

throughout the PLGA implant of HME implants due to the high shear mixing of the 

twin-screw extruder, as reported by McConville et al. (2015). However, in the case of 

IM implants, the absence of shear forces in the IM processing technique caused the 

IRN distribution to be heterogenous, resulting in large particles being observed on 

the implant surface (as shown in Figure 2.7a). 

Overall, these results indicate that HME implants are more preferable implants than 

IM implants due to their homogenous drug distribution.   
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Figure 2. 7 Optical microscopy images of the investigated extrudates entire 
surface IRN-PLGA implant including IM implant (a) and HME implant (b),  Raman 
mapping of IM implant (c), green areas = IRN distribution in IM implant, Raman 
mapping of HME implant (d), red areas= IRN distribution in HME implant, Drug 

intensity on IM implant (e) and in HME implant (f). 
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2.4.5.4 Crystallinity studies by using Powder X-ray Diffraction (PXRD) 

A crystalline state study was conducted after the moulding and extrusion processes. 

Heating and mixing caused by either moulding or extrusion may change the 

crystalline state of the drug. The crystalline state affects the implant's dissolution rate 

and physical stability. 

To verify the Raman microscopy findings, PXRD data were collected for pure IRN, 

PLGA, P188, and physical mixture before and after moulding/extrusion (Figure 2.8). 

The XRD diffractogram of IRN showed multiple strong-intensity peaks indicating the 

crystalline nature of IRN. Some of the sharp, intense peaks were at 2Theta = 10°, 

13°, 24°, and 26° values (Figure 2.8a), which correspond to IRN (Vangara et al., 

2014). The physical mixture of the formulation shows the same peaks in this region, 

indicating the crystalline nature of the IRN (Figure 2.8d). Both implants (IM and HME) 

exhibited sharp diffraction peaks and an underlying amorphous halo (Figures 2.8e & 

2.8f). The X-ray diffraction patterns of the raw materials are shown in Figures 2.8a, 

2.8b & 2.8c for comparison. The IRN powder was crystalline (Figure 2.8a), and the 

PLGA was amorphous (Figure 2.8b), with similar results reported in the literature 

(Sepehri et al., 2014) (confirming the Raman spectra data discussed above). 

Notably, the diffraction peaks observed with the implants corresponded well to the 

positions observed with the crystalline IRN raw material. The dashed red ovals in 

Figures 2.8e & 2.8f highlight some of these peaks. In conclusion, based on the 

obtained Raman spectra and XRD results, these implants were similar to the physical 

mixture before moulding and extrusion when compared to the pure  IRN, 

demonstrating that the moulding and extrusion processes had no influence on the 

crystalline state of IRN in the implant. 
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Figure 2. 8 X-ray powder diffraction spectra, pure IRN (a), PLGA (b), P188 (c), 
Physical mixture before extrusion (d), powdered implants of IM (e) and HME 

(f). 
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2.4.5.5 Thermal stability studies using Differential Scanning Calorimetry (DSC)  

It is crucial to demonstrate the stability of IRN during the extrusion, considering its 

susceptibility to various factors, including mechanical stress, heat, moisture and 

additives (Kollamaram et al., 2018). To define the applicable processing temperature, 

a range of DSC studies was performed on each drug and excipients individually and 

in combination to confirm no interactions between the drug and excipients. Peak 

shifts were indicated as a measure of drug-excipient interactions. The thermograms 

of the IRN, PLGA, P188, formulation blends, and extrudate implants are represented 

in (Figure 2.9). Polymer PLGA commonly showed Tg instead of melting temperature 

(Tm) and was observed as an endothermic peak at 43.6°C (Figure 2.9b). The free 

IRN showed a sharp endothermic peak at 278°C corresponding to its melting point, 

indicating its crystalline nature (Figure 2.9a). The broad peak at around 100 -106°C 

was due to the evaporation of water molecules of the IRN drug (Poudel et al., 2016). 

The thermogram of free plasticiser P188 has an endothermic melting peak at 53°C 

during the heating run (Figure 2.9c). All three peaks of IRN, PLGA and P188 were 

observed in the thermogram of the formulation blends (Figure 2.9d). IRN melting 

peak was detected in the thermogram of both implants, IM and HME, indicating no 

transition of the crystalline state to an amorphous state, demonstrating that the drug 

has not lost its properties and does not show any interactions with the excipients. 

Additionally, the PLGA glass transition peak and the P188 melting peak were 

detected at the same temperature. If there were an interaction between IRN and 

either PLGA or P188, these peaks would also have shifted (Figure 2.9e & 2.9f). 

These results demonstrated that the preparation process by both techniques, IM and 

HME, did not affect the stability of the drug and polymer. 
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Figure 2. 9 DSC thermograms of Pure IRN (a), PLGA (b), P188 (c), 
formulation blends (d) and extrudates for two implants; IM implant 

(e) and HME implant (f). 
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2.4.6 In vitro dissolution studies  

2.4.6.1 Solubility experiments  

When selecting the media volumes, the solubility of IRN in the dissolution media was 

considered to ensure sink conditions throughout the release study. Sink conditions 

are achieved when the media volume is 3-10 times higher than the volume of 

solubility (Externbrink et al., 2017). Therefore, before performing the drug release 

studies, the solubility of IRN in dissolution media (PBS, H2O, 50%DMSO, 70%DMSO 

& 80%DMSO) was determined.  

Figure 2.10 demonstrates that IRN has a solubility of 0.7 ± 0.0 mg/mL in PBS (pH 

7.4). It was observed that IRN is more soluble in dH2O compared to PBS. However, 

the solubility of IRN is higher in 80% DMSO compared to dH2O, 50% DMSO and 

70%DMSO. IRN has a solubility of 23.5 ± 0.2 mg/mL, 13.1 ± 0.0 mg/mL, 12.8 ± 0.0 

mg/mL and 19.8 ± 0.6 mg/mL in 80% DMSO, dH2O (pH 5.9), 50% DMSO and 70% 

DMSO, respectively. 
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2.4.6.2 In vitro stability of IRN in the different release media  

The stability of IRN in a range of in vitro release solvents (PBS, dH2O, and DMSO) 

was investigated (Figure 2.11). It was crucial in this work to identify a suitable solvent 

in which IRN was stable so that in vitro release tests could be carried out. IRN was 

found to be stable in all solvents (PBS, dH2O and DMSO). In this study, a substance 

was considered stable if it retained 90% of its original concentration. IRN retains 90% 

to 100% of its stability and remains constant over 36 days under all conditions tested 

(room temperature, cold room and incubator) (Figure 2.11).  

 

 

 

Figure 2. 10 Solubility of IRN in PBS, dH2O, 50%DMSO, 
70%DMSO and 80%DMSO (means ± S.D., n=3).  
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Figure 2. 11 Stability of IRN in PBS (A), H2O (B) and DMSO (C) over 36 days at 8°C, 
20°C and 37°C (means ± S.D., n=3). 
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2.4.7 In vitro drug release studies   

2.4.7.1 Effect of polymer type (PLGA grades) on drug release 

In vitro release of IRN from different PLGA grade implants into PBS over 21 days is 

presented in Figure 2.12 with the 10% (w/w) IRN-loaded IM implants, a day-one burst 

release is observed for the polymers PLGA 5004, 5010 and 7507. This is due to the 

drug on the surface of the implants being released immediately. Whereas drug 

release from polymer 5002 has a no burst release or has a small burst on day 1. The 

absence of burst release from PLGA 5002 could be attributed to its specific 

molecular characteristics, such as its lower inherent viscosity (0.2 dl/g) compared to 

other PLGA grades. The lower melt viscosity at the processing temperature of the IM 

technique (110°C) may facilitate the melting and homogeneous combination of the 

PLGA 5002 polymer with the drug, resulting in a slow drug release without a 

noticeable burst effect. Implants produced by PLGA 5010 exhibited the tri-phasic 

release profile, which is commonly reported in many PLGA formulations (Berchane et 

al., 2007; Xu & Czernuszka, 2008; Zolnik et al., 2006) where there is slow diffusion 

release between day 2 and 4 depending on the polymer, with approximately 25%–

35% of the drug being released, followed by an increase in the release rate 

controlled by the degradation of the polymers and a subsequent slower drug release 

phase because of the exhaustion of the IRN within the implant. Implants produced by 

PLGA 5004 and 7507 had a small burst release on day 1 and maintained a slow 

diffusion-controlled release profile for the entire 21 days.  The PLGA 5010 implant 

released 64% of its IRN content by day 21, whereas the PLGA 5004 and 7507 

implants released 20% and 28%, respectively, and PLGA 5002 implant released 88% 

of its IRN content by day 21. The initial phase of slow diffusion-controlled release is 

because of the fact that the polymers have not yet started to degrade. However, by 
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day 4 for the PLGA5004 and 7507 polymers, the second drug release phase begins 

and continues much faster than the first. This second phase results from the 

polymers starting to degrade, making the polymer more porous, allowing more 

release media to diffuse in and more dug to diffuse out. The PLGA 5002 polymer has 

a bi-phasic release profile with a slow, diffusion-controlled release until day 9, 

releasing approximately 3.5% of IRN. After day 9, the release rate increases 

dramatically (second burst release) because of the degradation of the polymer, 

releasing approximately 88% of its IRN content. The drug release data were 

analysed using a two-way ANOVA with a Tukey's post-hoc test. The implants 

produced using the 5010 PLGA polymer achieved significantly faster drug release 

rates (p < 0.05) than those produced using PLGA 7507, 5004, and 5002 at most time 

points (days 1,2, 4, 5, 6, 9, 11, and 14). According to the literature, each polymer 

type has different physicochemical properties, a specific Mw and inherent viscosity 

(Wan et al., 2021). The inherent viscosity midpoint for the PLGA grades: PLGA 

5002a, PLGA 5004, PLGA 5010, and PLGA7507 are 0.2 dl/g, 0.4 dl/g, 1.0 dl/g and  

0.7 dl/g, respectively. The higher polymer Mw and inherent viscosity have a slower 

polymer degradation (Makadia & Siegel, 2011). However, these results found the 

opposite effect. Implants with PLGA5010 have higher Mw and higher inherent 

viscosity and degrade faster than polymers with lower Mw and lower inherent 

viscosity (5004 and 5002). The reason for that is because PLGA polymers 5010, 

when mixed with 10% w/w of IRN and 20% P188, achieved melt viscosity (103-104 

Pa.s) at a high-temperature 118oC (Figure 2.4), which is higher than that processing 

temperature of IM technique (110oC). Thus, polymer PLGA 5010 would not melt and 

combine homogeneously with the drug (Figure 2.13), making the drug release from 
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the PLGA5010 very fast. While with PLGA 5004, when mixed with 10% w/w of IRN 

and 20% P188, their melt viscosity is at temperatures 79-95oC (Figure 2.4), below the 

processing temperature of the IM technique (110oC). Therefore, the PLGA 5004 

polymer melted and was combined appropriately with the drug. Implants that used 

PLGA 5010 and 7507 polymers required high processing temperatures for their melt 

rheology, thus, could not be formulated by an IM technique. In contrast, implants 

used the polymer PLGA 5002 and 5004, their processing temperature for melt 

viscosity within the processing temperature used for the IM technique. Therefore, 

only implants with the polymers 5004 and 5002 would be selected for further 

characterisation studies. 

This data demonstrates that the IRN release from the PLGA implants can be 

controlled by the choice of polymer used to produce the implants. 
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Figure 2. 12 In vitro drug release for 10% IRN-loaded implants used different PLGA 
(5002a, 5004, 5010 and 7507) manufactured by IM technique (means ± S.D., n=3). 

significance found using a two-way ANOVA with a Tukey’s post-hoc test, * = P<0.05 ** = 
P<0.01, *** = P<0.001, **** = P<0.0001. 
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2.4.7.2 Effect of drug loading ratio on the release 

Drug release was biphasic for all drug loadings, comprising an initial diffusive phase 

and a second erosion phase. The study compared the drug release rate for the 10%, 

20%, and 30% w/w loadings implants. A two-way ANOVA followed by Tukey's post-

hoc test revealed significant differences in the drug loadings. The 30% w/w loading 

had a non-significantly greater drug release rate than the 20% w/w loading at most 

time points (p > 0.05) and a significantly greater drug release rate than the 10% w/w 

loading (p < 0.05) at most time points. Additionally, the 20% w/w loading had a 

significantly greater drug release rate than the 10% w/w loading at most time points 

(p < 0.05). These results were based on data displayed in Figure 2.14. This increase 

in the release is expected because the more drug in the implant, the greater the 

polymer's porosity upon drug release, allowing for the imbibition of more release 

media, thus boosting drug release and degradation (McConville et al., 2015). This 

Figure 2. 13 Image of 10% IRN-loaded implants mixed with PLGA 
5010 and 20%P188 formulated by an IM technique. PLGA 5010 

particles were not melted and can be visually observed. 
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indicates that the release rate of IRN from PLGA implants can be influenced by drug 

loading. 
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Figure 2. 14 Effect of drug loading on the cumulative amount (mg) of IRN 
released from PLGA 5004 implants prepared by IM technique (means ± 

S.D., n=3) significance found using a two-way ANOVA with a Tukey’s post-
hoc test, * = P<0.05 ** = P<0.01, *** = P<0.001, **** = P<0.0001. 
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2.4.7.3 Effect of implant dimensions on drug release  

The effect of implant dimensions on drug release was investigated. The cumulative 

drug release over 21 days was determined for 2X3 mm and 2X6 mm implants loaded 

with 30% IRN in PLGA 5004 (Figure 2.15). Statistical analysis using a two-sample t-

test with a 95% confidence level and a significance threshold of (p<0.05) was 

performed to compare the results obtained at each time point. The 2X6 mm implant 

released 0.3 mg of the drug during the initial burst release on day one, which was 

significantly higher than the 0.1.8 mg released by the 2X3 mm implant (p<0.05). In 

addition, the total drug release over 21 days was observed to be greater for the 2X6 

mm implant (0.8 mg) as compared to the 2X3 mm implant (0.4 mg), which was also 

statistically significant (p<0.05). The increase in initial burst release is expected; as 

the dimensions of the implant increase, the surface area also increases, leading to 

increased drug diffusion from the implant and into the surrounding fluid. This increase 

in surface area may contribute to a burst release of the drug, which could explain the 

observed increase in drug release on day one. This finding agrees with a previous 

study (Suh et al., 2021), which indicates that a larger surface area resulted in a 

higher burst release. In addition, another reason that may contribute to the increase 

in drug release is the more drug present in the larger dimension implant (2X6mm). As 

a result, the porosity of the polymer increases upon drug release, allowing more 

release media to imbibe into the polymer. This further enhances drug release and 

degradation (Major & McConville, 2015). This may explain the observed increase in 

drug release on day 21, as the release media continue to be imbibed into the implant.  

Overall, the results indicate that implant dimensions can significantly impact drug 

release from PLGA implants. 
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Figure 2. 15 Effect of implant dimensions on the cumulative amount of IRN released 
(mg) from PLGA 5004 implants prepared by IM technique (means ± S.D., n=3) 

significance found using a two-sample t-test (* = P<0.05, ** = P<0.01, *** = P<0.001, 
**** = P<0.0001). 



  
 

[103] 
 

2.4.7.4 Effect of manufacturing procedure on the release of IRN 

The influence of the manufacturing procedure on drug release from PLGA 5004 

implants containing 10% w/w drug is shown in Figure 2.16. The drug release data 

were analysed using a two-way ANOVA with a Tukey's post-hoc test. The analysis 

showed a significant difference in drug release between HME and IM implants (P < 

0.05). The results indicated that at most time points, drug release was significantly 

lower for the HME implants compared to the IM implants (p < 0.05). This is because 

of high shear forces of the HME process make the implants denser, more closely 

packed matrix, as shown in Figure 2.7b, resulting in a slower uptake of the 

dissolution medium and slower drug release. The absence of burst release from the 

HME implants was statistically significant on the first day (p < 0.05), and the release 

profile remained slow and diffusion-controlled for the entire 30 days. In contrast, the 

release from the IM implants was quite rapid during the early stage of drug release 

due to the lower shear forces of the IM process than HME, which subsequently 

increases the porosity of the IM implants allowing the release media to imbibe in and 

the IRN diffuse out at a faster rate thus enhancing degradation and the overall 

release rate. Drug release from IM implants exhibited a biphasic profile: an initial 

release followed by a slow release. The initial IRN release of IM on day 1 was from 

5%, followed by slow release over 30 days. The drug release from IM was higher 

than the HME implants, with the IM and HME implants releasing 40% and 6.6%, 

respectively, over the 30 days (p < 0.05). The difference in the initial burst release 

can be attributed to the higher amount of drug on the surface of the IM implants, as 

revealed by the Raman data presented in Figure 2.7a. This is due to the absence of 

shear force and mixing during the manufacturing process. In contrast, the HME 

implants had lower drug concentrations on the surface, as shown in Figure 2.7b, due 
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to the effective dispersion of the IRN in PLGA by the high shear forces of the 

extrusion process.  

This data demonstrates that the release rate of IRN from PLGA implants can be 

influenced by the manufacturing technique used. 

 

 

 

 

 

Figure 2. 16 Effect of manufacturing procedure on the release of IRN from PLGA 
5004 implants. Results are represented as (means ± S.D., n=3), significance found 
using a two-way ANOVA with a Tukey’s post-hoc test, * = P<0.05 ** = P<0.01, *** = 

P<0.001, **** = P<0.0001. 
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2.4.7.5 Long-term in vitro release and accelerated short-term release studies  

Long-term (Real-time) in vitro release study is often undertaken to describe the drug 

release characteristics under physiological conditions (Burgess et al., 2002; Mitra & 

Wu, 2010). However, (Real-time) in vitro release study for controlled release 

formulations commonly takes weeks, months, or even years to accomplish (Hoffman, 

2008; Mao et al., 2012; Mitragotri et al., 2014; Wang & Burgess, 2012). Furthermore, 

the drug release durations from PLGA formulations in simulated physiological 

conditions could range from weeks to months (Zackrisson et al., 1995). This 

procedure is time-consuming (Zackrisson et al., 1995), and the effective product 

shelf-life would be reduced if applied to batch-release testing. (Andhariya et al., 

2017). Therefore, an accelerated release study (short-term) might be useful 

(Zackrisson et al., 1995). An accelerated release study can be used as a quality 

control tool that would promote quicker drug release for extended-release 

formulations (Goel et al., 2021). The accelerated release study is not intended to be 

bio-relevant or simulate physiological conditions but to help enable faster formulation 

development (Goel et al., 2021). Using organic solvents was identified as a potential 

method to achieve accelerated drug release (Goel et al., 2021). For this work, 

DMSO:Water with different compositions has been used as a release media, which is 

expected to increase the drug release similar to the literature (Goel et al., 2021). The 

goal is to establish an accelerated release study that could release >95% of IRN 

within seven days. 
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2.4.7.5.1 Long-term in vitro release 

Figure 2.17 illustrates the long-term in vitro release profiles of the IRN from IM 

implant and HME implant under physiological conditions using PBS (pH 7.4) at 37oC 

as a release medium. At each time point, the amount of IRN released into the media 

was quantified by HPLC. The long-term release profile for IM implant in PBS release 

media (Figure 2.17 (○)) displays a triphasic release profile characterised by an initial 

period of sustained release over the first 10 days with a low initial burst release (5%) 

(A) followed by a lag period with significantly lower IRN release per day (B) followed 

by a terminal period during which the remaining IRN is released in a controlled 

manner (C). It is observed that the total cumulative IRN released reached 100% at 

day 60. The long-term release profile for HME implants in PBS release media 

maintained a slow, diffusion-controlled-release profile for the entire 60 days, with 

approximately 16.6% of their IRN loading being released (Figure 2.17(□)). IM 

implants display a faster drug release than HME, however, both implants (IM and 

HME) indicate a long-term drug release (months) under physiological conditions 

using PBS media.  



  
 

[107] 
 

 

 

 

 

 

 

 

 

 

Figure 2. 17 long-term in vitro release of IRN from both IM and HME implants in pH 7.4 PBS at 
37°C. The three release phases for IM are marked by 'A', 'B', and 'C' (○), while for HME, the 

release is represented by a square (□). The means and standard deviations of n=3 samples are 
shown for both implants. 
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2.4.7.5.2 Accelerated short-term in vitro release (Effect of the various release 

media on the drug release) 

Figures 2.18 & 2.19 show the effects of the type of release media on the release 

profile of IRN from PLGA IM implant and HME implant. Figure 2.18 shows that in 

PBS (pH 7.4) release media, after an initial release (approximately 5%), there is a 

slower release phase, with the cumulative IRN release from the IM implant increasing 

to 40% after 30 days. It was then followed by an even slower release over the next 

30 days. The typical release media mentioned above could not ensure a 100% 

release at the required time for drug release (7 days), which was recommended as a 

specification for an accelerated release. Deionised water and organic solvent 

(DMSO) with different compositions (50%, 70% and 80%) were used as a release 

media to speed up the IRN release. Based on the literature, organic solvents (Xie et 

al., 2015) have been used to accelerate drug release from PLGA (Shameem et al., 

1999). It is expected that using organic solvents will increase drug diffusion and have 

the desired drug release. They can accelerate the drug release rate from polymer 

matrices due to their tendency to penetrate the matrix and change diffusion 

characteristics. Compared with the PBS release media, the release rate was 

significantly faster (p < 0.05) in deionised water and organic solvent (DMSO) release 

media on days 1, 2, 3, 4 and 5. As shown in Figure 2.18, the completed drug release 

reached 100% in dH2O, 50%, 70% and 80% DMSO on days 5, 5, 7, and 25, 

respectively. There was no lag phase in the release curves of deionised water and 

organic solvents (50%, 70% DMSO) after the initial release. In the release media 

studied, the release rate in the deionised water was the highest. However, 70% 

DMSO achieved sustained drug release over 7 days (required time for accelerated 

drug release). Type of release media and concentration of DMSO influence the 
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release profile. Therefore, the DMSO 70% was selected for accelerated drug release 

method as a quality control tool for IM implants. The optimised accelerated release 

method achieved complete release of IRN from PLGA implant within one week 

compared to 2 months of real time release.  

The release profiles of IRN from the HME implant in different release media, PBS, 

deionised water and DMSO organic solvent with different concentrations (50%, 70% 

and 80%, v/v) are shown in Figure 2.19. In PBS and deionised water media, show a 

slow release over 60 days. The two release media mentioned above could not 

ensure a 100% IRN release over 60 days. The cumulative release in PBS and 

deionised water media were 16% and 33% at day 60, respectively. The IRN release 

in a medium containing a high concentration of DMSO (80%) was higher than in the 

medium containing lower DMSO concentrations (70% and 50%). As the DMSO 

concentration increased from 50% to 80%, the cumulative releases were 100%, 

100% and 92% at 60, 20, and 7 days, respectively. The release of IRN in the medium 

with 80% DMSO was significantly higher (p < 0.05) compared to the release in PBS, 

dH2O, and the medium with 50% DMSO on days 1, 2, 3, 5 and 7. Additionally, the 

release in the medium with 80% DMSO was not significantly (p > 0.05) higher than 

the release in 70% DMSO medium on days 1, 2, 3, 5 and 7.  In 80% of DMSO 

release media, drug release was sustained over seven days (the required time for 

accelerated drug release). Its release-promoting effects could be enhanced by 

increasing its concentration in the release medium. Therefore, the DMSO 80% was 

selected for the accelerated drug release method for HME implants.  
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The decision to use these media was driven by their potential to accelerate drug 

release, as reported in the literature (Goel et al., 2021). Organic solvents, such as 

DMSO, have been identified for their ability to enhance drug diffusion from PLGA 

formulations (Xie et al., 2015). The goal was to establish an accelerated release 

study that could achieve >95% release of IRN within seven days, providing a 

valuable quality control tool for extended-release formulations. While these media 

may not fully replicate in vivo conditions, their use in accelerated studies allows for 

faster formulation development, aligning with previous studies (Goel et al., 2021). It is 

essential to acknowledge that these media might not perfectly represent 

physiological conditions; however, their selection was based on their efficacy in 

promoting rapid drug release. This accelerated approach is particularly relevant for 

quality control purposes, where achieving timely drug release is crucial for ensuring 

the effectiveness of the implant. The concentration of DMSO in the release media 

was optimised based on its influence on release profiles, with DMSO 70% selected 

as it demonstrated sustained drug release over 7 days for IM implants, meeting the 

accelerated drug release requirement. For HME implants, the release media 

achieved sustained release over seven days under 80% DMSO release media.  
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Figure 2. 18 Short- and long-term release profiles of IRN from PLGA IM implant. Short-term (days 
for x-axis): in different release media: H2O, 50%DMSO, 70%DMSO and 80% DMSO. Long-term 

(days for x-axis): in PBS (mean±SD; n=3)  significance found using a two-way ANOVA with a 
Tukey’s post-hoc test, * = P<0.05 ** = P<0.01, *** = P<0.001, **** = P<0.0001. 
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Figure 2. 19 Short-and long-term release profiles of IRN from PLGA HME implant. Short-term 
(days for x-axis): in different solvents: 80% DMSO, 70%%DMSO. Long-term (days for x-axis): in 

PBS, H2O, 50%DMSO (mean±SD; n=3) significance found using a two-way ANOVA with a Tukey’s 
post-hoc test, * = P<0.05 ** = P<0.01, *** = P<0.001, **** = P<0.0001. 
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2.5  Conclusion  

This chapter investigates the effect of IM and HME techniques on the size and weight 

uniformity, drug content uniformity, drug content, drug distribution, stability, physical 

state and drug release of IRN-loaded PLGA implants (Table 2.6). The selection of 

formulation composition and implant manufacturing processes were investigated in 

the pre-screening step of various variables, including the amount of drug, type of 

PLGA and amount of plasticiser. Based on the rheology results, the formulations; 

30%IRN+5002+5%P188, 30%IRN+5002+10%P188, 30%IRN+5002+20%P188, 

30%IRN+5004+20%P188, 10%IRN+5002+20%P188, 10%IRN+5004+20%P188 

were appropriate for moulding and extrusion. The resulting IM and HME implants 

were characterised using various techniques, including HPLC, DSC, XRD, and 

Raman. The results described in this chapter demonstrate that all IRN-loaded PLGA 

implants manufactured by IM and HME were consistent in size (diameter and length) 

and weight. However, HME implants had higher drug content and good content 

uniformity compared to IM implants. It is demonstrated that neither technique has an 

adverse effect on the stability of IRN within HME and IM implants. However, Raman 

mapping confirmed heterogeneous drug distribution within IM implants. In contrast, 

homogenous drug distribution was observed within HME implants. HME implants 

were homogenously dispersed within PLGA implants due to the high shear mixing 

force of the twin screws of the HME. Based on the drug content, stability, and drug 

distribution results, the HME technique is preferable technique than IM.    

In vitro drug release of IM implants and HME implants were investigated. The release 

of IRN was affected by the type of PLGA, drug load, size of implant, manufacturing 

techniques and solubility of the drug in release media. The drug release from 
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PLGA5004 was much faster than from PLGA5002. The results demonstrate that the 

IRN release from the PLGA implants can be controlled by the choice of polymer used 

to produce the implants. In addition, the results have shown that 30% w/w IRN 

loading had an increased release rate compared to the 20% and 10% w/w loaded 

implants. Increasing the dimensions of 30%IRN loaded PLGA 5004 implants from 

2X3 mm to 2X6 mm increased drug release. The release from these HME implants is 

significantly lower than those manufactured by IM. This is because of high shear 

forces of the HME process make the implants denser, more closely packed matrix, 

resulting in a slower uptake of the dissolution medium and slower drug release.  

The completed drug release (real-time) for IM and HME implants under physiological 

conditions using PBS media takes a very long time (more than a month), which is 

time-consuming. Therefore, accelerated release studies were investigated using 

various types of release media to speed up drug release. For IM implants, drug 

release achieved sustained release over seven days under 70%DMSO release 

media, while for HME implants, release media achieved sustained release over 

seven days under 80%DMSO release media.  

The particular challenge faced by the IM technique, characterised by the absence of 

significant shear forces present in the twin screws of the HME process, led to lower 

drug content and uniformity. Addressing this issue would benefit from future 

investigations exploring potential refinements to the IM process. Strategies such as 

pre-mixing or optimising the degree of grinding before IM could be implemented to 

mitigate shear-related challenges, thereby enhancing drug content uniformity and 

overall performance.  
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Table 2. 6 Summary comparison of IM and HME techniques for the development and characterisation 
of IRN-loaded PLGA implants. 

Parameter IM implants HME implants 

Size and weight 

uniformity 

Consistent in size and 

weight with a ± 10% 

deviation 

Consistent in size and 

weight with a ± 10% 

deviation 

Drug content uniformity RSD % (5.5 - 13.2%) 

Lower drug content 

uniformity compared to 

HME implants 

RSD % (1.3 - 2.5%) 

Higher drug content 

uniformity 

Drug content (67 - 81%) 

Low drug content level   

(89 - 96%) 

High drug content level   

 

Drug stability  No adverse effect on IRN 

stability 

No adverse effect on IRN 

stability 

Drug distribution Non-homogenous drug 

distribution 

Homogenous drug 

distribution 

Preferred technique Not preferred due to 

lower drug content 

uniformity and non-

homogenous drug 

distribution 

Preferred due to higher 

drug content uniformity 

and homogenous drug 

distribution 

Drug release profile Affected by type of PLGA, 

drug load, implant size 

Generally lower release 

rate compared to IM due 

to denser matrix; similar 

influences as IM 

Long term release (PBS 

media) 

Sustained drug release, 

requires over a month (60 

days) for complete drug 

release 

Sustained drug release, 

requires over a month 

(>60 days) for complete 

drug release 

Accelerated drug 

release 

Achieved sustained 

release over 7 days in 

70% DMSO media 

Achieved sustained 

release over 7 days in 

80% DMSO media 
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CHAPTER 3: DEVELOPMENT AND CHARACTERISATION OF 

SINGLE-LAYER IMPLANTABLE DRUG DELIVERY DEVICE 

(PITAVASTATIN-LOADED PLGA) FORMULATED BY USING 

INJECTION MOULDING AND HOT MELT EXTRUSION TECHNIQUES 
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3.1 Background 

PTV is a drug that belongs to a class of drugs known as statins and was approved by 

the FDA in 2009. It is primarily used to treat high cholesterol levels (Stein, 2003; 

Voss et al., 2021), there is some research supporting its anti-tumour effects in 

glioma, ovarian and colon cancers, in both in vivo and in vitro studies (Anjum et al., 

2017; De Wolf et al., 2017; Jiang et al., 2014; Jiang et al., 2014a, 2014b; 

Koukourakis et al., 2016; Tsuboi et al., 2009; Zhang et al., 2017). Further studies 

have stated that statin drugs are effective in slowing the growth of tumours (Jiang et 

al., 2014b; Nielsen et al., 2012; Thurnher et al., 2012). However, PTV has more 

potency in reducing tumour growth than other statins (Jiang et al., 2014b). The 

mechanism of action was postulated to involve PTV's effects on the metabolism of 

cholesterol, a substance present in cell membranes, and signalling pathways in 

tumour cells, both of which are critical for developing tumours. Since GBMs are 

highly proliferative cells, they require significant amounts of cholesterol, which may 

cause them to respond to statin therapy (Jiang et al., 2014b). A study (Jiang et al., 

2014b) stated that PTV reduced MDR-1 and promoted cellular autophagy in GBM 

tumour cells. Furthermore, it has been reported that PTV treatment for glioma cells 

inhibits nuclear factor-kappa B activation, which inhibits autophagy and leads to 

autophagic cellular death (Koukourakis et al., 2016; Tsuboi et al., 2009). However, 

the ability of PTV to pass the BBB is expected to be limited, with a calculated 

logarithm value of brain-to-plasma concentration ratio (-log BB) of -0.6499 (Jiang et 

al., 2014b). Thus, when PTV is administered orally or intravenously, it will result in 

insufficient levels of the drug in the brain, which makes it an unsuitable route of 

administration for treating GBM. Furthermore, PTV associated with systemic adverse 
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effects includes back pain, constipation, diarrhoea, myalgia, and pain in the 

extremities (Bhatti & Tadi, 2023). This highlights the potential use of local 

administration of PTV. The local delivery strategy has additional advantages for 

treating GBM and other brain disorders. It can avoid the BBB and concentrate higher 

amounts of the drug in the cancerous tissues (Chakroun et al., 2018), thereby 

potentially reducing systemic exposure and unwanted adverse effects. This chapter 

focuses on developing PTV loaded PLGA implantable delivery device manufactured 

by IM and HME techniques for treating GBM. A study (DASARI & MARUVAJALA, 

2019) reported that PTV had a high melting point of 139°C. Furthermore, PTV has 

been shown to be stable at high temperatures up to 198°C (Mikrani et al., 2022), 

which could be appropriate to be manufactured by IM and HME techniques and able 

to withstand the high processing temperature required for moulding and extrusion. 

During the pre-screening phase, various variables will be examined through 

rheological studies. These variables include the amount of drug, the type of PLGA, 

and the amount of plasticiser. Consequently, it can provide information on the 

material's physical properties, allowing us to determine the manufacturing processing 

parameters and develop a formulation that can be manufactured by IM and HME 

techniques. Furthermore, the manufacturing technique and process parameters can 

significantly impact the dosage form's internal and external structure, thereby 

influencing the drug release kinetics (Andhariya et al., 2019; Bassand et al., 2022; 

Vay et al., 2011). Thus, the influence effect of manufacturing techniques on the drug 

content, stability, physical state and drug release will be investigated. 
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3.2 Aims and objectives 

This chapter aimed to develop a PTV-loaded PLGA implantable delivery device using 

IM and HME for localised treatment of GBM . 

The objectives were:  

• To determine the manufacturing processing parameters for chosen material 

that can be manufactured by IM and HME techniques.   

• To produce PLGA matrix implants containing PTV by using IM and HME 

techniques.   

• To characterise the implants using DSC, XRD and Raman. 

• To investigate the PTV content of the implants. 

• To investigate the stability of PTV in various solvents for in vitro release 

studies. 

• To investigate the in vitro drug release from the implants.  
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3.3 Materials & Methods 

3.3.1 Chemicals 

Pitavastatin calcium was purchased from LGM Pharma, Georgia, USA. Acetic acid ≥ 

99%, HPLC grade from Sigma-Aldrich, Saint Louis, USA. The other materials used in 

this chapter were the same as those used in chapter 2, section 2.3.1. 

3.3.2 Methods 

3.3.2.1 HPLC analysis  

PTV was quantified using an Ultimate 3000 Autosampler HPLC (Thermo Scientific 

Inc., Germering, Germany) set at 445 nm. The mobile phase consisted of 0.5% acetic 

acid/acetonitrile (35/65%, v/v). A Zorbax Eclipse XDB-C18 4.6 x 150 mm, 3. uM 

particle size column (Agilent Technologies, USA) was used with a 1.0 ml/min flow 

rate. The column temperature was maintained at 25°C. The total run time was 10 

minutes, and the retention time of PTV was 2.1 minutes. The concentration of PTV 

from each sample was determined from the peak area obtained, based on a 

calibration curve for the concentration between 4-100 μg/mL (R2 = 0.9999). 

3.3.2.2 Rheological measurements 

Melt rheology was performed on the different blends of PTV, polymer and plasticiser 

(Table 3.1) to determine their melt viscosity and processing parameters as a function 

of temperature for manufacture via IM and HME techniques. The experiments were 

performed on a Discovery hybrid parallel plate rheometer (T.A. Instruments, USA) 

using a 20 mm cross-hatch steel plate and a 500 μm gap height. The method used 

here is the same rheological method used in Chapter 2, section 2.3.2.2. 
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Table 3. 1 Summary of different PTV, Polymer, and Plasticiser (P188) blends investigated for melt 
rheology analysis. 

Formulation PTV (w/w) Polymer Plasticiser 

P188 (w/w) 

PTV-5002 10%, 20%, 30%, 40%, 50% PLGA5002 - 

PTV-5004 10%, 20%, 30%, 40%, 50% PLGA5004 - 

PTV-5010 10%, 20%, 30%, 40%, 50% PLGA5010 - 

PTV-7507 10%, 20%, 30%, 40%, 50% PLGA7507 - 

PTV-5004-1%P188 30% PLGA5004 1% 

PTV-5004-5%P188 30% PLGA5004 5% 

PTV-5004-10%P188 30% PLGA5004 10%  

PTV-5004-20%P188 30% PLGA5004 20% 

PTV-5004-20%P188 10% PLGA5004 20% 

PTV-5004-20%P188 20% PLGA5004 20% 

PTV-5004-20%P188 30% PLGA5004 20% 

PTV-5004-20%P188 40% PLGA5004 20%  

PTV-5004-20%P188 50% PLGA5004 20% 
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3.3.2.3 Manufacturing of PTV-Loaded PLGA implant  

3.3.2.3.1 Injection moulding (IM) 

The method used for manufacturing PTV-Loaded PLGA implants by IM is the same 

method used for manufacturing IRN-Loaded PLGA implants by IM described in 

Chapter 2, section 2.3.2.3.1.  

3.3.2.3.2 Hot Melt extrusion (HME) 

The method used here for manufacturing PTV-Loaded PLGA implants by HME is the 

same method used for manufacturing IRN-Loaded PLGA implants by HME, which 

was described in Chapter 2, section 2.3.2.3.2, with different extruding parameters 

(Table 3.2). 

Table 3. 2 HME parameters for extruding PTV-PLGA-P188 implants with different drug loads (10, 20, 
30% w/w PTV). 

PTV-

PLGA5004_20%P188 

mixtures 

Feeding zone 

temperature 

oC 

Mixing zone 

temperature 

oC 

Metering Zone 

temperature 

oC 

Screw 

Speed 

(rpm) 

10% PTV 75 100 75 20 

20% PTV 78 105 81 20 

30% PTV 80 110 81 20 
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3.3.2.4 Physical characterisation of implants 

3.3.2.4.1 Determination of the lengths, diameters and weights of PTV-loaded 

PLGA implants 

The method is the same as that described in chapter 2, section 2.3.2.4.1. 

3.3.2.5 Physiochemical characterisation 

3.3.2.5.1 Determination of drug content  

The method used for PTV-PLGA implant content as described in Chapter 2, section 

2.3.2.5.1. 

3.3.2.5.2 Crystallinity studies using X-ray Powder Diffraction (XRD) 

X-ray powder diffraction patterns of IM and HME implants (ground to a fine powder), 

formulation blends and pure PTV, PLGA and P188 were evaluated using a Rigaku 

MiniFlex 600 (Rigaku, USA). The method is the same as that described in chapter 2, 

section 2.3.2.5.4. 

3.3.2.5.3 Thermal stability studies using Differential Scanning Calorimetry 

(DSC) 

The method is the same as that described in chapter 2, section 2.3.2.5.5. 

3.3.2.5.4 Determination of the Physical State of PTV in the PLGA implants by 

using Raman 

The method used for the determination of the physical state of the PTV in the PLGA 

implants is the same as that described in chapter 2, section 2.3.2.5.2. 

3.3.2.5.5 Drug distribution in PLGA implant by using Raman mapping 

The method used for drug distribution in PTV-PLGA implants is the same as that 

described in chapter 2, section 2.3.2.5.3. 
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3.3.2.6  In vitro dissolution studies 

3.3.2.6.1 Solubility experiments 

The method used for the solubility of PTV in different dissolution media is the same 

as that described in chapter 2, section 3.2.6.1. 

3.3.2.6.2 In vitro stability of PTV in the different release media   

The purpose of the stability testing was to determine the stability of the PTV over 

time in different media (dH2O, PBS and DMSO) and temperatures (8°C, 20°C and 

37°C). Standard solutions (100 ug/ml) of PTV in each media were prepared and 

transferred into glass vials and stored under various conditions, room temperature 

(20°C), cold room (8°C) and incubator (37°C) for 40 days. PTV has been previously 

reported to be light sensitive (Jarmużek et al., 2020), therefore, all samples were 

protected from the light. Samples were taken daily, starting from day 0 up to day 40 

and analysed by HPLC. The results were represented as mean (n=3) ± standard 

deviation (S.D.). 

3.3.2.7 In vitro drug release studies  

3.3.2.7.1 Effect of manufacturing procedure on the release of PTV 

In vitro release study was conducted to investigate the effect of the manufacturing 

procedure on the release of PTV from PLGA implants. The drug release of the 10% 

PTV loaded PLGA 5004 implants, manufactured using IM and HME techniques, was 

performed in PBS (pH 7.4) at 37°C and placed into an orbital shaking incubator at 

37°C and 100 rpm over a period of 40 days. 1 mL samples were taken at various 

time points of 1, 2, 3, 7, 10, 14, 17, 21, 24, 29, 31, 36, 38 and 40 days and replaced 

with the same volume of PBS. The withdrawn samples were filtered using a 0.45 uM 

filter and analysed using the PTV HPLC method. The experiments were performed in 

triplicate (n=3) to ensure the reproducibility of the results.  
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3.3.2.7.2 Effect of the various release media on the drug release 

Drug release testing under different types of release media (dH2O, 50%DMSO, 70% 

DMSO and 80% DMSO) at 37°C was investigated to develop a suitable accelerated 

in vitro release testing method. Each 10%PTV loaded PLGA 5004 implant was 

placed into a sealed flask containing different release media (dH2O, 50%DMSO, 70% 

DMSO and 80% DMSO) and placed into an orbital shaking incubator at 37°C and 

100 rpm. 1 mL samples were taken at time intervals of 1, 2, 3, 7, 10, 14, 17, 21, 24, 

29, 31, 36, 38 and 40 days and replaced with the same volume of release media. 

The cumulative percentage of PTV released into each release media is plotted as a 

function of time to generate the PTV release profile under different release media. 

Drug stability under different release media such as (PBS, dH2O, and DMSO) was 

obtained to understand whether PTV was stable under different release media.  

3.3.2.8 Statistical Analysis  

The statistical analysis was conducted using GraphPad Prism version 9 and 

Microsoft Excel 2016. The mean, SD and %RSD were calculated. The two-way 

analysis of variance (ANOVA) was performed for multiple comparisons, followed by 

post-hoc comparisons of means using Tukey’s Honestly Significance Difference test. 

A significance level of p < 0.05 was assumed significant for all analyses. In addition, 

a 2-sample t-test was used to determine statistical significance between two values 

at the same time point, with p values less than 0.05 assumed significant. 
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3.4 Results and discussion 

3.4.1 HPLC analysis  

The PTV standard curve is shown in Figure 3.1 at seven different concentrations 

determined by HPLC. The HPLC area under the curve (AUC) and PTV 

concentrations had an excellent correlation, with R2 values at 0.9999 ranging from 4 

to 100 g/ml. The high R2 value indicates a strong linear relationship between the PTV 

concentrations and the AUC, confirming the accuracy and reliability of the HPLC 

method for PTV quantification in the samples. 

 

 

 

 

 

Figure 3. 1 Standard Curve of PTV using HPLC (n= 3). 
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3.4.2 Rheological measurements 

As described previously in chapter 2, the melt viscosity of the polymer is affected by 

the presence of additives, drugs, drug loading and polymers. The melt viscosity and 

processing temperature of PLGA may change when PTV is incorporated. Hence, it is 

crucial to understand how drugs and plasticisers influence polymer melt viscosity and 

extrudability. Therefore, melt rheology of the selected drug PTV at different loadings 

(10, 20, 30, 40 and 50% w/w) mixed with each PLGA polymer (5002, 5004, 5010, 

7507) was investigated (Figure 3.2). The ideal viscosity of the melt for extrusion has 

been reported to be in the range of 103-104 Pa.s. (Gupta et al., 2016).  Therefore, 

those formulations with a melt viscosity within this range at temperatures below 

110oC will be considered suitable for moulding and extrusion. 

Figure 3.2A shows that only the 10% PTV, when mixed with PLGA5002, achieved a 

melt viscosity range of 103-104 Pa.s. within an acceptable temperature range of 74-

107oC. The 20, 30, 40 and 50% w/w PTV with PLGA 5002 required temperature 

ranges of 94-123oC, 100-132oC, 118-147oC and 140-164oC, respectively, to achieve 

melt viscosities in the range 103-104 Pa.s. (Figure 3.2A), which is extremely high for 

our moulding process. Figures 3.2B, 3.2C and 3.2D show that all PTV loadings with 

PLGA 5004, 5010 and 7507 required temperatures greater than 110oC to achieve 

melt viscosities in the range of 103-104 Pa.s. Figure 3.2F demonstrates that 

PLGA5004, when mixed with 10, 20, 30, 40 and 50% w/w PTV, achieved the melt 

viscosity range of 103-104 Pa.s between 116-147oC, 120-155oC, 124-161oC, 138-

167oC and 145-172oC, respectively. For PLGA 5010 the temperature range required 

was 164-192oC, 149-182oC, 148-168oC, 145-172oC and 144-165oC, respectively 

(Figure 3.2G) and for PLGA7507 they were 141-169oC, 150-173oC, 145-172oC, 155-
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178oC and 162-182oC (Figure 3.2H). It was observed that the presence of a greater 

PTV loading increased the viscosity (Figure 3.2A to D). Table 3.3 summarises 

selected mixtures from PTV-PLGA mixtures; 10, 20, 30, 40 and 50% (w/w) with 

different PLGA polymers (5002, 5004, 5010 & 7507) appropriate for moulding and 

their processing temperatures. Based on the above melt viscosity curves, it is 

expected that they would require processing temperatures greater than 110oC, which 

is not suitable for the IM method. For this reason, a plasticiser was needed to 

minimise melt viscosities and enable processing temperatures. Therefore, melt 

viscosities of selected PLGA 5004 mixed with 30% w/w PTV were investigated with 

the addition of different percentages of plasticisers P188 (1, 5, 10 & 20) (w/w) (Figure 

3.3). Adding different percentages of P188 Plasticiser were proven to lower their melt 

viscosities (Figure 3.3). Figure 3.3 shows that adding 1, 5 & 10 % w/w P188 

plasticiser to 30% w/w PTV and PLGA 5004 achieved 103-104 Pa.s viscosity, but 

within a high-temperature range of 121-154oC, 116-145oC and 100-132oC, 

respectively and only adding 20% w/w P188 plasticiser to 30% w/w PTV and PLGA 

5004 achieved 103-104 Pa.s viscosity within an acceptable temperature range of 82-

110oC.  

It was concluded that only adding the highest concentration of plasticiser P188 20% 

w/w to a mixture of 30%PTV with PLGA 5004 would enable moulding at 

temperatures below 110oC. Table 3.4 summarises selected mixtures from PTV-

PLGA-P188 mixtures; 30% PTV w/w with PLGA5004 and different percentages of 

plasticiser P188 (1, 5, 10, 20%) appropriate for moulding and their processing 

temperatures.  
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The percentage of plasticiser P188 (20% w/w) was selected to obtain the exact 

composition of the moulded formulation of the mixture PTV with PLGA 5004. Thus, 

the effects of drug load 10, 20, 30, 40 and 50% w/w PTV with the same type of 

Polymer PLGA5004 and the same percentage of P188 (20% w/w) on viscosity were 

investigated for screening mixtures and ability to be extruded and moulded (Figure 

3.4). Viscosity measurement revealed that only drug loads 10, 20 and 30% w/w PTV 

when mixed with PLGA 5004 and 20% w/w P188 plasticiser, achieved 103-104 Pa.s 

viscosity below 110oC (Figure 3.4). In comparison, higher drug loads of 40 & 50% 

w/w PTV when mixed with PLGA5004 and 20% w/w P188 plasticiser achieved 103-

104 Pa.s viscosity but within a high-temperature range of 114oC & 112oC, 

respectively (Figure 3.4). It is demonstrated that a higher drug load can be added to 

the mixture PLGA5004 with selected plasticiser 20% P188 is 30% w/w PTV. Table 

3.5 summarises selected mixtures from PTV-PLGA-P188 mixtures; 10, 20, 30, 40 & 

50% w/w PTV with PLGA5004 and 20% P188 appropriate for moulding and their 

processing temperatures.  
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Table 3. 3 Selected mixture from PTV-PLGA; 10, 20, 30, 40 and 50% (w/w) with different PLGA 
polymers (5002, 5004, 5010 & 7507) can be moulded at optimum viscosity according to the rheology 

studies. 

Formulations Temperature°C at Viscosity 103 to 

104 Pa.s 

10%PTV+5002 74-107 

 

Table 3. 4 Selected mixture from PTV-PLGA-P188; 30% PTV w/w with PLGA5004 and different 
percentages of plasticiser P188 (1, 5, 10, 20%) can be moulded at optimum viscosity according to the 

rheology studies. 

Formulations Temperature°C at Viscosity 103 to 

104 Pa.s 

30%PTV+5004+20%P188 82-110 

 

Table 3. 5 Selected mixture from PTV-PLGA-P188; 10, 20, 30, 40 and 50% (w/w) PTV with 
PLGA5004 and 20% P188 can be moulded at optimum viscosity according to the rheology studies. 

Formulations Temperature°C at Viscosity 103 to 

104 Pa.s 

10%PTV+5004+20%P188 77-105 

20%PTV+5004+20%P188 79-110 

30%PTV+5004+20%P188 81-110 
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Figure 3. 2 Rheology of different PTV-PLGA mixtures; 10, 20, 30, 40 and 50% (w/w) PTV with 
different PLGA polymers (5002, 5004, 5010 & 7507) (A, B, C & D). The temperature sweep was 

performed at 60-200oC. Rheology results were described at the ideal viscosity range for extrusion 
(103 to 104 Pa.s) (E, F, G & H). 
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Figure 3. 3 Rheology of different PTV-PLGA-P188 mixtures; 30% PTV w/w with 
PLGA5004 and different percentages of plasticiser P188 (1, 5, 10, 20%). The temperature 
sweep was performed at 60-200oC. Rheology results were described at the ideal viscosity 

range for extrusion (103 to 104 Pa.s). 

 

Figure 3. 4 Rheology of different PTV-PLGA mixtures; 10, 20, 30, 40 and 50% (w/w) PTV 
with PLGA5004 and 20% P188. The temperature sweep was performed at 60-200oC. 

Rheology results were described at the ideal viscosity range for extrusion (103 to 104 Pa.s). 
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3.4.3 Physical characterisation of the implants 

3.4.3.1 Determination of the lengths, diameters and weights of PTV-loaded 

PLGA implants 

The physical characteristics of PTV-PLGA implants manufactured by IM and HME 

were evaluated for their dimensions, weight, and content analyses. The results are 

summarised in Tables 3.6 and 3.7. All IM and HME PTV-PLGA implants had a ±10% 

deviation in dimensions (diameter and length) and weight, indicating that the implants 

were consistent.  

The two-way ANOVA with Tukey's post-hoc tests revealed no significant difference in 

length, diameter and weight of the 10%, 20%, and 30% PTV-PLGA implants between 

the two groups (IM and HME) (p > 0.05). 

In conclusion, the physical characterisation of the PTV-PLGA implants revealed that 

the manufacturing process by IM and HME was reliable, and the implants were 

uniform in relation to dimensions and weight. 

 

 

Figure 3. 5 Representative images of single-layered PTV-PLGA-
P188 implant 2X6mm formulated by IM (a), single-layered PTV-

PLGA-P188 implant 2X6mm formulated by HME (b). 
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Table 3. 6 Physical Appearance of PTV-PLGA implants formulated by IM. 

PTV-PLGA IM implants 

 10%PTV 

PLGA 5004 

20%P188 

20%PTV 

PLGA 5004 

20%P188 

30%PTV 

PLGA 5004 

20%P188 

Length (mm) 

Mean±SD 

(n=10) 

6.0 ± 0.1 6.0 ± 0.1 6.0± 0.1 

%RSD 2% 1.6% 2.4% 

Diameter (mm) 

Mean±SD 

(n=10) 

2.0± 0.0 2.0± 0.1 2.0± 0.0 

%RSD 2.4% 4% 2.5% 

Weight (mm) 

Mean±SD 

(n=10) 

26.1± 0.7 26.1 ± 0.7 26.4±0.2 

%RSD 2.7% 2.7% 0.85% 

S.D is the standard deviation, %RSD is the relative standard deviation 
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Table 3. 7 Physical Appearance of PTV-PLGA implants formulated by HME. 

PTV-PLGA HME implants 

 10%PTV 

PLGA 5004 

20%P188 

20%PTV 

PLGA 5004 

20%P188 

30%PTV 

PLGA 5004 

20%P188 

Length (mm) 

Mean±SD 

(n=10) 

6.0 ± 0.1 6.0 ± 0.1 6.0± 0.1 

%RSD 1.6% 1.4% 1.7% 

Diameter (mm) 

Mean±SD 

(n=10) 

2.0± 0.1 2.0± 0.1 2.0± 0.1 

%RSD 4% 4% 4% 

Weight (mm) 

Mean±SD 

(n=10) 

26.4± 0.1 26.6 ± 0.1 26.9±0.1 

%RSD 0.3% 0.3% 0.5% 

S.D is the standard deviation, %RSD is the relative standard deviation 

 

 

 

 

 

 

 

 



  
 

[136] 
 

3.4.4 Physiochemical characterisation of the implants  

3.4.4.1 Determination of drug content  

The drug content of the PTV-PLGA implants manufactured by IM and HME 

techniques was analysed, and the results are presented in Table 3.8. The drug 

content of the implants manufactured by IM was determined to be 62%, 67%, and 

77.15% for the 10%, 20%, and 30% PTV-PLGA implants, respectively. For the HME 

technique, the 10%, 20%, and 30% PTV-PLGA implants' drug content was 

determined to be 91%, 82%, and 82.3%, respectively. The %RSD values for each 

drug content were also determined. For the IM technique, the %RSD values for the 

10%, 20%, and 30% PTV-PLGA implants were 6.2%, 12.2%, and 10.1%, 

respectively, while for the HME technique, the %RSD values were 1.4%, 0.9%, and 

0.4%, respectively. Results indicate that the drug content of PTV-PLGA implants 

manufactured by HME was higher than PTV-PLGA implants manufactured by IM for 

all three PTV loadings. This can be attributed to the fact that the HME technique 

permits better mixing and distribution of the drug in the polymer matrix (Patil et al., 

2016) due to the high shear forces of the twin screws (McConville et al., 2015), 

resulting in a more drug concentration. In contrast, the IM technique may result in an 

uneven drug distribution within the implant due to no shear in the barrel (McConville 

et al., 2015), resulting in a lower drug concentration. 

The %RSD values for the HME implants were lower than those for the IM implants 

(Table 3.8). This indicates that the drug content of the HME-produced implants is 

more consistent and reproducible than the IM-produced implants. This can be due to 

the fact that the HME technique permits more precise control over the processing 

parameters (Major & McConville, 2015), resulting in more consistent drug content.  



  
 

[137] 
 

A separate t-test was used for each drug load (10%, 20%, 30%) to compare the drug 

content between the IM and HME implants. The results suggest that there is a 

statistically significant difference in drug content for the 10% and 20% PTV-PLGA 

implants between the two types of implants (p < 0.05). However, for the 30% PTV-

loaded implants, the difference in drug content between the two types of implants 

was not statistically significant (p > 0.05). 

Overall, the results indicate that the HME manufacturing technique may be preferable 

to the IM technique for achieving higher and more consistent drug content in PLGA 

implants. 
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Table 3. 8 PTV content, RSD and %RSD values for each of the 10, 20 and 30% PTV-loaded PLGA 
implants manufactured by IM and HME (n=6). 

PTV-PLGA IM implants 

 10%PTV 20%PTV 30%PTV 

Drug content (%) 

(n=6) 

62 67 77.15 

RSD 10.07 8.36 8 

%RSD 16.2 12.2 10.1 

PTV-PLGA HME implants 

 10%PTV 20%PTV 30%PTV 

Drug content (%) 

(n=6) 

91 82 82.3 

RSD 1.3 0.7 0.3 

%RSD 1.4 0.9 0.4 
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3.4.4.2 Crystallinity studies using X-ray Powder Diffraction (XRD) 

X-ray analysis was performed to verify the physical state of PTV in the IM and HME 

implants. The XRD diffractogram of pure PTV, PLGA, P188, physical mixture, IM 

implant and HME implant are illustrated in Figure 3.6. 

The XRD pattern revealed that pure PTV was crystalline, indicated by strong intensity 

peaks at 14.28°, 21.06°, 21.86° and 23.95° 2θ values (Figure 3.6a), which 

correspond to PTV (Pimple et al., 2022). Those peaks were also found in the 

diffraction pattern of the physical mixture (Figure 3.6d). The XRD pattern of the PLGA 

indicated the amorphous state of this polymer (Figure 3.6b) and was reported in the 

literature (Sepehri et al., 2014). The XRD of IM and HME implants (Figures 3.6e & 

3.6f) displayed halo-patterns and small peaks at 21.06° and 25°. A reduction in the 

number of peaks and their intensity indicates a change in the crystallinity of the drug 

due to heating during the manufacturing processes of IM and HME. It can be 

hypothesized that the majority of the PTV is dispersed in an amorphous form within 

the PLGA matrix of the IM and HME implants, while a small amount remains in its 

crystalline form. Amorphous solids have high molecular mobility compared to the 

crystalline form, which improves solubility and dissolution rate (Pimple et al., 2022), 

consequently improving drug release. However, amorphous drug forms are high-

energy solids that tend to recrystallise, which can impact the shelf-life of a product 

and should be evaluated by an accelerated stability analysis (Grohganz et al., 2013).  

These findings suggest that the moulding and extrusion process used to produce 

PTV-PLGA implants can significantly impact the physical properties of the PTV in the 

implant.  
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Figure 3. 6 X-ray powder diffraction spectra, pure PTV (a), PLGA (b), P188 (c), 
Physical mixture before extrusion (d), powdered implants of IM (e) and HME (f). 
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3.4.4.3 Thermal stability studies using Differential Scanning Calorimetry (DSC)  

DSC was conducted to investigate the physicochemical properties of the pure 

materials and implants manufactured by both IM and HME. The physical form of PTV 

within the IM and HME implants was investigated using DSC. Figure 3.7 displays 

DSC thermographs for PTV, PLGA, P188 and PTV-PLGA implants (IM and HME). 

The PTV (Figure 3.7a) exhibited a sharp endothermic peak at 143°C corresponding 

to its melting point and attributed to its crystalline nature. Pure PLGA shows an 

endothermic peak of 43.6°C (Figure 3.7b), which corresponds to the Tg of the 

polymeric material (Benhabbour et al., 2019; Tseng et al., 2020). The thermogram of 

Kolliphor® P188 (Figure 3.7c) revealed a single, sharp endotherm peak between 50 

and 55°C. This peak is typical of the melting point of poloxamer and is similar to 

previously reported results (Dhore et al., 2017; Moghimi et al., 2004). In the 

thermograms of the PTV-PLGA implants (IM and HME), the characteristic 

endothermic peak corresponding to the melting of the drug was not detected (Figures 

3.7d & 3.7e). This suggests that the PTV drug was incorporated in an amorphous 

form and was molecularly dispersed in the polymeric matrices and indicates that the 

drug dissolved within the molten polymer during the DSC analysis (Cevher et al., 

2007; Kamel & Abbas, 2018). Based on the XRD and DSC data, it is assumed that 

partial dissolution of PTV into the PLGA occurred during IM and HME manufacture of 

the implants, with the remainder dissolving in the PLGA during DSC analysis. This 

suggests that the PTV dissolved in the PLGA during manufacture is below saturation, 

and the amorphous/dissolved PTV should remain stable upon storage. 
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Figure 3. 7 DSC thermograms of Pure PTV (a), PLGA (b), P188 (c) and PTV-PLGA for two 
implants; IM implant (d) and HME implant (e). 
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3.4.4.4 Determination of the Physical State of PTV in the IM implants and HME 

implants by using Raman  

Confocal Raman was used to characterise the API on the entire surface of the IM 

and HME implants. Single point spectra of the pure drug and the IM and HME 

implants are presented in Figure 3.8. In the drug spectra, high-intensity peaks were 

detected in the fingerprint region at 1400 cm−1, confirming that PTV was in crystalline 

form (Figure 3.8D). In contrast, the Raman spectra of the IM and HME implants 

(Figures 3.8A & 3.8B) showed no PTV characteristic peaks observed, and the drug 

was in an amorphous state in agreement with XRD and DSC data. The results 

suggest that the PTV was in a crystal state and transferred to amorphous during the 

IM and HME process. 

IM and HME involve heating and melting steps, and the API was likely dissolved in 

the molten PLGA.  
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Figure 3. 8 Raman spectrogram of the IM implant (A), HME implant (B), PLGA 
(C) and API (PTV) (D). 
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3.4.4.5 Drug distribution in IM implant and HME implant by Raman mapping 

Raman microscopy was used to scan the surface of the IM and HME implants. At 

each mapped point of the implant, reference PTV spectra (Figure 3.8D) were entered 

into the software and compared to the implant spectra obtained. PTV was 

homogenously distributed across the entire surface of the HME implant (Figure 3.9f), 

and the distribution of the PTV (red) was determined by Raman mapping (Figure 

3.9d). In contrast, the PTV distribution was heterogeneous throughout the entire 

mapped area of the IM implants (Figure 3.9e), and the distribution of the PTV (blue) 

was determined by Raman mapping (Figure 3.9c). The drug-related peak is detected 

throughout the entire mapped area. However, its intensity varies. The IM and HME 

implants appear to have both drug-poor and drug-rich "hot spots" at the micron scale 

(Figures 3.9e & 3.9f).  

These results can be explained by assuming that the high shear mixing of the twin-

screw extruder completely dispersed the PTV within the PLGA of the HME implants. 

This has been reported previously (McConville et al., 2015). However, in the case of 

IM implants, the PTV distribution was not entirely homogeneous, and large particles 

were observed on the implant surface (as shown in Figure 3.9a) due to the lack of 

shear forces and mixing during IM.  

These results conclude that PTV-PLGA HME implants were preferable implants than 

PTV-PLGA IM implants due to their homogenous drug distribution. As reported 

previously, non-homogenous drug distribution within the implant has the potential to 

impact the drug release kinetics (Bode et al., 2019).  
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Intensity of the PTV

a b

c d
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Figure 3. 9 Optical microscopy images of the investigated extrudates entire surface 
PTV-PLGA implants including IM implant (a) and HME implant (b), Raman mapping 

of IM implant (c), blue areas = PTV distribution in IM implant, Raman mapping of 
HME implant (d), red areas= PTV distribution in HME implant, Drug intensity on IM 

implant (e) and in HME implant (f). 
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3.4.5 In vitro dissolution studies 

3.4.5.1 Solubility experiments 

When selecting release media volumes, the solubility of PTV needs to be considered 

to ensure sink conditions throughout the release study. Therefore, before performing 

the drug release studies, the solubility of PTV in different dissolution media (PBS, 

H2O, 50%DMSO, 70%DMSO & 80%DMSO) was determined (Figure 3.10). The 

solubility of PTV was found to be the highest (42.27 ± 0.28 mg/mL) in 80% DMSO, 

followed by 70% (18.42 ± 0.21 mg/mL) and 50% (6.76 ± 0.07 mg/mL) DMSO, while 

the solubility was lowest in PBS (2.33 ± 0.02 mg/mL) and dH2O (3.27 ± 0.15 mg/mL).  
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3.4.5.2 In vitro stability of PTV in the different release media 

The stability of PTV in a range of in vitro release solvents (PBS, dH2O, DMSO) was 

investigated (Figure 3.11). It was important to identify a suitable solvent in which PTV 

would remain stable for the entirety of the release study. PTV was found to be stable 

in all solvents over 40 days under all conditions tested (room temperature, cold room 

and incubator (Figure 3.11). In this study, PTV was considered stable if it retained 

90% of its original concentration.  

 

 

 

 

Figure 3. 10 Solubility of PTV in PBS, dH2O, 
50%DMSO, 70%DMSO and 80%DMSO (means ± S.D., 

n=3) 
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Figure 3. 11 Stability of PTV in PBS (A), H2O (B) and DMSO (C) over 40 days at 
8°C, 20°C and 37°C (means ± S.D., n=3). 
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3.4.6 In vitro drug release studies  

3.4.6.1 Effect of manufacturing procedure on the release of PTV from PLGA 

implant 

The effect of the manufacturing procedure on PTV release from PLGA 5004 implants 

containing 10% PTV was investigated. The drug release from the PTV-PLGA 

implants, manufactured using IM and HME techniques, was performed in PBS (pH 

7.4) at 37°C over a period of 40 days, and the results are presented in Figure 3.12. 

The drug release data were analysed using a two-way ANOVA with Tukey's post-hoc 

tests. The results indicated that the drug release was significantly lower for the HME 

implants compared to the IM implants (p < 0.05) at most time points. This can be 

attributed to the strong shear forces of the HME process, which result in a more 

densely packed implant matrix evidenced by the Raman image (Figure 3.9b) and 

slower uptake of the dissolution medium, resulting in slower drug release. In contrast, 

the release from IM implants is relatively rapid during the early stage of drug release 

due to the lower shear forces of the IM process, which increase the porosity of the 

implants, allowing the release media to imbibe and the drug to diffuse out at a faster 

rate, subsequently enhancing degradation and overall release rate. As reported by 

Crowley et al. (2004) and McConville et al. (2015), the drug release rates from 

dosage forms prepared using HME are slower than those prepared using IM due to 

lower porosity and higher shear forces. The findings of this study are consistent with 

those of earlier research (Crowley et al., 2004; McConville et al., 2015). The drug 

release performance of the HME implant shows a triphasic release pattern, which is 

typical of PLGA implants. The initial burst release occurs in the first 24 hours, where 

22.00% of the drug is released. This is followed by a lag phase where the release 

rate is slower due to the polymer matrix slowly degrading, leading to 41.39% release 
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on day 7 and 46.54% release on day 21. The final phase is the sustained release 

phase, where the remaining drug is gradually released over time, with 94.93% 

release at day 36 and 99.55% release at day 40. In contrast, the release of PTV from 

IM implants showed a biphasic release profile over the 7 days, with a rapid burst 

release 66% observed on day 1, followed by a slower release rate over a period of 7 

days 98%. This indicates that PTV was released initially due to diffusion, followed by 

matrix degradation and that the IM implants release the drug more rapidly within the 

first 7 days compared to the HME implants. The initial drug release at day 1 was 

66.19% for the IM implant and 22.00% for the HME implant. This significant 

difference (p < 0.05) in the initial burst release can be due to more drug on the 

surface of the IM being released immediately due to the absence of shear force and 

mixing during manufacturing. In contrast, the HME implant has lower drug on the 

surface as the PTV has been dispersed within the PLGA by the high shear forces of 

the extrusion process. 

The results indicate that the manufacturing technique used can affect the drug 

release from PLGA implants, with the HME process resulting in a slower and tri-

phasic release profile compared to the IM process.  
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Figure 3. 12 Effect of manufacturing procedure on the release of PTV from PLGA 5004 
implants (means ± S.D., n=3) significance found using a two-way ANOVA with a Tukey’s 

post-hoc test, * = P<0.05 ** = P<0.01, *** = P<0.001, **** = P<0.0001. 
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3.4.6.2 Effect of the various release media on the drug release 

Figure 3.13A illustrates the effect of different release media on the release profile of 

PTV from HME implants. In PBS, the initial burst release was observed on the first 

day at approximately 22%, followed by a gradual and sustained drug release from 

the HME implant. By day 7, the drug release increased to 41%. The drug release 

continued to increase, and on day 24, the drug release was 49.11%, indicating a 

sustained release pattern. By day 40, the drug release achieved 99.54%, indicating 

almost complete drug release from the HME implant. The typical release media in 

PBS stated above showed sustained drug release over 40 days, indicating a long-

term drug release (more than a month). In order to accelerate the release rate of PTV 

from the HME implants, deionised water and an organic solvent (DMSO) with varied 

compositions (50%, 70%, and 80%) were investigated as release media. These 

investigations were based on the findings discussed in chapter 2 regarding the 

effects of different release media on IRN release from HME implants. Thus, it is 

expected that using dH2O and DMSO solvents will also accelerate the PTV release 

rate and provide the desired drug release. A two-way ANOVA with Tukey's post-hoc 

test was used to compare the drug release between the different release media. The 

results indicated that the drug release in the medium with 80% DMSO was 

significantly higher (p < 0.05) compared to the release in PBS, dH2O, and the 

medium with 50% DMSO at all time points (p<0.05). However, the release in the 

medium with 80% DMSO was not significantly (p > 0.05) higher than the release in 

70% DMSO medium on days 1, 2, 3, 7, 10, 14 and 17. The drug release in 70% 

DMSO was significantly higher than PBS and H2O at all time points (p<0.05). There 

was no significant difference in drug release between the 50% DMSO and PBS or 

H2O at most time points (p<0.05).  
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Higher DMSO concentrations result in higher drug release. Therefore, DMSO 80% 

was selected for the accelerated drug release method as a quality control tool for 

HME implants. The optimised accelerated release method resulted in a complete 

release of PTV from the HME implant within one week (Figure 3.13C), as opposed to 

the real-time release period of 40 days (Figure 3.13B). 
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Figure 3. 13 In vitro cumulative release profiles of PTV from HME implants in various 
release media: dH2O, 50%DMSO, 70%DMSO and 80%DMSO (A) significance found using 
a two-way ANOVA with a Tukey’s post-hoc test, * = P<0.05 ** = P<0.01, *** = P<0.001, **** 

= P<0.0001, long-term release profile in PBS (B) and short-term release profile in 
80%DMSO (C) (mean±SD; n=3).   
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3.5 Conclusion  

This chapter investigates the effect of IM and HME techniques on the size and weight 

uniformity, drug content uniformity, drug content, drug distribution, stability, physical 

state and drug release of PTV-loaded PLGA implants (Table 3.9). The selection of 

formulation composition and implant manufacturing processes were investigated in 

the pre-screening step, including the amount of drug, type of PLGA and amount of 

plasticiser. Based on the rheology results, the formulations; 10%PTV+5002, 

10%PTV+5004+20%P188, 20%PTV+5004+20%P188, 30%PTV+5004+20%P188 

were appropriate for moulding and extrusion. The resulting IM and HME implants 

were characterised using various techniques, including HPLC, DSC, XRD, and 

Raman. The results described in this chapter demonstrate that all PTV-loaded PLGA 

implants manufactured by IM and HME were consistent in size (diameter and length) 

and weight. However, HME implants had higher drug content and good content 

uniformity compared to IM implants. The PTV was found to be amorphous in both 

HME and IM implants based on obtained Raman spectra, DSC, and XRD findings. 

IM and HME include heating and melting steps, and the API was likely dissolved in 

the PLGA and transferred to amorphous. As amorphous drugs tend to have a higher 

solubility and more rapid dissolution rates than crystalline, potentially resulting in 

better bioavailability and therapeutic efficacy. However, Raman mapping confirmed 

heterogeneous drug distribution within IM implants, which could result in uneven drug 

release and lower efficacy compared to the homogenous drug distribution observed 

within HME implants. HME implants were homogenously dispersed within PLGA 

implants due to the high shear mixing force of the twin screws of the HME. Therefore, 



  
 

[157] 
 

according to the drug content and distribution results, the HME technique is 

preferable to IM.    

In vitro drug release of IM implants and HME implants were investigated. PTV was 

found to be stable in various release media (dH2O, PBS, DMSO), which allowed for 

long-term release studies to be conducted. The release of PTV was affected by 

manufacturing techniques and the type of release media used. The drug release from 

HME implants is significantly lower than those manufactured by IM. This is because 

of high shear forces of the HME process make the implants denser, more closely 

packed matrix, resulting in a slower uptake of the dissolution medium and slower 

drug release. The completed drug release (real-time) from HME implants under 

physiological conditions using PBS media takes a very long time (more than a 

month), which is time-consuming. In comparison, the IM implants take only 7 days. 

Thus, accelerated release studies were investigated using various types of release 

media to speed up drug release from HME implants. The drug release achieved 

sustained release over seven days under 80%DMSO release media.  

To address challenges posed by the IM technique, arising from the lack of significant 

shear forces found in the twin screws of the HME process, future investigations are 

recommended. Potential refinements such as pre-mixing or optimising the degree of 

grinding before IM could enhance drug content uniformity and overall performance.  
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Table 3. 9 Summary comparison of IM and HME techniques for the development and characterisation 
of PTV-loaded PLGA implants. 

Parameter IM implants HME implants 

Size and weight 

uniformity 

Consistent in size and 

weight with a ± 10% 

deviation 

Consistent in size and 

weight with a ± 10% 

deviation 

Drug content uniformity RSD % (10.1 - 16.2%) 

Lower drug content 

uniformity compared to 

HME implants 

RSD % (0.4 - 1.4%) 

Higher drug content 

uniformity 

Drug content (62 - 77%) 

Low drug content level   

(82 - 91%) 

High drug content level   

 

Physical state of the 

drug   

PTV found to be 

amorphous 

PTV found to be 

amorphous 

Drug distribution Non-homogenous drug 

distribution 

Homogenous drug 

distribution 

Preferred technique Not preferred due to 

lower drug content 

uniformity and non-

homogenous drug 

distribution 

Preferred due to higher 

drug content uniformity 

and homogenous drug 

distribution 

Drug release profile Faster drug release rate 

due to lower density 

matrix, complete drug 

release in 7 days  

Slower release rate 

compared to IM due to 

denser matrix, takes more 

than a month (40 days) 

for complete release 

Accelerated drug 

release 

Not specified   Achieved sustained 

release over 7 days in 

80% DMSO media 
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CHAPTER 4: DEVELOPMENT AND VALIDATION OF THE HPLC 

METHOD FOR THE DETERMINATION OF IRINOTECAN AND 

PITAVASTATIN 
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4.1 Background  

Analytical method development plays a crucial role in drug formulation and product 

development, enabling the detection and quantification of APIs in dosage forms 

(Shrivastava et al., 2019). Numerous methods have been described in the literature 

for the determination of IRN and PTV individually. However, no method has been 

reported for the determination of these drugs mixed in a combined dosage form. 

The next chapter focuses on the development of multi-layered implantable drug 

delivery devices (IRN-PTV-PLGA implant) specifically designed to target and treat 

GBM effectively. This implantable device aims to deliver IRN and PTV directly to the 

tumour site. The selection of IRN and PTV in combination is motivated by their 

synergistic effects, which can inhibit the function of MDR-1, thus allowing higher 

concentrations of IRN to enter the tumour cells and increase apoptosis (Jiang et al., 

2014b). As a result, this combination presents a promising candidate for the 

development of a multi-layered implantable drug device. To ensure the success of 

the multi-layered implantable drug delivery device, it is essential to have a suitable 

analytical method capable of detecting and quantifying each compound accurately.  

Therefore, this chapter describes the development of a validated HPLC method 

specifically designed to quantify IRN and PTV in a combined dosage form (multi-

layered implantable drug delivery device). This would enable the quantification of the 

drug content and release from the manufactured multi-layered implant to be 

determined. The HPLC validation method was conducted according to the 

International Council for Harmonisation (ICH) guidelines. These guidelines 

recommend specific validation parameters, including accuracy, precision, range, 

linearity, specificity, limit of detection (LoD), and limit of quantification (LoQ) (Guedes 
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& Guedes, 2006; Harron, 2013; Shrivastava et al., 2019; Stefanini-Oresic, 2022). By 

employing this validated HPLC method, IRN and PTV can be confidently quantified in 

the multi-layered implant, ensuring its safety and efficacy for treating GBM. 

4.2 Aim 

This chapter aimed to develop and validate appropriate analytical methods for 

detecting and quantifying IRN and PTV. This would enable the quantification of drug 

content and release from the manufactured implantable drug delivery devices (multi-

layered implant) to be determined. 
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4.3 Materials & Methods 

4.3.1 Chemicals 

The materials used in this chapter were the same as those used in chapter 2 and 

chapter 3.  

4.3.2 Methods  

4.3.2.1 Instrument and chromatographic conditions 

The Separation and quantification of the IRN and PTV were performed using an 

Ultimate 3000 Autosampler HPLC system from Thermo Scientific Inc., Germering, 

Germany. A Zorbax Eclipse XDB-C18 column with dimensions of 4.6 x 150 mm and 

a particle size of 3 µm, manufactured by Agilent Technologies in the USA, was used 

for the separation. The mobile phase consisted of a mixture of acetonitrile and 

deionised water in a ratio of 65:35 (v/v), and the flow rate was set at 0.5 mL/min. The 

run time for the analysis was 10 minutes. The detection wavelength was 245 nm, and 

the injection volume was 10 µL. IRN and PTV retention times were 2.18 and 4.04 

minutes, respectively. 
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4.3.2.2 Preparation of a standard stock solution and working solutions 

A standard stock solution of IRN and PTV was prepared by dissolving 100 mg of 

each drug in a 100 ml mobile phase to give the final solution with a 1000 ug/ml 

concentration. The calibration curves were prepared by diluting the stock solution to 

give final working solutions with concentrations ranging from 10 - 400ug/ml. 

4.3.2.3 Statistical Analysis  

The statistical analysis was conducted using GraphPad Prism version 9 and 

Microsoft Excel 2016. The mean, SD and %RSD were calculated, and calibration 

curves were created using the least squares linear regression analysis. 

4.3.2.4 HPLC validation method  

The method was validated according to ICH guidelines (Harron, 2013; Reddy et al., 

2013). The validation parameters were accuracy, precision-repeatability, precision 

(intra-day &inter-day), linearity and range, LoD and LoQ. 
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4.4 Results and discussion  

4.4.1 Chromatographic conditions 

The chromatographic conditions resulted in two sharp separate peaks with retention 

times of 2.1 and 4 minutes for IRN and PTV, respectively, as shown in Figure 4.1. 

Following this, the method was validated according to the ICH guidelines. 

 

 

 

 

 

 

 

Figure 4. 1 The chromatograms of IRN (tR = 2.18 min) and PTV (tR = 4.0 min) were obtained 
using an HPLC system with a Zorbax Eclipse XDB-C18 column (3 µm, 4.6 x 150 mm), a mobile 

phase of ACN-dH2O (65:35 v/v), a flow rate of 0.5 mL/min, and an injection volume of 10 µL. 
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4.4.1.1 Method validation for IRN and PTV 

4.4.1.1.1 Accuracy  

The accuracy of the analytical method is the closeness between the measured value 

to the true value (Chandran & Singh, 2007; Kowalska et al., 2022). The experiment 

aimed to determine the accuracy of measurements by taking three replicates for 

each of the six concentrations used in the calibration curve for each drug. The 

measured concentrations were compared to the theoretical values, and the 

percentage accuracy was calculated (Tables 4.1 & 4.2) by applying the following 

Equation (Sen et al., 2016).  

                  % accuracy =  (found concentration values/ true values) X 100 

The results showed that all percentage accuracy values for IRN and PTV fell within 

the 91% to 108% range, indicating a high accuracy level with %RSD values within 

the acceptable range of ≤ 2% (Tables 4.1 & 4.2).  
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Table 4.  1 Results of accuracy measurement of IRN. 

Drug Sample 

No. 

Theoretical 

Concentration 

(ug/ml)  

Absorbance 

Found  

Mean Found 

Concentration 

(ug/ml) 

 Recovery % 

(Mean±SD) 

%RSD 

IRN 1 10 14.2 9.8 98±0.1 0.7 

2 50 51.4 50.3 100.7±0.1 0.2 

3 100 101.3 104.6 100.4±0.2 0.2 

4 200 189.5 200.7 100.3±0.3 0.1 

5 300 284.1 303.7 101.2±0.2 0.1 

6 400 368.6 395.8 98.9±1.6 0.4 

Average recovery % (mean±SD) 100.6±2.3  
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Table 4.  2 Results of accuracy measurement of PTV. 

Drug Sample 

No. 

Theoretical 

Concentration 

(ug/ml)  

Absorbance 

Found  

Mean Found 

Concentration 

(ug/ml) 

 Recovery % 

(Mean±SD) 

%RSD 

PTV 1 10 11.9 10.5 104.9±0.1 0.8 

2 50 58.3 49.6 99.2±0.1 0.2 

3 100 118.4 100.3 100.3±0.2 0.2 

4 200 235.8 199.4 99.7±0.3 0.1 

5 300 354.7 299.7 99.9±0.5 0.1 

6 400 474.2 400.5 100.1±0.6 0.1 

Average recovery % (mean±SD) 100.7±2.1  
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4.4.1.1.2 Linearity, range, LoD and LoQ 

Linearity refers to an analytical method's ability to generate results proportional to the 

analyte concentration in the sample within a specified range (Harron, 2013). The 

range of an analytical method refers to the range of concentrations of the analyte in 

the sample for which the method has been demonstrated to exhibit adequate 

precision, accuracy, and linearity. This range is determined through the validation 

process and typically includes the upper and lower limits of the concentration range 

(Harron, 2013).  

The linearity of the analytical method for IRN and PTV drugs was determined by 

analysing six concentrations from the calibration curve. The experiment was 

repeated over three days, and the samples were prepared in triplicate. The mean 

values and standard deviations were used to generate a representative calibration 

plot (Figure 4.2). Calibration curve values for each drug are presented in Table 4.3. 

The results demonstrate high correlation coefficients (≥ 0.999) and low y-intercepts (≤ 

2%), indicating an excellent linear correlation between the peak area and the 

concentrations of drugs over the range of 10-400 ug/ml for both IRN and PTV.  
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Table 4.  3 Calibration curve properties for IRN and PTV drugs (means, n=9). 

Drug Linearity 

range  

R² y-intercept slope LOD 

(ug/ml) 

LOQ 

(ug/ml) 

IRN 10-400 ug/ml 0.999 0.7 0.9 11.0 

 

33.3 

 

PTV 10-400 ug/ml 1 0.5 1.9 1.8 5.6 

 

 

 

 

 

 

 

 

Figure 4. 2 Calibration Curve of IRN (A) and PTV (B). 
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LoD refers to the smallest quantity of an analyte in a sample that can be detected 

with a certain degree of confidence but is not necessarily measured or reported as an 

exact value. LoQ refers to the smallest quantity of an analyte in a sample that can be 

measured and reported with a specific degree of precision and accuracy (Shrivastava 

et al., 2019).  

The LOD calculation was performed using the following Equation  

                                                  LoD =  3.3 σ /S 

The LOQ calculation was performed using the following Equation  

                                                   LoQ = 10 σ/ S 

‘σ’ refers to the standard deviation of the response, while ‘S’ refers to the slope of the 

calibration curve (Shrivastava et al., 2019; Stefanini-Oresic, 2022) 

The LoD values for the IRN and PTV were 11.0 ug/mL and 1.8 ug/mL, respectively, 

and the LOQ values for the same analytes were 33.3 ug/ml and 5.6 ug/ml, 

respectively (Table 4.3).  
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4.4.1.1.3 Precision – Repeatability  

The precision of the analytical method is the degree of agreement among a series of 

measurements collected from numerous sampling of the same homogeneous sample 

under prescribed conditions, including both repeatability (intra-day) and intermediate 

precision (inter-day) (Shrivastava et al., 2019).  

To assess the method's repeatability, ten replicates of one concentration (100 ug/ml) 

from the standard solution of each drug were prepared and analysed. The retention 

time, peak area, and peak height were recorded, and the mean, SD, and %RSD 

were calculated.  

The results demonstrate that the %RSD values for the means of the retention times, 

peak areas and peak heights for both drugs are within the acceptable range of ≤ 2% 

(Tables 4.4 & 4.5). Therefore, it can be concluded that the method has good 

repeatability.  
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Table 4.  4 Results of repeatability measurement of IRN. 

 

 

 

 

 

 

Injection No. Retention time 

(minutes) 

Peak area Peak height 

Replicate 1 2.15 101.45 1,458.77 

Replicate 2 2.15 102.30 1,455.26 

Replicate 3 2.15 102.04 1,459.13 

Replicate 4 2.15 102.46 1,462.85 

Replicate 5 2.15 102.38 1,448.23 

Replicate 6 2.15 101.94 1,458.38 

Replicate 7 2.15 101.75 1,460.12 

Replicate 8 2.15 102.04 1,459.34 

Replicate 9 2.15 105.10 1,448.77 

Replicate 10 2.15 100.28 1,458.43 

Mean  2.15 102.17 1,456.93 

SD 0.00 1.21 4.82 

RSD% 0.08 1.18 0.33 
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Table 4.  5 Results of repeatability measurement of PTV. 

 

 

 

 

 

 

Injection No. Retention time 

(minutes) 

Peak area Peak height 

Replicate 1 4.14 118.96 991.73 

Replicate 2 4.14 119.08 994.37 

Replicate 3 4.14 119.24 995.73 

Replicate 4 4.14 118.55 994.74 

Replicate 5 4.15 118.67 992.20 

Replicate 6 4.15 118.43 992.10 

Replicate 7 4.15 118.97 996.48 

Replicate 8 4.16 119.41 996.66 

Replicate 9 4.16 119.00 1,000.46 

Replicate 10 4.16 119.10 1,002.55 

Mean  4.15 118.94 995.70 

SD 0.01 0.31 3.57 

RSD% 0.21 0.26 0.36 
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4.4.1.1.4 Precision – Inter-day and Intra-day 

The intraday precision of the standard method was assessed by analysing three 

replicates samples of three independent concentrations of IRN and PTV three times 

on the same day and calculating the % RSD. Inter-day precision was assessed using 

the same concentrations of IRN and PTV on three separate days, and % RSD was 

calculated. The results demonstrated that the method was found to be precise, with 

low %RSD values ≤ 2% for the mean found concentrations of IRN and PTV (Table 

4.6). 

 

Table 4.  6 Inter-day and intra-day precision for IRN and PTV. 

 

 

Drug Theoretical 

Concentration 

(ug/ml) 

n Intra-day precision Inter-day precision 

Mean Found 

concentration 

(ug/ml) 

RSD% Mean Found 

concentration 

(ug/ml) 

RSD% 

IRN 100 9 105.4 0.4 105.5 0.1 

200 9 213.4 0.5 213.0 0.1 

300 9 312.3 0.2 311.1 0.8 

PTV 100 9 100.9 0.1 100.0 0.2 

200 9 200.0 0.2 199.6 0.6 

300 9 300.1 0.0 299.1 1.2 
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4.5 Conclusion  

The HPLC analytical method developed for detecting and quantifying IRN and PTV is 

accurate, linear, precise, validated and reliable. The analytical method was verified 

according to the recommended principles of the ICH guidelines for the validation of 

analytical procedures and can be used in the following chapter. This method can be 

confidently used to quantify the IRN and PTV drugs in samples obtained from the 

drug content and in vitro release studies.  
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CHAPTER 5: DEVELOPMENT AND CHARACTERISATION OF MULTI-

LAYER IMPLANTABLE DRUG DELIVERY DEVICE (IRINOTECAN 

PITAVASTATIN-LOADED PLGA) FORMULATED BY HOT MELT 

EXTRUSION  
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5.1 Background 

GBM is a highly aggressive and recurrent brain tumour that has significant obstacles 

to successful treatment due to its heterogeneity resulting in limited responsiveness to 

chemotherapy as well as the difficulty of drugs crossing the BBB after systemic 

administration (Bastiancich et al., 2021; Trivedi et al., 2023). Localised drug delivery 

systems have emerged as promising methods for treating GBM to address these 

limitations (Bastiancich et al., 2021). This chapter aims to develop a multi-layered 

implantable drug delivery device that can effectively target and treat GBM. The 

device is designed to deliver IRN and PTV directly to the tumour site. The HME 

technique was selected for manufacturing the multi-layer implantable device based 

on the data from Chapters 2 and 3 because it allows for high drug content and 

ensures a homogeneous drug distribution within the PLGA matrix. This 

homogeneous distribution is crucial as it contributes to consistent drug release 

profiles from the device. The reason for choosing IRN and PTV together is their 

synergistic effects and ability to overcome drug resistance mechanisms commonly 

found in GBM (Jiang et al., 2014b). In GBM, drug resistance often results from the 

overexpression of the MDR-1 (Nabors et al., 1991; Nakai et al., 2009), which actively 

transports cytotoxic agents like IRN out of the cells (Garrigues et al., 2002; Jiang et 

al., 2014b). However, the combination of PTV and IRN can inhibit the function of 

MDR-1, allowing higher concentrations of IRN to enter the tumour cells and increase 

apoptosis. These synergistic effects have been validated in in-vivo studies (Jiang et 

al., 2014b). Moreover, high-throughput drug screening assays using GBM cell lines 

have shown that combining IRN and PTV treatment yields superior results to 

individual drug treatments (Fan et al., 2016).  
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This chapter will provide valuable insights into developing and characterising the 

multi-layer implantable drug delivery device, including size uniformity, drug content, 

physical state, drug distribution, and drug release kinetics. The results obtained from 

this investigation will contribute to advancing drug delivery systems, enhancing the 

overall efficacy of treatments, and improving the patient experience by offering more 

effective, convenient, and personalised approaches to healthcare.  
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5.2 Aims and objectives 

This chapter aims to develop and characterise a multi-layered implantable drug 

delivery device loaded with IRN and PTV using the HME technique for the localised 

treatment of GBM. 

The objectives were:  

• To manufacture multi-layered implantable drug delivery devices containing 

IRN and PTV with different drug loadings using the HME technique. 

• To evaluate the size uniformity of the multi-layered implants and ensure 

consistency in drug content throughout the device. 

• To evaluate the thermal stability and crystallinity of the drug-loaded layers 

within the implants. 

• To analyse the distribution of IRN and PTV within the multi-layered implants 

and ensure homogeneous dispersion throughout the device. 

• To investigate the in vitro drug release profiles of IRN and PTV from the 

implants. 

• To determine the mechanism of drug release from the extruded multi-layered 

implants by applying various mathematical models, allowing a deeper 

understanding of the release kinetics and factors influencing the drug release 

behaviour.  

By achieving these objectives, we aim to comprehensively understand the developed 

multi-layered implantable drug delivery device, its physical and chemical properties, 

drug release behaviour, and its possibilities for effective localised treatment of GBM. 
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5.3 Materials & Methods 

5.3.1 Chemicals 

The materials used in this chapter were the same as those used in chapter 2, section 

2.3.1 and chapter 3, section 3.3.1. 

5.3.2 Methods 

5.3.2.1 Manufacturing of multi-layer implant (IRN-PTV loaded PLGA) using the 

HME technique  

A multi-layer implant was manufactured using HME to produce individual drug-loaded 

layers. For the IRN-loaded PLGA layer, the appropriate amounts of IRN (10%, 20%, 

and 30% w/w), PLGA 5004, and plasticiser (kolliphor 20% P188) were weighed into a 

sealed plastic container and roll mixed for approximately 10 minutes to ensure 

uniform blending of the API and excipients. The resulting active mix was then fed into 

a twin-screw minilab extruder, with the extruder's feeding, mixing, and metering 

zones set at specific temperatures (feeding zone: 65°C, mixing zone: 87°C, metering 

zone: 60°C) and a screw speed of 20 RPM. The melt obtained from the extrusion 

process was subsequently extruded through a 2 mm die and cut into 3 mm implant 

rods, thus producing the desired IRN-loaded PLGA layers. Similarly, for the PTV-

loaded PLGA layer, the appropriate amounts of PTV (10%, 20%, and 30% w/w), 

PLGA 5004, and plasticiser (kolliphor 20% P188) were weighed, roll mixed, and 

processed using different extrusion parameters. The extruder's feeding, mixing, and 

metering zones for the PTV-loaded layer were set at specific temperatures (feeding 

zone: 75°C, mixing zone: 100°C, metering zone: 75°C) with a screw speed of 20 

RPM. The resulting melt was extruded through a 2 mm die and cut into 3 mm implant 

rods to create the desired PTV-loaded PLGA layers. Finally, the individual layers 

containing each drug were adhered together using surgical glue (Liquid Skin®) to 
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create a multi-drug implant incorporating IRN and PTV, as illustrated in Figure 5.1. 

Liquid Skin®, purchased from Chemence Medical, Inc., was used in an amount of 

approximately 0.05 grams for each layer to ensure minimal excess. The two parts 

were gently pressed together to ensure complete contact with the adhesive. The 

adhesion process was completed in approximately 30 seconds. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 1 Representative image of the multi-layered IRN-PTV loaded PLGA formulated by HME. 
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5.3.2.2 Physical characterisation of implants 

5.3.2.2.1 Determination of the lengths, diameters and weights of multi-layered 

IRN-PTV-loaded PLGA implants 

To determine the length, diameter, and weight of the multi-layer implant (IRN-PTV 

loaded PLGA), each individual layer was measured separately. The length and 

diameter of each layer, which had dimensions of 2x3mm, were measured using a 

digital vernier calliper. The average diameter and length for each layer were 

calculated based on these measurements (n=10). Additionally, the weight of each 

layer was measured using an electronic balance, and the average weight of each 

layer was determined (n=10). 

5.3.2.3 Physiochemical characterisation 

5.3.2.3.1 Determination of drug content  

Each multi-layered implant was placed in a glass vial, and 5 ml of Dichloromethane 

(DCM) was added and left for 1 hour. Subsequently, the DCM was evaporated using 

a water bath at 65°C until complete dryness was achieved. The residue containing 

IRN, PTV, and PLGA was mixed with 10 ml of the mobile phase. The vial was placed 

into the ultrasonic bath for 10 minutes, followed by vortex mixing for 2-3 minutes, 

causing the PLGA and plasticiser to precipitate while the IRN and PTV remained 

soluble in the solution. The sample was filtered through a 0.45 uM syringe filter and 

transferred to HPLC vials for analysis. HPLC method was utilised to determine the 

content of IRN and PTV. The obtained results were compared to the theoretical 

content, calculated based on the total mass of each layer, to assess the reliability of 

the manufacturing process. An acceptable limit of ±10% of the theoretical content 

was set. 
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5.3.2.3.2 Crystallinity studies using X-ray Powder Diffraction (XRD) 

The crystallinity studies of the multi-layered implant were conducted using X-ray 

Powder Diffraction (XRD). Each layer of the multi-layered implant was ground to a 

fine powder, and the X-ray powder diffraction patterns were obtained. The XRD 

patterns of the formulation blends, pure IRN, PTV, PLGA, and P188, were also 

measured. To perform the XRD analysis, the ground samples of each layer, 

formulation blends, and pure substance were filled into a flat sample holder and 

scanned with a 2θ range of 3–50° and step size of 0.02, and the voltage was 30 kV 

and 15 mA current. Samples were recorded using a Rigaku MiniFlex 600 (Rigaku, 

USA) with a Cu Kα X-ray source (λ=1.5418 Å) and with software Miniflex Guidance 

version 1.2.01. 

5.3.2.3.3 Thermal stability studies using Differential Scanning Calorimetry 

(DSC) 

To investigate the physical state of IRN and PTV in the extruded multi-layered 

implants, a thermal analytical study was conducted using a T.A. instrument Q200 

(DSC) from T.A. Instruments (New Castle, DE, USA). The samples weighing 5 to 10 

mg were placed in aluminium pans and sealed. An empty aluminium pan was used 

as a reference. The heating process involved raising the temperature from 25°C to 

300°C at a heating rate of 10°C per minute. Nitrogen was used as a purge at a flow 

rate set at 50 ml/min. 
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5.3.2.3.4 Determination of the Physical State of IRN and PTV in the extruded 

multi-layered implants by using Raman  

The method used for the determination of the physical state of the IRN and PTV in 

the extruded multi-layered implants is the same as that described in chapter 2, 

section 2.3.2.5.2. 

5.3.2.3.5 Drug distribution in the extruded multi-layered implant by Raman 

mapping  

A Raman mapping was employed on its internal cross-section to investigate the IRN 

and PTV distribution within the extruded multi-layered implant. The Raman mapping 

was conducted using the Thermo Scientific™ DXR Raman (Waltham, USA) with a 

780 nm laser operated at 20 mW power. Each spectrum was the co-addition of three 

5-second exposures collected from 200 to 3200 cm−1. An Olympus 10× objective with 

a 25 µm confocal pinhole was used to collect the Raman signal. The spectra were 

collected with a step size of 106 µm in both the x- and y directions. 

5.3.2.4 In vitro drug release studies  

Each multi-layered implant, including 10%IRN-10%PTV-PLGA implants, 20%IRN-

20%PTV-PLGA implants, and 30%IRN-30%PTV-PLGA implants, was placed inside a 

sealed flask containing 80% DMSO release media. The flasks were placed into an 

orbital shaking incubator at 37°C and 100 rpm. 1 ml samples were collected at 

regular time intervals of 1, 2, 3, 4, 5, 6, and 7 days, and an equivalent volume of 

release media was replaced in the flask after each sampling. The withdrawn samples 

were filtered using a 0.45 uM filter and analysed using the IRN-PTV HPLC method. 

All the measurements were conducted in triplicate, and the results were represented 

as mean % cumulative release ± SD. 
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5.3.2.5 Application of mathematical models on the in vitro drug release data 

In this study, various models were employed to analyse the in vitro drug release of 

IRN and PTV from the extruded multi-layered implants. The drug release data of all 

drug loadings of the extruded IRN-PLGA layers and PTV-PLGA layers were fitted to 

the different kinetic models in order to determine the mechanism of the drug release 

from the extruded multi-layered implants. The selection of the most appropriate 

model relied on assessing the linearity between the experimental and the predicted 

data, as indicated by the coefficient of correlation (R2). The mathematical equations 

of the models are presented in Table 5.1.  

 

Table 5. 1 Mathematical models used for the in vitro drug release data. 

Model Equation 

Zero-order 𝐶 = 𝐾0𝑡 

First-order 𝑙𝑜𝑔𝐶 = 𝐿𝑜𝑔𝐶0 − 𝑘𝑡/2.303 

Higuchi 𝑄 = 𝐾𝑡1/2 

Korsmeyer-Peppas 𝑀𝑡/𝑀∞  = 𝐾𝑡𝑛 

 

In these equations, C represents the concentration of the drug, k0 denotes the zero-

order rate constant, k represents the rate constant, Mt/M∞ indicates the fraction of 

drug released at time t, and n denotes the release exponent (Enayati et al., 2017). 
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5.4 Results and discussion 

5.4.1 Physical characterisation of the implants 

5.4.1.1 Determination of the lengths, diameters and weights of multi-layered 

IRN-PTV-loaded PLGA implants 

The physical characteristics of multi-layered IRN-PTV-PLGA implants were assessed 

in terms of size, weight, and content. The results are presented in Tables 5.2 and 

5.3. It was observed that all multi-layered IRN-PTV-PLGA implants exhibited a ±10% 

deviation in size (diameter and length) and weight, indicating that the implants were 

consistent. 

In conclusion, the physical characterisation of the multi-layered IRN-PTV-PLGA 

implants revealed that the manufacturing process by HME was reliable, and the 

implants were uniform in size and weight. 

 

 

 

 

Figure 5. 2 Representative image of multi-layered 
IRN-PTV-PLGA implants 2X6mm formulated by 

HME. 
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Table 5. 2 Physical Appearance of the IRN-PLGA layer formulated by HME. 

IRN-PLGA layer 

 10% IRN 

PLGA 5004 

20%P188 

20% IRN 

PLGA 5004 

20%P188 

30% IRN 

PLGA 5004 

20%P188 

Length (mm) 

Mean±SD 

(n=10) 

3.0 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 

%RSD 2.3% 2.2% 2.3% 

Diameter (mm) 

Mean±SD 

(n=10) 

2.0± 0.1 2.0± 0.1 2.0± 0.1 

%RSD 4.7% 5.2% 5.3% 

Weight (mm) 

Mean±SD 

(n=10) 

14.2± 0.1 14.2 ± 0.1 14.1±0.1 

%RSD 1% 0.8% 0.9% 

S.D is the standard deviation, %RSD is the relative standard deviation 
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Table 5. 3 Physical Appearance of the PTV-PLGA layer formulated by HME. 

PTV-PLGA layer 

 10% PTV 

PLGA 5004 

20%P188 

20% PTV 

PLGA 5004 

20%P188 

30% PTV 

PLGA 5004 

20%P188 

Length (mm) 

Mean±SD 

(n=10) 

3.0 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 

%RSD 2.7% 2.2% 1.7% 

Diameter (mm) 

Mean±SD 

(n=10) 

2.0± 0.1 2.0± 0.1 2.0± 0.1 

%RSD 4.7% 6.4% 5.1% 

Weight (mm) 

Mean±SD 

(n=10) 

14.3± 0.1 14.2 ± 0.1 14.2±0.1 

%RSD 0.5% 0.5% 0.9% 

S.D is the standard deviation, %RSD is the relative standard deviation 

 

 

 

 

 

 

 

 



  
 

[189] 
 

5.4.2 Physiochemical characterisation of the implants  

5.4.2.1 Determination of drug content  

The drug content of multi-layered IRN-PTV-loaded PLGA implants manufactured by 

the HME technique was measured, and the results are summarised in Table 5.4. The 

implants consisted of two layers: IRN-PLGA layer and PTV-PLGA layer, both with 

dimensions of 2X3mm. Drug content, RSD, and %RSD were determined for three 

different drug concentrations of each layer (10%, 20%, and 30% w/w). The drug 

content of the IRN-PLGA layers was found to be 88.6%, 100.7%, and 96.9% for the 

10%, 20%, and 30% w/w IRN-PLGA layers, respectively. For the PTV-PLGA layers, 

the drug content was determined to be 83.7%, 71.7%, and 80.6% for the 10%, 20%, 

and 30% w/w drug concentrations, respectively. The %RSD values for the IRN-PLGA 

layers were 3.2%, 5.3%, and 0.9% for the 10%, 20%, and 30% w/w drug 

concentrations, respectively. The %RSD values for the PTV-PLGA layers were 4.1%, 

2.4%, and 3.3% for the 10%, 20%, and 30% w/w drug concentrations, respectively.  

These low %RSD values indicate good content uniformity. Overall, both the IRN-

PLGA and PTV-PLGA layers exhibited good content uniformity for IRN and PTV, with 

drug contents ranging from 81.7% to 100.7% and RSD values below 10%. These 

results suggest that the HME manufacturing technique achieved high and consistent 

drug content in the multi-layered IRN-PTV-loaded PLGA implants. 
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Table 5. 4 IRN and PTV contents, RSD and %RSD values for each of the 10, 20 and 30% IRN-PLGA 
layer and PTV-PLGA layer formulated by HME (n=6). 

IRN-PLGA layer (2X3mm) 

 10%IRN 20%IRN 30%IRN 

Drug content (%) 

(n=6) 

88.6 100.7 96.9 

RSD 2.8 5.4 0.8 

%RSD 3.2 5.3 0.9 

PTV-PLGA layer (2X3mm) 

 10%PTV 20%PTV 30%PTV 

Drug content (%) 

(n=6) 

83.7 81.7 80.6 

RSD 3.5 1.9 2.6 

%RSD 4.1 2.4 3.3 
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5.4.2.2 Crystallinity studies using X-ray Powder Diffraction (XRD) 

The physical state of IRN and PTV in the multi-layered implant manufactured by the 

HME technique was verified through XRD analysis. The XRD diffractograms of pure 

IRN, PTV, PLGA, P188, the physical mixture, and each layer of the multi-layered 

implant (IRN-PLGA layer and PTV-PLGA layer) are presented in Figure 5.3. 

The XRD diffractogram of IRN exhibited multiple strong-intensity peaks, indicating its 

crystalline nature. Notable peaks were observed at 2Theta values of 10°, 13°, 24°, 

and 26° (Figure 5.3a), which correspond to the characteristic peaks of IRN reported 

in previous studies (Vangara et al., 2014). The physical mixture of the IRN-PLGA 

layer before extrusion showed similar peaks, suggesting the presence of crystalline 

IRN (Figure 5.3e). In contrast, the XRD pattern of the IRN-PLGA layer from the multi-

layered implant exhibited sharp diffraction peaks along with an underlying amorphous 

halo (Figure 5.3f). The diffraction peaks observed in the IRN-PLGA layer 

corresponded well to those of the crystalline IRN raw material, as indicated by the 

dashed red oval in Figure 5.3f. These results suggest that the extrusion process had 

no influence on the crystalline state of IRN in the multi-layered IRN-PTV-loaded 

PLGA implants. 

The XRD pattern of pure PTV clearly showed strong intensity peaks at 14.28°, 

21.06°, 21.86°, and 23.95° 2θ values (Figure 5.3b), indicating its crystalline state, 

which corresponds to the previous study (Pimple et al., 2022). These peaks were 

also observed in the diffraction pattern of the physical mixture (Figure 5.3g). In 

contrast, the XRD pattern of the PTV-PLGA layer from the multi-layered implant 

(Figure 5.3h) displayed halo patterns and small peaks at 21.06° and 25°. The 

reduction in the number of peaks intensity suggests a change in the crystallinity of 
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PTV due to the heating involved in the HME manufacturing process, resulting in the 

formation of an amorphous product. It can be hypothesised that the majority of PTV 

is dispersed in an amorphous form in the PLGA matrix of the HME implants, with only 

a small amount remaining in the crystalline form. Amorphous drug forms have higher 

molecular mobility than crystalline forms, improving solubility and dissolution rates 

(Pimple et al., 2022). Furthermore, amorphous drug forms are high-energy solids that 

tend to recrystallise, which can be evaluated through accelerated stability analysis 

(Grohganz et al., 2013). These findings indicate that the extrusion process used to 

produce the PTV-PLGA layer significantly influences the physical properties of PTV 

in the multi-layered implant. 
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Figure 5. 3 X-ray powder diffraction spectra, pure IRN (a), PTV (b), PLGA (c), P188 (d), 
Physical mixture of IRN-PLGA layer (e), powdered of IRN-PLGA layer from multi-layered 
implant (f), Physical mixture of PTV-PLGA layer (g), powdered of PTV-PLGA layer from 

multi-layered implant (h). 
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5.4.2.3 Thermal stability studies using Differential Scanning Calorimetry (DSC) 

DSC analysis was performed to investigate the physicochemical properties of the 

pure materials and the multi-layered implants manufactured by HME. The DSC 

thermograms displayed the thermal characteristics of IRN, PTV, PLGA, P188, and 

the extruded IRN-PLGA and PTV-PLGA layers (Figure 5.4). Pure IRN exhibited a 

sharp endothermic peak at 278°C, corresponding to its melting point, indicating its 

crystalline nature (Figure 5.4a). Similarly, PTV displayed a sharp endothermic peak 

at 143°C, corresponding to its melting point and confirming its crystalline nature 

(Figure 5.4b). The thermogram of PLGA showed an endothermic peak at 43.6°C, 

representing the polymeric material's Tg (Figure 5.4c). The DSC thermogram of 

Kolliphor® P188 revealed a single, sharp endothermic peak between 50 and 55°C, 

indicative of the melting point of poloxamer (Figure 5.4d). The DSC thermogram of 

the extruded IRN-PLGA layer exhibited the melting peak of IRN, indicating that the 

crystalline state of the drug was preserved, and no transition to an amorphous state 

occurred (Figure 5.4f). This result suggests that the drug maintained its properties 

and did not interact with the excipients. 

Furthermore, the glass transition peak of PLGA and the melting peak of P188 were 

detected at the expected temperatures, indicating the absence of interactions 

between IRN and the excipients. These findings demonstrate that the preparation 

process by HME did not affect the stability of the drug and polymer. In the 

thermograms of the extruded PTV-PLGA layer, no characteristic endothermic peak 

corresponding to the melting of the PTV was observed (Figure 5.4e). This suggests 

that PTV was incorporated in an amorphous form and molecularly dispersed within 

the polymeric matrices and indicates that the drug dissolved within the molten 
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polymer during the DSC analysis (Cevher et al., 2007; Kamel & Abbas, 2018). Based 

on the XRD and DSC data, it is assumed that partial dissolution of PTV into the 

PLGA occurred during HME manufacture of the extruded PTV-PLGA layer, with the 

remainder dissolving in the PLGA during DSC analysis. This suggests that the PTV 

dissolved in the PLGA during manufacture is below saturation, and the 

amorphous/dissolved PTV should remain stable upon storage.  
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Figure 5. 4 DSC thermograms of pure IRN (a), PTV (b), PLGA (c), P188 (d), and extruded 
PTV-PLGA layer (e) and extruded IRN-PLGA layer (f). 
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5.4.2.4 Determination of the Physical State of IRN and PTV in the extruded 

multi-layered implants by using Raman 

The physical state of IRN and PTV in the extruded multi-layered implants was 

determined using Raman spectroscopy. Confocal Raman analysis was performed to 

characterise the API across the entire surface of the extruded IRN-PLGA layer and 

PTV-PLGA layer of the multi-layered implant. Single point spectra of IRN, PTV, and 

the extruded IRN-PLGA layer and PTV-PLGA layer are presented in Figure 5.5. In 

the Raman spectra of IRN, high-intensity peaks were detected in the fingerprint 

region at 1400-1700 cm−1 (Figure 5.5C), confirming the presence of IRN in its 

crystalline form. This observation corresponds to the previous study (Chinna Babu et 

al., 2012). The Raman spectra of the IRN-PLGA layer (Figure 5.5B) exhibited 

identical features to the pure IRN reference spectrum (Figure 5.5C), indicating the 

presence of IRN in its solid state within the extruded IRN-PLGA layer. These results 

confirmed that the crystal form of IRN remained unchanged during the extrusion 

process, indicating its stability in the extruded IRN-PLGA layer. 

In the case of PTV, the Raman spectra displayed intense peaks in the fingerprint 

region at 1400 cm-1, confirming its crystalline form (Figure 5.5E). However, the 

Raman spectra of the PTV-PLGA layer (Figure 5.5D) did not exhibit any 

characteristic PTV peaks, indicating that PTV was in an amorphous state, consistent 

with XRD and DSC data. These findings suggest that PTV initially existed in a 

crystalline state but transformed into an amorphous state during the HME process. 

HME involves heating and melting steps, and the PTV was likely dissolved in the 

melt PLGA and transferred to amorphous. 
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Overall, Raman spectroscopy provided valuable insights into the physical states of 

IRN and PTV within the extruded multi-layered implants. The results demonstrated 

the stability of the crystal form of IRN during the extrusion process and the 

transformation of PTV from a crystalline to an amorphous state. These findings 

contribute to understanding pharmaceutical production methods involving melting 

processes and have implications for interpreting dissolution results in dosage form 

analysis. 
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Figure 5. 5 Raman spectrogram of the PLGA (A), extruded IRN-PLGA 
layer (B), IRN (C), extruded PTV-PLGA layer (D) and PTV (E). 
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5.4.2.5 Drug distribution in the extruded multi-layered implant by Raman 

mapping 

To ensure the homogenous distribution of IRN and PTV within the extruded multi-

layered implant, Raman confocal microscopy was employed. This non-destructive 

method is commonly used to evaluate the drug distribution as well as the amorphous 

and crystalline content of pharmaceutical implants (Goyanes et al., 2015; 

Netchacovitch et al., 2017; Scoutaris et al., 2014). In this study, the internal cross-

section of the extruded multi-layered implant was scanned using a Raman 

microscope. At each point of the formulation mapped, IRN and PTV reference 

spectra were compared to the collected implant spectra. The analysis revealed that 

IRN was uniformly distributed throughout the entire mapped area of the IRN-PLGA 

layer (Figure 5.6B). Similarly, PTV demonstrated homogenous distribution across the 

entire mapped area of the PTV-PLGA layer (Figure 5.6C). These results can be 

attributed to the efficient dispersion of IRN and PTV throughout the extruded multi-

layered implant due to the high shear mixing in a twin-screw extruder. The observed 

homogenous distribution of IRN and PTV within the respective layers of the implant is 

crucial for ensuring consistent drug release and efficacy. It indicates that the HME 

process effectively dispersed the drugs, resulting in a formulation where the API is 

evenly distributed. 

Overall, Raman confocal microscopy confirmed the successful homogenous 

distribution of IRN and PTV within the extruded multi-layered implant, validating the 

efficiency of the extrusion process in achieving uniform drug dispersion.  
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A

B

C

D

Figure 5. 6 Optical microscopy image of the extruded multi-layered implant internal 
cross section (A), Raman mapping of the extruded IRN-PLGA layer (B), green areas = 

IRN distribution, Raman mapping of the extruded PTV-PLGA layer (c), blue areas = 
PTV distribution. 
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5.4.3 In vitro drug release studies  

The in vitro drug release study was conducted to evaluate the release pattern of the 

IRN and PTV from the IRN-loaded PLGA layers (10%, 20% & 30% w/w) and PTV-

loaded PLGA layers (10%, 20% &30% w/w) of the extruded multi-layered implants. 

The results are presented in Figure 5.7. The study used 80% DMSO release media 

over seven days, which was chosen as an optimised accelerated drug release 

method based on the previous findings discussed in chapters 2 and 3. This method 

was preferred over using the PBS media as the drug released from the HME 

implants under physiological conditions takes a very long time (more than a month), 

which is time-consuming. In contrast, the drug release from the HME implants under 

80%DMSO release media achieved sustained release over seven days. Accelerated 

release studies are used as a quality control tool, providing quicker drug release for 

extended-release formulations (Goel et al., 2021). 

Regarding the results in Figure 5.7A, for the IRN-loaded PLGA layers: the release 

profiles of IRN from the PLGA layers showed a biphasic pattern over the seven days. 

In the initial stage, a rapid burst release was observed on day 1, accounting for 

approximately 30%, 27%, and 28% from the 10%, 20%, and 30% IRN-PLGA layers, 

respectively. Following the initial burst release, a sustained release of IRN was 

observed over the remaining days. The release of IRN from the PLGA layers 

continued gradually, with the cumulative release percentages reaching 85%, 85%, 

and 82.66% for the 10%, 20%, and 30% IRN-PLGA layers, respectively, at the end of 

the seven days. This indicates that the IRN is released initially due to diffusion, 

followed by gradual polymer matrix degradation. 
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For the PTV-loaded PLGA layers: similar to the IRN-loaded PLGA layers, the release 

profiles of PTV from the PLGA layers showed a biphasic pattern (Figure 5.7B). On 

day 1, a rapid burst release was observed, accounting for approximately 32%, 31%, 

and 32% from the 10%, 20%, and 30% PTV-PLGA layers, respectively. Following the 

initial burst release, a sustained release of PTV was observed over the remaining 

days. The release of PTV from the PLGA layers continued gradually, with the 

cumulative release percentages reaching 100%, 96.94%, and 98.56% for the 10%, 

20%, and 30% PTV-PLGA layers, respectively, at the end of the seven days. This 

indicates that the PTV was released initially due to diffusion, followed by gradual 

polymer matrix degradation.  

Overall, the in vitro drug release study demonstrated that both IRN and PTV-loaded 

PLGA layers exhibited sustained release profiles. The initial burst release was 

followed by a controlled and prolonged release of the drugs over seven days.   
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Figure 5. 7 In vitro cumulative drug release profiles of the IRN-loaded PLGA layers 
(10%, 20% & 30% w/w) (A) and PTV-loaded PLGA layers (10%, 20% & 30% w/w) (B) 

from the extruded multi-layered implant in 80% DMSO (mean±SD; n=3). 
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5.4.4 Application of mathematical models on the in vitro drug release data 

In order to understand the drug release kinetics, various mathematical models were 

fitted to analyse the data. These models included zero-order (plotting cumulative 

percent of drug release against time), First-order (plotting the logarithm of cumulative 

percent of drug remaining in the matrix against time), Higuchi (plotting cumulative 

percent of drug release against the square root of time), and Korsmeyer-Peppas 

models (plotting the logarithm of cumulative percent of drug release against the 

natural logarithm of time) (Enayati et al., 2017). The R2 values indicate the goodness 

of fit between the experimental data and the respective mathematical models, 

whereas the higher R2 values indicate better fits that follow drug release kinetics 

(Gouda et al., 2017). In the zero-order model, drug release takes place at a constant 

rate over time, independent of the drug concentration (Manna et al., 2018; Tomic et 

al., 2016). The First-order model indicates that the amount of drug release is directly 

proportional to the amount of drug remaining within the matrix. As a result, the 

release of the drug decreases over time (Manna et al., 2018; Mello & Ricci-Júnior, 

2011). In the Higuchi model, the release mechanism of the drug from the matrix is 

governed by diffusion through the matrix and follows the principle of Fick’s law 

(Higuchi, 1963; Higuchi, 1961; Manna et al., 2018). Among these models, the 

Korsmeyer-Peppas model has been preferred as a suitable choice for characterising 

the release kinetics of polymeric drug delivery devices (Kini et al., 2015). The 

Korsmeyer-Peppas model utilises the release exponent (n) to determine the 

mechanism of drug release from the studied formulation. In the case of cylindrical 

drug delivery devices, when n ≤ 0.45, it suggests Fickian diffusion, indicating that the 

drug release is primarily driven by diffusion. When 0.45 < n < 0.89, it corresponds to 

anomalous (non-Fickian) diffusion, indicating that the drug release is controlled by 
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both diffusion and other simultaneous processes such as polymeric 

relaxation/erosion or swelling. When n = 0.89, it suggests zero-order release or 

Case-II transport, where the release mechanism is dominated by the swelling or 

relaxation of the polymeric chains and diffusion. When n > 0.89, it indicates Super 

Case-II transport (Enayati et al., 2017; Gouda et al., 2017; He et al., 2021; Manna et 

al., 2018; Mello & Ricci-Júnior, 2011; Ritger & Peppas, 1987; Tomic et al., 2016). 

Regarding the results in Table 5.5, the 10% IRN-PLGA layer, the release data fitted 

all models with relatively high R2 values of 0.941, 0.983, and 0.996, respectively, for 

the Zero-order, First-order, and Higuchi models. The correlation of the data to zero-

order, First-order and Higuchi confirms that the drug release mechanism appears to 

be a combination of the diffusion and degradation of the polymer. The Korsmeyer-

Peppas model provides an excellent fit with an R2 value of 0.999, indicating a 

complex drug release mechanism involving both diffusion and erosion. The release 

exponent (n) for this model is 0.558, suggesting a non-Fickian or anomalous drug 

release behaviour. These findings align with previous reports that highlight the 

combination of drug diffusion and erosion as contributors to non-Fickian transport 

during the release process (Olejnik et al., 2017). Similar trends can be observed for 

the 20%IRN-PLGA and 30%IRN-PLGA layers, where all models provide good fits 

with high R2 values (Table 5.5). The drug release mechanism for these layers 

appears to involve a combination of diffusion and erosion. For the 10%PTV-PLGA 

layer, the Zero-order, First-order and Higuchi models show reasonably good fits with 

R2 values of 0.928, 0.932, and 0.991, respectively. The Korsmeyer-Peppas model 

also provides a good fit with an R2 value of 0.997, suggesting a complex drug release 

mechanism involving both diffusion and erosion. The release exponent (n) for this 
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model is 0.567, indicating a non-Fickian or anomalous drug release behaviour. For 

the 20%PTV-PLGA and 30%PTV-PLGA layers, the Zero-order and Higuchi models 

exhibit relatively high R2 values, indicating good fits. The First-order model shows 

lower R2 values of 0.916 and 0.942, respectively. The Korsmeyer-Peppas model 

provides excellent fits with R2 values of 1.000 and 0.996, indicating a complex drug 

release mechanism involving both diffusion and erosion. The release exponent (n) 

values for these layers are 0.678 and 0.595, respectively, suggesting a non-Fickian 

or anomalous drug release behaviour.  

In summary, the results indicate that the Korsmeyer-Peppas model generally 

provides the best fit to the drug release data from the PLGA matrix implants, 

suggesting a complex drug release mechanism involving both diffusion and polymer 

erosion.  
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Table 5. 5 Kinetics models fitting results used to describe the IRN and PTV release from the extruded 
multi-layered implants. 

Formulation Zero-order First-order Higuchi Korsemeyer Peppas Release 

Mechanism 

 Regression coefficient (R2) n  

10%IRN-

PLGA 

0.941 0.983 0.996 0.999 0.558  

 

 

Non-Fickian 

(anomalous) 

diffusion 

20%IRN-

PLGA 

0.948 0.991 0.994 1.000 0.589 

30%IRN-

PLGA 

0.947 0.984 0.995 0.999 0.576 

10%PTV-

PLGA 

0.928 0.932 0.991 0.997 0.567 

20%PTV-

PLGA 

0.944 0.916 0.996 1.000 0.678 

30%PTV-

PLGA 

0.935 0.942 0.986 0.996 0.595 
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5.5 Conclusion  

The physical and physiochemical characterisation of the multi-layered IRN-PTV-

loaded PLGA implants has provided valuable insights into the manufacturing process 

and drug content. The physical characterisation confirmed that implants were 

consistent in size, weight and content, indicating the reliability of the HME 

manufacturing technique. The physiochemical characterisation revealed good 

content uniformity in both the IRN-PLGA and PTV-PLGA layers, with drug content 

ranging from 81.7% to 100% and low RSD values below 10%. XRD analysis 

confirmed the presence of crystalline IRN in the IRN-PLGA layer, indicating that the 

extrusion process did not affect the crystalline state of the IRN. However, the XRD 

analysis of the PTV-PLGA layer showed reduced crystallinity, suggesting that PTV 

was incorporated in an amorphous form and dissolved within the polymer matrix 

during the manufacturing process. DSC analysis confirmed these results by 

demonstrating the preservation of IRN crystallinity in the IRN-PLGA layer and the 

absence of a PTV melting peak in the PTV-PLGA layer. Raman spectroscopy further 

confirmed the stability of IRN in its crystalline state, as well as the transformation of 

PTV from a crystalline to an amorphous state within the implants. Raman mapping 

and microscopy provided evidence of the homogeneous distribution of IRN and PTV 

within their respective layers, indicating the efficient dispersion of the drugs 

throughout the multi-layered implants during the extrusion process. This uniform 

distribution is crucial for ensuring consistent drug release and effectiveness. The in 

vitro drug release studies exhibited a biphasic pattern for IRN and PTV, 

characterised by an initial burst release followed by sustained release over seven 

days. The release profiles indicated that drug diffusion initially occurred, followed by 
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gradual degradation of the polymer matrix. The application of the various 

mathematical models to the drug release data from the multi-layered PLGA implants 

revealed a complex mechanism involving both diffusion and polymer erosion. The 

Korsmeyer-Peppas model results provided the best fit among these models, 

indicating a non-Fickian or anomalous drug release behaviour from the implants. 

Overall, these findings further validate the effectiveness of the HME manufacturing 

technique in producing uniform and controlled drug delivery devices with the potential 

for targeted and sustained drug release. However, additional research is required to 

evaluate their performance in vivo and evaluate their therapeutic efficacy in relevant 

models or clinical trials. 
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CHAPTER 6: FINAL CONCLUSIONS AND FUTURE WORK  
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Each chapter was provided with a detailed conclusion. This conclusion summarises 

the overall outcomes of the thesis and outlines future work.  

The first chapter highlights the challenges in treating GBM and suggests a promising 

solution by developing the local drug delivery system utilising PLGA implants. 

Overcoming the limitations of systemic chemotherapy and the BBB is crucial for 

effectively treating GBM. Localised drug delivery via PLGA implants presents a 

potential approach to improve drug delivery to the brain while avoiding systemic side 

effects. This work mainly focused on manufacturing and characterising implantable 

drug delivery devices loaded with IRN and PTV, using the IM and HME techniques. 

IRN has demonstrated effectiveness against GBM but faces challenges in crossing 

the BBB, whereas PTV has shown antitumour effects but has limited penetration 

through the BBB and can cause systemic adverse effects. By administering these 

drugs locally through PLGA implants, their concentrations can be increased at the 

tumour site, thereby improving therapeutic outcomes. 

The second chapter aimed to develop a single-layer implantable drug delivery device 

loaded with IRN using the IM and HME techniques for the localised treatment of 

GBM. The objectives included determining the manufacturing processing 

parameters, producing PLGA matrix implants containing IRN, characterising the 

implants, investigating the IRN content and stability, and studying the impact of 

various factors on in vitro drug release. The study investigated the influence of IM 

and HME techniques on size and weight uniformity, drug content uniformity, drug 

distribution, stability, physical state, and drug release of IRN-loaded PLGA implants. 

Pre-screening experiments were carried out to determine the appropriate formulation 

composition and implant manufacturing processes. Rheology results identified 
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several formulations suitable for moulding and extrusion. Various techniques, such 

as HPLC, DSC, XRD, and Raman, were used to characterise the IM and HME 

implants. The implants demonstrated consistent size and weight, but the HME 

implants exhibited higher drug content and better content uniformity than IM implants. 

Neither technique had a negative effect on the stability of IRN within the implants. 

However, Raman mapping revealed heterogeneous drug distribution in IM implants. 

In contrast, HME implants exhibited homogeneous drug distribution due to the high 

shear mixing force generated by the twin screws. The study involved conducting in 

vitro drug release studies to evaluate the release of the IRN from the IM and HME 

implants. Several factors, such as the type of PLGA, drug load, implant size and 

manufacturing technique, influence the drug release behaviour. PLGA5004 implants 

showed faster drug release compared to PLGA5002 implants. Increasing the drug 

loading (30% w/w) resulted in a higher drug release than the lower loadings. 

Additionally, increasing the dimensions of the IRN-loaded PLGA5004 implants 

resulted in an increased drug release. The release of the drug from the HME 

implants was significantly lower than IM implants. This can be attributed to the 

denser and more closely packed matrix of HME implants, which results from high 

shear forces during manufacturing. This led to slower uptake of the dissolution 

medium and slower drug release. However, the completed drug release for both IM 

and HME implants in PBS media, which stimulate the physiological conditions, was 

time-consuming and took more than a month. Therefore, accelerated release studies 

were conducted using different media to accelerate the drug release. IM implants 

exhibited a sustained release over seven days under 70% DMSO release media, 

while HME implants achieved a similar sustained release period under 80% DMSO 
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release media. Based on the drug content, stability, and distribution results, the HME 

technique is considered preferable over the IM. Overall, these findings provide 

valuable insights into the development and characterisation of IRN-loaded PLGA 

implants for localised treatment of GBM, presenting potential advancements in the 

field of drug delivery for brain tumours. 

The third chapter aimed to develop a single-layer implantable drug delivery device 

loaded with PTV using the IM and HME techniques for the localised treatment of 

GBM. The objectives included determining the manufacturing processing 

parameters, producing PLGA matrix implants containing PTV, characterising the 

implants, investigating the PTV content and stability, and investigating the in vitro 

drug release from the IM and HME implants. The study investigated the influence of 

IM and HME techniques on size and weight uniformity, drug content uniformity, drug 

distribution, stability, physical state, and drug release of PTV-loaded PLGA implants. 

Pre-screening experiments were carried out to determine the appropriate formulation 

composition and implant manufacturing processes. Rheology results identified 

several formulations suitable for moulding and extrusion. Various techniques, such 

as HPLC, DSC, XRD, and Raman, were used to characterise PTV-loaded PLGA 

implants manufactured by IM and HME. The results indicated that the implants 

exhibited consistent size and weight, but the HME implants exhibited higher drug 

content and better content uniformity than IM implants. The PTV was found to be 

amorphous in both HME and IM implants based on obtained Raman spectra, DSC, 

and XRD findings. IM and HME processes involve heating and melting steps, during 

which API is expected to dissolve in the PLGA and transform into an amorphous 

state. Amorphous drugs generally exhibit increased solubility and faster dissolution 
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rates than crystalline forms, leading to improved bioavailability and therapeutic 

effectiveness. However, Raman mapping confirmed heterogeneous drug distribution 

in IM implants, whereas HME implants demonstrated homogeneous drug distribution 

due to the high shear mixing force generated by the twin screws. The study involved 

conducting in vitro drug release studies to evaluate the release of the PTV from the 

IM and HME implants. The manufacturing technique and the type of release media 

were found to affect the release behaviour. HME implants demonstrated notably 

lower drug release than IM implants, attributed to the denser and more closely 

packed matrix of the HME implants, resulting from the high shear forces applied 

during manufacturing. This led to slower uptake of the dissolution medium and slower 

drug release. However, the completed drug release for both IM and HME implants in 

PBS media, which stimulate the physiological conditions, was time-consuming and 

took more than a month. Therefore, accelerated release studies were conducted 

using different media to accelerate the drug release. IM implants exhibited a 

sustained release over seven days under 70% DMSO release media, while HME 

implants achieved a similar sustained release period under 80% DMSO release 

media. Based on the drug content, stability, and distribution results, the HME 

technique is considered preferable over the IM. Overall, these findings provide 

valuable insights into the development and characterisation of PTV-loaded PLGA 

implants for localised treatment of GBM, providing the sustained and controlled 

release of PTV over an extended period.  

In the fourth chapter, the developed and validated HPLC method for detecting and 

quantifying IRN and PTV drugs has been demonstrated to be accurate, linear, 

precise, validated and reliable, meeting the recommended principle outlined in the 
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ICH guidelines for analytical procedure validation. This method allowed precise drug 

release quantification, ensuring accurate safety and efficacy assessment of the 

devices. This method can be confidently employed in the subsequent chapter and 

used in the drug content and in vitro release studies to quantify the concentration of 

the IRN and PTV in samples. 

The fifth chapter focused on developing and characterising a multi-layered 

implantable drug delivery device containing IRN and PTV using the HME technique. 

The aim was to create a device capable of targeting and treating GBM by delivering 

IRN and PTV directly to the tumour site. The combination of these drugs was 

selected because of their synergistic effects and ability to overcome the resistance 

mechanisms commonly found in GBM. The physical and physicochemical 

characterisation of the multi-layered IRN-PTV-loaded PLGA implants provided 

valuable insights regarding the manufacturing process and drug content. The 

implants consistently achieved the required size, weight, and drug content, indicating 

the reliability of the HME technique. Both the IRN-PLGA and PTV-PLGA layers 

attained content uniformity, with drug content between 81.7% and 100% and RSD 

values below 10%. Analysing the implants through XRD revealed that the IRN-PLGA 

layer maintained its crystalline form, demonstrating that the extrusion process did not 

affect the crystallinity of IRN. However, the XRD analysis showed decreased 

crystallinity in the PTV-PLGA layer, indicating that PTV was incorporated in an 

amorphous form and dissolved within the polymer matrix. DSC analysis supported 

these results by illustrating the remaining IRN crystallinity in the IRN-PLGA layer and 

the lack of a PTV melting peak in the PTV-PLGA layer. Raman spectroscopy 

provided additional evidence of IRN stability in its crystalline state and the 
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transformation of PTV from a crystalline to an amorphous state within the implants. 

Raman mapping proved the homogeneous distribution of IRN and PTV within each 

layer, suggesting effective drug dispersion within the multi-layered implants. This 

homogenous distribution is essential for ensuring consistent drug release and optimal 

effectiveness. In vitro drug release studies revealed a biphasic pattern for IRN and 

PTV, consisting of an initial burst release followed by sustained release over seven 

days. The release profiles demonstrated initial drug diffusion followed by gradual 

polymer matrix degradation. Various mathematical models were applied to the 

release data, providing insights into the mechanism of drug release from the multi-

layered implantable drug delivery device. The Korsmeyer-Peppas model exhibited 

the best fit to the release data, indicating a non-Fickian or anomalous drug release 

behaviour from the implants. This suggests a complex drug release mechanism 

involving both diffusion and polymer erosion. Overall, these results confirm the 

success of the HME manufacturing technique in creating implantable drug delivery 

devices with a uniform and controlled release of drugs and capable of targeting and 

sustaining drug release. However, additional investigation is required to examine the 

performance of the devices in vivo and evaluate their efficacy in relevant models or 

clinical trials. The developed multi-layered implantable drug delivery device shows 

great promise in advancing drug delivery systems, enhancing treatment efficacy, and 

enhancing the overall patient experience by providing more efficient, convenient, and 

personalised healthcare approaches.  
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The work presented in this thesis indicates promising results, suggesting the need for 

further work and investigations. Examples of possible future investigations include: 

• In vivo studies using animal models, such as rodent xenograft or orthotopic 

models of GBM, aim to evaluate the efficacy and toxicity of the IRN-PTV-

loaded PLGA implants for the post-surgical treatment of the GBM. Tailor the 

selection of animal models to closely mimic the clinical scenario of GBM, 

focusing on parameters such as tumour size reduction, survival rates, and 

potential adverse effects, to provide a comprehensive understanding of 

implant behaviour in a relevant physiological environment and their 

possibilities for clinical applications.  

• Performing in vivo release studies would enable a comparison with the in vitro 

release results, thus improving our knowledge of the correlation between in 

vitro and in vivo behaviour. 

• Characterisation and quantification of the inflammation-mediating cells close 

to the IRN-PTV-loaded PLGA implants will provide insights into potential 

inflammation triggered by tissue injury during implantation or prolonged 

implant presence. Quantifying these cells will help assess the safety and 

compatibility of the implants in clinical applications, further advancing our 

understanding of their efficacy for GBM treatment. 

• Accelerated stability testing, requiring exposure to higher temperatures and/or 

humidity, can be attempted on the formulated implantable drug delivery device 

to determine the type of degradation products that may arise throughout long-

term storage. This investigation will also help identify the optimal storage 

conditions for the drug-delivery device. 
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• Sterilisation method such as gamma radiation is required to eliminate or 

deactivate a wide range of organisms, including fungi, bacteria, viruses, and 

spores. Additionally, it is crucial to assess the effect of radiation on drug 

stability and release characteristics of pharmaceutical compounds.  

• To optimise the HME manufacturing technique, further optimisation of the 

extrusion settings, such as temperatures and screw speed, is needed to 

investigate their ability to predict the drug release rate and timing. This will 

contribute to a better understanding of the correlation between PLGA 

degradation and extrusion parameters. It is important to note that process 

parameters significantly impact the physical properties of the extruded 

polymeric implants, thereby influencing the behaviour of drug release.  

• Explore the feasibility of 3D printing techniques for personalised drug-loaded 

polymeric implants, emphasising diverse patient conditions. Investigate varied 

sizes, drug loads, and types of PLGA using 3D printing. Assess the precision 

of drug release behaviours by experimenting with different printing parameters 

and varying implant geometries, aiming to tailor drug release to individual 

patient conditions. 

• Explore the influence of various geometries in the design of implantable drug 

delivery devices on drug release kinetics and overall device performance. 

Employ computational modelling to predict the impact of geometry on drug 

diffusion and devise experiments to validate these predictions. 
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