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Summary 

The advent of sustained drug delivery has brought many benefits to patients including 

reduced frequency of drug administration and maintenance of steady drug plasma 

concentration resulting in reduced side effects. Implantable drug delivery benefits from 

all of these advantages, but importantly, there is the possibility of implant removal if 

adverse effects necessitate it. In this thesis, reservoir and matrix-type subcutaneous 

implants were produced and demonstrated adjustable release rates for a number of 

compounds. Reservoir-type implants were produced using 3D printing and showed 

promising and adjustable in vitro release rates for model compounds: methylene blue (MB), 

ibuprofen sodium (IBU sodium) and ibuprofen free acid (IBU acid). These releases rates 

could be promising for localised treatment using chemotherapeutics, antibiotics, or 

anaesthetics. However, they were not prolonged enough for the treatment of chronic 

diseases such as human immunodeficiency virus (HIV). Polymeric coatings were 

developed which successfully prolonged the release from these implants and increased 

their potential as a drug delivery device for chronic conditions. Implants are required to 

be administered parenterally and, therefore, sterilisation is an important factor which must 

be considered when designing a new implantable device. Gamma radiation, microwave 

(MW) radiation and ultraviolet (UV) light were investigated as potential sterilisation 

methods for polymeric implants. MW radiation proved to be an ineffective sterilisation 

method. However, gamma radiation and UV light showed promise as techniques for 

polymeric implant sterilisation. Matrix-type implants containing levothyroxine sodium 

(LEVO sodium) were fabricated using solvent casting and demonstrated promising in vitro 

release rates for the treatment of hypothyroidism. Hypothyroidism is a condition which 

affects around 1.3 million people in the UK and has an incidence of up to 4.2% in other 

countries. It can have debilitating side effects and results in high costs to the health service 

or patient if not managed effectively. Current treatment consists of oral LEVO sodium. 

There are challenges with compliance as a result of the chronic nature of this condition 

and the additional administration instructions associated with oral LEVO sodium. 

Therefore, the implants produced in this work have the potential to improve the 

treatment outcomes and quality of life of patients with hypothyroidism. The simple 

implantable devices created in this thesis are easily prepared and have the potential to be 

applied to a wide range of drug compounds and clinical conditions. This simplicity also 

gives them potential to be used in the on demand production of personalised drug delivery 

devices.
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1.1. Drug delivery 

1.1.1. Routes of drug delivery 

Drug delivery is the process of administering a pharmaceutical compound with the 

objective of achieving a therapeutic effect. Drugs may be introduced to the body via 

several routes: oral, sublingual, buccal, injectable, rectal, vaginal, ocular, otic, nasal, 

pulmonary and transdermal/topical. Each route has specific purposes and advantages and 

disadvantages. There is no ideal route of drug delivery for all scenarios, and the most 

appropriate route will depend on a number of factors. Figure 1.1 summarises these routes 

of drug delivery. 

 

 

 

 

 

 

 

 

 

Figure 1.1. Summary of routes of drug delivery. 

 

The most prevalent and patient-friendly method of drug delivery is the oral route 

(Anselmo et al., 2014; Sastry et al., 2000; Viswanathan et al., 2017). This includes 

formulations such as tablets, capsules, solutions and suspensions. Despite its popularity, 

simplicity and convenience, this route has numerous disadvantages. These include: poor 

patient compliance, particularly in chronic conditions such as: human immunodeficiency 

virus (HIV) or mental health diseases; inadequate drug bioavailability; and unsuitability of 

many drug compounds as a result of drug degradation in the stomach or first pass 

metabolism, among others (M. N. Kumar et al., 2001). In addition, many newly discovered 

new chemical entities (NCEs) do not possess the ideal chemical properties for oral drug 
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delivery. For example, more than 40% of NCEs are practically insoluble in water (Savjani 

et al., 2012). There is, therefore, a need to utilise alternative delivery routes to improve the 

delivery of existing compounds and to allow the delivery of NCEs with less than ideal 

properties for oral drug delivery. 

The sublingual and buccal routes of delivery are two alternatives to oral drug delivery. 

Formulations used for these routes of delivery include tablets, films, drops, lozenges and 

sprays. Advantages associated with these routes include a more rapid onset of action than 

the oral route, improved bioavailability, they are effective when nausea and vomiting are 

present, the neutral pH of the mouth means they are more suitable for many drugs and 

the ability to deliver drugs in patients with dysphagia (Hao et al., 2003; Pawar et al., 2018). 

However, these routes are not suitable for unconscious patients or drugs which are very 

bitter, and there is a risk of patients not taking the formulation correctly (swallowing the 

formulation) (Pawar et al., 2018). 

Injectable drug delivery routes such as intravenous, intramuscular or intradermal may 

overcome some of the issues associated with other routes such as: first pass metabolism; 

degradation in the stomach; or poor solubility and bioavailability (N. Gulati et al., 2011). 

Long-acting injectable formulations also reduce the frequency of administration and, 

therefore, increase patient compliance. However, this route is not without disadvantages. 

A healthcare professional is required for administration, and there may be sterility or 

storage issues. It is also an invasive delivery technique which may be unsuitable for those 

patients who suffer from needle phobia (Anselmo et al., 2014). In addition, once the 

formulation has been injected, it is not possible to remove it from the patients if adverse 

effects occur. 

There are many advantages of the vaginal and rectal routes of drug administration. These 

routes can facilitate the prolonged delivery of drugs, avoid first pass metabolism, are easy 

to administer and demonstrate a high permeability for low molecular weight drugs (de 

Boer et al., 1982; Srikrishna et al., 2013). Disadvantages of these routes include: its gender 

specificity (for vaginal drug delivery), individual and cultural sensitivities and beliefs, local 

irritation, influence on sexual intercourse, and variability of absorption based on epithelial 

thickness (Srikrishna et al., 2013). Formulations used for these routes include enemas, 

pessaries and suppositories. 
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Drug delivery to the eye, ear and nose is difficult due to the anatomical features of these 

areas. These include, the corneal epithelium, blood labyrinth barrier and round window 

membrane, tear dilution and mucociliary clearance, among others (Gote et al., 2019; 

Jadhav et al., 2007; H. Liu et al., 2013). Formulations for these routes include solutions, 

suspensions, creams and gels (X. Liu et al., 2018). Local delivery of drugs to these areas is 

often necessary to treat conditions within the eye, ear or nose as other routes are not 

capable of delivering a large enough amount of drug to the site of action. 

The pulmonary route of administration has been effective for both the local and systemic 

delivery of drugs. Advantages of this route include delivery of smaller doses, reduced 

systemic side effects and fast onset of action (Garcia-Contreras et al., 2015; Newman, 

2017). The biggest challenge with this route of administration is the incorrect use of 

inhaler devices as a result poor patient coordination or lack of training (Garcia-Contreras 

et al., 2015). 

Application of drugs to the skin may be for topical local applications or systemic delivery 

(transdermal). The transdermal route offers advantages such as: avoidance of first pass 

metabolism; avoidance of gastro-intestinal degradation; and non-invasiveness (Larrañeta 

et al., 2016). However, it also has a number of challenges which prevent it becoming a 

more widely used drug delivery route. Very few drug compounds possess the specific 

properties such as: low molecular weight; a log P value between 1 and 3; good solubility; 

and high partition coefficient (Larrañeta et al., 2016), that are required to pass through the 

skins outer barrier, the stratum corneum, without help from additional methods such as the 

use of iontophoresis or microneedles. Formulations for this route include patches, creams 

and gels. 

 

1.1.2. Sustained drug delivery 

Many treatments administered using the routes previously described require multiple 

administration of the dosage form (for example oral treatment of hypertension will 

require the patient to administer tablets daily). This multiple administration can be 

inconvenient for patients and may have a negative impact on patient compliance. 

Sustained drug delivery systems overcome this issue of repeated administration of 

formulations. Before 1950, drugs were formulated into tablets or capsules and released 

their drug immediately with no capability to control drug release (Yun et al., 2015). 



Chapter 1: Introduction 

5 

Sustained drug delivery has existed since the 1950s and has progressed significantly since 

that time. The first formulations developed were based on oral and transdermal systems 

and the approach evolved to include implantable devices, long-acting depots and 

nanotechnology utilising more complex materials such as smart polymers and hydrogels 

(Park, 2014; Yun et al., 2015). Zoladex® depot was the first implant introduced in 1989 for 

the delivery of goserelin acetate for 1 month or 3 months for the treatment of prostate 

cancer (Park, 2014). Table 1.1 shows some examples of sustained drug delivery systems 

available on the market. The duration of action may range from 12 hr to over three years 

and can apply to a range of indications. 

Table 1.1. Examples of sustained delivery formulations available on the market. 

Product name Type of product Indication 
Duration of 

action 
References 

Adizem SR® 
Modified release 

capsule 
Hypertension 12 hr 

(Joint formulary 
committee, 

2020a) 

BuTrans® 
Transdermal 

patch 
Moderate to 
severe pain 

7 days 
(Joint formulary 

committee, 
2020b) 

NuvaRing® Vaginal ring Contraception 3 weeks 
(Joint formulary 

committee, 
2020c) 

Risperdal Consta® 
Long-acting 

injection 
Schizophrenia 1 month 

(Bobo et al., 2010; 
Joint formulary 

committee, 
2020d) 

Nexplanon® Implant Contraception 3 years 
(Joint formulary 

committee, 
2020e) 

 

Sustained drug delivery offers a number of advantages when compared to multiple dosing 

of immediate release formulations. These include reduced frequency of administration, 

reduced fluctuations in plasma concentration and decreased risk of going outside the 

therapeutic range of the drug, among others (Pavani et al., 2017). An example of a graph 

of plasma concentration vs time is shown in Figure 1.2 (E. Y. Chen et al., 2018). However, 

sustained release formulations are also associated with an increased cost and poor in vitro 

and in vivo correlation (Pavani et al., 2017). 
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Figure 1.2. The release profile of a sustained release formulation compared to multiple dosing of an 
immediate release formulation. 

 

In addition to the benefits that sustained drug delivery offers in terms of the drug delivery 

profile, therapeutic effect and patient benefits, it also offers a commercial benefit to 

pharmaceutical companies. The research and development of new drug molecules is an 

expensive and time-consuming process with no guarantee of success. Improving the 

safety, efficacy and/or drug delivery profile of existing drug molecules has become a 

popular and potentially more commercially viable and profitable alternative. The rising 

costs of researching and developing NCEs has led to the increased interest in the 

development of alternatives to oral delivery, with particular focus on delivering drugs in 

a controlled, targeted and long-acting manner. Bringing a new drug through discovery, 

clinical testing, development and regulatory approval is estimated to cost between 1.8 and 

2.6 billion US dollars (USD) (DiMasi et al., 2016; S. M. Paul et al., 2010). Increasingly, 

pharmaceutical companies have realised the advantages that alternative drug delivery 

technologies can offer, such as reformulation of off-patent drugs to fight off generic 

competition. As a result the number of alternative drug delivery formulations reaching 

the market has increased (Anselmo et al., 2014; Yang et al., 2012). The global sustained 

drug delivery market size was calculated to be 37.8 billion USD in 2019 and is predicted 

to grow to 91.2 billion USD by 2026 (Grand view research, 2020; Rees, 2019). Examples 

of sustained drug delivery systems are transdermal/transmucosal patches, long-acting 

injections, capsules and implantable drug delivery devices. This thesis focusses on solid 

implantable drug delivery devices, and as such, these devices will form the focus of the 

remainder of this chapter. 



Chapter 1: Introduction 

7 

1.2. Implantable drug delivery devices 

Implantable drug delivery devices are a promising and versatile method of drug delivery. 

They are associated with all the benefits previously described for long-acting injectables, 

but additionally, unlike injectables, can be removed from the body if adverse effects 

necessitate it (Rabin et al., 2008; Schlesinger et al., 2016). In addition, solid implants may 

be more stable than long-acting injections because the drug is in the solid state. 

Implants have the potential for targeted and localised drug delivery and may achieve a 

therapeutic effect with lower concentrations of drug (A. Dash et al., 1998; Langer, 1990; 

Rajgor et al., 2011). Consequently, they may reduce potential side-effects of treatment, 

which in turn will further increase patient acceptability and compliance (Fialho et al., 

2005). There is also the capability to allow the delivery of drug molecules which are 

unsuitable for oral delivery, by avoiding first pass metabolism and chemical degradation 

in the stomach or intestine, thus increasing bioavailability (A. Dash et al., 1998; Fialho et 

al., 2005). Although a healthcare professional will be required for insertion of these 

devices, and this could be invasive in comparison to oral drug delivery, the sustained drug 

delivery associated with these routes (that is independent of patient compliance) may 

outweigh this disadvantage (Yang et al., 2012). Some research groups are attempting to 

overcome this and combine the convenience of oral drug delivery with the sustainability 

of implants. Bellinger et al., (2016) investigated ultra-long-acting oral capsules that have 

been shown to deliver sustained doses of ivermectin for up to 14 days. Although this is a 

promising strategy, and the convenience of an oral formulation is undeniable, the duration 

of action of an oral drug delivery system is fundamentally limited by rapid gastrointestinal 

transit time. Complex designs to overcome this run the risk of making an overly 

complicated and expensive delivery system (Bellinger et al., 2016).  

 

1.2.1. Classification 

The classification of implantable drug delivery devices is complicated as there are a 

number of complex examples which do not fit easily into a single category. Nevertheless, 

they can largely be categorised into two main groups: passive and active implants (Rajgor 

et al., 2011; Santos et al., 2014). 
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1.2.1a. Passive implants 

Passive implants are relatively simple devices which rely solely on passive processes to 

allow drug release, such as diffusion, which is pre-determined by the materials, fabrication 

method or drug formulation and cannot be controlled after implantation (Rajgor et al., 

2011; Stevenson et al., 2012). These devices typically use polymers or polymeric 

membranes and matrices to control drug release (A. Dash et al., 1998). They may be made 

from biodegradable or non-biodegradable polymers. The release profile can be altered by 

modifying device design, polymer type or drug type (Anselmo et al., 2014). These implants 

can be further sub-categorised into monolithic or reservoir-type implants.  

Monolithic (or matrix) systems consist of drug dispersed homogeneously within the 

matrix material (A. Kumar et al., 2018; Yang et al., 2012) (Figure 1.3). This type of implant 

may be made from non-biodegradable or biodegradable materials. Reservoir systems 

consist of a drug core surrounded by a polymeric membrane (A. Kumar et al., 2018; Yang 

et al., 2012) (Figure 1.3). Reservoir systems are more commonly made from 

non-biodegradable polymers which are permeable to the drug. Release kinetics are 

controlled by membrane thickness and drug permeability (A. Dash et al., 1998; Martínez-

Rus et al., 2012). Although reservoir-type systems are more commonly made from non-

biodegradable materials, they may also be made from biodegradable materials, provided 

the material degrades more slowly than the expected rate of drug permeation through the 

membrane (A. Dash et al., 1998). A major disadvantage of reservoir systems is the risk of 

‘dose dumping’, whereby the membrane ruptures and results in the release of large 

amounts drug (A. Dash et al., 1998; Kaur et al., 2018). This risk makes this type of system 

less popular, however, Ozurdex® (a biodegradable PLGA implant for the treatment of 

diabetic macular oedema) (Allergan Inc. Irvine, CA) is an example of this type of system 

that is currently on the market (A. Dash et al., 1998).  
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Figure 1.3. An illustration of reservoir and monolithic-type implants. 

 

The main drawback of non-biodegradable implants is that, after depleting their drug load, 

they need to be removed. The materials used to prepare these devices show good 

long-term biocompatibility, but occasionally they can cause infections, tissue damage or 

cosmetic disfigurement (A. Kumar et al., 2018). Hence, once all the drug has been released, 

they are normally extracted to prevent any adverse effects. 

Implants manufactured using biodegradable polymers were developed to overcome some 

of the drawbacks of non-biodegradable implants. These devices are made using polymers 

or block copolymers that can be broken down into smaller fragments that will be 

subsequently excreted or absorbed by the body (Claes et al., 2002; Tian et al., 2016). The 

main advantage of this type of implant is that they do not need to be extracted after 

implantation, as they will be degraded by the body of the patient (Santos et al., 2014). 

Biodegradable implants can be manufactured using the same designs described in the 

previous section, i.e. matrix and reservoir-type implants (A. Kumar et al., 2018).  

Although the use of biodegradable materials does have advantages, there are drawbacks 

associated with their use. These include increased developmental considerations which 

can lead to a more complex development process; reduced range of potential materials; 

and more strict regulatory requirements as the material will be left behind in the body. 

Another consideration of using biodegradable polymers for matrix-type implants is the 

reliance on degradation of the polymeric matrix to drive drug release. A process which 

can be highly variable between patients (Lyu et al., 2009). 
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1.2.1b. Active implants 

Active implants use energy dependent processes to drive and enable drug release. In these 

implants, drug release is controlled after implantation by an external stimulus, such as 

mechanical, electrical, magnetic or laser (Santos et al., 2014; Stevenson et al., 2012). These 

systems often take the form of implantable pump systems which may be controlled 

remotely by electromechanical stimulation (A. Kumar et al., 2018). As a result of this they 

exhibit a higher control over drug release when compared to passive implants, however, 

due to the additional design complexities they are associated with higher development 

costs (A. Kumar et al., 2018). Many of the implants in this category are electronic systems 

made from metallic materials. This thesis focuses on the development of passive 

polymeric implants; therefore, active implants will not be discussed further. 

 

1.2.2. Mechanism of drug release from passive implants 

The mechanism of drug release from polymeric implantable systems can be categorised 

into four groups: (1) passive diffusion/permeation; (2) matrix degradation; (3) controlled 

swelling; and (4) osmotic pumping (Kleiner et al., 2014). The mechanism of drug release 

will be dependent on both the implant design and the material the implant is made from. 

Diffusion is a process by which molecules transfer spontaneously from one region to 

another to equilibrate chemical potential or thermodynamic activity. In this mechanism, 

migrating molecules are usually known as the diffusants, and the membrane or matrix in 

which the diffusant migrates is called the diffusional barrier. The driving force of this drug 

release mechanism is the concentration gradient of the diffusant across the diffusional 

barrier (Weir, 2009). 

Degradation of the polymer and subsequent drug release may occur through one, or a 

combination of processes including: hydrolysis, in which bonds, e.g. ester bonds, in the 

polymer backbone are broken down; enzyme degradation, in which hydrolytically 

susceptible bonds, e.g. amide bonds, demonstrate degradation in the presence of a 

catalyst; oxidation; and physical degradation, in which bonds are broken as a result of 

physical forces such as swelling or mechanical loading (Lyu et al., 2009; Ulery et al., 2011). 

The degradation time of polymers can vary extensively depending on features such as 

polymer molecular weight and surface properties (Ulery et al., 2011). This will, in turn, 

affect the release of any drug contained within a formulation. In addition, degradation will 
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also be dependent on in vivo factors such as: pH; and temperature (A. Dash et al., 1998). 

Therefore, the in vivo degradation time of any polymer needs to be fully characterised. 

For systems based on controlled swelling, solvent penetration into the matrix of the 

device controls the rate of release. This is usually much slower than diffusion of the drugs, 

and will, therefore, lead to a lower release rate (A. Kumar et al., 2018). Although, the 

diffusion from swollen matrices is mainly responsible for the drug release, matrix 

degradation could also contribute to the effectiveness of these systems (Jacob et al., 2018).  

Osmotic pumping and passive diffusion mechanisms of drug delivery are the most 

promising for linear delivery of drugs. In this case, the amount of released drug is 

proportional to the square root of the release time. Osmosis is the overall movement of 

water from a dilute solution to a more concentrated solution through a partially permeable 

membrane, and it causes a hydrostatic pressure difference between the two compartments  

(Herrlich et al., 2012). Osmotic pumping is a phenomenon that utilises the 

abovementioned concept to adjust the delivery rate of drugs in defined conditions. In this 

case, osmotic pressure, caused by water absorption, drives the transport of the drug. 

Implantable drug delivery devices based on this phenomenon will demonstrate a constant 

release rate (Verma, 2002). 

The mechanism of drug delivery will be dependent on whether the device is made from 

non-biodegradable or biodegradable materials. Devices made from non-biodegradable 

materials will rely solely on swelling, osmotic pressure or passive diffusion and the release 

kinetics will depend on key factors such as: the solubility and diffusion coefficient of the 

molecule in the polymer and the drug load (A. Dash et al., 1998; K. Gulati et al., 2016; 

Raval et al., 2010). Devices made from biodegradable polymers may use a combination of 

the abovementioned mechanisms, but in addition will be dependent on the in vivo 

degradation rate of the polymer (A. Dash et al., 1998; K. Gulati et al., 2016). 

Matrix systems consist of a rate-controlling medium such as a polymer with drug 

uniformly dissolved or dispersed in it. These systems provide a slow diffusion of the drug 

through the polymeric material, helping to sustain the drug release (Figure 1.4 (A)). 

Nevertheless, the release kinetics of matrix-type systems are dependent on the volume 

fraction of the agent in the matrix, meaning that the release from these systems is directly 

proportional to the encapsulated drug within the matrix (A. Kumar et al., 2018). If the 

drug concentration is below the solubility limit in the matrix, then diffusion through the 

matrix limits the release rate. If the drug concentration is above the solubility limit in the 
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matrix then drug dissolution in the polymer limits the release rate (Raval et al., 2010). Drug 

molecules on the surface of the implant may be released immediately and result in an 

initial burst release from the implants. This can be controlled by altering the polymer 

composition of the implant or through strategies such as coatings. Additionally, this burst 

release may be beneficial for drugs which require a loading dose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Schematic illustration of drug release from (A) monolithic and (B and C) reservoir-type 
implants. 

 

Reservoir-type systems separate a drug compartment from a polymer membrane that 

presents a diffusional barrier to yield drug flux (Weir, 2009). These systems have the 

benefit of maintaining a constant release rate that is not affected by concentration 

gradient, but is most likely  related to the thickness and permeability of the rate-controlling 

polymeric membrane (zero-order release) (Y. Fu et al., 2010; Raval et al., 2010). 

Figure 1.4 (B) shows the release from this type of implant. Osmotic forces may be used 

to drive release from reservoir-type implants. These devices consist of a semi-permeable 

membrane that surrounds a drug reservoir (A. Kumar et al., 2018), as shown in Figure 

1.4 (C). The membrane should have an orifice that will allow drug release. Osmotic 
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gradients will allow a steady inflow of fluid within the implant. This process will lead to 

an increase in the pressure within the implant that will force drug release through the 

orifice. This design allows constant drug release (zero order kinetics). This type of device 

allows a favourable release rate but the drug loading is limited (A. Kumar et al., 2018). 

Table 1.2 shows examples of factors affecting release kinetics from implantable drug 

delivery devices.  

Table 1.2. Summary of factors affecting release kinetics from implantable drug delivery devices (Y. Fu et 
al., 2010; Raval et al., 2010). 

Parameter Effect 

Drug properties 

• Hydrophilicity/hydrophobicity 

• Diffusion/dissolution 
characteristics 

• Charge 

• Stability 

• Solubility in polymer and 
release medium 

 

Affects aqueous solubility which in turn effects protein, 
binding tissue retention, localised drug concentration and 

release kinetics 

Polymer properties 

• Thermal properties 

• Degree of crystallinity 

• Molecular weight 
 

Biodegradable polymers: affects degradation, 
hydrophobicity, drug release and drug solubility  

Non-biodegradable polymers: affects water penetration 
and drug solubility 

Release medium 

• pH 

• Temperature 

• Ionic strength 

• Enzymes 

Affects degradation of polymers and solubility of drugs 

 

1.3. Polymers 

Implantable drug delivery devices may be made from metals, ceramics or most commonly 

polymers. Metallic implants are often used as stents and deliver drugs for the treatment 

of cardiovascular conditions, or deliver drugs to prevent infection associated with 

orthopaedic applications (Lyndon et al., 2014). Drugs may be delivered via metal implants 

by embedding drug into a coating (often a polymer coating) on the surface of the metal 

or incorporating the drug onto the metal surface via covalent bonding (Lyndon et al., 

2014). Metals commonly used include chromium, nickel, cobalt or copper, among others 

(Lyndon et al., 2014). These metals are ideal because of their high strength, corrosion 

resistance and biocompatibility (Katti et al., 2008). Ceramic materials such as tricalcium 

phosphate or hydroxyapatite, are often used as bone substitute materials, and may be used 
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to deliver drugs to treat infection, inflammation or promote tissue regeneration (W. Paul 

et al., 2003; Santos et al., 2014; Vallet-Regí et al., 2008). The majority of drug delivery 

implants are made from polymeric materials and as such these will be discussed in greater 

detail in this chapter. 

Polymers used to manufacture implantable drug delivery devices can be divided into two 

categories: biodegradable and non-biodegradable (A. Dash et al., 1998). Major 

disadvantages of non-biodegradable implants include the need for surgical removal, or 

accumulation of polymer in the body after use (A. Dash et al., 1998). The surgical removal 

of a non-biodegradable implant is often more invasive and traumatic for the patient than 

its insertion (Odom et al., 2017; Sun et al., 2006). Odom et al. (2017) investigated the 

removal of the non-biodegradable contraceptive implant, Nexplanon®, and concluded 

that a multidisciplinary care team and the expertise of a peripheral nerve surgeon may be 

beneficial to the successful removal of such implants. Alternatively, biodegradable 

polymers offer the significant advantage of not having to be surgically removed after use 

(Benhabbour et al., 2019). They are designed to degrade naturally to products that can be 

excreted easily by the body after they have achieved their purpose (Ulery et al., 2011).  

Polymers have been widely investigated for use in tissue engineering and drug delivery. 

Both natural and synthetic polymers have been investigated (Nair et al., 2007). Synthetic 

polymers are generally biologically inert, have predictable chemical and physical 

properties, and do not have the same batch to batch inconsistency that occurs with natural 

polymers (Ginjupalli et al., 2017; Nair et al., 2007). The biodegradability and 

biocompatibility of any material will be critical when designing a drug delivery system 

(Grayson et al., 2004). Any materials used must be fully biocompatible, and any changes 

in polymer properties that develop as it degrades must be fully investigated and 

characterised (Ulery et al., 2011). Ideally, any chosen biodegradable polymer should be: 

highly reproducible; easily metabolised and excreted by physiological pathways; 

degradable to non-toxic products; and free from any in vivo inflammatory response 

(Middleton et al., 2000; Ulery et al., 2011). A single ideal polymer does not exist, and the 

choice of polymer will be dependent on the mechanism and rate of release desired, and a 

combination of polymers may be required to produce the characteristics required. 
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1.3.1. Biodegradable polymers 

1.3.1a. Thermoplastic aliphatic polyesters 

Thermoplastic aliphatic poly(esters) including: poly(lactic acid) (PLA), poly(glycolic acid) 

(PGA), and poly(lactic-co-glycolic acid) (PLGA) (Figure 1.5) have been widely 

investigated due to their favourable characteristics such as biodegradability, 

biocompatibility and mechanical strength (Anderson et al., 1997; Jain, 2000; Kumari et al., 

2010). These polymers have previously been successfully used in nanoparticle based drug 

delivery systems and solid and microparticle parenteral implants (Kumari et al., 2010). 

Degradation periods for these polymers range from one month to over two years 

(Makadia et al., 2011). The mechanisms of degradation for PLA, PGA and PLGA are 

shown in Figure 1.6. Degradation rate is affected by factors such as hydrophilicity, glass 

transition temperature (Tg) and molecular weight; and environmental conditions such as 

temperature and pH (Anderson et al., 1997; Ginjupalli et al., 2017; Makadia et al., 2011).  

 

 

 

 

 

Figure 1.5. An illustration of the chemical structures of PLA, PGA and PLGA. 

 

 

 

 

 

 

 

 

Figure 1.6. An illustration of the mechanisms of degradation of PLA, PGA, and PLGA. 
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PLA is a biodegradable and bioresorbable polymer that can be obtained through the 

polymerisation of lactic acid obtained from natural feedstock (e.g. corn starch rice or 

potatoes) with promising properties for medical applications (Farah et al., 2016; Mukherjee 

et al., 2011; da Silva et al., 2018; Xiao et al., 2012). PLA shows similar mechanical properties 

to other synthetic polymers, such as polypropylene, while presenting lower cost, higher 

abundance and biodegradability (Mukherjee et al., 2011). Moreover, PLA is semi-

permeable to oxygen and water making this polymer more inclined to biodegradation than 

other biomedical polymers (Avérous et al., 2012; Bao et al., 2006; da Silva et al., 2018). The 

US Food and Drug Administration (FDA) has approved the use of PLA in direct contact 

with biological fluids as it is a generally recognised as safe (GRAS) material (Farah et al., 

2016). PLA can be processed using a wide variety of techniques due to its great thermal 

processability (Xiao et al., 2012). Accordingly, it can be used in extrusion, film casting, 

blow moulding or fibre spinning processes, among others (Xiao et al., 2012). Finally, PLA 

production requires between 25 and 55% less fossil energy than petroleum-based 

polymers (Xiao et al., 2012). Consequently, PLA is the second most traded polymer in the 

world (da Silva et al., 2018). 

At room temperature (20°C) PLA is a white powder demonstrating a melting temperature 

and Tg of around 175˚C and 55˚C, respectively (Xiao et al., 2012). High molecular weight 

PLA shows similar properties to polystyrene. Due to the existence of two stereoisomers 

of lactic acid (D and L), PLA can be made using both types of monomers (Xiao et al., 

2012). PLA prepared using D-lactic acid (PDLA) is a crystalline material due to its regular 

chain structure (Xiao et al., 2012). On the other hand, PLA made using L-lactic acid 

(PLLA) will have a hemi-crystalline structure (Xiao et al., 2012). Additionally, PLA can be 

prepared from a mixture of the two forms (PDLLA) to obtain an amorphous polymer 

(Xiao et al., 2012). PLA is soluble in a wide variety of organic solvents such as: benzene, 

chloroform, acetonitrile, tetrahydrofuran or dioxane (Xiao et al., 2012). Due to the 

hydrophobic nature of PLA, this polymer is insoluble in ethanol, methanol and aliphatic 

hydrocarbons (Xiao et al., 2012). 

The biodegradability and mechanical properties of PLA are influenced by the chirality of 

the monomer. It has been established that D and D/L forms of PLA degrade more rapidly 

than the L form, as the latter has a higher crystallinity (Fukushima et al., 2007; Jamshidian 

et al., 2010; Maurus et al., 2004; Mukherjee et al., 2011; Xinteng et al., 2002). Increasing the 

surface area-to-volume ratio or the porosity of the polymer will improve the rate of 

degradation of the polymer (Goyanes et al., 2014; Mooney et al., 1996). 
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The main mechanism of degradation of PLA is by the hydrolysis of the ester bond 

backbone (Grizzi et al., 1995). Therefore, the products obtained in the degradation are 

lactic acid or lactic acid oligomers. Interestingly, the degradation is catalysed by the newly-

formed terminal carboxylic acid groups at the ends of the PLA chains (Pitt et al., 1981). 

Temperature and pH influence the degradability of the material. PLA showed higher 

degradation rates at physiological temperature than at 25˚C. Furthermore, at lower pH 

the degradation of this polymer is much slower than at physiological pH (Bini et al., 2017). 

This is because at pH above 4, lactic acid is in its dissociated form which favours faster 

hydrolysis (Xu et al., 2011). In addition to degradation by hydrolysis, PLA can be 

enzymatically biodegraded. After implantation of the polymer in the body, immune cells 

will gather at the implantation site. These cells will secrete enzymes, including lactate 

dehydrogenase and acid phosphatase that will contribute to PLA degradation (Goldbart 

et al., 2002). 

PGA is a polyester made by polymerisation of glycolic acid units. It was one of the first 

biodegradable polymers used for biomedical applications. PGA exists in only one highly 

crystalline form (Athanasiou et al., 1998; Maurus et al., 2004). It exhibits excellent 

mechanical properties (greater than those of PLA), and a melting point greater than 

200°C (Nair et al., 2007). Biodegradable sutures made from PGA have been successfully 

used, for example Dexon® (Nair et al., 2007). PGA exhibits a quick degradation profile, 

and it is insoluble in many common solvents. Accordingly, this polymer has not been used 

alone for drug delivery purposes. PGA undergoes bulk degradation via scission of its ester 

backbone to form glycine, which is excreted in the urine or via the citric acid cycle (Maurus 

et al., 2004; Nair et al., 2007). However, the acidic by-products of PGA can cause 

inflammation in the surrounding tissues (Maurus et al., 2004) and limit the potential use 

of PGA as a lone polymer. 

PLGA is a biodegradable and biocompatible copolymer of PLA and PGA (Maurus et al., 

2004). PLGA degrades in the body via hydrolysis to form lactic acid and glycolic acid 

(Kumari et al., 2010; Rajgor et al., 2011). PLGA, therefore, presents itself as an interesting 

candidate as a polymer for implantable drug delivery devices (Makadia et al., 2011). It is 

possible to modify the physical properties of the polymer by altering the polymer 

molecular weight and ratio of lactide to glycolide (Makadia et al., 2011). The presence of 

side methyl groups within PLA make the copolymer more hydrophobic. Thus, PLGA 

copolymers with high PLA content show higher hydrophobicity and, consequently, a 
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slower degradation rate. Advantages of PLGA include: an increased degradation rate in 

comparison to PLLA, but decreased in comparison to PDLA; and a lack of acidic by-

products (which could cause inflammation) produced upon degradation (Maurus et al., 

2004). The monomer composition and the molecular weight of the PLGA molecules have 

a direct influence on the crystallinity of the polymer. As with the previously described 

polymers, the mechanical properties and the degradation rates are strongly influenced by 

the degree of crystallinity of the polymer. Higher PGA content within PLGA leads to a 

lower degree of crystallinity and a higher rate of hydration/hydrolysis. PLGA containing 

50:50 of PLA: PGA shows the highest degradation rates. PLGA copolymers present a Tg 

above 37°C, thus, exhibiting a fairly rigid chain structure, ideal for implant manufacture. 

Finally, PLGA can be processed into a wide variety of shapes and sizes due to its solubility 

in common solvents such as tetrahydrofuran, acetone, ethyl acetate or chlorinated 

solvents. 

Poly(caprolactone) (PCL) (Figure 1.7) is a promising candidate for use in polymeric 

implants due to its: biocompatibility, biodegradability, non-toxicity, and relatively low cost 

(Nair et al., 2007; Sun et al., 2006). It has FDA approval for use in medical applications 

(Castilla-Cortázar et al., 2012), and it has already been successfully incorporated into 

materials used for sutures and would dressings (Mondal et al., 2016). The presence of 

unstable aliphatic ester bonds allow the polymer to biodegrade by a mixture of random 

hydrolysis of ester bonds and bulk degradation pathways (Jenkins et al., 2006; Kumari et 

al., 2010; Nair et al., 2007; Woodruff et al., 2010). PCL degrades to form products that are 

metabolised via the tricarboxylic acid cycle or renally eliminated (Escobar Ivirico et al., 

2006). PCL is a hydrophobic, semi-crystalline polymer (Woodruff et al., 2010). Its low 

melting point (55-60°C (Nair et al., 2007)), good solubility, and good compatibility with 

other materials make it a promising candidate for use in implants (Woodruff et al., 2010). 

 

 

 

 

Figure 1.7. An illustration of the chemical structure of PCL. 

 

PCL 
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PCL has a relatively long degradation time, ranging from several months to years, but this 

is dependent on internal factors, such as its molecular weight (Woodruff et al., 2010), and 

degradation conditions such as temperature, pH, and presence of enzymes. The 

mechanism of PCL degradation is shown in Figure 1.8. Degradation time increases as 

molecular weight increases. As molecular weight increases, the chain length and, 

therefore, the number of ester bonds that need to be cleaved to create water soluble 

monomers and oligomers also increases (Woodruff et al., 2010). The slow degradation of 

PCL is due to its hydrophobic nature, which does not allow water penetration (Jenkins et 

al., 2006; M. N. Kumar et al., 2001). The rate of hydrolysis of ester linkages, therefore, will 

be affected by factors which increase the penetration of water into the polymer (Castilla-

Cortázar et al., 2012).  

 

 

 

 

 

Figure 1.8. An illustration of the mechanisms of degradation of PCL (Woodruff et al., 2010). 

 

PCL degrades more slowly than other polymers such as PGA, PLA and PLGA (Escobar 

Ivirico et al., 2006). However, PCL is a relatively low-cost polymer, which may make it 

more commercially viable for use in a product. As a result of this comparatively long 

degradation time, copolymers of PCL have been investigated (Nair et al., 2007). PCL has 

been shown to be compatible and forms miscible blends with other polymers (Nair et al., 

2007). This gives the opportunity to create polymer blends with unique properties and 

degradation kinetics. For example, copolymerisation with hydrophilic monomers can 

increase the rate of degradation (Escobar Ivirico et al., 2006; Sabater i Serra et al., 2007). 

Poly(ethylene glycol) (PEG), with its inherent hydrophilicity and lack of immunogenicity 

and toxicity, is a promising candidate for copolymerisation with PCL to form a material 

with improved hydrophilicity and biodegradability (Wei et al., 2009). PCL-PEG 

copolymers have been shown to have increased biocompatibility when compared to the 
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PCL homopolymer (Wei et al., 2009). The addition of PEG to PCL is likely to reduce the 

degradation time of the polymer by allowing increased water penetration and, therefore, 

rate of hydrolysis. The polymer’s Tg and crystallinity will also affect the ability of water to 

penetrate the polymer (Castilla-Cortázar et al., 2012). A high Tg will correlate to limited 

molecular motion, low free volume within the polymer and, therefore, reduced availability 

for water penetration. Reduction of Tg and crystallinity will accelerate hydrolytic 

degradation. Addition of PEG to form PCL-PEG blends is likely to create a blend with 

lower Tg and crystallinity and, therefore, reduced degradation time. The rate of 

degradation can also be altered by copolymerisation with other lactones, glycolides or 

lactides (Woodruff et al., 2010). PCL, therefore, is a highly diverse material and has the 

potential to be a suitable polymer in the development of implantable drug delivery 

systems.  

 

1.3.1b. Other biodegradable polymers 

PLA, PGA, PLGA and PCL are the most commonly used biodegradable polymers for 

biomedical applications because of their biocompatibility, mechanical strength and ease 

of formulation (Luckachan et al., 2011). However, numerous less commonly used 

biodegradable polymers for drug delivery exist including: poly(amides), poly(anhydrides), 

poly(phosphazenes) and poly(dioxanone) (Ginjupalli et al., 2017; Uhrich et al., 1999). 

Poly(anhydrides) have a low hydrolytic stability resulting in rapid degradation rates, 

making them suitable for use in short-term sustained delivery systems (Doppalapudi et al., 

2014). Poly(phosphazenes) have a degradation rate that can be finely tuned by appropriate 

substitution with specific chemical groups and use of these polymers has been 

investigated for skeletal tissue regeneration and drug delivery (Doppalapudi et al., 2014). 

Poly(dioxanone), like PCL, is a polylactone that has been used for purposes such as drug 

delivery, and tissue engineering (Goonoo et al., 2015). 
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1.3.2. Non-biodegradable polymers 

1.3.2a. Poly(siloxanes) 

Poly(siloxanes) or silicones are organosilicon polymeric materials composed of silicon and 

oxygen atoms (Rahimi et al., 2013). Figure 1.9 shows the chemical structure of this type 

of polymer. Lateral groups can be methyl, vinyl or phenyl groups (Rahimi et al., 2013). 

These groups will influence the properties of the polymer. Poly(siloxanes) have been 

extensively used in medicine due to the unique combination of thermal stability, 

biocompatibility, chemical inertness and elastomeric properties (Rahimi et al., 2013). The 

silicones commonly used for medical devices are vulcanised at room temperature (20°C). 

They are prepared using a two-component poly(dimethylsiloxanes) (PDMS) in the 

presence of a catalyst (platinum based compound) (Rahimi et al., 2013; Woolfson et al., 

2003). The final material is formed via an addition hydrosilation reaction (Rahimi et al., 

2013). An alternative method to obtain silicones for medical applications is the use of 

linear PDMS with hydroxyl terminal groups (Mashak et al., 2006). This linear polymer is 

cross-linked with low molecular weight tetra(alkyloxysilane) using stannous octoate 

catalyst. 

 

 

 

 

 

Figure 1.9. An illustration of the chemical structure of poly(siloxane). 

 

PDMS has been used as a rate controlling membrane in a wide variety of drug delivery 

devices (Y. Fu et al., 2010; Rahimi et al., 2013). The diffusivity of the drug through the 

PDMS is crucial to control the dose (Y. Fu et al., 2010). PDMS is prepared as a crosslinked 

network. As a result of this, the crosslinking density will influence water uptake of the 

material and the diffusivity of the drug (Y. Fu et al., 2010). Accordingly, these parameters 

should be optimised in order to obtain the required drug release profile. 

 

Poly(siloxane) 
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1.3.2b. Poly(ethylene-vinyl acetate) 

Poly(ethylene-vinyl acetate) (PEVA) is a non-biodegradable thermoplastic copolymer of 

ethylene and vinyl acetate (Schneider et al., 2017; Shastri, 2003). The units of these two 

monomers are randomly distributed through the polymer chain (Guillet, 2000). 

Figure 1.10 shows the structure of this polymer. The ratio between the two monomers 

will strongly influence the properties of the polymer (Guillet, 2000). Vinyl acetate (VA) 

content will have an impact on the melting point, crystallinity and stiffness of the material 

(Guillet, 2000). The crystallinity of PEVA decreases when the content of VA increases 

(Guillet, 2000). Accordingly, the final properties of the material can be tailored by 

optimising the monomer ratio. The biocompatibility of PEVA has been extensively 

demonstrated and it is an FDA approved material (Schneider et al., 2017). Additionally, it 

is on the inactive ingredients list for non-drug products (Schneider et al., 2017). 

 

 

 

 

 

Figure 1.10. An illustration of the chemical structure of PEVA. 

 

PEVA has been extensively used for drug delivery applications (Schneider et al., 2017; 

Shastri, 2003). As PEVA is a non-degradable material, the diffusion of the drug from the 

matrix will govern the release mechanism (Y. Fu et al., 2010). PEVA has been used in 

reservoir-type systems as rate controlling membrane (Schneider et al., 2017; Shastri, 2003). 

Increasing the crystallinity reduces the diffusivity of the polymer. Accordingly, by 

changing the VA/ethylene ratio, the drug release profile can be tailored (Y. Fu et al., 2010). 

 

1.3.2c. Poly(urethanes) 

Polyurethanes (PU) are a broad family of polymers obtained from the reaction of 

di-isocyanates with polyols using a catalyst, as seen in Figure 1.11 (Joseph et al., 2018). 

Thermoplastic PU has been used for the development of drug-eluting mesh implants 

PEVA 
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(Farmer et al., 2021) This type of polymer presents a wide variety of structures and 

properties, as different polyols/di-isocyanates can be used to synthesise it (Joseph et al., 

2018). The di-isocyanates contain two –N=C=O groups per molecule (Sharmin et al., 

2012) and they can be aliphatic, mono/polycyclic or aromatic (Joseph et al., 2018). The 

use of different isocyanates will influence the properties of the resulting polymer (Joseph 

et al., 2018). Aromatic isocyanates will lead to more rigid materials with lower oxidative 

stabilities (Sharmin et al., 2012). Aliphatic isocyanates will present better oxidative stability 

(Sharmin et al., 2012). On the other hand, different polyols can be used to obtain PU such 

as polyesters, polyester polyols, PCLs, polycarbonates and polyethers (Joseph et al., 2018). 

Chain extenders are another type of compound that can be added during PU synthesis 

and will change the final properties of the material (Guo et al., 2018; Joseph et al., 2018). 

These molecules are normally short-chain diols such as 1,4-butanediol. PU polymers are 

normally formed by hard segments and soft segments (Jana et al., 2010; Joseph et al., 2018). 

The soft segments are dependent on the diol molecule chain and provide flexibility to the 

material (Jana et al., 2010; Joseph et al., 2018). On the other hand, the hard segments are 

formed by the reaction between the chain extenders and the di-isocyanates and they 

provide extra strength to the material (Jana et al., 2010; Joseph et al., 2018). Due to the 

variety of the parameters that can be modified, PUs are a broad family of polymers 

(Nakkabi et al., 2015). Biodegradable PU can be prepared by using biodegradable polyols 

such as PCL or PEG (Barrioni et al., 2015). On the other hand, PU can be prepared to 

obtain PU based rubbers with similar properties and behaviour to PDMS (Rahimi et al., 

2013). Therefore, this type of polymer is versatile. 

 

 

 

 

 

 

Figure 1.11. An illustration of the chemical structure of (PU). 

 

 

Diol 

PU 

Diisocyanate 
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1.3.3. Natural polymers 

In addition to the biopolymers, such as the abovementioned PLA, there are a few natural 

polymers which also represent a promising class of materials with a wide range of 

applications, including use in implantable devices. These natural polymers include 

cellulose, chitosan, silk and other naturally derived proteins. These materials present 

certain advantages compared to the traditional materials (metals and ceramics) or 

synthetic polymers, such as biocompatibility, biodegradation and non-cytotoxicity, which 

make them ideal to be used in implantable drug delivery devices (Rebelo et al., 2017). 

However, issues such as batch to batch variation can present challenges. 

 

1.3.3a. Cellulose 

Cellulose is the most abundant organic compound in the world, the majority of which is 

produced by plants. It is a natural linear polymer (polysaccharide), whose structure 

consists of long polymer chains of repeating β-D-glucopyranose units that are covalently 

linked through acetal functions between the C1 carbon atom and the equatorial −OH 

group of C4 (β-1,4-glycosidic bonds) (Figure 1.12) (Klemm et al., 2005). 

 

 

 

 

 

Figure 1.12. An illustration of the chemical structure of cellulose (Godinho et al., 2014). 

 

Cellulose and its many derivatives, including cellulose ethers/esters, micro/nano-sized 

cellulose products, and bacterial cellulose (BC), have been widely studied for many 

applications (Abeer et al., 2014; Cherian et al., 2013; Jorfi et al., 2015; N. Lin et al., 2014; 

Modulevsky et al., 2016). For instance, Modulevsky et al., (2016). used the native 

hypanthium tissue of apples to create implantable cellulose scaffolds. This approach is 

complementary to the use of BC which has been successfully employed for the 

development of implantable materials. Due to its nanostructure and properties, BC is a 
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promising candidate for a great range of medical applications. BC fibres have a high 

degree of crystallinity and its endotoxin level is within the suitable range of endotoxin 

values for implants based on the FDA recommendations, which means it could be used 

safely in intravenous applications. BC has been shown to possess more suitable properties 

(such as purity, high porosity and permeability) than plant-derived cellulose or 

nanocellulose and it is mainly due to its biosynthesis procedure (Abeer et al., 2014; Cherian 

et al., 2013; Portela et al., 2019). It is important, however, to note that plant derived 

polymers are much more cost effective to produce and are extremely straightforward to 

prepare for implantation. 

Additionally, cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) are also 

currently under intense investigation for the development of biomedical applications such 

as implants, tissue engineering, drug delivery, antibacterial/antimicrobial, cardiovascular 

and wound healing (Jorfi et al., 2015; S. E. Lee et al., 2017; Pei et al., 2015). Indeed, it can 

be observed how the number of publications in the period 2000 – 2013 on cellulose 

materials for such applications has been gradually increasing (Jorfi et al., 2015).  

 

1.3.3b. Chitosan 

Chitosan is the second most abundant natural polymer, after cellulose. It is a cationic 

polysaccharide produced by deacetylation of chitin, which is found in the exoskeletons of 

insects, the cell walls of fungi, and certain hard structures in invertebrates and fish (Rebelo 

et al., 2016, 2017). This natural polymer is structurally composed of N-acetyl-d-

glucosamine and D-glucosamine units with one amino (-NH2) group and two hydroxyl 

(-OH) groups in each repeating glycosidic unit (M. Dash et al., 2011). The structure of 

chitosan is shown in Figure 1.13. Due to its properties (such as mucoadhesion) , it has 

been extensively used for a large number of applications ranging from medical to 

industrial uses, including its application in implantable drug delivery devices (Bernkop-

Schnürch et al., 2012; M. Dash et al., 2011; Hu et al., 2013).  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glucosamine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycosidic-bond
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Figure 1.13. An illustration of the chemical structures of chitosan (Younes et al., 2015). 

 

1.3.3c. Silk 

Silk is another common natural polymer that has been used to develop implantable drug 

delivery devices. The largest producer of silk in nature is the silkworm, Bombyx mori (Yucel 

et al., 2014). Raw silk coming from a silkworm is composed of fibroid in the core; silk 

fibroin, which is the structural protein produced in the posterior region of the Bombyx 

mori gland; and a glue-like coating consisting of sericin proteins (Rebelo et al., 2017).  

The structure of silk fibroin has been well-characterised, and some recent studies suggest 

that this structural protein shows exceptional physicochemical and biological properties 

desirable for drug delivery applications (Yucel et al., 2014). Structurally, silk fibroin forms 

a β-sheet structure in which hydrogen bonds and van der Waals interactions generate a 

structure that is thermodynamically stable (Figure 1.14) (Rebelo et al., 2017). Therefore, 

silk is a versatile natural polymer that can be used for various drug delivery applications 

including: injectable particles (X. Wang et al., 2007, 2010), bioadhesives (Leisk et al., 2010; 

Yucel et al., 2010), hydrogels (Fini et al., 2005; U.-J. Kim et al., 2004), reservoirs and scaffold 

implants (Guziewicz et al., 2013; Yongzhong Wang et al., 2008). 
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Figure 1.14. An illustration of (A) a three chain silk sequence composed of carbon (gray), nitrogen (blue), 
oxygen (red) and hydrogen (white); (B) 3-dimensional β-sheet of silk (Cebe et al., 2013). 

 

Recently, other naturally derived proteins such as: collagen, gelatin, albumin, elastin and 

milk proteins have led the research community to offer interesting alternatives to PLGA-

based systems and are being extensively investigated for their potential use for drug 

delivery applications (Elzoghby et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

(A) (B) 
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1.4. Implantable drug delivery device design 

Polymeric rods are the most commonly used implantable drug delivery device design 

(Figure 1.15 (A – F)) (Rajgor et al., 2011; Wan, 2003), however, other designs also exist 

for example Gliadel wafers® (Figure 1.15 (G), drug eluting stents and vaginal rings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15. Examples of rod shaped implants (A) Norplant®; (B) Implanon®; (C) Nexplanon®; (D – F) 
Probuphine®; and (G) Gliadel Wafers® (MSD connect, 2019; Pillay et al., 2011; Rajgor et al., 2011; Titan 
Pharmaceuticals, 2020a; University of Colorado, 2012; Wolinsky et al., 2012). 

 

(A) 

(C) 

(B) 

(D) 

(F) 

(E) 

(G) 
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Other types of implantable drug delivery device designs exist, for example, those which 

are formed in situ as a result of a polymer undergoing a sol-gel transition, for example 

Oncogel® (Larrañeta et al., 2018). Newer polymeric designs under investigation include: 

PCL film implant devices, as shown in Figure 1.16 (A); and silicone rods with delivery 

channels and dissolving membranes, as shown in Figure 1.16 (B) (Gunawardana et al., 

2015; Schlesinger et al., 2016). Advances in manufacturing techniques may result in the 

creation of more complex implant designs to allow very specific drug release targeted to 

a specific disease or individual patient requirements.  

 

 

 

 

 

 

Figure 1.16. Images showing (A) prototype PCL film implants and (B) prototype silicone implants 
(Gunawardana et al., 2015; Schlesinger et al., 2016). 

 

As the majority of implantable drug delivery devices are rod shaped and are designed to 

be delivery subcutaneously or intramuscularly, the most common method of implantation 

is via a needle or surgical implantation. Some implants, for example Nexplanon®, are 

inserted via a specifically designed applicator device that comes with the product, as shown 

in Figure 1.17 (A) and (B). Other sites for implantation include intravaginal, intraocular, 

intravesicular, and intratumoral. 

 

 

 

 

 

 

(A) (B) 
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Figure 1.17. Images showing the (A) Nexplanon® applicator device and (B) insertion of Nexplanon® using 
its applicator device, reproduced with permission from (Palomba et al., 2012). 

 

1.5. Methods of implant manufacture 

A number of factors need to be considered when choosing a manufacturing method for 

the production of implantable drug delivery devices including cost, efficiency and 

differences in the properties of implants produced using different methods. Implants can 

be manufactured using a variety of techniques including compression, solvent casting, hot 

melt extrusion (HME), injection moulding or, more recently, 3D printing. Thermoplastic 

polymers such as PLA or PLGA can produce implants using techniques such as: hot 

moulding, injection moulding, compression or extrusion (Fialho et al., 2005). Implants 

prepared by different techniques are unlikely to have the same microporous structure and 

may degrade at different rates and, therefore, will have different in vitro and in vivo release 

profiles (Fialho et al., 2005). Fialho et al., (2005) compared the process of hot moulding 

and compression as techniques to make intraocular implants, and found that, the 

manufacturing technique significantly influenced the polymer degradation and, therefore, 

drug release from the resulting implants (Fialho et al., 2005). Compressed implants showed 

an increased rate of drug release than their moulded counterparts. 

 

1.5.1. Compression 

Compression is a simple technique for producing pharmaceutical products (Figure 1.18). 

One advantage of compression as a manufacturing technique, is the lack of requirement 

for use of heat or solvents, making it a suitable method for manufacture of implants 

containing heat or solvent sensitive compounds such a proteins or peptides (Jivraj et al., 

(A) (B) 
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2000). However, implants produced using this technique often show a faster release 

profile than observed with other manufacturing techniques, and drug release may need to 

be prolonged using additional methods, such as coating the implant. In addition, as shown 

by Fialho et al., (2005) implants produced by compression may have an irregular surface 

with many pores and channels, which may lead to irregular release from implant produced 

in this way. 

 

 

 

 

 

 

Figure 1.18. Diagram showing a compression method (Stewart et al., 2018). 

 

1.5.2. Solvent casting 

In the solvent casting method, the polymer is first dissolved in a suitable solvent, then the 

resulting solution is cast into a mould and the solvent is removed by evaporation (Figure 

1.19) (Makadia et al., 2011). Implants produced by this method often result in films or 

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

disadvantage of this method is the need for large amounts of organic solvent, which can 

have an effect on the stability of drugs and toxicity, and may give rise to environmental 

concerns (Makadia et al., 2011). 

 

 

 

 

 

Figure 1.19. Schematic diagram of a solvent casting method. 



Chapter 1: Introduction 

32 

1.5.3. HME 

HME is the process of melting, mixing, and forcing a polymer through a small orifice 

called a die (Figure 1.20) (Makadia et al., 2011). A prerequisite for the use of HME is that 

the polymers used must be thermoplastic (Breitenbach, 2002). Aliphatic poly(esters) 

including PLA, PGA and PLGA are all thermoplastic and, therefore, suitable for 

processing by this method (Breitenbach, 2002). This method offers the advantage of 

requiring no solvents, however, it can cause the degradation of thermally labile 

drugs (Makadia et al., 2011). This does not preclude its use in manufacture of implants 

containing thermally labile drugs. Repka et al., (1999) found that it was possible to 

successfully incorporate hydrocortisone, a thermally labile drug, into hydroxypropyl 

cellulose films produced by melt extrusion. Products such a Zoladex®, Depot-Profact®, 

Implanon®, Ozurdex®, Actisite® and Jadelle® are manufactured in this way using melt 

extrusion (Breitenbach, 2002; Fialho et al., 2005; Loxley, 2013). Extrusion is a flexible 

technique allowing the shape and size of the resulting product to be easily changed and 

can be performed as a continuous process, which allows high throughput rates 

(Breitenbach, 2002; Cossé et al., 2017). 

 

 

 

 

Figure 1.20. Cross-section view of a single and twin-screw extruder barrel. 

 

1.5.4. Injection moulding 

Thermoplastic polymers such as PLGA or PLA can be manufactured into implants using 

injection moulding, this process is often combined with extrusion processes where the 

extrudate is collected and injected into a mould and allowed to solidify (Figure 1.21) 

(Loxley, 2013). As a result of the high heat applied, a decrease in the molecular weight of 

the polymers can be seen. The effect of manufacturing using extrusion versus injection 
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moulding on the degradation properties of a polymeric matrix of PLA was investigated 

by Rothen-Weinhold et al., (1999). It was found that the molecular weight and 

polydispersity was reduced by both techniques, but the decrease was more pronounced 

with injection moulding. As a result, extruded implants degraded more rapidly than those 

manufactured using injection moulding (Rothen-Weinhold et al., 1999). 

 

 

 

 

 

 

Figure 1.21. Diagram illustrating HME combined with injection moulding for implant production (Stewart 
et al., 2018). 

 

1.5.5. 3D printing 

3D printing (also referred to as additive manufacturing) is currently used to produce 

dental implants, protheses and orthopaedic implants (Ventola, 2014). However, interest 

in using this technique within the pharmaceutical field is growing. It is a cost effective, 

reproducible and highly adaptable method and is especially useful in the rapid production 

of prototypes (Shi et al., 2014). 3D printing has been previously reported for the 

production of oral dosage forms (Goyanes et al., 2014; Goyanes, Buanz, et al., 2015; 

Maroni et al., 2017; Okwuosa et al., 2018), intrauterine systems (Genina et al., 2016), 

implants (Espalin et al., 2010; Yi et al., 2016) and vaginal rings/meshes (Domínguez-

Robles et al., 2020; J. Fu et al., 2018; Welsh et al., 2019). However, its suitability for use as 

a mass production manufacturing technique is still uncertain. 3D printing is an umbrella 

term and encompasses a range of different technologies, these are shown in Figure 1.22. 

Table 1.3 shows the classification of 3D printing technologies. 
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Figure 1.22. Summary diagram of the different 3D printing technologies: (A) binder jetting; (B) directed 
energy deposition; (C) material extrusion; (D) sheet lamination; (E) material jetting; (F) stereolithography; 
(G) powder bed fusion; and (H) extrusion bioprinting (Ahangar et al., 2019). 

 

Table 1.3. Classification of the main 3D printing technologies (Madla et al., 2018). 

Category Technology Substrate Mechanism of Layering 

Binder jetting 

Powder bed inkjet printing 
S-printing 
M-printing 

Theriform™ 
Zipdose® 

Solid particles 
A liquid binding agent is 

selectively deposited to join 
powder materials 

Vat polymerisation 

Stereolithography (SLA) 
Digital light projection  

Continuous layer interface 
production  

Liquid 

Liquid photopolymer in a 
vat is selectively cured by 

light-activated 
polymerisation 

Powder bed fusion 

Selective laser sintering 
(SLS) 

Direct metal laser sintering 
Selective metal sintering 
Electron beam melting  

Concept laser 

Solid particles 
Thermal energy selectively 
fuses regions of a powder 

bed 

Material extrusion 
Fused deposition modelling 

(FDM) 
Gel/paste extrusion 

Filament 
(thermoplastic 

polymers) 

Material is selectively 
dispensed through a nozzle 

or an orifice 

Material jetting 
Inkjet printing 

Polyjet 
Thermojet 

Liquid 
Droplets of build material 
are selectively deposited 
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Table 1.3. (continued) Classification of the main 3D printing technologies (Madla et al., 2018). 

Category Technology Substrate Mechanism of Layering 

Directed energy 
deposition 

Electron beam direct 
Manufacturing 

Direct metal tooling 
Be additive manufacturing 

Wire 

Focused thermal energy is 
used to fuse materials by 
melting as they are being 

deposited 

Sheet lamination 
Laminated object 

manufacturing 
Sheets 

Sheets of material are 
bonded to form an object 

 

FDM, SLA, SLS and binder jet printing are among the most commonly used 3D printing 

technologies for the production of medical devices, including implants (Hatton et al., 

2018; Palo et al., 2017). Table 1.4 summarises the advantages and disadvantages of each 

of these techniques. 

 

Table 1.4. Advantages and disadvantages of commonly used 3D printing technologies for pharmaceutical 
applications (Madla et al., 2018; Trenfield, Madla, et al., 2018). 

3D printing 
technology 

Advantages Disadvantages 

FDM 

Low cost 
Most widely utilised 

Easy to use 
Many commercially available filaments 

Wide range of suitable biocompatible and 
approved materials 

Resolution 50 – 100 µm 

High temperatures 

SLA 
Uses lower temperatures than FDM 
High resolution (as low as 20 µm) 

Safety concerns over 
cytotoxicity of resins and 

photoinitiators 

SLS 
Resolution ~ 100 µm 

Solvent free 
High localised temperatures 

Binder jet printing 
Capable of producing highly porous 

structures 

Not solvent free 
Drying steps required to 
removed residual binder 
Risk of friability issues 
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1.6. Applications of implantable drug delivery devices 

Implantable drug delivery devices have the potential to be used for a wide variety of 

clinical applications in areas including, but not limited to: women’s health, oncology, 

ocular disease, pain management, infectious disease, endocrine conditions and central 

nervous system disorders (A. Dash et al., 1998; A. Kumar et al., 2018). Examples of 

implantable drug delivery devices for each of these areas are summarised in Tables 1.5 – 

1.8.  

 

1.6.1. Women’s health 

Women’s health is one area where implantable drug delivery devices have had a large 

impact, particularly in their use for contraception. In 1990, Norplant® became the first 

implantable contraceptive device to be approved. Implantable long-acting contraceptives 

have been shown to be the among the most effective form of contraception, with annual 

pregnancy rate less than 1% for women using these methods (Mansour et al., 2010; 

Rademacher et al., 2014). Table 1.5 shows examples of implantable drug delivery devices 

for use in women’s health. 

Table 1.5. Examples of implantable drug delivery devices used in the area of women’s health. 

Product 
name 

Implant type Material Drug delivered Indication References 

Norplant® 
Subcutaneous Silicone Levonorgestrel Contraception 

(Affandi et al., 
1987; Brache, 

2014) 
Jadelle® 

Estring® Intravaginal Silicone Estradiol 
Menopausal 
symptoms 

(Baum et al., 
2012) 

Nuvaring® Intravaginal PEVA 
Etonogestrel, 

Ethinyl estradiol 
Contraception 

(Friend, 2011; 
Mulders, 

2001) 

Implanon® 
Subcutaneous PEVA Etonogestrel Contraception 

(Mansour, 
2010; Uhm et 

al., 2016) Nexplanon® 
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1.6.2. Cancer therapies 

Systemic delivery of chemotherapeutic agents is the most common route of 

administration. However, it often involves delivery of the agents at their maximum 

tolerated dose which can lead to severe side-effects such as neutropenia and 

cardiomyopathy (De Souza et al., 2010). Implantation of a drug delivery device close to 

the site of action may allow reduced systemic exposure and, as a result, reduce the damage 

caused to healthy tissue. Some examples of implantable drug delivery devices for the 

treatment of cancer are shown in Table 1.6. 

Table 1.6. Examples of implantable drug delivery devices used for anticancer therapy. ND = not disclosed. 

Product 
name 

Implant type Material 
Drug 

delivered 
Indication References 

Zoladex® Subcutaneous PLGA Goserelin 
Prostate 
cancer 

(Goldspiel et 
al., 1991) 

Prostap® SR Subcutaneous PLGA Leuprolide 
Prostate 
cancer 

(MHRA, 
2015) 

Gliadel 
Wafers® 

Intratumoral Silicone 
Carmustine 

(BCNU) 

Primary 
malignant 

glioma 

(Westphal et 
al., 2003; 

Wolinsky et al., 
2012) 

Oncogel® Intratumoral 
PLGA-PEG-

PLGA 
Paclitaxel 

Oesophageal 
cancer 

(Elstad et al., 
2009) 

Vantas® Subcutaneous 
Methacrylate 

based 
hydrogel 

Histrelin 
Prostate 
Cancer 

(Schlegel, 
2009; Shore, 

2010) 

GemRIS® Intravesical ND Gemcitabine 

Non-muscle 
invasive 
Bladder 
Cancer 

(Daneshmand 
et al., 2017) 

 

1.6.3. Ocular disease 

Drug delivery to the posterior segment of the eye is difficult due the unique anatomical 

and physiological barriers that the ocular environment presents (Waite et al., 2017). 

Successful treatment of ocular conditions requires that the dose of drug or therapeutic 

agent is delivered to the site of action and retained for the duration that the treatment is 

required. This is particularly challenging in the eye because of poor drug permeation and 

poor drug retention due to lacrimation, tear dilution and tear turnover (Manickavasagam 

et al., 2013). These issues are also compounded by poor patient compliance and difficult 
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device use associated with ocular conditions (Gooch et al., 2012; Manickavasagam et al., 

2013). Implantable drug delivery devices can overcome some of these challenges to 

delivery, by reducing the number of treatment applications required. However, they also 

come with their own challenges including burst release, the possibility of dose dumping, 

and low bioavailability (Manickavasagam et al., 2013). Table 1.7 highlights some examples 

of implantable ocular devices that have been developed.   

Table 1.7. Examples of implantable drug delivery devices used to treat ocular disease. 

Product 
name 

Implant 
type 

Material 
Drug 

delivered 
Indication References 

Ocusert® Intraocular PEVA Pilocarpine 
Open angle 
glaucoma 

(Macoul et al., 
1975) 

Retisert® Intraocular 

Microcrystalline 
cellulose, PVA, 

Magnesium 
stearate 

Fluocinolone 
Non-

infectious 
uveitis 

(Haghjou et al., 
2011) 

Vitrasert® Intraocular PVA, PEVA Ganciclovir 
CMV retinitis 

in AIDS 
patients 

(I. B. Wong et 
al., 2013) 

 

1.6.4. Pain management, infectious disease, endocrine conditions, and central nervous system disorders 

The use of implantable drug delivery devices for pain management is promising. Chronic 

pain is particularly difficult to treat and is associated with a high risk of addiction or death 

from overdosing. Implantable drug delivery devices also have the potential to be of use 

in infectious diseases, and in particular tuberculosis (TB). The treatment for TB is long 

and the drugs used are associated with side-effects. These factors result in poor patient 

compliance with the treatment regimen and often lead to treatment failure and the 

development of resistance. In this context, an implantable drug delivery device would be 

ideal to ensure patient compliance and completion of the treatment. Mental health 

disorders are another condition associated with poor compliance and may benefit from 

implantable drug delivery devices. Poor patient compliance to antipsychotic therapy is 

common and causes a high risk of relapse, hospitalisation and other negative outcomes 

(Bobo et al., 2010). Approximately 50% of patients with schizophrenia are thought to be 

non-compliant with their prescribed medication (Siegel, 2002). Long-acting parenteral 

administration of antipsychotics offers advantages such as: increased bioavailability, lower 

drug serum levels and decreased variation in drug plasma levels (Siegel, 2002). As well as 

these advantages, use of an implantable drug delivery device would allow the device to be 
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removed if adverse effects or treatment changes necessitated it. Endocrine disorders are 

another chronic condition where implantable drug delivery devices may be of benefit. The 

use of implantable drug delivery devices for endocrine conditions is a relatively 

unexplored one and will be investigated further in this thesis. An overview of some 

examples of implantable drug delivery devices used for pain management, infectious 

diseases, endocrine conditions, and central nervous system disorders are summarised in 

Table 1.8. 

Table 1.8. Examples of implantable drug delivery devices used for pain management, infectious disease, 
endocrine conditions, and central nervous system disorders. ND = not disclosed. 

 

 

Product name Implant type Material Drug delivered Indication References 

ND (Axxia 
Pharmaceuticals) 

Subcutaneous 

PU, 
PEG/ 
PPG/ 

PTMEG 

Hydromorphine 
Chronic 

neuropathic pain 
(Grossman et 

al., 2011) 

LiRIS® Intravesical Silicone Lidocaine 
Interstitial 

cystitis/ bladder 
pain syndrome 

(S. H. Lee et al., 
2016; Nickel et 

al., 2012) 

Probuphine® Subcutaneous PEVA Buprenorphine Opioid abuse 
(Itzoe et al., 

2017) 

ND ND PLGA Isoniazid TB 
(Gangadharam 

et al., 1991) 

ND ND PLGA 
Isoniazid, 

Pyrazinamide 
TB 

(Gangadharam 
et al., 1999) 

Med-Launch Subcutaneous PLGA Risperidone Schizophrenia 

(Dammerman 
et al., 2018; 
Rabin et al., 

2008) 

ND Subcutaneous PU Risperidone Schizophrenia 

(Schwarz, A., 
Thoroughman, 
S., Winstead, 

D., Decker, S., 
Varughese, 

2012) 

Risperdal 
consta® 

Intramuscular PLGA Risperidone Schizophrenia 
(Anselmo et al., 

2014) 

T3 implant (Titan 
pharmaceuticals) 

Subdermal PEVA T3 Hypothyroidism 
(Titan 

Pharmaceutical
s, 2020b) 
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1.7. Regulatory considerations  

1.7.1. Implantable drug delivery devices 

The increasing number of implantable drug delivery products has brought with it many 

benefits, however, due to the novelty and variability of these devices they represent a 

challenge for regulatory bodies, including the FDA. One of the first steps in seeking to 

register and market a new implantable drug delivery device, is to verify the legal 

classification of the product, i.e. whether it is defined as a drug product, a medical device 

or a combination product (Al-Jawadi et al., 2018). The FDA defines a drug as a substance:  

• recognised by an official pharmacopeia or formulary;  

• intended for use in diagnosis, cure, treatment or prevention of disease;  

• intended to affect the structure or function of the body; and 

• intended for use as a component of a medicine but not a device or component, 

part or accessory of a device (US Food and Drug Administration (FDA), 2020).  

‘Medical device’ is defined as an instrument, apparatus, implement, machine, contrivance, 

implant, in vitro reagent, or other similar or related article, including a component, part or 

accessory which: 

• is recognised by an official pharmacopeia or formulary;  

• is intended for use in the diagnosis, cure, treatment or prevention of disease; 

• is intended to affect the structure or function of the body; and  

• does not achieve any of its primary intended purposes through chemical action 

within or on the body and is not dependent on being metabolised for the 

achievement of its primary intended purpose (FDA, 2018).  

A combination product is defined as a product composed of any combination of a drug 

and a device. Implantable drug delivery devices are generally recognised as combination 

products. The further classification of a combination product will be dependent on its 

primary mode of action (PMOA), i.e. the purpose for which the device is designed, and 

is determined by the therapeutic effect provided (Al-Jawadi et al., 2018). This classification 

will determine the FDA body that will be assigned to review any regulatory submissions 

and will identify any requirements for gaining approval (Manresa et al., 2005). Many 

implantable drug delivery devices possess a device component whose sole purpose is to 

deliver the drug to the target location after implantation, thus, acting as a carrier. Viadur® 
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is an example of this type of device, where the device component is an osmotically 

controlled reservoir system designed to locally deliver leuprolide acetate to treat prostate 

cancer (Moul et al., 2001). The reservoir acts as the delivery vehicle and leuprolide acetate 

shows the PMOA. This type of system is classified as having a chemical mode of action 

and, therefore, regulatory review would be performed by the centre for drug evaluation 

and research body within the FDA (Al-Jawadi et al., 2018). Implantable drug delivery 

devices with the drug component as the PMOA (and the device merely to control drug 

release) will follow the regulatory pathway of a drug, such was the case for Viadur® and 

Nexplanon® implants (Al-Jawadi et al., 2018). Figure 1.23 summarises the development 

pathway for implantable drug delivery devices with drug PMOA. 

 

 

 

 

 

 

Figure 1.23. Flowchart of the development pathway for drugs and implantable drug delivery systems with 
drug PMOA. IND – investigational new drug; NDA – New drug application (Al-Jawadi et al., 2018). 

 

Like all marketed products, implantable drug delivery devices must be manufactured 

according to good manufacturing practices (GMP) to ensure that they are of the 

appropriate quality and are safe and effective. In addition, as implantable drug delivery 

devices are administered parenterally, they must also follow quality control guidelines that 

govern parenteral products. All products must undergo universal testing which includes 

tests for identification, assay, impurities, foreign and particulate matter, sterility, bacterial 

endoxins or pryogens, container content, packaging systems, container closure integrity 

and labelling (Al-Jawadi et al., 2018). Tests in addition to the universal tests may be 

required and will be specific to the individual product, for example polymeric drug 

implants must also undergo a uniformity of content test. 
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Sterilisation is a critical quality attribute of a number of pharmaceutical products, 

including implantable drug delivery devices. Therefore, this is an important consideration 

when designing an implantable drug delivery device and will be further explored in the 

subsequent chapters of this thesis. Sterilisation can be defined as “the process by which all 

living cells, viable spores, viri and viriods are either destroyed or removed from an object” (Tipnis et al., 

2018). The sterilisation procedure will be chosen to achieve the highest level of sterility 

assurance and, wherever possible, will be carried out in the final container (terminal 

sterilisation) (The British Pharmacopeia Commission, 2019).  

The US FDA has categorised sterilisation tevchniques into established (further sub-

categorised into category A and B) and novel methods (FDA, 2016; Tipnis et al., 2018). 

Table 1.9 shows examples of sterilisation methods. Category A methods are those with 

an established history of safety and efficacy demonstrated through a large number of 

marketed products. Category B methods have no FDA recognised standards, however, 

there is published literature on the development and validation of these methods. Novel 

methods have little or no information and no FDA recognised consensus exists. 

Table 1.9. Examples of FDA categories of sterilisation methods (FDA, 2016). 

Established 
Novel 

Category A Category B 

Steam 
Dry Heat 

Ethylene Oxide 
Radiation 

Hydrogen Peroxide 
Ozone 

Vaporise Peracetic acid 
Microwave radiation 

Ultraviolet light 

 

Steam sterilisation is performed in an autoclave (pressure vessels designed to admit or 

generate steam continuously and to remove condensate from the chamber to maintain 

the pressure and temperature at controlled levels). The presence of moisture significantly 

speeds up heat penetration, allowing the use of lower temperatures and reduced times 

when compared to dry heat (Tipnis et al., 2018). Steam sterilisation is typically performed 

at 121°C for 20 to 60 min (Tipnis et al., 2018). Steam sterilisation is only suitable for 

polymers which are both heat and moisture resistant and is, therefore, unsuitable for PLA 

and PLGA (Tipnis et al., 2018). 

Dry heat sterilisation is based on the transfer of heat to the articles to be sterilised by 

convection, radiation or direct transfer (The British Pharmacopeia Commission, 2019). 

Although slower than steam sterilisation, dry heat will penetrate materials which are not 

permeable to steam (Matthews et al., 1994). Dry heat sterilisation requires temperatures 
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between 160 and 180°C and typical times of 2 hr (Darmady et al., 1961; Matthews et al., 

1994; The British Pharmacopeia Commission, 2019; Tipnis et al., 2018). The high 

temperatures and long processing times required are a disadvantage of this method of 

sterilisation. This method of sterilisation is carried out in electrically heated ovens with 

mechanical air convection to improve temperature distribution (Matthews et al., 1994; The 

British Pharmacopeia Commission, 2019). Moisture resistant polymers can be sterilised 

using this technique, however, heat sensitive polymers such as PLA or PGA are not 

suitable for sterilisation by dry heat (Tipnis et al., 2018). 

Many implantable devices are not suitable for sterilisation via steam or dry heat due to 

temperature and moisture sensitivity. Such devices may be sterilised at lower temperatures 

using ethylene oxide (EO) gas. The efficacy of this method is dependent on EO 

concentration, temperature, relative humidity and the duration of gas exposure (Tipnis et 

al., 2018). A typical cycle will take approximately 2.5 hr (with an additional 8 hr for air-

bleeding) and requires temperatures in the range of 30 – 60°C (Matthews et al., 1994). 

Toxic residues associated with this method of sterilisation are a disadvantage. 

Radiation sterilisation can be divided into three categories: gamma sterilisation, X-rays 

and electron beam sterilisation. Gamma radiation utilises high-energy gamma rays which 

have excellent penetration ability. Electron beam sterilisation employs a constant stream 

of high-energy electrons. Sterilisation by irradiation is achieved by exposing the product 

to ionising radiation in the form of gamma rays, electrons or X-rays (The British 

Pharmacopeia Commission, 2019). For this method of sterilisation, radiation doses 

between 15 – 45 kGy are needed, with 25 kGy being the most commonly used dose (The 

British Pharmacopeia Commission, 2019; Tipnis et al., 2018). The ionising effect results 

in damage to DNA and subsequent inhibition of bacterial reproduction. This method of 

sterilisation is useful for products which are not suitable for dry heat or stream 

sterilisation, however, it is relatively expensive. Polymer compatibility with this method 

may be a problem as radiation can induce polymer crosslinking, chain scission or a 

combination of both. 

Hydrogen peroxide and ozone are alternative methods of sterilisation. Both techniques 

are  low temperature, safe and low cost sterilisation methods and are commonly used to 

sterilise reusable devices used in healthcare settings (Rutala et al., 2015). Advantages 

include the production of no toxic by-products, however, these methods have lower 

penetration capabilities in comparison to other methods (Lerouge, 2012; Rutala et al., 
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2015). Ozone is a strong oxidative gas that can be used for sterilisation and may cause 

some plastics to degrade (Lerouge, 2012). 

Novel sterilisation methods have little or no published information about them and 

include vaporised peracetic acid, MW radiation, and UV light. Vaporised Peracetic acid is 

a rapid (30 – 45 min), environmentally friendly and compatible sterilisation method 

(Rutala et al., 2015). The non-ionising radiation of MWs produces hyperthermic 

conditions, affecting water molecules and interfering with the cell membranes of 

microorganisms. This method uses lower temperatures than conventional steam 

sterilisation, and considering its low cost, speed and simplicity could be an attractive 

sterilisation method for implantable devices (Lerouge, 2012). There are few recent 

publications and limited information available on this sterilisation technique (Lerouge, 

2012). However, MW radiation has been previously reported for sterilisation during food 

processing (Harrington, 2010). UV light at a wavelength between 240 and 280 nm is 

bactericidal and may be used for sterilisation (Lerouge, 2012). This method has very low 

penetration capabilities and is limited to surface sterilisation (Lerouge, 2012). This thesis 

will investigate the use of gamma radiation, microwave (MW) radiation and ultraviolet 

(UV) light as potential sterilisation methods for implantable polymeric devices. 

 

1.7.2. 3D printing 

In addition to the regulatory hurdles that come with a new implantable drug delivery 

device, 3D printing has its own regulatory challenges. Although 3D printing is a relatively 

new technology within the pharmaceutical industry, and does present some regulatory 

considerations, it does not require its own unique regulatory pathway (Khairuzzaman, 

2018). In August 2015, the first 3D printed drug product was approved by the US FDA 

(Khairuzzaman, 2018; Norman et al., 2017; Palo et al., 2017; Stones et al., 2017). This was 

an orodispersible levetiracetam tablet and was manufactured using ZipDose® technology 

and inkjet 3D printing. It is important to note that this product used an existing FDA 

regulatory pathway (Khairuzzaman, 2018; Palo et al., 2017).  

Currently, there is no legislation in the United States (US) that applies to 3D printed drug 

delivery devices as a separate category of medicinal product (Palo et al., 2017). However, 

growing interest in 3D printing from pharmaceutical companies has increased pressure 

on the regulatory authorities to provide clear guidance on how 3D printing can operate 
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within regulatory framework (Madla et al., 2018). Progress in the US has come in the form 

of the establishment of the emerging technology team (EET) within the FDA. The EET 

recognises the positive effect of 3D printing on manufacturing and aims to encourage the 

application of technological innovation in design and production (Madla et al., 2018). The 

centre for drug evaluation and research office of pharmaceutical quality has also 

established a manufacturing science program to investigate the use of innovative 

technologies in production, including 3D printing (Madla et al., 2018). In 2017, the FDA 

released guidance around the 3D printing of medical devices and implants. The purpose 

of these guidelines was to outline technical considerations associated with 3D printing 

processes. The guidance recommended testing and characterisation of devices with at 

least one 3D printed component (FDA, 2017). 

An important consideration when using 3D printing is how best to control the process 

to ensure that products are produced which maintain the correct quality standards in order 

to pass all quality control tests for that product. 3D printing is still relatively new within 

the pharmaceutical world and there is limited experience with situations that cause 

uncontrolled change in process variables (e.g. print head clogging, print head alignment 

and temperature). These need to be fully understood to ensure that product homogeneity 

and quality is maintained (Khairuzzaman, 2018). The addition of feedback control to 

detect changes in process variables would ensure product quality and consistency. All 

aspects of the printing process would require thorough evaluation and validation to ensure 

consistency in the final product. Currently, commercial 3D printers are not designed for 

GMP and further developments would be required to ensure these platforms conform to 

regulations (Madla et al., 2018). However, companies are working to produce 3D printers 

specifically for the pharmaceutical industry, for example FabRx have produced 

M3DIMAKER™, the world’s first pharmaceutical 3D printer (FabRx, 2020).  

Scale up is an important factor to consider when using 3D printing as a manufacturing 

technique. If a tabletop 3D printer was used to develop prototypes which show promising 

clinical results, the same type of printer would need to be used for large scale 

manufacturing. However, this will be dependent on the type of 3D printing used. For 

example, if an extrusion based 3D printing technique, such as FDM was used, scale up to 

larger equipment with multiple print heads will not pose any great risk to product variation 

provided nozzle diameter, print head speed, temperature and other product critical factors 

remain the same (Khairuzzaman, 2018). 
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One of the major aspirations for 3D printing within the pharmaceutical industry is for it 

to be used in the on demand production of personalised medicine. This would present 

additional regulatory considerations such as liability, intellectual rights, data protection 

and storage conditions, (among others), which need to be fully considered before this 

becomes a reality (Palo et al., 2017). There are also important considerations in terms of 

packaging and labelling requirements for pharmaceuticals which are produced in situ, on-

demand and in small quantities rather than traditionally being produced in large volumes 

by a small number of licensed manufacturers (Stones et al., 2017). The advent of improved 

analytical systems such as non-destructive dose verification using near infrared 

spectrometry could allow the quality of every product to be tested, contributing to this 

vision becoming a reality (Trenfield et al., 2020; Trenfield et al., 2018). 

 

1.8. Hypothyroidism 

Two systems in the body are responsible for regulating and maintaining homeostasis: the 

nervous system and the neuro-endocrine system. The nervous system allows rapid 

transmission of information between body regions, whilst hormonal communication 

relies on the release and transport of hormones via the bloodstream (Hiller-Sturmhöfel et 

al., 1998). These systems both complement and influence each other, working together to 

maintain homeostasis. Neuro-endocrine hormones play an important role in regulating 

bodily functions, and have effects in a variety of areas including growth and development, 

metabolism, electrolyte balance and reproduction, among others (Hiller-Sturmhöfel et al., 

1998). Numerous glands throughout the body are responsible for the production and 

regulation of these hormones. These glands are summarised in Figure 1.24.  
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Figure 1.24. Schematic representation of the endocrine (hormone producing) organs in the body (includes 
both male and female endocrine organs for illustration) (Hiller-Sturmhöfel et al., 1998). 

 

Hypothyroidism is a condition in which insufficient thyroid hormone is produced to meet 

the body’s daily requirements. It can be divided into two categories: primary 

hypothyroidism and secondary hypothyroidism (National institute for health and care 

excellence (NICE), 2019). Primary hypothyroidism arises from problems associated with 

the thyroid gland, whereas, secondary hypothyroidism arises from problems in the 

pituitary gland (NICE, 2019). It is a common condition, affecting 2% of UK population 

and it is more common in woman than in men (NICE, 2019).  

Thyroid hormones are responsible for the regulation of a number of essential 

physiological processes, including brain development, oxygen consumption and heat 

production (Alomari et al., 2018). Therefore, hypothyroidism can cause a number of 

unpleasant side effects for patients, including chronic fatigue, weight gain and cold 

intolerance (Alomari et al., 2018). Long term effects of untreated hypothyroidism include 

increased risk of cardiovascular morbidity and mortality and bone related complications 

such as osteoporosis (NICE, 2019). Under normal conditions, thyroid hormones 

(triiodothyronine (T3) and thyroxine (T4)) are produced by the thyroid gland. This process 
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is regulated by the hypothalamic-pituitary-thyroid (HPT) axis through a negative feedback 

loop (Colucci et al., 2010). Low plasma levels of T3 and T4 stimulate the release of 

thyrotropin-releasing hormone (TRH) from the hypothalamus, which in turn stimulates 

the release of thyroid-stimulating hormone (TSH) from the pituitary. TSH stimulates the 

thyroid gland to produce T3 and T4. Increased levels of T3 and T4 in turn feedback and 

reduce the production of TRH, which in turn inhibits the production of TSH and 

completes the feedback loop (Mariotti et al., 2000). This loop is summarised in Figure 

1.25. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.25. Schematic diagram of the HPT feedback loop. 

 

The predominant hormone produced by the thyroid gland is T4 (approximately 

70 – 90 µg/day). T3 is produced in smaller quantities (15 – 30 µg/day) (Colucci et al., 

2010). Both T4 and T3 are active, however, T3 is more active as thyroid receptors have a 

10-fold greater affinity for T3 (Colucci et al., 2010). The body’s production of T3 is 

insufficient to meet its daily need, therefore, 80% of the body’s T3 comes from the 

peripheral conversion of T4 to T3 by deiodination with iodothyronine deiodinases 
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(Mandel, 1993; Wartofsky, 2013) (Figure 1.26). The only structural difference between T3 

and T4 is the number of iodine atoms on each molecule (Figure 1.25). 

 

 

Figure 1.26. T4 conversion to T3 by deiodinase (DI) enzymes in cells. 

 

Current first line treatment of hypothyroidism is with oral levothyroxine sodium (LEVO 

sodium), a synthetic T4 hormone that is biochemically and physiologically 

indistinguishable from natural T4 (Colucci et al., 2010; NICE, 2019). The typical adult dose 

of LEVO sodium is 100 – 200 µg/day, but children may require higher doses and adults 

over 50 years may require lower doses (50 – 200 µg once daily) (Colucci et al., 2010; Joint 

formulary committee, 2020f; Singer, 1995). Despite T3 being the more active form of the 

hormone, treatment with liothyronine (synthetic T3) is not recommended due to its short 

half-life leading to unstable serum levels and the increased risk of iatrogenic 

hyperthyroidism (NICE, 2019; Singer, 1995). The long half-life of LEVO sodium allows 

for once daily dosing (Dayan et al., 2018). Following oral administration, LEVO sodium 

is absorbed from the small intestine and has an bioavailability of 40 – 80%, however, this 

is dependent on various factors including the co-administration of food and other drugs 

(Colucci et al., 2010). As such, patients taking LEVO sodium are given additional 

directions to take their LEVO sodium tablet(s) 30 mins before food or any other 

medication to minimise any negative impact that co-administration of food or drugs 

would have on the absorption of LEVO sodium (Joint formulary committee, 2020f).  

Patient non-compliance with LEVO sodium regimens is well documented (Rajput et al., 

2017), and whether it be patients not taking the tablets at all or not following the specific 

administration instructions, both have a negative impact on treatment outcome. 

Numerous studies have investigated supervised once weekly oral thyroxine dosing in 

patients that were thought to be non-compliant (Grebe et al., 1997; Rajput et al., 2017; 

Rangan et al., 2007). Thyroxine has a half-life of approximately seven days and, therefore, 

once weekly dosing should be feasible. Weekly dosing was found to improve results for 

these patients and there was no indication of toxicity compared with daily therapy (Grebe 
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et al., 1997; Rajput et al., 2017; Rangan et al., 2007). Weekly dosing could be an alternative 

for patients with compliance issues. However, oral LEVO sodium is known to have a 

number of drug and food interactions which are not overcome by oral once weekly 

dosing. A long-acting drug delivery system that could deliver LEVO sodium in a way 

where its absorption was not affected by other medications would overcome many of 

these drug interactions and could further increase patient compliance. 

In extreme cases of non-compliance weekly intramuscular injections of LEVO sodium 

have successfully restored thyroid levels (Taylor et al., 2015). This highlights the potential 

use of intramuscular injection for the delivery of LEVO sodium. Other case reports have 

also suggested the potential of intramuscular delivery of LEVO sodium (Kwek et al., 2018; 

Mikhail, 2020). In some cases, sufficient absorption of oral LEVO sodium is not achieved 

even when patients have perfect compliance. Groener et al., (2013) reported the use of 

subcutaneous LEVO injected once weekly to a patient who was previously unable to 

achieve normal thyroid levels on correct administration of oral LEVO sodium. This study 

highlights the challenges with oral administration of LEVO sodium and the benefits that 

subcutaneous administration could bring. 

Although treatment with LEVO sodium is recommended, some research has been 

conducted with T3 and combinations of LEVO sodium and T3. Titan pharmaceuticals 

(California, USA) is currently conducting preclinical studies for the development of a 

subdermal implant for delivery of T3 for the treatment of hypothyroidism (Titan 

Pharmaceuticals, 2020b). This device will utilise their ProNeura® drug delivery platform 

to provide continuous delivery for 3 months to a year (Idrees et al., 2019; Titan 

Pharmaceuticals, 2020b). 

Poor compliance and problems with oral delivery of thyroid hormones remains a major 

challenge for the treatment of hypothyroidism and provides an incentive for the 

development of a long-acting parenteral formulation. Currently, there is limited research 

to develop long-acting treatments for hypothyroidism, however, intramuscular, 

subcutaneous or implantable delivery devices are interesting candidates for a long-acting 

hypothyroidism treatment. Development of an implantable device for the treatment of 

hypothyroidism will be explored further in the subsequent chapters of this thesis.  
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1.9. Summary 

A variety of drug delivery routes exist, each with their own purposes, advantages and 

disadvantages. Sustained drug delivery may be achieved by a variety of routes and can 

improve patient compliance and reduce side effects. Sustained delivery can be achieved 

with implantable drug delivery devices and these offer numerous advantages which make 

them an interesting and promising method of drug delivery. Implants are most commonly 

made from polymers. These may be either biodegradable or non-biodegradable. A 

number of different designs and manufacturing techniques can be used to prepare 

implants, making them a promising and versatile drug delivery device. These devices may 

be used for a wide range of conditions and there are numerous examples of products 

which are on the market for a range of applications including contraception, cancer 

treatment and glaucoma management, among others. However, they may have extra 

regulatory considerations when compared to other routes of delivery, for example sterility. 

Hypothyroidism is a common condition affecting large numbers of the UK population 

and can have debilitating symptoms if not properly controlled. Sustained delivery of 

LEVO sodium is relatively unexplored and an implantable drug delivery device could be 

an attractive alternative to oral delivery of this drug. It could improve patient compliance 

and quality of life, whilst minimising long term complications of untreated 

hypothyroidism and costs the health service and patient.
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1.10. Aims and objectives 

The aim of this thesis is to investigate the development of biodegradable implantable drug 

delivery devices for sustained drug delivery. 

 

The objectives of the work described in this this thesis include:  

• to develop and validate analytical methods for the detection and quantification of 

methylene blue, ibuprofen sodium, ibuprofen free acid and LEVO sodium; 

• to design and produce reservoir implants of different designs and investigate their 

drug release using model compounds; 

• to prepare suitable polymeric rate controlling films to extend drug release from 

reservoir implants; 

• to investigate the use of MW radiation, UV light and gamma radiation to 

potentially sterilise an implantable drug delivery device; 

• to fabricate and characterise an implantable drug delivery device for the delivery 

of LEVO sodium for the treatment of hypothyroidism. 
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2.1. Introduction 

Pharmaceutical analysis is an integral part of drug formulation and product development, 

allowing the detection and quantification of active pharmaceutical ingredients in both 

pharmaceutical dosage forms and biological fluids. A wide range of analytical techniques 

exist including infrared spectrometry, ultraviolet and visible (UV-Vis) spectrometry and 

high-performance liquid chromatography (HPLC). The most suitable technique must be 

chosen based on a variety of factors including: the information required from the test; the 

physicochemical properties of the compound; the level of sensitivity required; and the 

type of sample to be analysed (Watson, 2017). The requirements for the control of the 

validation of analytical methods have been addressed by the International Conference on 

Harmonisation (ICH) (ICH, 2005). A set of guidelines was created to standardise the 

requirements for medicines regulation throughout the world. Validation of an analytical 

method demonstrates the suitability of the method for the intended purpose. Validation 

parameters which are recommended within the guidelines are: specificity; range; linearity; 

accuracy; precision; limit of detection (LoD); and limit of quantification (LoQ) (ICH, 

2005). 

This thesis focusses on the development of long-acting drug delivery devices. Throughout 

this work, a number of model compounds and drug compounds were investigated. These 

compounds include methylene blue (MB), ibuprofen sodium (IBU sodium), ibuprofen 

free acid (IBU acid) and levothyroxine sodium (LEVO sodium). MB, IBU sodium and 

IBU acid were chosen as model compounds because they have differing aqueous 

solubilities. LEVO sodium has been chosen because it is very potent drug compound, 

requiring a dose of 50 – 200 µg/day for the treatment of hypothyroidism (Joint formulary 

committee, 2020f). Thus, it is a promising drug candidate for the development of a long-

acting drug delivery device. A suitable analytical method to detect and quantify each 

compound was required. 

MB (3,7-bis(dimethylamino)phenothiazin-5-ium chloride) is a hydrophilic thiazine dye 

compound with applications ranging from photodynamic therapy for the treatment of 

basal cell carcinoma (Tardivo et al., 2005) to antimicrobial chemotherapy (Wainwright et 

al., 2002) to biological staining (Oz et al., 2011). MB is freely soluble in water 

(43.60 mg/mL (Pubchem et al., 2019)) and soluble in ethanol (The British Pharmacopeia 

Commission, 2019). MB has been analysed using various techniques, the most common 

being, UV-Vis spectrometry. The presence of a chromophore (in this case a 
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phenothiazine group) in its structure allows detection and quantification using UV 

spectrometry. MB has previously been quantified using UV-spectrometry at wavelengths 

ranging from 657 – 663 nm (Bélaz-David et al., 1997; Disanto et al., 1972). The 

physicochemical properties of MB are summarised in Table 2.1.  

Table 2.1. Physicochemical properties of MB (Pubchem et al., 2019). 

 

IBU is a nonsteroidal anti-inflammatory drug. Different forms of IBU exist. These include 

IBU acid (2-(4-isobutylphenyl)propanoic acid), IBU sodium (sodium 2-(4-

isobutylphenyl)propionate) and IBU lysine (2-(4-isobutylrphenyl)propanoic acid-L-

lysine). IBU is one of the most widely used non-prescription analgesics available (Laska et 

al., 1986; Legg et al., 2014). IBU acid shows low solubility in water (0.02 mg/mL 

(Drugbank, 2019)) and, as a result, pain relief is not achieved until around 45 min after 

oral ingestion. In order to provide more rapid pain relief, IBU salt conjugates were 

formed, for example IBU sodium. These salts have a higher aqueous solubility and can, 

therefore, provide a faster onset of pain relief (Legg et al., 2014). Due to the availability of 

different salt forms of IBU with differing aqueous solubilities, IBU sodium and IBU acid 

were chosen as model compounds to assess the effect that solubility has on the drug 

Physicochemical properties MB 

Molecular formula C16H18ClN3S 

Chemical structure 

 

  

Molecular weight (g/mol) 319.85 

Solubility in water at 25°C (mg/mL) 43.60 

pKa 2.44 

Log P 3.61 

Melting point (°C) 100 – 110 
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release profile from the designed drug delivery devices. The physicochemical properties 

of IBU sodium and IBU acid are summarised in Table 2.2.  

Table 2.2. Physicochemical properties of IBU sodium and IBU acid (Drugbank, 2019; Sigma-Aldrich, 
2019). 

 

The majority of studies reported in the literature used HPLC to separate and quantify IBU 

(Hong, et al., 2017; McCrudden, et al., 2014; Radi, et al., 2014; Tsvetkova, et al., 2012). Due 

to the presence of a chromophore and auxochrome (in this case a benzene ring and 

sodium carboxylate/carboxylic acid group) in its structure. The majority of published 

methods used reversed-phase HPLC (RP-HPLC) coupled with UV detection. A selection 

of published RP-HPLC methods for IBU sodium and IBU acid is summarised in 

Table 2.3.

Physicochemical properties IBU sodium IBU acid 

Molecular formula C13H17NaO2 C13H18O2 

Chemical structure 

  

Molecular weight (g/mol) 228.26 206.29 

Solubility in water at 25°C (mg/mL) 100 0.02 

pKa 4.85 5.30 

Log P 4.15 3.97 

Melting point (°C) Not specified 75 – 77.5 
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Table 2.3. Published RP-HPLC methods employing UV detection for the quantification of IBU sodium and IBU acid. 

 

 

Drug Matrix 
Column and 

column 
temperature 

Mobile phase 
composition 

Flow rate 
(mL/min) 

Injection volume 
(µL) 

Detection 
wavelength 

(nm) 

Retention 
time 

(min) 

Range 
(µg/mL) 

Reference 

IBU 
sodium 

PBS (pH 7.4) 
Rat plasma 

Zorbax eclipse 
XDB-C18 (5 µm 

pore size, 4.6 x 150 
mm) 

Not specified 

Methanol: 10 mM 
potassium phosphate 

(pH 4.6) (60:40% v/v) 
1.0 50 220 

Not 
specified 

Not 
specified 

(McCrudden 
et al., 2014) 

IBU 
sodium 

Hexane: ethyl 
acetate: 

trifluoroacetic 
acid (TFA) 

(97:3:0.95% v/v) 

Ultimate silica (5 µm 
pore size, 4.6 x 

250 mm) 
Not specified 

Hexane: ethyl acetate: 
TFA (97:3:0.95% v/v) 

1.0 Not specified 264 10 
Not 

specified 
(Hong et al., 

2017) 

IBU Methanol 

LiChrosorb C18 

column (10 µm pore 
size, 4.6 x 250 mm) 

Ambient  

Methanol: 50 mM 
sodium dihydrogen 
phosphate (pH 7.0) 

(65:35% v/v) 

1.0 20 230 7 20 – 160 
(Boyka et al., 

2012) 

IBU 

Methanol:water 
(50:50% v/v) 
and human 

plasma 

Hypersil Gold C18 

column (5 µm pore 
size, 4.6 x 250 mm) 

40°C 

Methanol: 50 mM di-
potassium hydrogen 

phosphate anhydrous 
(pH 6.5) (20:80% v/v) 

1.0 100 220 9.9 1 – 100 
(Ganesan et 
al., 2010) 

IBU 

Methanol:water 
(50:50% v/v) 
and human 

plasma 

Hypersil Gold C18 

column (5 µm pore 
size, 4.6 x 250 mm) 

40°C 

Methanol: 50 mM di-
potassium hydrogen 

phosphate anhydrous 
(pH 6.5) (20:80% v/v) 

1.0 100 220 9.9 1 – 100 
(Ganesan et 
al., 2010) 

IBU Not specified 

Zorbax SB-C18 

column (5 µm pore 
size, 4.6 x 150 mm) 

Ambient 

Acetonitrile: water 
(0.07% phosphoric 
acid) (50:50% v/v) 

1.0 20 220 10 
Not 

specified 
(Radi et al., 

2014) 
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Table 2.3. (Continued) Published RP-HPLC methods employing UV detection for the quantification of IBU sodium and IBU acid. 

 

Drug Matrix 
Column and 

column 
temperature 

Mobile phase 
composition 

Flow rate 
(mL/min) 

Injection 
volume (µL) 

Detection 
wavelength 

(nm) 

Retention 
time (min) 

Range 
(µg/mL) 

Reference 

IBU 

Acetonitrile: 
phosphate 

buffer 
(pH 6.8) 

(35:65% v/v) 

Phenomenex C18 

column (5 µm 
pore size, 4.6 x 

150 mm) 
Not specified 

Acetonitrile: phosphate 
buffer (pH 6.8) 
(35:65% v/v) 

0.7 10 222 4.7 10 – 40 
(Rahman et al., 

2014) 
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LEVO sodium (3,5,3’,5’-tetraiodo-L-thyronine sodium) is the sodium salt of the levo-

isomer of thyroxine (T4), a hormone secreted by the thyroid gland to regulate metabolic 

processes and physical development (Collier et al., 2011). It is the most commonly 

prescribed medication in the United States (US) and in the United Kingdom (UK) for the 

treatment of hypothyroidism (Gika et al., 2005; Sherman et al., 1995). It is a white, 

odourless, hygroscopic and crystalline power which is slightly soluble in water and 

alcohols and insoluble in acetone, chloroform and ether (Collier et al., 2011; Florey et al., 

1976; The British Pharmacopeia Commission, 2019) The physicochemical properties of 

LEVO sodium are summarised in Table 2.4. 

Table 2.4. Physicochemical properties of LEVO sodium (Drugbank, 2020; Florey et al., 1976; Pubchem, 
2020). 

 

 

 

 

 

 

 

 

 

 

 

Many studies in the literature used RP-HPLC to separate and quantify LEVO sodium 

(Azarbayjani, et al., 2011; Collier, et al., 2011; Shah, et al., 2008; Won, 1992). Due to the 

presence of a chromophore (in this case two benzene rings) in its structure, many of the 

published methods use RP-HPLC coupled with UV detection. A selection of published 

RP-HPLC methods for LEVO sodium is shown in Table 2.5. Other techniques such as 

HPLC coupled with mass spectrometry or HPLC coupled with photodiode-array UV 

detection have been used (Kannamkumarath, et al., 2004; Wang, et al., 2010).   

Physicochemical properties LEVO sodium 

Molecular formula C15H9I4NNaO4 

Chemical structure 

 

Molecular weight (g/mol) 797.85 

Solubility in water at 25°C (mg/mL) 0.11 

pKa 
2.40 (carboxyl), 6.87 (phenolic), 9.96 

(amino)  

Log P 4.00 

Melting point (°C) 233 – 235 
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Table 2.5. Published RP-HPLC methods employing UV detection for the quantification of LEVO sodium. 

Drug Matrix 
Column and column 

temperature 
Mobile Phase composition 

Flow Rate 
(mL/min) 

Injection 
volume 

(µL) 

Detection 
wavelength 

(nm) 

Retention 
time (min) 

Range 
(µg/mL) 

Reference 

LEVO 
sodium 

Not 
specified 

Primesep D (4.6 x 
150 mm) 

Not specified 

Acetonitrile: 0.1% TFA (30:70% 
v/v) 

1.0 
Not 

Specified 
230 

10 
(approx.) 

Not 
Specified 

(SIELC 
Technologies, 

2019) 

LEVO 
40% 

ethanol 

X-bridge column (3.5 
µm pore size, 4.6 x 

100 mm) 
Not specified 

Acetonitrile: 0.05 M phosphate 
buffer (pH 3.0) (70:30% v/v) 

0.6 100 220 9 0.05-2 
(Azarbayjani et 

al., 2011) 

LEVO 
sodium 

Not 
specified 

Ascentis Express ES-
Cyano, (2.7 µm 

particles, 2.1 x 100 
mm) 
30°C 

Acetonitrile (0.05% phosphoric 
acid): water (0.05% phosphoric 

acid) (40:60% v/v) 
1.5 5 225 

Not 
specified 

20 (Merck, 2019) 

LEVO 
sodium 

0.08% 
w/v 

NaOH: 
methanol 
(50:50% 

v/v) 

Not specified (4.6 x 
250 mm) 

Not specified 

Acetonitrile: 0.05% phosphoric 
acid (40:60% v/v) 

1.5 100 225 
Not 

Specified 
Not 

specified 

( The United 
States 

Pharmacopeial 
Convention, 

2016) 

LEVO 
sodium 

Not 
specified 

Phenomonex (cyano 
bonded silica) column 
(5 µm pore size, 4.6 x 

250 mm) 
Not specified 

Acetonitrile: water: phosphoric 
acid (400:600:1% v/v) 

1.5 
Not 

Specified 
225 

Not 
specified 

Not 
specified 

(Won, 1992) 



 

 

6
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Table 2.5. (Continued) Published RP-HPLC methods employing UV detection for the quantification of LEVO sodium. 

Drug Matrix 
Column and column 

temperature 
Mobile phase composition 

Flow rate 
(mL/min) 

Injection 
volume 

(µL) 

Detection 
wavelength 

(nm) 

Retention 
time (min) 

Range 
(µg/mL) 

Reference 

LEVO 
sodium 

Methanol: 10 
mM 

phosphate 
buffer (pH 

3.0)  
(55:45% v/v) 

Waters Nova-Pak C18 
column (3.9 x 250 mm) 

28°C 

Methanol: 10 mM phosphate 
buffer (pH 3.0) (gradient) 

1.0 800 225 
Not 

Specified 
0.08-0.8 

(Collier et al., 
2011) 

LEVO 
sodium 

0.08% w/v 
NaOH: 

methanol 
(50:50% v/v) 

Inertsil C18 column 
(5 µm pore size, 4.6 x 

250 mm) 
25°C 

Acetonitrile: 0.1% TFA 
(gradient) 

0.8 50 223 17.60 2-20 
(Shah et al., 

2010) 
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2.2. Aims and objectives 

The aim of this chapter was to develop and validate suitable analytical methods for the 

detection and quantification of MB, IBU sodium, IBU acid and LEVO sodium. This 

would allow the quantification of drug released from the manufactured implantable drug 

delivery devices to be determined. 

 

The objectives were: 

• to determine the UV absorption maxima of MB, IBU sodium, IBU acid and 

LEVO sodium; 

• to develop and validate a UV-Vis method for the detection and quantification of 

MB in a suitable in vitro release medium with robust linearity over the expected 

concentration range; 

• to develop and validate an RP-HPLC method using UV detection to 

chromatographically separate and quantify IBU sodium and IBU acid in a suitable 

in vitro release medium with robust linearity over the expected concentration 

range; 

• to develop and validate an RP-HPLC method using UV detection to 

chromatographically separate and quantify LEVO sodium in a suitable in vitro 

release medium with robust linearity over the expected concentration range. 
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2.3. Materials and apparatus 

2.3.1. Materials 

• MB ≥95%, phosphate buffered saline (PBS) (pH 7.4) tablets, TFA ≥99%, 

acetonitrile for HPLC, IBU sodium ≥98% and bovine serum albumin (BSA) 

lyophilised powder ≥ 96% (Sigma Aldrich, Dorset, UK) 

• LEVO sodium pentahydrate ≥99% (Enke Pharma-tech Co., Ltd, Cangzhou, 

China) 

• IBU acid ≥98% (Pharminnova, Waragem, Belgium) 

• Sodium azide (SA) (Fluorochem Ltd, Hadfield, UK) 

• Phosphoric acid 85% (Amresco, Inc., Ohio, USA) 

• Water for HPLC (ELGA PureLab DV 25-Flex 2 ultrapure water purification 

system) 

• Microtubes 1.5 mL and 2.0 mL and Filtropur S 0.2 µm syringe filters (Starstedt, 

Nümbrecht, Germany) 

• Syringe filters (0.2 and 0.45 µm) (VWR International, Leicestershire, UK)  

2.3.2. Apparatus 

• Cary 50 Scan UV-Vis spectrometer (Varian, Inc., Palo Alto, California, USA) 

• Quartz cuvette cell (Starna Scientific, Essex, England) 

• ELGA PureLab DV 25-Flex 2 ultrapure water purification system (Veolia Water 

Systems Ltd., Cellbridge, Ireland) 

• pH 209 bench-top pH meter (Hanna Instruments, Rhode Island, USA) 

• IKA® vortex 2 (IKA, Oxford, UK) 

• FLUOstar Omega Microplate Reader (BMG LABTECH, Ortenberg, Germany) 

• HPLC instrumentation composed of an Agilent 1220 Infinity II LC gradient 

system (Agilent Technologies UK Ltd., Stockport, UK) 

• Individual chromatograms obtained were analysed using Agilent Chemstation® 

software version B.02.01 (Agilent Technologies UK Ltd., Stockport, UK) 

• Zorbax Eclispe XDB-C18 (95 Å pore size, 150 mm length x 4.6 mm internal 

diameter; 5 µm particle size) column (Agilent Technologies UK Ltd., Stockport, 

UK) 
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• SphereClone™ C18 ODS(1) (80 Å pore size, 150 mm length x 4.6 mm internal 

diameter; 5 μm particle size) column (Phenomenex, Cheshire, UK) 

• Zorbax Eclipse plus C18 (95 Å pore size, 250 mm length x 4.6 mm internal 

diameter; 5 μm particle size) column with guard column of matching chemistry 

(Agilent Technologies UK Ltd., Stockport, UK) 

• Decon® FS300b sonicating-water bath (Decon Laboratories Ltd., East Sussex, 

UK) 
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2.4. Methods 

2.4.1. UV light absorption maxima determination of MB, IBU sodium, IBU acid and LEVO sodium 

The UV absorption maximum of each compound was determined using a UV-Vis 

spectrometer. A 1 cm2 quartz cell filled with PBS (pH 7.4) was used as a blank for MB, 

acetonitrile: 0.1% phosphoric acid (70:30% v/v) was used as a blank for IBU sodium and 

IBU acid and acetonitrile: 0.1% TFA (65:35% v/v and 50:50% v/v) was used as a blank 

for LEVO sodium to perform background scans for each compound. Standard solutions 

containing each of the compounds were scanned at room temperature (20°C) between 

200 and 800 nm to produce a spectrum for each compound. 

 

2.4.2. Instrumentation and chromatographic conditions of MB, IBU sodium, IBU acid and LEVO 

sodium 

UV analysis of MB was carried out using FLUOstar Omega Microplate Reader. UV 

detection of MB was carried out at 668 nm. 

Separation and quantification of IBU sodium and IBU acid were carried out using RP-

HPLC, on an Agilent 1220 Infinity II LC system. The column used to achieve separation 

was a Zorbax Eclispe XDB-C18 (95 Å pore size, 150 mm length x 4.6 mm internal 

diameter; 5 µm particle size) column. The mobile phase used was composed of acetonitrile 

and 0.1% phosphoric acid at a ratio of 70:30% v/v, with a flow rate of 1.0 mL/min, 

injection volume of 50 µL, and a sample runtime of 5 min. UV detection of IBU sodium 

and IBU acid were carried out at 220 nm. The mobile phase was degassed by sonication 

for 30 min prior to use. The column temperature was regulated to 25°C. A needle wash 

using acetonitrile was carried out between each sample to ensure the injection needle was 

adequately clean. Chromatogram analysis was performed using Agilent Chemstation® 

software version B.02.01. 

Two methods for the separation and quantification of LEVO sodium were developed. 

The first was carried out using RP-HPLC, on an Agilent 1220 Infinity II LC system. The 

column used to achieve separation was a SphereClone™ C18 ODS (1) (95 Å pore size, 

150 mm length x 4.6 mm internal diameter; 5 µm particle size) column. The mobile phase 

used was composed of acetonitrile and 0.1% TFA at a ratio of 65:35% v/v, with a flow 
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rate of 0.9 mL/min, injection volume of 50 µL, and a sample runtime of 10 min. UV 

detection of LEVO sodium was carried out at 225 nm.  

The second was carried out using RP-HPLC, on an Agilent 1220 Infinity II LC system. 

The column used to achieve separation was a Zorbax Eclipse plus C18 (95 Å pore size, 

250 mm length x 4.6 mm internal diameter; 5 μm particle size) with guard column of 

matching chemistry. The mobile phase used was composed of acetonitrile and 0.1% TFA 

at a ratio of 50:50% v/v, with a flow rate of 0.6 mL/min, injection volume of 50 µL, and 

a sample runtime of 10 min. UV detection of LEVO sodium was carried out at 225 nm.  

In each case, the mobile phase was degassed by sonication for 30 min prior to use. The 

column temperature was regulated to 30°C. A needle wash using acetonitrile was carried 

out between each sample to ensure the injection needle was adequately clean. 

Chromatogram analysis was performed using Agilent Chemstation® software version 

B.02.01. 

 

2.4.3. Stock solution and working standards of MB in PBS (pH 7.4) 

A stock solution of MB was prepared by dissolving the appropriate mass of MB in PBS 

(pH 7.4) to give a final solution with a concentration of 0.5 mg/mL. Subsequent dilutions 

were performed using PBS (pH 7.4) to give standards with concentrations ranging from 

0.0625 – 1.87 µg/mL. All resulting solutions were vortexed to ensure thorough mixing 

and dissolution.  

 

2.4.4. Stock solution and working standards of IBU sodium in PBS (pH 7.4) 

A stock solution of IBU sodium was prepared by dissolving the appropriate mass of IBU 

sodium in PBS (pH 7.4) to give a final solution with a concentration of 1 mg/mL. 

Subsequent dilutions were performed using PBS (pH 7.4) to give standards with 

concentrations ranging from 0.039 – 100 µg/mL. All resulting solutions were vortexed to 

ensure thorough mixing and dissolution.  
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2.4.5. Stock solution and working standards of IBU acid in PBS (pH 7.4) 

A stock solution of IBU acid was prepared by dissolving the appropriate mass of IBU 

acid in PBS (pH 7.4) to give a final solution with a concentration of 20 µg/mL. 

Subsequent dilutions were performed using PBS (pH 7.4) to give standards with 

concentrations ranging from 0.078 – 20 µg/mL. All resulting solutions were vortexed to 

ensure thorough mixing and dissolution.  

 

2.4.6. Stock solution and working standards of LEVO sodium in 100% ethanol 

A stock solution of LEVO sodium was prepared by dissolving the appropriate mass of 

LEVO sodium in 100% ethanol to give a final solution with a concentration of 

200 µg/mL. Subsequent dilutions were performed using 100% ethanol to give standards 

with concentrations ranging from 0.049 – 25 µg/mL. All resulting solutions were vortexed 

to ensure thorough mixing and dissolution.  

 

2.4.7. Stock solution and working standards of LEVO sodium in 0.1% w/v BSA  

A stock solution of LEVO sodium was prepared by dissolving the appropriate mass of 

LEVO sodium in 0.1% w/w BSA solution to give a final solution with a concentration 

of 100 µg/mL. Subsequent dilutions were performed using 0.1% w/v BSA to give 

standards with concentrations ranging from 0.012 – 25 µg/mL. All resulting solutions 

were vortexed to ensure thorough mixing and dissolution.  

 

2.4.8. Method validation 

Method validation for all compounds was carried out following the advice given in 

guidance in the ICH technical requirements for registration of pharmaceuticals for human 

use: Validation of analytical procedures Q2 (R1) 2005 (ICH, 2005). The parameters 

assessed were specificity, accuracy, precision, linearity and range, LoD and LoQ. 
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2.4.8a. Specificity 

Specificity is defined in the ICH guidelines as “the ability to assess unequivocally the analyte in 

the presence of components which may be expected to be present” (ICH, 2005). To determine the 

specificity of the methods, blank samples were analysed, followed by analysis of a blank 

sample spiked with the compound of interest. In each analytical method, a minimum of 

three independent replicates were used to identify the analyte of interest from expected 

components and interferences. 

 

2.4.8b. Accuracy 

Accuracy of an analytical procedure expresses the degree of closeness between the value 

found and the true value that is acceptable (ICH, 2005). The accuracy of each validated 

method was expressed in terms of mean percentage accuracy (± standard deviation 

(S.D.)). Accuracy was determined by analysing three samples of each compound with 

concentrations representing high, medium and low concentrations across the range. Intra-

day (within 24 hr period) and inter-day accuracy (three consecutive 24 hr periods) were 

calculated. The percentage accuracy was determined using Equation 2.1. 

 

% 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑡𝑟𝑢𝑒 𝑣𝑎𝑙𝑢𝑒
× 100 

 

2.4.8c. Precision 

The precision of an analytical procedure “expresses the closeness of agreement between a series of 

measurements obtained from multiple sampling of the same homogeneous sample under the prescribed 

conditions” (ICH, 2005). The precision of an analytical procedure is expressed as the 

variance, which utilises S.D. of the coefficient of variation (CV) of a series of 

measurements. In each validated method inter- and intra-day precision were assessed, 

with a minimum of three independent replicates indicated for low, medium, and high 

concentration sampling and expressed in terms of the percentage of CV. Percentage CV 

was determined using Equation 2.2.  

 

Equation 2.1 
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% 𝐶𝑉 =  
𝑆. 𝐷.

𝑥
 × 100 

 

Where S.D. is standard deviation and 𝑥 is the mean. Inter-day precision was calculated 

using one replicate of low, medium and high concentration from three 24 hr periods. 

Intra-day precision was calculated using thee replicates at low, medium and high 

concentration from one single 24 hr period. 

 

2.4.8d. Linearity and range 

Linearity refers to the ability of an analytical procedure to obtain test results which are 

directly proportional to the concentration of analyte in each sample. Linearity is set within 

a range and is bound by the LoD and an upper limit defined by the set range. For each 

validated analytical method, a range has been clearly defined. To assess the linearity of 

each method, representative curves were plotted. For UV-Vis methods, absorption was 

plotted on the y-axis and concentration on the x-axis. For RP-HPLC methods, peak area 

was plotted on the y-axis and concentration was plotted on the x-axis. Calibration curves 

were obtained over a period of three days and a minimum of five concentrations were 

tested across the range from three independent samples, prepared each day of the 

calibration. Mean values (±S.D.) were used to plot the final curves for each compound. 

Curves were analysed using least squares linear regression, determination of the slope, 

intercept, correlation coefficient (r2) and residual sum of squares. The range was the 

highest and lowest concentrations tested which yielded a linear relationship and were 

representative of the samples likely to be analysed. 

 

 

 

 

 

Equation 2.2 
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2.4.8e. LoD and LoQ 

The LoD is defined in the ICH guidelines as “the lowest amount of analyte in sample which can 

be detected but not necessarily quantified as an exact value” (ICH, 2005). The LoQ is defined in 

the ICH guidelines as “the lowest amount of analyte in sample which can be quantitatively determined 

with a suitable precision and accuracy” (ICH, 2005). An approach based on the S.D. of the 

response and the slope of the representative calibration curve was used to calculate LoD 

and LoQ. 

LoD was calculated using the Equation 2.3. 

 

𝐿𝑜𝐷 =  
3.3𝜎

𝑆
 

 

Where σ is defined as the S.D. of the output signal and S is defined by the slope of the 

linear regression model created as a result of correlation between known standard 

concentrations and the analytical procedure output. In this chapter, validated UV output 

is defined as absorbance of the analyte and for RP-HPLC methods, signal output is 

defined as area under the curve (AUC) of the chromatographic analyte peak. 

Similarly, the LoQ was calculated using Equation 2.4. 

 

𝐿𝑜𝑄 =  
10𝜎

𝑆
 

 

2.4.9. Statistical analysis 

Statistical analysis was performed using GraphPad Prism® version 8.00 (GraphPad 

Software Inc., San Diego, California, USA) and Microsoft® Excel 2016 (Microsoft 

Corporation, Redmond, USA). The mean, S.D. and CV were calculated where appropriate 

and a calibration plot was produced with least squares linear regression analysis and 

analysis of residuals.

Equation 2.3 

Equation 2.4 
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2.5. Results 

2.5.1. UV light absorption maxima determination of MB 

The UV absorption spectrum for MB dissolved in PBS (pH 7.4) is shown in Figure 2.1. 

MB has a maximum absorption at 668 nm. Therefore, this wavelength was chosen as the 

wavelength for analysis of this model compound. UV-Vis spectrometry was used for the 

detection and quantification of MB from in PBS (pH 7.4).  

 

  

 

 

 

 

 

 

Figure 2.1. The UV absorption spectrum of MB in PBS (pH 7.4). 

 

2.5.2. Method validation for MB 

2.5.2a. Accuracy and precision 

Accuracy was determined in triplicate, over three concentrations which are representative 

of the range seen in the calibration curve. Measured concentrations were compared to 

theoretical values and percentage accuracy was calculated and shown in Table 2.6. In all 

cases, percentage accuracy was found to be in the range of 91 – 108%. 

 

 

 

 

200 400 600 800
0.00

0.05

0.10

0.15

0.20

Wavelength (nm)

A
b

so
rb

an
ce

 (
A

U
)

668 nm 



Chapter 2: Development and validation of analytical methods 
 

72 

Table 2.6. Determination of accuracy for the quantification of MB in PBS (pH 7.4) (means ± S.D., n=3). 

 Intra-day accuracy Inter-day accuracy 

Theoretical concentration 
(µg/mL) 

Mean accuracy ±S.D. (%) Mean accuracy ±S.D. (%) 

0.0625 91.56 ± 5.05 97.39 ± 5.05 

0.3125 107.54 ± 7.28 101.13 ± 3.03 

1.25 101.09 ± 6.40 101.39 ± 1.57 

 

Precision was analysed with respect to repeatability over short time periods (intra-day) 

and intermediate time periods (inter-day). Intra- and inter-day precision is presented as 

CV for MB at high, medium and low concentrations in Table 2.7. In all cases, percentage 

CV was less than 7%. 

Table 2.7. Inter-day and intra-day precision for MB quantification (means ± S.D., n=3). 

 Intra-day precision Inter-day precision 

Theoretical concentration 
(µg/mL) 

Mean 
concentration 

±S.D. (µg/mL) 

 
CV (%) 

Mean 
concentration 

±S.D. (µg/mL) 

 
CV (%) 

0.0625 0.057 ± 0.003 5.52 0.061 ± 0.06 5.52 

0.3125 0.34 ± 0.02 6.77 0.32 ± 0.01 6.77 

1.25 1.26 ± 0.08 6.33 1.26 ± 0.02 6.33 

 

2.5.2b. Linearity, range, LoD and LoQ 

To assess linearity of the method, a range of concentrations was analysed. Samples were 

prepared in triplicate and repeated on three consecutive days. Mean values (±S.D.) were 

used to produce a final representative calibration plot (Figure 2.2). Calibration curve 

properties are shown in Table 2.8. 
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Figure 2.2. Representative calibration plot of MB in PBS (pH 7.4) (means ±S.D., n=9). 

 

Table 2.8. Calibration curve properties for MB in PBS (pH 7.4) (means, n=9). 

 

 

2.5.3. UV light absorption maxima determination of IBU sodium and IBU acid 

The UV absorption spectra for IBU sodium and IBU acid dissolved in acetonitrile: 0.1% 

phosphoric acid (70:30% v/v) are shown in Figure 2.3 (A) and (B), respectively. Both 

model compounds have a maximum absorption at 220 nm. Therefore, this wavelength 

was chosen as the wavelength for analysis of these model compounds.  
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Figure 2.3. The UV absorption spectra of (A) IBU sodium and (B) IBU acid in acetonitrile: 0.1% 
phosphoric acid (70:30% v/v). 

 

2.5.4. Chromatographic conditions for the separation and quantification of IBU sodium and IBU acid 

Separation and quantification of IBU sodium and IBU acid were achieved using RP-

HPLC. Details of the method are shown in Table 2.9. Following optimisation of the RP-

HPLC method, the resultant chromatographic conditions yielded a sharp peak with a 

retention time of 3.2 min at a UV detection wavelength of 220 nm. Subsequently, the 

method was validated according to ICH guidelines. 
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Table 2.9. Chromatographic conditions for the detection and quantification of IBU sodium and IBU acid. 

Column and 
column temperature  

Mobile 
phase 

composition 

Flow rate 
(mL/min) 

Injection 
volume 

(µL) 

Detection 
wavelength 

(nm) 

Retention 
time (min) 

Agilent Eclipse XDB-
C18 (5 µm pore size, 4.6 

x 150 mm) 
25°C 

Acetonitrile: 
0.1% 

phosphoric 
acid 

(70:30% v/v) 

1.0 50 220 3.2 

 

2.5.5. Method validation for IBU sodium 

2.5.5a. Specificity 

Specificity was determined by running a sample of blank (either PBS (pH 7.4) or PBS (pH 

7.4) with SA) and blanks spiked with IBU sodium. Figures 2.4 and 2.5 show representative 

traces of the samples. A retention time of 3.2 min was observed in all cases and was 

distinct from any interfering compounds. 

 

 

 

 

 

 

 

 

Figure 2.4. Representative RP-HPLC chromatograms of (A) IBU sodium (20 µg/mL) in PBS (pH 7.4) and 
(B) PBS (pH 7.4). 
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Figure 2.5. Representative RP-HPLC chromatograms of (A) IBU sodium (20 µg/mL) in PBS (pH 7.4) 
with SA (0.5 mg/mL) and (B) PBS (pH 7.4) with SA (0.5 mg/mL). 

 

2.5.5b. Accuracy and precision 

Accuracy was determined in triplicate, over three concentrations which are representative 

of the range seen in the calibration curve. Measured concentrations were compared to 

theoretical values and percentage accuracy was calculated and shown in Table 2.10. In all 

cases, percentage accuracy was between 95 – 105%. 

Table 2.10. Determination of accuracy for the detection and quantification of IBU sodium in PBS (pH 7.4) 
(means ±S.D., n=3). 

 Intra-day accuracy Inter-day accuracy 

Theoretical concentration 
(µg/mL) 

Mean accuracy ±S.D. (%) Mean accuracy ±S.D. (%) 

2.5 97.03 ± 1.32 96.07 ± 0.71 

10 104.40 ± 1.14 103.07 ± 0.53 

20 103.64 ± 0.89 102.44 ± 1.12 

 

Precision was analysed with respect to repeatability over short time periods (intra-day) 

and intermediate time periods (inter-day). Intra- and inter-day precision is presented as 

percentage CV for IBU sodium at high, medium and low concentrations in Table 2.11. 

Percentage CV was calculated as an indicator of precision, and in all cases was less than 

4%. 

 

IBU sodium 
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Table 2.11. Inter-day and intra-day precision of IBU sodium quantification (means ±S.D., n=3). 

 Intra-day precision Inter-day precision 

Theoretical 
concentration (µg/mL) 

Mean concentration 
±S.D. (µg/mL) 

CV 
(%) 

Mean concentration 
±S.D. (µg/mL) 

CV 
(%) 

2.5 2.40 ± 0.02 1.02 2.33 ± 0.07 2.92 

10 10.31 ± 0.05 0.51 9.97 ± 0.39 3.94 

20 20.33± 0.36 1.79 20.52 ± 0.22 1.10 

 

2.5.5c. Linearity, range, LoD and LoQ  

To assess linearity of the method, a range of concentrations was analysed. Samples were 

prepared in triplicate and repeated on three consecutive days. Mean values (±S.D.) were 

used to produce a final representative calibration plot (Figure 2.6). Calibration curve 

properties are shown in Table 2.12. 

 

 

 

 

 

 

 

 

Figure 2.6. Representative calibration plot of IBU sodium in PBS (pH 7.4) (means ±S.D., n=9). 

 

Table 2.12. Calibration curve properties for IBU sodium in PBS (pH 7.4) (means, n=9). 

Concentration 

range (µg/mL) 
r2 y-intercept Slope 

LoD 

(µg/mL) 

LoQ 

(µg/mL) 

0.039 – 20 1.0 9.77 91.18 0.20 0.60 
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2.5.6. Method validation for IBU acid 

2.5.6a. Specificity 

Specificity was determined by running a blank sample (either PBS (pH 7.4) or PBS (pH 

7.4) with SA) and blanks spiked with IBU acid. Figures 2.7 and 2.8 show representative 

traces of the samples. A retention time of 3.2 min was observed in all cases and was 

distinct from any interfering compounds. 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Representative RP-HPLC chromatograms of (A) IBU acid (20 µg/mL) in PBS (pH 7.4) and 
(B) PBS (pH 7.4). 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Representative RP-HPLC chromatograms of (A) IBU acid (20 µg/mL) in PBS (pH 7.4) with 
SA (0.5 mg/mL) (B) PBS (pH 7.4) with SA (0.5 mg/mL). 
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2.5.6b. Accuracy and precision 

Accuracy was determined in triplicate, over three concentrations which are representative 

of the range seen in the calibration curve. Measured concentrations were compared to 

theoretical values and percentage accuracy was calculated and shown in Table 2.13. In all 

cases, percentage accuracy was between 97 – 106%. 

Table 2.13. Determination of accuracy for the detection and quantification of IBU acid in PBS (pH 7.4) 
(means ±S.D., n=3). 

 Intra-day accuracy Inter-day accuracy 

Theoretical concentration (µg/mL) Mean accuracy ±S.D. (%) Mean accuracy ±S.D. (%) 

2.5 105.33 ± 4.31 102.75 ± 8.76 

10 102.05 ± 3.31 97.27 ± 5.02 

20 101.68 ± 5.87 99.36 ± 2.09 

 

Precision was analysed with respect to repeatability over short time periods (intra-day) 

and intermediate time periods (inter-day). Intra- and inter-day precision is presented as 

CV for IBU acid at high, medium and low concentrations in Table 2.14. CV was calculated 

as an indicator of precision, and in all cases was less than 8%. 

Table 2.14. Inter-day and intra-day precision of the quantification of IBU acid (means ±S.D., n=3). 

 Intra-day precision Inter-day precision 

Theoretical concentration 
(µg/mL) 

Mean 
concentration 

±S.D. (µg/mL) 
CV (%) 

Mean 
concentration 

±S.D. (µg/mL) 
CV (%) 

2.5 2.59 ± 0.19 3.09 2.63 ± 0.11 4.09 

10 9.90 ± 0.72 7.28 10.21 ± 0.33 3.24 

20 19.87 ± 0.41 2.10 20.34 ± 1.18 5.79 

 

2.5.6c. Linearity, range, LoD and LoQ 

To assess linearity of the method, a range of concentrations was analysed. Samples were 

prepared in triplicate and repeated on three consecutive days. Mean values (±S.D.) were 

used to produce a final representative calibration plot (Figure 2.9). Calibration curve 

properties are shown in Table 2.15. 
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Figure 2.9. Representative calibration plot of IBU acid in PBS (pH 7.4) (means ±S.D., n=9). 

 

Table 2.15. Calibration curve properties for IBU acid in PBS (pH 7.4) (means, n=9). 

Concentration 

range (µg/mL) 
r2 y-intercept Slope 

LoD 

(µg/mL) 

LoQ 

(µg/mL) 

0.078 – 20 1.0 14.06 117.19 0.45 1.36 

 

 

2.5.7. UV light absorption maxima determination of LEVO sodium 

The UV absorption spectra for LEVO sodium dissolved in acetonitrile: 0.1% TFA 

(65:35% v/v) and acetonitrile: 0.1% TFA (50:50 % v/v) are shown in Figure 2.10 (A) and 

(B), respectively. LEVO sodium has a maximum absorption at 211 nm and 225 nm. A 

wavelength of 225 nm was chosen for analysis for this compound. 
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Figure 2.10. The UV absorption spectrum of LEVO sodium in (A) acetonitrile: 0.1% TFA (65:35% v/v) 
and (B) acetonitrile: 0.1% TFA (50:50% v/v).  

 

2.5.8. Chromatographic conditions for the separation and quantification of LEVO sodium 

Separation and quantification of LEVO sodium in 100% ethanol (Method A) was 

achieved using RP-HPLC. Details of the final method are shown in Table 2.16. Following 

optimisation of the RP-HPLC method, the resultant chromatographic conditions yielded 

a sharp peak with an elution time of 5.8 min at a UV detection wavelength of 225 nm. 

Subsequently, the method was validated according to the ICH guidelines. 
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Separation and quantification of LEVO sodium in 0.1% w/v BSA solution (Method B) 

was achieved using RP-HPLC. Details of the final method are shown in Table 2.16. 

Following optimisation of the RP-HPLC method, the resultant chromatographic 

conditions yielded a sharp peak with an elution time of 6.6 min at a UV detection 

wavelength of 225 nm. Subsequently, the method was validated according to the ICH 

guidelines. 

Table 2.16. Chromatographic conditions for the detection and quantification of LEVO sodium. 

Method 
Column and 

column 
temperature 

Mobile  
phase 

composition 

Flow rate 
(mL/min) 

Injection 
volume 

(µL) 

Detection 
Wavelength 

(nm) 

Retention 
time (min) 

A 

SphereClone™ 
ODS (1) C18 (5 
μm particle size, 
4.6 x 150 mm) 

30°C 

Acetonitrile: 
0.1% TFA 

(65:35% v/v)  
0.9 50 225 5.8 

B 

Zorbax Eclipse 
plus C18 (5 μm 

particle size, 4.6 
x 250 mm) with 
guard column of 

matching 
chemistry 

30°C 

Acetonitrile: 
0.1% TFA 

(50:50% v/v) 
0.6 50 225 6.6 

 

2.5.9. Method validation for LEVO sodium in 100% ethanol 

2.5.9a. Specificity 

Specificity was determined by running a blank sample (100% ethanol) and a blank spiked 

with LEVO sodium. Figure 2.11 shows representative traces of the samples. A retention 

time of 5.8 min was observed and the peak of interest was distinct from any interfering 

compounds.  
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Figure 2.11. Representative RP-HPLC chromatograms of (A) LEVO sodium (6.25 µg/mL) in 100% 
ethanol and (B) 100% ethanol. 

 

2.5.9b. Accuracy and precision 

Accuracy was determined in triplicate, over three concentrations which are representative 

of the range seen in the calibration curve. Measured concentrations were compared to 

theoretical values and percentage accuracy was calculated and shown in Table 2.17. In all 

cases, percentage accuracy was found to be in the range of 98 – 102%. 

Table 2.17. Determination of accuracy of RP-HPLC for the detection and quantification of LEVO sodium 
in 100% ethanol (means ±S.D., n=3). 

 

Precision was analysed with respect to repeatability over short time periods (intra-day) 

and intermediate time periods (inter-day). Intra- and inter- day precision are presented as 

CV for LEVO sodium at high, medium and low concentrations in Table 2.18. CV was 

calculated as an indicator of precision, and in all cases was found to be less than 12%. 

 Intra-day accuracy Inter-day accuracy 

Theoretical concentration 
(µg/mL) 

Mean accuracy ±S.D. (%) Mean accuracy ±S.D. (%) 

0.78 98.51 ± 4.78 100.70 ± 4.36 

3.125 96.87 ± 0.44 99.64 ± 4.59 

12.5 101.41 ± 10.04 100.13 ± 7.84 

LEVO sodium 



Chapter 2: Development and validation of analytical methods 
 

84 

Table 2.18. Inter-day and intra-day precision of the detection and quantification of LEVO sodium in 100% 

ethanol (means ±S.D., n=3). 

 

2.5.9c. Linearity, range, LoD and LoQ 

To assess linearity of the method, a range of concentrations was analysed. Samples were 

prepared in triplicate and repeated on three consecutive days. Mean values (±S.D.) were 

used to produce a final representative calibration plot (Figure 2.12). Calibration curve 

properties are shown in Table 2.19. 

 

 

 

 

 

 

 

 

Figure 2.12. Representative calibration plot of LEVO sodium in 100% ethanol (means ±S.D., n=9). 

 

Table 2.19. Calibration curve properties for LEVO sodium in 100% ethanol (means, n=9). 

Concentration 
range (µg/mL) 

r2 y-intercept Slope 
LoD 

(µg/mL) 
LoQ 

(µg/mL) 

0.098 – 25.0 1.0 12.82 129.32 0.07 0.21 

 

 Intra-day precision Inter-day precision 

Theoretical concentration 
(µg/mL) 

Mean 
concentration 

±S.D. (µg/mL) 
CV (%) 

Mean 
concentration 

±S.D. (µg/mL) 
CV (%) 

0.78 0.79 ± 0.09 11.41 0.77 ± 0.03 4.46 

3.125 3.08 ± 0.09 2.54 3.12 ± 0.14 4.61 

12.5 12.68 ± 1.25 9.90 11.63 ± 0.58 5.04 
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2.5.10. Method validation for LEVO sodium in 0.1% w/v BSA 

2.5.10a. Specificity 

Specificity was determined by running a blank sample (0.1% w/v BSA or 0.1% w/v BSA 

with SA) and a blank spiked with LEVO sodium. Figure 2.13 and 2.14 shows 

representative traces of the samples. A retention time of 6.6 min was observed and the 

peak of interest was distinct from any interfering compounds.  

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Representative RP-HPLC chromatograms of (A) LEVO sodium (50 µg/mL) in 0.1% w/v 
BSA and (B) 0.1% w/v BSA. 

 

 

 

 

 

 

 

 

Figure 2.14. Representative RP-HPLC chromatograms of (A) LEVO sodium (50 µg/mL) in 0.1% BSA 
with SA (0.5 mg/mL) (B) 0.1% w/v BSA with SA (0.5 mg/mL). 
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2.5.10b. Accuracy and precision 

Accuracy was determined in triplicate, over three concentrations which are representative 

of the range seen in the calibration curve. Measured concentrations were compared to 

theoretical value and percentage accuracy was calculated and shown in Table 2.20. In all 

cases, percentage accuracy was found to be in the range of 99 – 105%. 

Table 2.20. Determination of accuracy of RP-HPLC for the detection and quantification of LEVO sodium 
in 0.1% w/v BSA (means ±S.D., n=3). 

 Intra-day accuracy Inter-day accuracy 

Theoretical concentration 
(µg/mL) 

Mean accuracy ±S.D. (%) Mean accuracy ±S.D. (%) 

0.78 100.68 ± 4.10 99.09 ± 8.32 

6.25 101.08 ± 5.33 103.53 ± 3.72 

25 104.36 ± 4.61 103.60 ± 8.02 

 

Precision was analysed with respect to repeatability over short time periods (intra-day) 

and intermediate time periods (inter-day). Intra- and inter- day precision are presented as 

CV for LEVO sodium at high, medium and low concentrations in Table 2.21. CV was 

calculated as an indicator of precision, and in all cases was found to be less than 9%. 

Table 2.21. Inter-day and intra-day precision of the detection and quantification of LEVO sodium in 
0.1% w/v BSA (means ±S.D., n=3). 

 

2.5.10c. Linearity and range 

To assess linearity of the method, a range of concentrations was analysed. Samples were 

prepared in triplicate and repeated on three consecutive days. Mean values (±S.D.) 

were used to produce a final representative calibration plot (Figure 2.15). Calibration 

curve properties are shown in Table 2.22. 

 Intra-day precision Inter-day precision 

Theoretical concentration 
(µg/mL) 

Mean 
concentration 

±S.D. (µg/mL) 
CV (%) 

Mean 
concentration 

±S.D. (µg/mL) 
CV (%) 

0.78 0.79 ± 0.03 4.08 0.76 ± 0.06 7.29 

6.25 6.32 ± 0.33 5.27 6.74 ± 0.44 6.56 

25 26.29 ± 1.34 5.07 24.77 ± 2.08 8.40 
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Figure 2.15. Representative calibration plot of LEVO sodium in 0.1% w/v BSA (means ±S.D., n=9). 

 

Table 2.22. Calibration curve properties for LEVO sodium in 0.1% w/v BSA (means, n=9). 

Concentration 
range (µg/mL) 

r2 y-intercept Slope 
LoD 

(µg/mL) 
LoQ 

(µg/mL) 

0.012 – 25 1.0 17.94 108.18 0.03 0.09 
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2.6. Discussion 

Detection and quantification methodologies for the analysis of MB, IBU sodium, IBU 

acid and LEVO sodium were developed in this chapter. The intended purpose of each of 

these validated methods is to quantify the amount of MB, IBU sodium or IBU acid in 

PBS (pH 7.4), with or without SA and LEVO sodium in 100% ethanol or 0.1% w/v BSA 

from samples obtained from in vitro drug delivery experimental setups described in the 

subsequent chapters. MB, IBU sodium and IBU acid were chosen as model compounds 

due their differences in aqueous solubility. LEVO sodium is a highly potent compound 

commonly prescribed for the treatment of hypothyroidism and was chosen to be further 

investigated for drug delivery in the subsequent chapters in this thesis.  

The analytical techniques used in this chapter were UV-Vis spectrometry and RP-HPLC 

with UV detection. The choice of analytical method was dependent on both the 

physicochemical properties of the compound and other factors such as sensitivity of the 

required method and cost (Snyder et al., 2012). RP-HPLC is commonly coupled with UV, 

fluorescence or mass spectrometry. All compounds presented in this chapter contain 

chromophores (an extended system of conjugated double bonds) and are, therefore, 

capable of absorbing UV light and being detected by UV spectrometry (Watson, 2017). 

As such, the first step of analytical validation was to confirm the lambda (λ) max of each 

compound. Absorption maxima for MB, IBU sodium, IBU acid and LEVO sodium were 

observed at 668, 220, 220 and 211 nm, respectively (Figure 2.1, 2.3 and 2.10). Although 

LEVO sodium showed a maximum absorption at 211 nm, at this low wavelength, 

interference can occur from commonly used solvents and CO2. Therefore, 225 nm was 

chosen as the wavelength for analysis to reduce the likelihood of interference (Swartz, 

2010).  

UV-Vis spectrometry was used for the detection and quantification of MB. In vitro drug 

release studies in subsequent chapters will be carried out in PBS (pH 7.4). MB has some 

inherent antimicrobial activity (Fung et al., 1973) and, as such, microbial growth is not 

expected to be an issue for this model compound. Therefore, SA will not be included to 

prevent bacterial growth over the course of these studies. Linearity was confirmed by 

performing linear regression on the calibration curves. The method met the necessary 

accuracy and precision recommendations and the overall aim of validation.  
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IBU sodium, IBU acid and LEVO sodium do not possess antimicrobial properties and, 

therefore, SA will be included at a concentration of 0.5 mg/mL in release media for these 

compounds to prevent microbial growth (Herrera et al., 2012; Lichstein, 1944). As SA is 

also UV active due to the presence of a chromophore in its structure, a method was 

required to allow SA to be separated from IBU sodium, IBU acid and LEVO sodium. 

Therefore, RP-HPLC coupled with UV detection was chosen for this purpose.  

IBU sodium is a polar molecule with a high water solubility, both of which will have an 

effect on the retention time of this compound. A C18 column (Zorbax Eclipse XDB-C18) 

was chosen as it is a good starting point for method development due to its versatility and 

suitability for a wide range of compounds. The mobile phase was then chosen and 

adjusted to give a well resolved and sharp peak with an appropriate retention time. A 

stepwise approach to method development was employed. Initially a mobile phase 

consisting of methanol and potassium phosphate buffer (pH 4.6) was chosen, as described 

in the literature (McCrudden et al, 2014), although this yielded a well resolved and sharp 

peak, it had a long retention time. Adjustment of the mobile phase is a powerful tool 

which can be used to manipulate retention time and peak shape. Other published methods 

reported shorter retention times using acetonitrile and acidified water (Radi et al,, 2014). 

Acetonitrile has a higher Synder polarity index than methanol and, therefore, changing 

from methanol to acetonitrile results in a more rapid elution of the compound of interest 

(Dong, 2019). A mobile phase consisting of acetonitrile and water acidified with 

phosphoric acid was chosen. Initially, a ratio of acetonitrile: 0.1% phosphoric acid of 

60:40% v/v (pH 3.0) was used, giving a retention time of 5 min. At pHs below its pKa 

(4.85), IBU sodium is unionised and, therefore, less polar, meaning that it is more likely 

to be retained in the column and will have an increased retention time. Increasing the 

proportion of organic solvent in the mobile phase to 70% v/v allowed the retention time 

to be reduced to 3.2 min. The separation of IBU acid using RP-HPLC was possible with 

the same method as described for IBU sodium. IBU sodium and IBU acid have pKa’s of 

4.85 and 5.3, respectively. The mobile phase used has a pH of 3.0, allowing both 

compounds to be ionised and, therefore, are the same structure in the mobile phase. 

LEVO sodium has three ionisable groups with pKa’s of 2.4, 6.87, 9.96 for the carboxyl, 

phenolic and amino groups, respectively (Florey et al., 1976). Working at a pH of 3.0 will 

allow the carboxyl and amino groups to be ionised. This makes the compound more polar 

and will reduce the retention time. Initially, a mobile phase of acetonitrile: 0.1% 

phosphoric acid (pH 3.0) was chosen (The United States Pharmacopeial Convention, 
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2016), however, this yielded a peak with considerable tailing. Tailing is a common 

chromatographic peak distortion in molecules contacting basic functional groups. 

Phosphoric acid was replaced with 0.1% TFA (pH 2.7) and this resulted in an improved 

peak shape with a retention time of 5.8 min in 100% ethanol using a SphereClone™ C18 

column. TFA served to reduce tailing by binding to uncapped negatively charged silanol 

groups on the column and inhibiting unwanted secondary interaction with the protonated 

N-terminus (as present in LEVO sodium at low pHs) and the deprotonated silica service 

that can lead to peak tailing (Scientific Crawford, 2020). 

LEVO sodium has poor stability in many commonly used aqueous media (including PBS 

(pH 7.4) and water), therefore, a suitable aqueous release medium for in vitro release 

studies was required. The presence of BSA was found to stabilise LEVO sodium in 

solution and will be used at the in vitro release medium in subsequent chapters.  Method 

A was tested using a Zorbax Eclipse plus C18 column with the samples in 0.1% w/v BSA, 

however, a peak which had considerable fronting and was not fully resolved from the 

BSA peak resulted. The proportion of aqueous phase in the mobile phase was increased 

to 50% and the flow rate was reduced to 0.6 mL/min, both of which served to reduce 

peak fronting and increase resolution of the peaks. Reduction of the flow rate increased 

the retention time; however, it also increased the peak areas and, therefore, the sensitivity 

of the method. These conditions resulted in a well resolved sharp peak with a retention 

time of 6.6 min.  

All analytical methods were validated according to the ICH guidelines (ICH, 2005). This 

provides a high degree of assurance that the method is suitable for its intended purpose 

and promotes continuity and transferability to the process of validation (Shabir, 2004). 

ICH guidelines do not specify acceptance criteria, but do recommend the parameters that 

should be considered (ICH, 2005). The specificity of each of the RP-HPLC methods was 

established by comparing a blank sample (PBS (pH 7.4) with 0.05% w/v SA for IBU 

sodium and IBU acid or 100% ethanol or 0.1% w/v BSA for LEVO sodium) with a blank 

spiked with drug. In all cases, the peak of interest was fully resolved from other peaks 

present. The range of concentrations chosen for validation was chosen based on 

concentrations that would be expected in the experiments carried out in the subsequent 

chapters, and which produced a linear response. Concentrations above the upper limit 

could result in overloading of the column or be beyond the linear portion of the curve. 

Any samples beyond the range of the calibration curve will be diluted prior to analysis. 

The ICH guidelines do not specify acceptance criteria for accuracy and precision, 
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however, González et al., (2014) recommend that percentage deviation from the true value 

and percentage CV should not exceed 15% (or 20% for samples with lower 

concentrations) for precision and accuracy, respectively. All methods were tested in 

relation to accuracy and precision and were found to be within these limits. 
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2.7. Conclusion 

In this chapter, suitable analytical methods were developed for the detection and 

quantification of MB, IBU sodium, IBU acid and LEVO sodium. UV spectrometry was 

employed for the detection and quantification of MB in PBS (pH 7.4) and resulted in a 

method that was linear in the range 0.0625 – 1.875 µg/mL with an LoD and LoQ of 

0.05 µg/mL and 0.16 µg/mL, respectively. RP-HPLC with UV detection was employed 

for the detection and quantification of IBU sodium and IBU acid in PBS (pH 7.4) with 

0.05% w/v SA and of LEVO sodium in 100% ethanol and in 0.1% w/v BSA. IBU sodium 

was linear in the range 0.039 – 20 µg/mL and had an LoD and LoQ of 0.20 µg/mL and 

0.60 µg/mL, respectively. IBU acid was linear in the range 0.078 – 20 µg/mL and had an 

LoD and LoQ of 0.45 µg/mL and 1.36 µg/mL, respectively. LEVO sodium in 100% 

ethanol was linear in the range 0.098 – 25 µg/mL and had an LoD and LoQ of 

0.07 µg/mL and 0.21 µg/mL, respectively. LEVO sodium in 0.1% w/v BSA was linear 

in the range 0.012 – 25 µg/mL and had an LoD and LoQ of 0.03 µg/mL and 0.09 µg/mL, 

respectively.  

All methods were validated following the principles recommended in the ICH guidelines 

for the validation of analytical procedures and can, henceforth, be employed in the 

following chapters. Moving forward, all of these analytical methods can be used with 

confidence to quantify their respective model or drug compound in samples from in vitro 

release studies.
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3.1. Introduction 

Implantable drug delivery devices deliver drugs at a defined rate for a pre-determined 

length of time. They may be designed to deliver a drug systemically, e.g. for contraception; 

or locally, in the case of cancer therapies (Rajgor et al., 2011). Implant based drug delivery 

confers several advantages including: achievement of the desired therapeutic effect with 

lower drug concentrations (thus, potentially minimising systemic exposure and unwanted 

side-effects); prolonged drug delivery over weeks, months or years; increased patient 

compliance; and potential personalisation of treatment, among others (A. Dash et al., 

1998; Fialho et al., 2005; Langer, 1990; Meng et al., 2012; Rajgor et al., 2011; Yonghui Wang 

et al., 2020; Zhou et al., 2015). In addition, sustained drug delivery is achieved in a device 

which may be removed if adverse effects necessitate early termination of treatment, an 

advantage which is not possible with other sustained delivery routes such as long-acting 

injections (Rabin et al., 2008; Schlesinger et al., 2016). 

Implantable delivery systems have been used for a range of clinical applications, most 

commonly contraception (e.g., Nexplanon® and NuvaRing®) and cancer treatment (e.g., 

Vantas®) (A. Dash et al., 1998; Stewart et al., 2018). Implantable drug delivery devices also 

have the potential to be used for other conditions such as the delivery of localised 

anaesthetics (Bagshaw et al., 2015) or antibiotics (Gimeno et al., 2015). This chapter 

focusses on the development of reservoir-type implants produced using 3D printing from 

biodegradable materials. Notable examples of reservoir-type implants include Norplant®, 

Jadelle® and Nexplanon® (Mansour, 2010; Palomba et al., 2012). 

Biodegradable polymers were chosen because they offer the significant advantage of not 

requiring removal after their use. This increases patient acceptance and compliance, whilst 

still offering the potential for early removal, if required (A. Dash et al., 1998). Commonly 

used biodegradable and biocompatible polymers include poly(lactic acid) (PLA), 

poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA) and poly(caprolactone) 

(PCL). These polymers have been successfully used for a range of drug delivery 

applications including nanoparticle-based drug delivery systems and solid and 

microparticle parenteral implants (Kumari et al., 2010).  

3D printing (also known as additive manufacturing), more specifically, fused deposition 

modelling (FDM) 3D printing was chosen as the method of implant manufacture in this 

chapter. This technique involves the extrusion of a thermoplastic filament through a 

nozzle to form the 3D printed structure in a layer by layer manner (Gardan, 2016; Ngo et 
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al., 2018) (Figure 3.1). Therefore, thermoplasticity of the material is a prerequisite for 3D 

printing using this technique. The most common materials used for FDM 3D printing are 

acrylonitrile butadiene styrene (ABS), PLA and poly(carbonate) (Gardan, 2016). 

 

 

 

 

 

 

 

Figure 3.1. Schematic diagram of the process of FDM 3D printing. 

The use of 3D printing as a manufacturing tool offers a high degree of flexibility and is 

particularly useful in the rapid production of prototypes, as was the case in this chapter. 

The potential for personalisation of an implantable drug delivery device is substantial and 

becomes more feasible due the increasing interest in 3D printing technologies. The high 

degree of flexibility and controllability of 3D printing could allow the preparation of 

tailored dosage forms with a release profile designed to exactly match the individual 

patient and condition to be treated (Khaled et al., 2014). Moreover, some of the 

disadvantages associated with 3D printing, such as high cost and low speed, are improving 

as the technology becomes more widely used and accepted.  

The concept of drug delivery via an implantable device is not a new one. However, an 

implantable device that is cheap; easily manufactured; biodegradable; biocompatible and 

with a release rate that may be tailored to an individual patient, drug or clinical application 

is a very desirable goal, but one that is, as yet, unachieved.  
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3.2. Aims and objectives 

The aims of this chapter were to design and produce 3D printed reservoir-type 

implantable devices for drug delivery using materials which are biocompatible and 

biodegradable, and to study the influence that device design has on the drug release 

kinetics. 

 

The objectives were: 

• to design and manufacture five different implants using FDM 3D printing; 

• to characterise implants using X-ray microcomputed tomography (µ-CT), texture 

analysis, optical coherence tomography (OCT), scanning electron microscopy 

(SEM) and digital microscopy; 

• to evaluate the drug release kinetics from the implants using different model 

molecules and in vitro release models. 
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3.3. Materials and apparatus 

3.3.1. Materials 

• Granulate PLA (Ingeo™ Biopolymer 4043D) (NatureWorks, Minnesota, USA) 

• Filament poly(vinyl alcohol) (PVA) (Ultimaker, Geldermalsen, Netherlands) 

• Methylene blue (MB) ≥95%, phosphate buffered saline (PBS) (pH 7.4) tablets, 

agarose powder, ibuprofen sodium (IBU sodium) ≥98% and acetonitrile for 

HPLC (Sigma Aldrich, Dorset, UK) 

• Ibuprofen free acid ≥98% (IBU acid) (Pharminnova, Waragem, Belgium) 

• Sodium azide (SA) (Fluorochem Ltd, Hadfield, UK) 

• Water for HPLC (ELGA PureLab DV 25 –Flex 2 ultrapure water purification 

system) 

• Phosphoric acid 85% (Amresco, Inc., Ohio, USA) 

• Microtubes 1.5 mL and 2.0 mL (Starstedt, Nümbrecht, Germany) 

• Syringe filters (0.2 and 0.45 µm) (VWR International, Leicestershire, UK) 

 

3.3.2. Apparatus 

• Next 1.0 filament extruder (3devo, Utrecht, Netherlands) 

• Ultimaker 3 3D printer (Ultimaker, Geldermalsen, Netherlands) and Cura 

software® 

• TA.XT.Plus Texture Analyser (Stable Micro Systems Ltd, Godalming, UK)  

• Leica EZ4 D digital light microscope (Leica Microsystems, Milton Keynes, UK)  

• TM3030 Tabletop Microscope (Hitachi, Tokyo, Japan) 

• EX1301 VivoSight® optical coherence tomography (OCT) microscope 

(Michelson Diagnostics Ltd., Kent, UK)  

• Bruker SkyScan 1275 system (Bruker, Massachusetts, USA) with a Hamamatsu 

L11871 source 

• Jeio Tech ISF-7100 floor standing incubator shaker (Medline Scientific, 

Oxfordshire, England)  

• Genlab General Purpose Incubator MINI/50/DIG (Genlab Limited, Chesire, 

UK).  
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• FLUOstar Omega Microplate Reader (BMG LABTECH, Ortenberg, Germany) 

• High-performance liquid chromatography (HPLC) instrumentation composed of 

an Agilent 1220 Infinity II LC gradient system (Agilent Technologies UK Ltd., 

Stockport, UK) 

• Individual chromatograms obtained were analysed using Agilent Chemstation® 

software version B.02.01 (Agilent Technologies UK Ltd., Stockport, UK) 

• Zorbax Eclispe XDB-C18 (95 Å pore size, 150 mm length x 4.6 mm internal 

diameter; 5µm particle size) column (Agilent Technologies UK Ltd, Stockport, 

UK) 

• Decon® FS300b sonicating-water bath (Decon Laboratories Ltd. East Sussex, 

UK) 
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3.4. Methods 

3.4.1. Implant design 

Hot melt extrusion (HME) was used to produce the PLA filament, which would be used 

for the implant manufacture in combination with a PVA filament. PLA pellets were added 

to a filament extruder (3devo, Utrecht, Netherlands) at an extrusion speed of 5 rpm and 

a filament fan speed of 70%. The temperature controlled between 170 and 190°C. 

(Domínguez-Robles et al., 2019). 

Hollow implants were designed using a computer-aided design (CAD) software. They 

were subsequently printed with an Ultimaker 3 3D printer (Ultimaker, Geldermalsen, 

Netherlands) using Cura® software. The Ultimaker 3 system was equipped with two 

0.4 mm extruder nozzles loaded with PLA and PVA, respectively. The print speed was 

70 mm/s, the print temperature used was 205°C, the build plate temperature was 60°C 

and the layer height used was 0.2 mm. Five implant configurations were designed and 

produced (Figure 3.2 (A)) 2.5 x 40.0 mm PVA implant (weight 0.15 ± 0.001 g); (Figure 

3.2. (B)) 2.5 x 40.0 mm PLA implant with one (1.0 x 38.0 mm) PVA “window” (weight 

0.13 ± 0.007 g); (Figure 3.2 (C)) 2.5 x 40.0 mm PLA implant with eight (1.0 x 1.0 mm) 

PVA “windows” (weight 0.13 ± 0.001 g); (Figure 3.2 (D)) 2.5 x 40.0 mm PLA implant 

with two (1.0 x 1.0 mm) PVA “windows” (weight 0.14 ± 0.005 g) and (Figure 3.2 (E)) 2.5 

x 40.0 mm PLA implant with one (1.0 x 1.0 mm) PVA “window” (weight 0.14 ± 0.003 g). 

The thickness of the PVA “window” was 0.4 mm in all cases. Finally, implants were 

loaded with a solid drug powder core.  
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Figure 3.2. Schematic showing the implant designs: (A) 2.5 x 40.0 mm PVA implant; (B) 2.5 x 40.0 mm 
PLA implant with one (1.0 x 38.0 mm) PVA “window”; (C) 2.5 x 40.0 mm PLA implant with eight (1.0 x 
1.0 mm) PVA “windows”; (D) 2.5 x 40.0 mm PLA implant with two (1.0 x 1.0 mm) PVA “windows” and 
(E) 2.5 x 40.0 mm PLA implant with one (1.0 x 1.0 mm) PVA “window”. 

 

3.4.2. Implant characterisation 

OCT enabled visualisation of the drug within the filled implant. The morphology of the 

implants was evaluated using SEM and digital microscopy.  

X-ray μ-CT scans were performed on 3D printed implants following the same 

methodology reported previously (Domínguez-Robles et al., 2020; Mathew et al., 2019). 

Briefly, the 3D reconstruction volumes and inner structures of the implants were 

observed by using a Bruker SkyScan 1275 system with a Hamamatsu L11871 source. The 

microfocus of the X-ray source of the μ-CT scanner had a maximum voltage of 40 kV 

and maximum current of 250 μA. Samples were mounted vertically on dental wax and 

positioned 60 mm from the source, where the camera-to-source distance was 286 mm. 

No filter was applied for an exposure time of 49 ms. The images generated were 1944 x 

1413 pixels with a resolution of 17 µm per pixel. Then the data were collected and Data 

Viewer as well as CT-An software were used to analyse them. Finally, CTVol software 

was applied to generate 3D reconstruction images. 

“Window” dissolution was investigated by placing implant B and E in PBS (pH 7.4). 

Implants were removed at defined periods and OCT, SEM and digital microscopy were 

used to visualise the PVA “window(s)” dissolving. 
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The mechanical properties of the prepared implants were evaluated following a three-

point bending test using a TA-XT2 Texture Analyser (Stable Micro Systems, Haslemere, 

UK). For all measurements the texture analyser was set in compression mode, with a 

cuboidal probe (9.5 cm in length) with a sharp end (1.1 mm thick) using a setup previously 

described by Donnelly et al., (2011) (Figure 3.3). The probe was moved towards the 

implant at a speed of 0.5 mm/s. From the peak maximum of the force–distance curve, 

the break strength of each implant was calculated. 

 

 

Figure 3.3. Schematic diagram of texture analyser setup. 
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Equation 3.1 

3.4.3. In vitro release 

3.4.3a. Agitated vessel 

Implants were loaded with MB, IBU sodium or IBU acid and placed in 500 mL of PBS 

(pH 7.4) (or PBS (pH 7.4) with 0.05% w/v SA for IBU sodium and IBU acid release) at 

37 °C and shaken at 40 rpm. Pure drug powder was directly packed into the hollow cavity 

of each implant and compressed using a 3D printed PLA rod. Samples (0.5 mL) of the 

release medium were taken at specified time points and replaced with equal volume of 

PBS (pH 7.4) (The British Pharmacopeia Commission, 2019). Total drug release at each 

time point was calculated using Equation 3.1, taking into account sample that had been 

removed previously to offset any dilution from sample removal and replacement with 

fresh medium. 

 

% 𝐷𝑟𝑢𝑔 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝑊𝑡 + 𝑊𝑠

𝑊0
 × 100 

 

Where, Wt is the weight of drug released at time t, Ws is the weight of drug removed in 

all previous samples and W0 is the weight of drug in the implant at T=0. 

 

MB has some inherent antibacterial activity; therefore, bacterial growth in the release 

media for this compound was not anticipated to be an issue for these implants (Fung et 

al., 1973). However, SA was added to IBU sodium and IBU acid release media to prevent 

microbial growth  over the course of the release experiment (Gunawardana et al., 2015; 

Herrera et al., 2012; Lichstein, 1944). 

 

3.4.3b. Agarose gel 

In addition to the agitated vessel in vitro release model, an agarose gel in vitro release model 

was also investigated to more closely mimic subcutaneous in vivo conditions (Hoang Thi 

et al., 2010). The appropriate weight of agarose powder was dissolved in PBS (pH 7.4) (for 

MB release) or PBS (pH 7.4) containing 0.05% w/v of SA (for IBU sodium release) and 

heated to prepare a 0.6% w/v agarose solution. One-third of the required agarose solution 
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was cast into a Petri dish (10 cm in diameter) and the implant (design E) was placed in 

the centre of this and the agarose solution was allowed to solidify. Subsequently, the 

remaining agarose solution was cast over this initial layer and allowed to solidify (Hoang 

Thi et al., 2010). The Petri dishes were then covered with Parafilm M®, to prevent water 

evaporation, and placed into an airtight container within a non-agitated incubator at 37°C. 

Cylindrical samples (0.5 cm diameter) of agarose were removed at predefined time points 

(Figure 3.4). Samples were weighed and analysed for their drug content using an 

appropriate method, as described in Section 2.4.2. Due to the symmetry of the agarose 

gel, it was assumed that the drug concentration was constant within each zone with the 

same distance from the implant “window” (Hoang Thi et al., 2010).  

 

 

 

 

 

 

 

 

Figure 3.4. Schematic illustration of the in vitro experimental setup used to sample drug release into agarose 
gel. 

 

3.4.4. Data analysis 

3.4.4a. Similarity and difference factor 

Release profiles from each of the implants were compared by calculating and comparing 

the difference (F1) and similarity (F2) factor (Moore et al., 1996). F1 was calculated using 

Equation 3.2 and measures the percentage difference between two curves at each time 

point and is a measurement of the relative error between the two curves. Where, n is the 

number of time points, Rt is the reference dissolution value at time t, and Tt is the test 

dissolution value at time t (Costa et al., 2001; Larrañeta et al., 2014). 
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𝐹1 = { [∑(𝑅𝑡 − 𝑇𝑡)

𝑛

𝑡=1

] [∑ 𝑅𝑡

𝑛

𝑡=1

]⁄ }  𝑋 100  

  

F2, shown in Equation 3.3, is a logarithmic transformation of the sum-squared error of 

differences between the test and reference products over all time points, n.  

 

𝐹2 = 50. log {[1 + (1 𝑛⁄ ) ∑(𝑅𝑡 − 𝑇𝑡)2

𝑛

𝑡=1

]

−0.5

. 100}  

 

In order for two dissolution profiles to be considered similar, the F1 value should be lower 

than 15 (0-15) and F2 value should be more than 50 (50-100) (Costa et al., 2001; Diaz et 

al., 2016; Larrañeta et al., 2014). 

 

3.4.4b. Statistical analysis 

Statistical analysis was performed using GraphPad Prism® version 8.00 (GraphPad 

Software Inc., San Diego, California, USA) and Microsoft® Excel 2016 (Microsoft 

Corporation, Redmond, USA). Where appropriate, all data were expressed as a mean ± 

standard deviation (S.D.) and compared using one-way analysis of variance (ANOVA) 

with a Tukey’s post-hoc test. In all cases, p < 0.05 was the minimum value considered 

acceptable for rejection of the null hypothesis.

Equation 3.2 

Equation 3.3 
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3.5. Results 

3.5.1. Implant design and characterisation 

Hollow implants of 2.5 x 40.0 mm were produced and loaded with MB (68.6 ± 5.1 mg), 

IBU sodium (68.1 ± 3.0 mg) or IBU acid (72.3 ± 3.2 mg). Images of the produced 

implants are shown in Figure 3.5 (A–F). These images illustrate the actual geometry of 

the 3D printed “windows” in comparison to what was designed. Figures 3.6 (C) and (E) 

show that, although the 1.0 x 1.0 mm “window(s)” have been printed to the correct size, 

they are more circular in shape than square like the design. OCT images (Figure 3.6) of 

the implants show how both drugs are evenly distributed in the cavity of the implants. 

 

 

 

 

 

 

 

Figure 3.5. Images of (A) MB-filled implant (implant B); (B) IBU sodium-filled implant (implant B); (C) 
digital microscope image of a section of implant C, (D) a SEM image of a section of a 38.0 × 1.0 mm PVA 
window (implant B), (E) a SEM image of a 1.0 × 1.0 mm PVA window (implant C), (F) an image to show 
the size of the printed implant. 

 

 

Figure 3.6. (A) optical coherence tomography (OCT) image of an MB-filled implant and (B) OCT images 
of an IBU sodium-filled implant. PLA is shown in blue and PVA windows are shown in red. 
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The architecture and topology of the 3D printed implants were analysed using a Bruker 

SkyScan 1172 system μCT (Figure 3.7). Cross-section reconstructions in the y–z plane of 

an implant containing MB (Figure 3.7 (A)) and IBU sodium (Figure 3.7 (B)) were 

performed, and representative x–y cross-section of a 3D-printed implant was used for 

quantitative analysis (Figure 3.7 (C)). These images show the drug distribution within the 

cavity of the implant and show that the drug distribution is uniform for both MB and 

IBU sodium. The dimensional measurements calculated at different locations over the 

implant 3D volume for the core and shell of the samples are reported in Figure 3.7 (D) 

and show that there is no significant (p > 0.05) difference in the size of the drug core for 

either drug. This indicates that the drugs were dispersed through the entire implant cavity 

and that the packing process did not damage the implant structure. 

 

 

 

Figure 3.7. Characterisation of implants through µ-CT analysis. Cross-section reconstructions in the y–z 
plane of the implants containing (A) MB and (B) IBU sodium. (C) Representative x–y cross-section of a 
3D printed implant used for quantitative analysis and (D) dimensional measurements calculated at different 
locations over the implant 3D volume for the core/shell of the samples reported in (A) and (B), respectively. 
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Dissolution of the PVA “windows” in implants B and E were visualised using OCT, 

digital microscopy and SEM and are shown in Figure 3.8 and 3.9, respectively. It can be 

seen that complete dissolution of the PVA “window” in implant B occurred after 25 min 

(Figure 3.8). Whereas, complete dissolution of the PVA “window” in implant E took 35 

min (Figure 3.9).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. (A) cross-sectional OCT images of PVA “window” (shown in red) dissolution in implant B in 
PBS (pH 7.4); (B) digital microscope images of PVA “window” dissolution in implant B in PBS (pH 7.4); 
SEM images of implant B (C) before and (D) after “window” dissolution.   
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Figure 3.9. (A) cross-sectional OCT images of PVA “window” (shown in red) dissolution in implant E in 
PBS (pH 7.4); (B) digital microscope images of PVA “window” dissolution in implant E in PBS (pH 7.4); 
SEM images of implant E (C) before and (D) after “window” dissolution.  

 

To predict robustness of the designed implants, their break strength was evaluated. This 

was evaluated to assess the risk of implant fracture which could lead to ‘dose dumping’.  

The maximum force required to break the implants was calculated for each implant 

configuration and shown in Figure 3.10. No significant difference (p < 0.5) in the breaking 

force of implants B–E (PLA implants) was observed. A significantly (p < 0.5) larger force 

was required to break implant A (PVA), than was required for implants B–E. This test 

was performed to evaluate if changing the design of the release “windows” from the 

implant has a direct influence on the mechanical properties of the resulting material.  
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Figure 3.10. Force required to break each of the implant designs (means ±S.D., n=5). 

 

3.5.2. In vitro release 

3.5.2a. Agitated vessel 

Implants A–E loaded with MB, implants B and E loaded with IBU sodium and implant 

B loaded with IBU acid were tested using the agitated vessel release model. The release 

profiles of MB from each of the five implant designs are shown in Figure 3.11. Implants 

made entirely from PVA (implant A) had the most rapid drug release, with 100% of drug 

releasing within 24 hr. As expected, implants B and C showed prolonged release profiles 

in comparison with implant A, with release time being extended to over six days. 

Although, implants B and C took the same time to reach 100% release, implant C showed 

a more sustained release profile, which showed less variation. Implants D and E showed 

an extended release profile in comparison to the other implants and show that reducing 

the size and number of “windows” effectively prolongs release from this type of implant. 

The release profiles of MB from each of the PVA “window” implants were compared 

using similarity and difference factor (F1/F2), and the results are shown in Table 3.1. 

Release rates for each implant were also calculated and are shown in Table 3.2. Implant 

A had a different release profile to implants B and C as the F1 values were higher than 15 

and the F2 values were lower than 50. However, the release rate for implant A and B for 

IBU sodium had no significant difference (p > 0.05). Implants B and C showed 

significantly (p < 0.05) different release profiles and release rates to each other. Implants 

D and E showed a different release profile, however, showed no significant difference in 

release rate (p < 0.05). These results indicate the effect that changing the implant design 
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has on the release profile. Interestingly, implants with 1.0 x 1.0 mm “windows” were 

capable of providing drug release over 25 days. Figure 3.12 shows the direct correlation 

between implant “window” area and release rate per day. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Release of methylene blue (MB) from (A) implant A–C; (B) implants D and E (means ±S.D., 
n=3). 
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Curve 1 Curve 2 F1 F2 
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Implant A Implant C 72.40 13.58 
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Figure 3.12. Correlation between MB release rate and “window” area for the implants (means ±S.D., n=3). 

 

The release profiles of IBU sodium from implants B and E are shown in Figure 3.13 (A) 

and (B), respectively. The release rate of IBU sodium from implant B was significantly 

increased in comparison to MB from the same implant. Complete IBU sodium release 

was achieved after just 80 min, whereas, 100% MB release took seven days. A similar 

increase in release rate is seen for implant E, with 100% IBU sodium release achieved 

after six days and MB release after 25 days. These results show that the implant design is 

not the only factor that contributes to change the release profile. The physicochemical 

properties of the drug loaded are important too. All in vitro releases were carried out under 

sink conditions; therefore, it is the dissolution rate of each of the drugs rather than 

solubility that is having an impact on drug release from the implant. Accordingly, changing 

the nature of the loaded molecule or including a formulation with a slower dissolution 

rate will provide an extra degree of control over the release profile.  
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Figure 3.13. Release of IBU sodium from (A) implant B and (B) implant E (means ±S.D., n=3). 

 

IBU acid release from implant B is shown in Figure 3.14. The release of this compound 

is substantially extended in comparison with MB and IBU sodium release from the same 

implant design, with release taking ten days in comparison to six days and 80 min for MB 

and IBU sodium, respectively. As mentioned previously, the release rate of this drug is 

slower due to its slower dissolution kinetics, confirming that the nature of the drug loaded 

needs to be carefully considered for each application type.  
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Figure 3.14. Release of IBU acid from implant B (means ±S.D., n=3). 

 

Table 3.2. Summary of the release rates achieved for each compound from each implant. (means ±S.D., 
n=3). * indicates a release rate in mg/min 

Implant 
Release rate (mg/day) 

MB IBU sodium IBU acid 

A 63.21 ± 7.62 N/A 6.36 ± 0.54  
B 52.68 ±7.62 1.95 ± 0.52* N/A 
C 15.71 ±0.88 N/A N/A 
D 9.19 ± 1.28 N/A N/A 
E 5.94 ± 1.61 33.32 ± 4.15 N/A 

 

3.5.2b. Agarose gel 

Figures 3.15 and 3.16 show the release profiles of MB and IBU sodium from implant E 

into an agarose gel release model. Implant E loaded with MB or IBU sodium was tested 

using the agarose gel release model. IBU acid could not be included in the agarose release 

model because of its poor solubility and the difficulties this would present in maintaining 

sink conditions. Both drugs demonstrated progressive drug release over a prolonged 

period. Figures 3.15 (A) and (B) show the release obtained for MB-loaded implants. These 

results showed that the closest region (1.5 cm) to the implant reached a plateau in MB 

levels after seven days. However, the MB concentration increased over time up to 40 days 

for the further regions (4.5 cm). This shows that MB was continuously delivered over 40 

days. This MB concentration increase is not due only to MB diffusion through the agarose 

gel, as the concentration consistently increased. This suggests that there was a constant 

MB release that took place over time. After 40 days no significant differences were found 
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in the release obtained at different distances from the implant (p > 0.05). This indicated 

that MB concentration all over the agarose gel was equivalent and that there was no 

concentration gradient to drive more release. Similar behaviour was observed for IBU 

sodium (Figure 3.16 (A) and (B)) over a period of 21 days. These results confirm that the 

testing conditions had a substantial influence on the release results. Moreover, this set of 

results suggest that the selected implants can be used to provide drug release over periods 

of several weeks. Figure 3.17 shows representative images of MB release from implant E 

into the agarose gel model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. MB release from implant E into an agarose gel in vitro release model. (A) time and (B) distance 
(means ±S.D., n=3). 
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Figure 3.16. IBU sodium release from implant E into an agarose gel in vitro release model. (A) time and (B) 
distance (means ±S.D., n=3). 
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Figure 3.17.  Representative photographs of release of MB from implant E into an agarose gel model (A) 
T=0, (B) T= 1 day, (C) T= 2 days, (D) T= 3 days. 

 

The releases achieved in this work range from just 80 min to over 25 days in an agitated 

vessel and over 40 days in an agarose gel model and show promise as drug delivery systems 

for prolonged drug delivery.  
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3.6. Discussion 

In this chapter subcutaneous reservoir-type implants made from biodegradable and 

biocompatible materials were produced using FDM 3D printing. FDM 3D printing has 

advantages over other 3D printing techniques, including no chemical post processing, 

high speed and relatively inexpensive machinery and materials (Ngo et al., 2018; K. V. 

Wong et al., 2012) However, this technique also has disadvantages, the most significant 

being the low resolution compared to other types of 3D printing such as stereolithography 

(George et al., 2017; K. V. Wong et al., 2012). However, this is unlikely to be a significant 

issue for printing pharmaceutical systems. Despite these disadvantages there has been 

considerable interest in this technique for the manufacture of drug delivery systems. FDM 

3D printing has been previously reported for the production of oral dosage forms 

(Goyanes et al., 2014; Goyanes, Buanz, et al., 2015; Maroni et al., 2017; Okwuosa et al., 

2018), intrauterine systems (Genina et al., 2016), implants (Espalin et al., 2010; Yi et al., 

2016) and vaginal rings/meshes (Domínguez-Robles et al., 2020; J. Fu et al., 2018). 

In this chapter, the ease of use and flexibility of FDM 3D printing was exploited to allow 

five different implant designs to be produced. Similar implant designs have been 

investigated previously (Gunawardana et al., 2015; Johnson et al., 2019). Gunawawdana 

et al. (2015) produced a silicone reservoir-type implant with fourteen circular (1 mm 

diameter) delivery channels, while Johnson et al. (2019) fabricated a reservoir-type implant 

made from PCL using HME. Both implants were designed to deliver tenofovir 

alafenamide fumarate (TAF) for pre-exposure prophylaxis of human immunodeficiency 

virus (HIV).  

A rod-shaped implant with a size of 2.5 x 40.0 mm (Figures 3.2 and 3.5) was chosen in 

this work because this shape and these dimensions are similar to dimensions that have 

already been shown to be acceptable in commercially available products and applicator 

devices have already been developed for an implant of these dimensions (Funk et al., 

2005). Implants were loaded with either MB, IBU sodium or IBU acid. These molecules 

were chosen due to their differing solubility values: MB - 40 mg/mL (Pubchem et al., 

2019); IBU sodium - 100 mg/mL (Sigma-Aldrich, 2019) and IBU acid - 0.021 mg/mL 

(Pubchem, 2020). Therefore, they are good candidates to establish how this parameter 

affects drug release from the 3D printed implantable devices. The influence of the 

solubility on the release profiles can be used to anticipate the release kinetics of other 

drugs loaded within the implants described here. 
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Implant “window” dissolution was used to predict the effect of “window” area on drug 

release (Figure 3.8 and 3.9). Despite the “window” in implant B being considerably larger 

than the “window” in implant E, it fully dissolved more quickly. This may be explained 

by the reduced surface area-to-volume ratio of the “window” in implant E, reducing the 

rate of dissolution for this implant. Although all implants should have had the same 

surface area-to-volume ratio, printed “windows” were more circular in shape and, thus, 

has a reduced surface area-to-volume ratio (Figure 3.5 (E)). Goyanes et al., (2015) 

investigated the effect that the surface area-to-volume ratio had on the dissolution of PVA 

tablets and reported that a higher surface area to volume ratio resulted in tablets that 

dissolved more quickly. It is important to note that the PVA “window” was designed to 

dissolve quickly to allow the drug to diffuse through the generated “window”. 

It is important to note that a rapidly dissolving commercial PVA filament was used for 

this study. PVA is a biocompatible polymer (Chong et al., 2013), but commercial filaments 

can have potential excipients, such as plasticisers, that are not ideal for medical 

applications. However, the present work is a proof-of-concept study exploring the 

influence of the structure of the implant on the drug release kinetics. Accordingly, a 

commercial PVA was used as it was the quickest approach. However, future work will 

require the use of filaments prepared using pure biocompatible polymer. This approach 

opens the possibility of developing implants with delayed release by printing the implant 

windows with polymers with slower dissolution/disintegration kinetics such as cellulose 

derivatives (Chai et al., 2017; Khizer et al., 2019). 

No mechanical tests directly comparable to those performed in this study have been 

performed on commercially available implantable drug delivery devices (Figure 3.10). 

However, mechanical testing of medical devices has been extensively reported. It is 

important to investigate this aspect of the implant as a very rigid implant is likely to break 

during insertion or in situ; therefore, a degree of flexibility is required, as well as sufficient 

strength to withstand insertion and remain mechanically strong enough for the duration 

of drug release. This is especially important for this type of implant as it contains a pure 

drug powder core, and if the implant were to break or crack, it would be very likely to 

cause an increase or a burst in the rate of drug release which would, in turn, cause 

undesirable side effects in the patient. “Dose dumping” is a risk associated with reservoir-

type implant devices (A. Dash et al., 1998). 
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The results obtained here can be compared with the results reported by Horal  (2015) for 

3D printed PLA screws for orthopaedic applications. In this case, PLA screws were 

manufactured, and a three-point bending test was performed. The dimensions of these 

implants were similar to the ones described here (1–2 mm), and the forces applied during 

the bending tests were lower than the ones reported here (ranging between 0.5 and 10 N). 

These screws where designed for bone healing applications. Higher forces will be applied 

to bone screws than to implants designed to be implanted in soft tissue. Therefore, the 

implants presented here showed fracture forces higher than the forces that will be 

expected for soft tissue implants. The effect of implant degradation on mechanical 

properties was not investigated as PLA has a long degradation time, up to 2 years (Auras 

et al., 2010). As such, degradation of the implant structure would not be expected to have 

an effect on the mechanical properties during drug release or an effect on the release rate 

itself (A. Dash et al., 1998). 

Release profiles in this work were compared by calculating F1/F2 and by comparing the 

release rate calculated from each release profile. F1/F2 is a simple and widely accepted 

method for comparing dissolution profiles and is commonly used for the comparison of 

oral solid dosage forms (Diaz et al., 2016). A number of criteria are suggested for the use 

of this test, including a minimum number of units tested, a minimum of 3 time points, 

the use of only one time point at 85% release and coefficient of variation of less than 20% 

(Diaz et al., 2016). The high variability of some of the results obtained, and the low number 

of units tested in this work means that the use of this test has its limitations. However, 

this test allowed the comparison of entire release profiles and, combined with the 

comparison of the calculated release rates, allowed reliable conclusions to be drawn. 

A sustained release profile like those observed in this work (Figures 3.11 – 3.16) can be 

useful for local antimicrobial therapy or for pain management after surgery (Kelm et al., 

2006; K.-S. Liu et al., 2018). In these cases, a prolonged release over a period of a few 

weeks can be extremely beneficial to prevent infections or for pain management. 

However, for prolonged applications, such as treatment of HIV or contraception, 

alternative approaches need to be evaluated. 

As expected, the observed drug release in the agarose gel (Figure 3.15 and 3.16) was slower 

when compared to the agitated vessel release model. Similarly, Hoang Thi et al. (2010) 

investigated releases of ciprofloxacin hydrochloride and vancomycin hydrochloride from 

bone implants over 48 and 96 hr, respectively, and showed that release into an agarose 



 Chapter 3: The effect of device design on drug release from a reservoir-type implant drug delivery device  

120 

model was extended when compared to release of the same drugs from the same implants 

into an agitated vial (Hoang Thi et al., 2010). Within the agitated vessel model, convection 

rapidly homogenises the drug within the release media, thus, maintaining the drug 

concentration gradient at the interface of the implant with the release media. However, 

living tissues exhibit different conditions than those applied in the in vitro agitated vessel 

method. The extracellular matrix that these formulations are likely to be in contact with 

after implantation behaves more like a gel than a bulk fluid (Leung et al., 2017). Despite 

the existence of a large number of biorelevant media for simulating physiological fluids, 

there is still not an accepted standard for simulation of subcutaneous environment (Leung 

et al., 2017). Agarose gels form a 3D structure linked by hydrogen bonds with pore sizes 

similar to those encountered in physiological tissue and have been suggested as a more 

realistic in vitro release model than bulk fluid (Hoang Thi et al., 2010; Pernodet et al., 1997). 

Moreover, multiple authors have reported the suitability of agarose hydrogel as a good 

release medium simulating soft tissues (X. Chen et al., 2008; McCabe, 1972; Salloum et al., 

2008; Ye et al., 2012). 

The use of local anaesthetics (commonly, bupivacaine, lidocaine and procaine) to treat 

localised pain has many advantages when compared with the systemic administration of 

opioids (Bagshaw et al., 2015). Work has been carried out to optimise the drug delivery of 

these agents to achieve localised delivery and limit peripheral side effects. An implantable 

device that could locally deliver anaesthetic over days or weeks could be of benefit for 

delivery of these drugs. Currently, the majority of chemotherapeutic agents are delivered 

systemically. This allows the drug to distribute throughout the entire body, including to 

healthy tissues, causing adverse side effects (Salmoria et al., 2019). Polymeric devices 

aiming to locally deliver cancer drugs have been investigated and aim to improve the 

delivery of these drugs by providing localised sustained delivery and, therefore, reduce the 

effect on healthy tissue. Salmoria et al., (2019) investigated the use of polymeric implants 

to locally deliver fluorouracil and showed a desirable release rate over 45 days. Localised 

delivery of antibiotics may offer advantages over conventional oral delivery for localised 

conditions. Gimeno et al., (2015) showed promising delivery of antibiotics which could 

be tailored by changing the implant design, from rapid drug release within 20 hr to longer 

release times around 200 hr for the potential prevention of orthopaedic-implant-

associated infections. These examples highlight instances where the implants developed 

in this work could be used.
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3.7. Conclusion 

In this chapter, hollow 3D printed implants with similar dimensions to those already 

available in the market were successfully produced. The flexibility of this manufacturing 

technique allowed five different implant designs to be easily designed and manufactured. 

This technique has the potential to allow personalisation (for example dose) of 

implantable drug delivery devices for individual patients and conditions. OCT and μ-CT 

confirmed consistent drug distribution within the implant and confirms the implants’ 

suitability for a range of drug compounds. The mechanical properties of the designed 

implants were superior to those of other implantable systems. This chapter has shown 

that the release rate from these implants can be modified by changing the implant design 

but is also dependent on the properties of the compound contained within the implant.  

The results described in this chapter demonstrate how 3D printing is a promising 

technology for drug eluting implant manufacture. Considering the simplicity of the 

technology described here, it can be easily transferred to a clinical setup, where implants 

could be designed on demand to fulfil patient’s needs after surgery. These implants may 

be suited for delivery of drugs for localised treatment. For example, chemotherapy agents, 

antibiotics or localised anaesthetics. Although the implant devices investigated in this 

chapter could be suitable for delivery of antibiotics, local anaesthetics or 

chemotherapeutics, the releases were not prolonged enough to be suitable for the 

treatment of chronic conditions such as HIV or control of contraception.
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4.1. Introduction 

Reservoir-type implantable devices are those which consist of a drug core encapsulated 

by a barrier, which may be polymeric, metallic or ceramic (Yang et al., 2012). In chapter 

three, reservoir-type implants were designed and produced. They demonstrated the 

potential of this type of implant and highlighted how changing implant design can be 

utilised to control drug release. Advantages of reservoir-type implants include the 

flexibility in design and types of delivery profile that can be achieved. Additionally, the 

ability to fabricate the device and load the drug separately limits drug exposure to solvents 

or high temperatures and improves stability. Reservoir systems have been successfully 

employed in the treatment of ocular conditions e.g. Vitrasert® (Yang et al., 2012). This 

type of device carries an increased risk of ‘dose dumping’ and risk of overdose (A. Dash 

et al., 1998; Kaur et al., 2018), which may be caused by implant fracture or membrane 

rupture. However, this risk can be mitigated by carefully selecting the materials used to 

produce the implants and optimising the device design. The implants developed in 

chapter three could be useful for a range of applications, such as localised delivery of 

antibiotics, chemotherapeutics, or anaesthetics. However, they did not show sufficiently 

extended release profiles to be useful for prolonged drug delivery for chronic applications, 

such as contraception or prophylaxis of human immunodeficiency virus (HIV). In 

addition, the implants in chapter three, showed particularly poor sustained drug delivery 

for hydrophilic compounds. The sustained delivery of hydrophilic drugs is particularly 

challenging, and numerous strategies to prolong their delivery have been investigated 

including colloidal systems, nanoparticles and liposomes (Arpicco et al., 2016; Park, 2016). 

Therefore, additional strategies to prolong the delivery of drugs from these implants need 

to be investigated. 

The need for sustained drug delivery spans a variety of therapeutic areas and the 

physicochemical properties of the drugs for different conditions can vary substantially. 

Sustained delivery of hydrophilic compounds is a challenge and needs to be addressed, 

however, many newly discovered chemical entities are poorly water-soluble. Therefore, 

versatile and flexible systems are required that could deliver compounds with a wide range 

of solubilities (Savjani et al., 2012). As such, the development of flexible designs with easily 

modifiable parameters is required for each drug and condition. Polymeric coatings are a 

versatile and adaptable method that would allow alteration of drug release from a reservoir 

system. Therefore, in order to prolong the drug release from the implants designed in 
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chapter three and to provide further control of drug release, polymeric coatings will be 

investigated in this chapter.  

Several reservoir-based, membrane-controlled implants exist. For example, the Medidur™ 

platform. This system is based on drug diffusion through a poly(vinyl alcohol) (PVA) and 

ethylene vinyl acetate membrane and has been successfully integrated into two implant 

products (Vitrasert® and Retrisert®) and there are more in development, suggesting that 

this delivery system is versatile and adaptable to a variety of drugs (Stevenson et al., 2012). 

In addition, thin film polymer implants for the delivery of tenofovir alafenamide fumarate 

(TAF) for HIV prophylaxis have been investigated (Schlesinger et al., 2016). Drug release 

from membrane-controlled reservoir systems can be easily adjusted by altering membrane 

thickness or surface area or the choice of polymer used (Lance et al., 2015; Schlesinger et 

al., 2015; Siepmann et al., 2012).  

In this chapter, poly(caprolactone) (PCL)-based coatings will be developed to prolong 

drug release from reservoir-type implants. PCL and its copolymers have become attractive 

biomaterials for prolonged drug delivery and they have been previously used in a wide 

range of systems, including implants (Carcaboso et al., 2008; Cheng et al., 2010). The 

biocompatibility and biodegradability of PCL, combined with its low melting point and 

low cost, make it a promising candidate to prepare polymer coatings from (Nair et al., 

2007; Sun et al., 2006). In addition, PCL has been shown to be highly permeable to many 

drugs (Cheng et al., 2010). PCL degrades more slowly than other polymers such as 

poly(glycolic acid), poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid). However, it 

easily forms copolymers and blends with other molecules (T. K. Dash et al., 2012; Nair et 

al., 2007). As such, blends with hydrophilic compounds such as poly(ethylene glycol) 

(PEG) may result in materials with increased degradation rates and would allow the 

degradation rate to be altered to a specific rate (Middleton et al., 2000; Nair et al., 2007). 

These properties suggest that PCL has the potential to provide a means of prolonging the 

drug release from reservoir-type implants, making it an interesting candidate for 

investigation. 
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4.2. Aims and objectives 

The aims of this chapter were to produce reservoir-type implants, and subsequently coat 

them with a polymeric coating which will control and prolong drug delivery from the 

device. 

 

The objectives were: 

• to produce PCL-based films using solvent casting; 

• to characterise films using attenuated total reflectance–Fourier transform infrared 

(ATR-FTIR), X-ray diffraction (XRD), mercury intrusion porosimetry (MIP), 

contact angle goniometry (CAG), and differential scanning calorimetry (DSC); 

• to combine PCL-based films with reservoir-type implants developed in chapter 

three; and 

• to characterise coated implants using X-ray micro-computer tomography (µ-CT) 

and conduct in vitro release with model compounds. 
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4.3. Materials and apparatus 

4.3.1. Materials 

• Granulate PLA (Ingeo™ Biopolymer 4043D) (NatureWorks, Minnesota, USA) 

• Filament poly(vinyl alcohol) (PVA) (Ultimaker, Geldermalsen, Netherlands) 

• PCL 6506 (MW= 50,000 Da), henceforth referred to as H-PCL, and PCL 2054 

(MW=550 Da), henceforth referred to as L-PCL (Perstorp, Sweden) 

• Methylene blue (MB) ≥95%, phosphate buffered saline (PBS) (pH 7.4) tablets, 

agarose powder, PEG (Mw 1,000 Da), IBU sodium ≥98% and acetonitrile for 

HPLC (Sigma Aldrich, Dorset, UK) 

• Phosphoric acid 85% (Amresco, Inc., Ohio, USA) 

• Dichloromethane (DCM) (Merck, Darmstadt, Germany) 

• Water for HPLC (ELGA PureLab DV 25-Flex 2 ultrapure water purification 

system) 

 

4.3.2. Apparatus 

• ATR–FTIR spectrometer, Accutrac FT/IR-4100™ Series (Jasco, Essex, UK)  

• Differential scanning calorimeter (DSC) Q100, TA standard aluminium pan and 

TA standard aluminium lid (TA Instruments, New Castle, USA)  

• D5000 diffractometer with a Kristalloflex 710 generator with filtered Cu Kα 

radiation (Siemens, Munich Germany) 

• Attension Theta tensiometer (Biolin Scientific, Gothenburg, Sweden) 

• Autopore IV 9500 automated mercury porosimeter (Micromeritics, Georgia, 

USA) 

• TCS SP8 laser scanning confocal microscope (Leica, Wetzlar, Germany)  

• Next 1.0 filament extruder (3devo, Utrecht, Netherlands) 

• Ultimaker 3 3D printer (Ultimaker, Geldermalsen, Netherlands) and Cura 

software® 

• TM3030 Tabletop Microscope (Hitachi, Tokyo, Japan) 

• EX1301 VivoSight® optical coherence tomography (OCT) microscope 

(Michelson Diagnostics Ltd., Kent, UK)  
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• Bruker SkyScan 1275 system (Bruker, Massachusetts, USA) with a Hamamatsu 

L11871 source 

• Jeio Tech ISF-7100 floor standing incubator shaker (Medline Scientific, 

Oxfordshire, England)  

• FLUOstar Omega Microplate Reader (BMG LABTECH, Ortenberg, Germany) 

• High-performance liquid chromatography (HPLC) instrumentation composed of 

an Agilent 1220 Infinity II LC gradient system (Agilent Technologies UK Ltd., 

Stockport, UK) 

• Individual chromatograms obtained were analysed using Agilent Chemstation® 

software version B.02.01 (Agilent Technologies UK Ltd., Stockport, UK) 

• Zorbax Eclispe XDB-C18 (95 Å pore size, 150 mm length x 4.6 mm internal 

diameter; 5µm particle size) column (Agilent Technologies UK Ltd, Stockport, 

UK) 

• Decon® FS300b sonicating-water bath (Decon Laboratories Ltd. East Sussex, 

UK) 
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4.4. Methods 

4.4.1. PCL film formulation 

Films of varying proportions of H-PCL, L-PCL and PEG 1,000 were prepared by solution 

casting (Schlesinger et al., 2016). The appropriate ratio of constituents (1.5 g) (Table 4.1) 

were dissolved in 10 mL of DCM. A quantity (5 g) of the resulting solution was then 

poured into a glass Petri dish, and the DCM allowed to evaporate at room temperature 

(20 °C) to form films (Schlesinger et al., 2016). 

Table 4.1. The composition of polymeric films prepared by solution casting. 

Formulation 

Composition (%) 

H-PCL L-PCL 
PEG 
1,000 

H100 100 0 0 
H70L30 70 30 0 
H50L50 50 50 0 
H40L60 40 60 0 

H45L45P10 45 45 10 
H40L40P20 40 40 20 
H35L35P30 35 35 30 
H30L30P40 30 30 40 

 

4.4.2. Film characterisation 

ATR-FTIR spectrometry was used to investigate any chemical interactions between the 

materials within each of the films. An FTIR Accutrac FT/IR-4100 series (Jasco, Essex, 

UK) equipped with MIRacle™ diamond ATR was used at room temperature (20°C). The 

IR transmission spectra were recorded between 600 and 4000 cm-1 with a resolution of 

4.0 cm-1. An average of 64 repeat scans were taken to obtain each spectrum. 

 

The thermal properties of the PCL films were investigated using DSC. Analysis was 

carried out on samples of each formulation on a differential scanning calorimeter (DSC 

Q100) (TA Instruments, New Castle, USA). Samples of each film were heated from 0 to 

100°C at a rate of 10°C/minute. The melting temperature was determined from the peak 

of DSC endotherm. 
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Equation 4.1 

Equation 4.2 

The crystalline structure of the films was evaluated by XRD analysis. XRD spectra were 

recorded at room temperature (20°C) using a D5000 diffractometer (Siemens, Munich 

Germany) with a Kristalloflex 710 generator with filtered Cu Kα radiation (λ = 1.5405 Å; 

40 kV; 30 mA). Data were collected in the 2θ range from 10° to 70° with a step of 0.02° 

and counting time of 1 sec/step. The crystallinity of each of the films was calculated using 

Equation 4.1 after deconvoluting the peaks present in the diffractograms. 

 

𝑋𝑐 =
𝐼𝑐

𝐼𝑐 + 𝐼𝑎
 

 

Where, Ic represents the area under crystalline peaks and Ia represents the area under 

amorphous halos (Sownthari et al., 2013). 

 

Degradation of each of the films was investigated. The initial dry weights (W0) of three 

replicates (1.0 cm x 2.5 cm and 89.58 (± 23.00) µm thick) of each film were recorded. The 

films were then placed in 5 mL of PBS (pH 7.4) at 37°C with shaking at 40 rpm. The films 

were removed at defined time points, excess water removed, and the weights recorded 

(Wt). The films were then placed back in 5 mL of fresh PBS (pH7.4) at 37°C.  

The percentage weight remaining (% Wt remaining) was calculated using Equation 4.2: 

 

% 𝑊𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑚𝑎𝑖𝑛𝑔 =  
𝑊𝑡

𝑊0
 × 100 

 

The contact angle of deionised water with the surface of each the films was measured 

using the sessile drop method. For this purpose, an Attension Theta tensiometer (Biolin 

Scientific, Gothenburg, Sweden) was used and OneAttension software was used to 

analyse the results (Faibish et al., 2002). Each reported contact angle is a mean of three 

measurements taken from random areas on each film formulation. The volume of each 

droplet used was kept constant (4 µL) and each contact angle reported was measured 1.94 

seconds after release of the droplet. 
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The porosity of each of the films was also evaluated in terms of MIP. All tests were carried 

out on an Autopore IV 9500 (Micromeritics, Georgia, USA). Prior to analysis, all samples 

were dried at 40°C and placed into a penetrometer to ensure the correct mercury fill into 

the voids. The relationship between applied pressure and pore size is defined by the 

Washburn equation, which assumes a relationship between the applied pressure and pore 

diameter using physical properties of a non-wetting material (in this case, mercury which 

has a contact angle of 141° with the test materials). The applied pressure ranged from 

1 psi to 60,000 psi.  

Finally, a TCS SP8 laser scanning confocal microscope (Leica, Wetzlar, Germany) was 

used to acquire sequential images of a H35L35P30 film containing a hydrophobic dye 

(nile red) and a hydrophilic dye (fluorescein). Excitation at 488 nm and 552 nm was 

achieved using a laser and photons were collected via HyD Leica spectral detectors. 

 

4.4.3. Implant design and manufacture 

Single screw hot melt extrusion (HME) was used to produce the PLA filament for the 

implant manufacture in combination with the PVA filament. As described previously in 

section 3.4.1, PLA pellets were added to a filament extruder (3Deveo, Utretch, 

Netherlands) at an extrusion speed of 5 rpm and a filament fan speed of 70%. The 

temperature was controlled between 170 and 190°C. 

A hollow implant was designed (Figure 4.1 (A)) using a computer-aided design (CAD) 

software and printed using an Ultimaker 3 3D printer (Ultimaker, Geldermalsen, 

Netherlands) using Cura® software as previously described in section 3.4.1. The Ultimaker 

3 system was equipped with 0.4 mm extruder nozzles loaded with PLA and PVA filament, 

respectively. The print speed was 70 mm/s, the print temperature used was 205°C, the 

build plate temperature was 60°C and the layer height used was 0.1 mm. After the 3D 

printing process, implants were loaded manually with solid drug powder core (either MB 

(68.6 ± 5.1 mg) or IBU sodium (68.1 ± 3.0 mg). Subsequently, the implants were coated 

using dip coating (Schlesinger et al., 2016) with a biodegradable PCL or PCL/PEG film 

to control the drug release from the implant (Figure 4.1 (B)) (Schlesinger et al., 2016). 

Each implant was coated by manually by dipping it into the PCL solution once using 

forceps, removing it and allowing the solvent to evaporate for 2 hr. The thickness of each 
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of the implant coatings was analysed using a digital calliper and the PCL solution 

concentration altered, if necessary, to produce coatings with the same thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. (A) CAD design used to produce the 3D printed implant; (B) (1) uncoated implant; (2) cross-
sectional view of an uncoated implant and (3) a cross-sectional view of a coated implant. 

 

4.4.4. Implant characterisation 

OCT using an EX1301 OCT microscope (Michelson Diagnostics, Kent, UK) enabled 

visualisation of implant coatings and the drug within the implant cavity. Additionally, X-

ray μ-CT scans were performed on the implants following the same methodology 

reported by Mathew et al., (2019) and Domínguez-Robles et al., (2020). Briefly, the 3D 

reconstruction volumes and inner structures of the implants were observed by using a 

Skyscan 1275 system (Bruker, Massachusetts, USA) with a Hamamatsu L11871 source. 

The microfocus of the X-ray source of the µ-CT scanner had maximum voltage of 40 kV 

and maximum current of 250 μA. Samples were mounted vertically on dental wax and 

positioned 60 mm from the source, and the camera to source distance was 286 mm. No 

filter was applied for an exposure time of 49 ms. The images generated were 1944 x 1413 

pixels with a resolution of 17 µm per pixel. Then the data were collected and Data Viewer 

(A) (B) 
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Equation 4.3 

and CT-An software were used to analyse them. Finally, CTvol software was applied to 

generate 3D reconstruction images. 

4.4.5. In vitro release 

Implants were loaded with MB (68.6 ± 5.1 mg) or IBU sodium (68.1 ± 3.0 mg) and placed 

in 500 mL of PBS (pH 7.4) at 37°C and shaken at 40 rpm. Pure drug powder was directly 

packed into the hollow cavity of each implant and compacted using a 3D printed PLA 

rod. Samples (0.5 mL) of the release medium were taken at specified time points and 

replaced with equal volume of PBS (pH 7.4) (The British Pharmacopeia Commission, 

2019). MB and IBU sodium were quantified using UV-spectroscopy and RP-HPLC, 

respectively, as previously described in 2.5.1 and 2.5.4. Total drug release at each time 

point was calculated using Equation 4.3, taking into account the weight of compound in 

samples that had been removed previously to offset any dilution from sample removal 

and replacement with fresh medium. 

 

% 𝐷𝑟𝑢𝑔 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝑊𝑡 + 𝑊𝑠

𝑊0
 × 100 

 

Where, Wt is the weight of drug released at time t, Ws is the weight of drug removed in 

all previous samples and W0 is the weight of drug in the implant at T=0. 

 

4.4.6. Data analysis 

4.4.6a. Similarity and difference factor 

Release profiles from each of the implants were compared by calculating and comparing 

the difference (F1) and similarity (F2) factor as described in 3.4.4a.  
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4.4.6b. Statistical analysis 

Statistical analysis was performed using GraphPad Prism® version 8.0 (GraphPad 

Software Inc., San Diego, California, USA) and Microsoft® Excel 2016. Where 

appropriate all data were expressed as a mean ± standard deviation (S.D.) and compared 

using one-way analysis of variance (ANOVA) with Tukey’s HSD post-hoc. In all cases, 

p < 0.05 was the minimum value considered acceptable for rejection of the null 

hypothesis.  
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4.5. Results 

4.5.1. Film characterisation 

Films of each of the PCL formulations were prepared by film casting and characterised 

before implant coating (Table 4.1). FTIR was used to analyse the resulting formulations. 

Typical PCL absorption bands at ~1295 cm-1 (C-O and C-C stretching), ~1730 cm-1 

(C=O), ~2940 cm-1 and ~2860 cm-1 (C-H) are present in all formulations containing PCL 

(Kmiec et al., 2013; Zehnder et al., 2016) (Figure 4.2). No new peaks were observed after 

combining the polymers, indicating that no chemical bonds have formed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. ATR-FTIR spectra of each of the polymeric film formulations. 

 

DSC was performed on each of the films to ensure that they all formed miscible blends 

that demonstrated a single melting point (Figure 4.3). It is observed that addition of 

L-PCL, which is liquid at room temperature (20°C), had the effect of lowering the melting 

point of the films when compared to H100, and that as the proportion of L-PCL is 

increased the melting point is further reduced. The addition of PEG 1,000 to the films 

(Figure 4.3 (B1-2)) did not further reduce the melting point of the films.  
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Figure 4.3. The influence of (A) L-PCL and (B) PEG 1,000 on (1) DSC endotherm and (2) melting 
temperature of polymeric films (exo up). 

 

XRD was used to evaluate the crystallinity of the samples. Crystalline peaks for PCL were 

observed at 21.5°, 22° and 23.7° and an amorphous halo was observed at 20.5° (Figure 

4.4 (A) & (B)). In order to calculate the degree of crystallinity, XRD plots were 

deconvoluted (Figure 4.4 (C)) to obtain the area of each individual peak. The addition of 

L-PCL results in a reduction in crystallinity (Figure 4.4 (D)). Some samples show a slight 

deviation from this trend that can be attributed to the deconvolution and fitting process, 

however, a clear overall trend of reduction in crystallinity is observed. As the proportion 

of PEG 1,000 in the films is increased to 40% an increase in crystallinity is observed 

(Figure 4.4 (E)). This is as a result of an additional crystalline peak that appears in the 

spectra at 18.5° for H30L30P40 (40% PEG content).  
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Figure 4.4. (A) & (B) XRD of each film formulation; (C) deconvoluted XRD pattern of H50L50 showing 
Gaussian fittings of (110), (111), (200) and the amorphous halo; the influence of (D) L-PCL and (E) PEG 
1,000 on the crystallinity of polymeric films. 
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Degradation of each of the films in PBS (pH 7.4) was evaluated. Addition of L-PCL to 

the formulations increased the rate of degradation of the films (Figure 4.5 (A)). However, 

inclusion of PEG 1,000 to the formulations (Figure 4.5 (B)) caused a reduction in the 

degradation rate of these films when compared to H50L50.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Influence of (A) L-PCL and (B) PEG 1,000 content on the degradation rates of the polymeric 
films (means ±S.D., n=3). 

 

The contact angle of water with the surface of the films was investigated to give an 

indication of the hydrophilicity of each of the formulations. The addition of L-PCL had 

a significant (p < 0.05) effect in reducing the contact angle of the films (Figure 4.6 (A)) 

and, thereby, increasing the hydrophilicity of the films. Increasing the proportion of L-

PCL above 30% did not have a significant (p > 0.05) effect on further decreasing the 
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H35L35P30 and H30L30P40) no significant difference (p > 0.05) in contact angle was 

observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Influence of (A) L-PCL and (B) PEG 1,000 content on the contact angle of water with the 
polymeric films (means ±S.D., n=3). 
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times and are, therefore, likely to show a range of different release profiles in in vitro release 

models. 
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MIP was used to investigate the porosity of each of the films before and after immersion 

in PBS (pH 7.4). Before immersion in PBS (pH 7.4) all membrane formulations showed 

similar values for porosity (Figure 4.7). After immersion in PBS (pH 7.4) for 60 days, all 

films showed an increase in porosity (Figure 4.7 (A)). This increase was particularly 

marked for H40L60 and H35L35P30, where the porosity increased by more than 200% 

and 300%, respectively, after immersion in PBS (pH 7.4) for 60 days (Figure 4.7 (B)). 

Figure 4.7 (C) and (D) illustrate the log differential intrusion volume analysis of the 

selected films before and after immersion in PBS (pH 7.4), respectively. Both H100 and 

H40L60 profiles (0 days in PBS (pH 7.4)) were homogeneous, and no significant voids 

were observed on their surfaces, whereas H50L50 and H35L35P30 exhibited very slight 

pore size distributions (inset of the Figure 4.7 (C)), below 0.2 mL/g, which can be 

attributed to the formation of small surface pits with irregular shapes during the 

preparation procedure. After immersion in PBS (pH 7.4) for 60 days, H100 and H50L50 

and H40L60 showed a mono-modal pore size distribution with a peak value centred 

around 2-3 μm. However, the addition of PEG 1,000 to the polymer blends in 

H35L35P30 produced a bi-modal shape with an important increase of the pore size 

distribution intensity, which indicates a larger number of pores with smaller pores size of 

1 – 2 μm. 

After immersion in PBS (pH 7.4), pores are formed in H35L35P30 as seen in Figure 

4.7 (E). The addition of PEG in H35L35P30 allows increased water penetration and 

formation of hydrophilic pores. Figure 4.7 (F) shows how the hydrophilic compound, 

fluorescein aggregates to form hydrophilic pores within H35L35P30 and the hydrophobic 

compound, nile red can be seen throughout the rest of the film. These areas of PEG 1,000 

can dissolve more easily to form pores and facilitate permeation through this film. It is 

likely that PEG 1,000 domains in these films dissolve and result in the formation of pores. 

 



 Chapter 4: Development of poly(caprolactone)-based coatings to prolong drug delivery from implantable devices 

140 

  

 

 

 

 

 

 

 

 

Figure 4.7. Porosity of films made by solution casting of organic solutions of PCL and PEG 1,000. (A) 
percentage porosity of each of the films before and after immersion in PBS (pH 7.4) for 60 days; (B) 
percentage change in porosity of each of the films after immersion in PBS (pH 7.4) for 60 days; pore size 
distribution curves of films measured at (C) 0 days; and (D) 60 days in PBS (pH 7.4); and SEM images of 
an (E) H35L35P30 coated implant 1) before release and 2) after release and (F) confocal microscope image 
of H35L35P30 film (before release) containing nile red (shown in red) and fluorescein (shown in green). 
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4.5.2. Implant characterisation 

Implants with dimensions of 2.5 x 40 mm were prepared using FDM 3D printing. The 

implants used in this work are the same as ‘implant B’ previously described in chapter 

three. Implants were characterised using OCT and µ-CT. Images of coated implants 

(H50P50) filled with MB and IBU sodium are shown in Figure 4.8 (A) and (B), 

respectively. Figure 4.8 (C) and (D) show OCT images of implants filled with MB and 

IBU sodium and coated with H35L35P3. The architecture and topology of the implants 

and the coatings were analysed using a Bruker Skyscan 1172 system µCT (Figure 4.8 (E)-

(G)). Cross-section reconstructions in the y-z plane of coated implants, containing MB or 

IBU sodium were performed and representative x-y cross-sections of implants were used 

for quantitative analysis. These images provide an appreciation of the drug distribution 

within the cavity of the implant and the coating surrounding the implant. The dimensional 

measurements calculated and different points on the implant and implant coating are 

reported in Figure 4.8 (H) and show that there is no significant difference (p > 0.05) in 

the size of the drug core for either model compound.  
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Figure 4.8. Images of (A) an implant filled with MB; (B) an implant filled with IBU sodium; (C) OCT 
image of implant filled with MB; (D) OCT image of implant filled with IBU sodium; MicroCT images of 
(E) representative x-y cross section of an implant used for quantitative analysis; cross-section 
reconstructions in the y-z plane of implants containing (F) MB; and (G) IBU sodium; and (H) dimensional 
measurements calculated at different locations over the implant 3D volume for the core, shell and coating 
of the samples reported in (F) and (G) respectively (means ±S.D., n=3).  
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Thickness of the coating that was formed by each of the films on the implants was 

measured (Figure 4.9 (A)). Due to the increased viscosity of the H100 and H50L50 

solutions, they formed significantly thicker (p < 0.01) coatings when compared to the 

other formulations tested. Therefore, the concentration of the coating solution was 

altered to give coatings with no significant differences in thickness (Figure 4.9 (B)). The 

concentrations used were 200 mg/mL, 400 mg/mL, 500 mg/mL and 500 mg/mL for 

H100, H50L50, H40L60 and H35L35P30, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Thicknesses of each of the implant coatings (A) before correction and (B) after thickness 
correction (means ±S.D., n=4) *** = p < 0.0001, ** = p < 0.01 and ns= no significant difference. 
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4.5.3. In vitro release 

The release profiles from the coated implants (Figure 4.10 (A) and (B)) are substantially 

extended when compared to the uncoated equivalent as reported in section 3.5.2a. 

Implants coated with H40L60 and H35L35P30 showed the most rapid release profiles. 

This is most likely because these formulations contained the lowest proportion of H-PCL; 

and because H35L35P30 also contained PEG 1,000 which can form hydrophilic pores as 

seen in Figure 4.7 (F). The release profile from the implant coated in H100 was the 

slowest.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. In vitro release profile of MB coated implants, (A) release from 0 – 50 days and (B) release 
from H100 and H50L50 continued to 250 days (means ±S.D., n=3). 
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All release profiles were found to be different from each other as the calculated F1 was 

more than 15 and F2 was less than 50 for each case (Table 4.2). Release rates of each of 

the release profiles during their linear phases were calculated (Table 4.3) and compared. 

Significant differences (p < 0.05) were observed between all formulations except between 

H40L60 and H35L35P30 (p > 0.05).  

 

Table 4.2. Difference (F1) and similarity (F2) factor of each release profile for MB release from the coated 

implant design. 

Curve 1 Curve 2 F1 F2 

H100 H50L50 97.60 33.24 
H50L50 H40L60 84.09 18.60 
H50L50 H35L30P30 89.46 16.20 
H40L60 H35L35P30 16.82 49.29 

 

 

Table 4.3. The release rate of MB from each of the implant designs (means ±S.D., n=3). 

Implant coating Release rate (mg/day) 

H100 0.01 ± 0.01 
H50L50 0.27 ± 0.02 
H40L60 1.52 ± 0.10 

H35L35P30 1.60 ± 0.12 

 

 

Release experiments were conducted with IBU sodium to allow the effect of drug 

properties on the release from these coated implants to be investigated (Figure 4.11). A 

similar trend was observed for MB and IBU sodium. All coated IBU sodium implants 

showed more extended release when compared to the uncoated implant (Stewart et al., 

2020). H40L60 showed the most rapid release rate, followed by H35L35P30 and H50L50 

and H100 showed the slowest release rate.  
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Figure 4.11. In vitro release profile of IBU sodium coated implants (means ±S.D., n=3). 

 

The release profiles of the coated implants were compared using F1 and F2 and all release 

profiles were found to be different (Table 4.4). These results suggest that all release 

profiles were different from each other as in all cases the calculated F1 was more than 15 

and F2 was less than 50. Release rates of each of the release profiles (Table 4.5) were 

compared and significant differences (p < 0.05) were observed between all formulations 

except H50L50 and H35L35P30 (p > 0.05).  

 

Table 4.4. Difference (F1) and similarity (F2) factor of each release profile for IBU sodium release from the 

coated implant design. 

Curve 1 Curve 2 F1 F2 

H100 H50L50 98.66 14.95 
H50L50 H35L35P30 48.34 26.16 
H50L50 H40L60 96.65 22.44 

H35L35P30 H40L60 65.57 15.71 

 

 

Table 4.5. The release rate of each of the implant designs (means ±S.D., n=3). 

Implant coating Release rate (mg/day) 

H100 0.15 ± 0.10 
H50L50 19.73 ± 1.28 
H40L60 34.09 ± 1.04 

H35L35P30 20.96 ± 2.15 
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Tables 4.3 and 4.5 show the release rate from each of the implants investigated in this 

work. Release rates ranging from 0.01 ± 0.01 to 34.09 ± 1.04 mg/day were achieved as a 

result of changing the coating formulation and the differing properties of the drug within 

the implant. No significant difference (p > 0.05) between the release rates of MB and IBU 

sodium from H100 implants were observed, however, significant differences (p < 0.05) 

for all other formulations were observed.  
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4.6. Discussion 

This chapter aimed to improve on the implants developed and tested in chapter three. As 

such, the uncoated implants described in this chapter are the same as implant design B 

described in chapter three. Although the implants designed and tested in chapter three 

were promising, they were not ideal to sustain the release of drugs for prolonged periods 

of time. Accordingly, in this chapter a coating capable sustaining drug release was 

developed to improve the release profile. For this purpose, a PCL-based coating was 

developed.  

Before combining the developed coating formulations with the implants from chapter 

three, films of each formulation were produced by solution casting to allow each of the 

formulations to be characterised. The FTIR spectra (Figure 4.2) of each of the blends 

showed the characteristic peaks of the constituent polymers. Absorption bands at 

1725 cm-1 and 1100 cm-1 are present and have been previously reported to be associated 

with the formation of blends between PCL and PEG (Visan et al., 2020). Broad bands at    

2945 cm-1 (associated with C-H vibrations in PCL) and 2868 cm-1 (attributed to C-H 

stretching within PEG) are evidence of an association between the functional groups of 

the constituent polymers (Visan et al., 2020). Peaks of all pure materials are present in each 

formulation, but no new peaks are formed, indicating that no covalent interactions have 

occurred between the compounds and confirming the formation of a polymer blend 

rather than copolymer. 

The thermal behaviour of each of the formulations was investigated using DSC. Neither, 

L-PCL or PEG 1,000 showed a separate melting point at 18 – 23°C (Perstorp, 2019) and 

37 – 40°C, respectively, in any of the DSC endotherms (Figure 4.3) (Mirahamad et al., 

2014; Sigma-Aldrich, 2020). This reinforces the results from FTIR, which suggest that 

there were no covalent interactions occurring between PCL and PEG 1,000. It has been 

previously shown that PCL-PEG mixtures show discrete melting points for both PCL 

and PEG (Luo et al., 2016). However, these studies used different molecular weights of 

PEG, suggesting that molecular weight has an effect on the miscibility of the compounds.  

It has been reported previously that the addition of PEG 1,000 to H-PCL decreased the 

melting point as was observed in this chapter for H-PCL/L-PCL/PEG blends (Stewart 

et al., 2020). However, at higher PEG 1,000 concentrations (> 30%), two melting points 

are observed. This separate melting point can be attributed to free PEG 1,000 chains not 

mixed with H-PCL. This behaviour is not observed in formulations containing L-PCL. It 
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can, therefore, be hypothesised that the presence of L-PCL is required to improve the 

miscibility of H-PCL and PEG 1,000. It is important to note that this behaviour is 

dependent on the molecular weight of PEG, as H-PCL/PEG 600 films did not show two 

melting points at any PEG 600 concentration (Stewart et al., 2020). 

XRD analysis of each of the films was conducted to determine degree of crystallinity of 

each formulation. Crystallinity will influence the melting temperature and degradation of 

a material.  Crystalline peaks for PCL were observed at 21.5°, 22° and 23.7° in the XRD 

spectra (Figure 4.4) and are attributed to (110), (111) and (200) reflection planes of the 

orthorhombic crystal and an amorphous halo was observed at 20.5°. These correspond 

to previously reported results (Kmiec et al., 2013; Sownthari et al., 2013; Visan et al., 2020). 

These peaks are present in all formulations, suggesting that the crystalline structure of 

PCL remains unaltered. The presence of L-PCL resulted in a reduction in the crystallinity 

of those formulations. This conclusion is supported by the reduction in melting point 

observed from DSC analysis. An additional crystalline peak appears in the diffractogram 

at 18.5° for H30L30P40 (40% PEG content). This peak is characteristic of PEG 

crystalline domains (Visan et al., 2020) and explains the increased crystallinity observed 

for this formulation, compared to those with lower PEG 1,000 concentration. Higher 

melting temperatures and increased crystallinity of formulations containing PEG have 

been reported previously and are thought to be as a result of the plasticising effect of 

PEG (P. Douglas et al., 2016; Li et al., 2015). It is hypothesised that the mobile PEG chains 

improve molecular chain mobility, thus accelerating crystallisation rate, and act as sites for 

PCL crystal growth, as has been previously reported for PLA (Li et al., 2015). 

PCL is known to have a long degradation time, up to two years, but this is dependent on 

its molecular weight (Zehnder et al., 2016). In this chapter H-PCL, L-PCL and PEG 1,000 

blends were formed. Their degradation rates in PBS (pH 7.4) were investigated. A low 

molecular weight PCL was chosen to be added to H-PCL to assess the effect on 

degradation since PCL molecular weight is known to affect its degradation time. PCL is 

also easily miscible with other polymers and can form copolymers and blends (T. K. Dash 

et al., 2012; Nair et al., 2007). Therefore, PEG 1,000 was chosen as another component to 

assess how it would affect the degradation rate of the films. Mixtures of L-PCL and PEG 

1,000 were not tested as these have been previously shown to degrade rapidly and are 

unlikely to be useful for the pronged release of hydrophilic compounds (Zehnder et al., 

2016). Addition of L-PCL to the formulations resulted in an increased rate of degradation 

(Figure 4.5 (A)). This was expected because rate of degradation is affected by the 



 Chapter 4: Development of poly(caprolactone)-based coatings to prolong drug delivery from implantable devices 

150 

molecular weight of the polymer. Reduced molecular weight results in a reduced number 

of ester bonds that need to be cleaved (Woodruff et al., 2010). L-PCL within the 

formulations is degraded more quickly than H-PCL, therefore, as the proportion of L-

PCL is increased the rate of degradation is also increased. In addition, L-PCL caused a 

reduction in crystallinity of the formulations which will contribute to increased 

degradation. Addition of PEG 1,000 to the formulations caused a reduction in the 

degradation rate of these films (Figure 4.5 (B)). This is most likely due to the increased 

crystallinity that is observed from the addition of PEG 1,000 to the formulation. 

Contact angle of water with a material indicates the degree of hydrophilicity of the surface 

of that material (Kurusu et al., 2019) and, may help to explain any differences in 

degradation rate of each of the formulations. A more hydrophilic material may have a 

higher rate of degradation, as a result of increased water penetration and, therefore, 

increased rate of hydrolysis of ester bonds (Castilla-Cortázar et al., 2012; Jenkins et al., 

2006). However, this will be dependent on other factors such as crystallinity. The contact 

angle found for H100 in this chapter is lower than results previously reported (123° 

(Bolbasov et al., 2018) and 101° (Jiang et al., 2012)) for PCL of a similar molecular weight, 

although contact angle is dependent on factors such as surface properties. For example a 

rough surface will result in a higher contact angle for hydrophobic materials but a lower 

contact angle for hydrophilic materials (Bolbasov et al., 2018; Jiang et al., 2012; Kurusu et 

al., 2019). Addition of L-PCL to the formulations resulted in a reduction in contact angle 

compared to H-PCL (Figure 4.6 (A)). Jiang et al., (2012) reported that the addition of the 

hydrophilic compound, hydroxyapatite, resulted in composites with a lower contact angle 

than pure PCL. Increasing the proportion of PEG within the formulations did not result 

in a further decrease in contact angle (Figure 4.6 (B)). Lin et al., (2009) also reported that 

increasing the proportion of PEG in amphiphilic conetworks of poly(dimethlysiloxane) 

resulted in a reduction in their contact angle with deionised water up to a maximum PEG 

ratio of 6/1. After this point, contact angle remained constant. Wurth et al., (2014) 

reported that inclusion of oligo-ethylene glycols (OEG) in PCL-OEG-methyl-2-

pentenoate oxide (MPO) copolymers resulted in a reduction in contact angle of the 

resulting copolymer but only tested this effect up to 8%. This effect could be explained 

by an interaction between L-PCL and PEG 1,000. It is possible that L-PCL and PEG 

1,000 are interacting to form hydrophilic domains in which L-PCL is surrounding PEG 

1,000. However, as the concentration of PEG 1,000 increases above the concentration of 

L-PCL, there is insufficient L-PCL to combine with all the PEG 1,000, resulting in the 
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slight increase in contact angle observed. Additionally, this theory could explain why the 

expected increase in degradation rate was not observed with the addition of PEG 1,000 

and the presence of an additional crystalline peak at 18° in the XRD studies for 

formulations containing higher amounts of PEG 1,000. As well as having an effect on the 

degradation and permeability of the coatings, hydrophilicity may also have an impact on 

the biocompatibility of the materials. It has been previously reported that materials with 

moderate hydrophilicity may facilitate cell adhesion and improve biocompatibility (Visan 

et al., 2020).  

Porosity is an important parameter and will have a significant effect on drug permeation 

through a polymeric film (Häbel et al., 2016; Ullah et al., 2018) and as such, this parameter 

was investigated. Before immersion in PBS (pH 7.4) all membrane formulations showed 

similar values for porosity (Figure 4.7). All formulations showed an increase in porosity 

after immersion in PBS (pH 7.4), although this increase was particularly high for H40L60 

and H35L35P30. Additionally, the presence of PEG 1,000 in H35L35P30 resulted in the 

formation of hydrophilic pores (Figure 4.7 (F)) as previously reported (Krok et al., 2012) 

and are likely to increase the rate of release from implants coated in this formulation. 

After each film formulation was characterised, dip-coating was used to form a coating of 

each formulation on the implant. Implant dimensions of 2.5 x 40.0 mm were used 

throughout the experimentation reported in this thesis because this shape and size has 

already been shown to be acceptable in commercially available products (e.g. Nexplanon®) 

and applicator devices have already been developed for an implant of these dimensions 

(Funk et al., 2005). 

The concentration of the coating solution used for dip-coating the implants was adjusted 

to ensure all formulations formed a coating of the same thickness (Figure 4.9). Any 

difference in the thickness of the coating is likely to have an effect on the rate of release. 

Schlesinger et al., (2016) produced thin-film PCL devices containing tenofovir alafenamide 

fumarate (TAF) with film thicknesses of 0.009, 0.015 and 0.026 mm. The devices 

demonstrated TAF release rates of 4.4 mg/day, 2.2 mg/day and 1.6 mg/day, respectively 

(Schlesinger et al., 2016).  

In vitro release rate of two model hydrophilic compounds (MB and IBU sodium) from 

each of the coated implants was investigated. These compounds were chosen to allow the 

release rates to be compared to those previously obtained in chapter three. Release of 

both MB and IBU sodium from uncoated implants was rapid and 100% drug release was 
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achieved in seven days and 80 min for MB and IBU sodium, respectively, as reported in 

chapter three. The differences in release rate are most likely due to differences in the 

solubilities and rate of solubilisation of the two compounds. MB and IBU sodium have 

solubilities of 40 mg/mL and 100 mg/mL, respectively (Pubchem et al., 2019; Sigma-

Aldrich, 2019). In order for the drug to release to occur from the coated implants, water 

must first permeate through the film coating to dissolve the PVA “window” and solubilise 

the drug core. Subsequently, dissolved drug can permeate through the film and be released 

into the surrounding media. H40L60 and H35L35P30 showed the most rapid release 

profiles of MB. This is most likely because these formulations contained the lowest 

proportion of H-PCL, and H35L35P30 also contained PEG 1,000 which can form 

hydrophilic pores (Figure 4.7 (F)). As a result, these films have an increased hydrophilicity, 

which will increase water penetration (Castilla-Cortázar et al., 2012), resulting in an 

increase in the rate of degradation of these coatings and, therefore, an increased rate of 

drug release (Escobar Ivirico et al., 2006; Sabater i Serra et al., 2007). The release profile 

from the implant coated in H100 was the slowest. This was expected, due to the slow 

degradation of this formulation and reduced pore formation described in previous 

sections. Implants coated in H50L50 showed a promising release profile for a prolonged 

drug delivery system.  

Similarity and difference factor are statistical tools normally used to compare the 

dissolution profiles of oral solid dosage forms (US Food and Drug Administration, 1997).  

Similarity and difference factor are simple and widely accepted methods for comparing 

dissolution profiles and are commonly used for the comparison of oral solid dosage forms 

(Diaz et al., 2016). However, they have been successfully used to compare drug release 

from different types of formulations such as transdermal patches (Dua et al., 2010; 

Larrañeta et al., 2015; Polli et al., 1997; Prajapati et al., 2011), implants (Cheng et al., 2010) 

and long-acting injections (Wright, 2012). There are limitations associated with this 

method and the high variability of results in this work limits the accuracy of the results. 

However, despite this, it was chosen as the best method to compare the entire release 

profiles and, combined with the comparison of the calculated release rates, allowed 

reliable conclusions to be drawn. 

All release profiles for MB were found to be different from each other as the calculated 

F1 was more than 15 and F2 was less than 50 for each case (Table 4.2). This emphasises 

the effect that changing the formulation has on the release profile from the implant. 

Release rates of each of the release profiles during their linear phases were calculated 
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(Table 4.3) and compared. Significant differences (p < 0.05) were observed between all 

formulations except between H40L60 and H35L35P30 (p > 0.05). These results suggest 

that the release rate of the linear part of these two curves are equivalent. However, F1 and 

F2 are used to compare the entire release profile. In this way it can be concluded that 

H40L60 and H35L35P30 showed equivalent release rates during the linear sections of the 

curves, but the overall release curves are different whenever they deviate from the 

linearity. 

Release experiments were conducted with IBU sodium to allow the effect of drug 

properties on the release from these coated implants to be investigated. A similar trend 

was observed for MB and IBU sodium. All coated IBU sodium implants showed an 

extended release profile when compared to the uncoated implant. H40L60 showed the 

most rapid release rate, followed by H35L35P30 and H50L50 and H100 showed the 

slowest release rate. The release profiles of IBU sodium from the coated implants were 

compared using F1 and F2 (Table 4.4) and all release profiles were found to be different. 

Release rates of each of the release profiles were also compared (Table 4.5) and significant 

differences (p < 0.05) were observed between all formulations except H50L50 and 

H35L35P30 (p > 0.05). As explained previously this takes into account only the release 

rates of the linear regions and not the release plot. It can be clearly seen in Figure 4.11 

that the release profiles of these two types of implants are different. Moreover, this was 

confirmed after calculating the similarity and difference factors (F1 and F2). 

Although a similar trend is observed for the release rates for all formulations, it is 

important to note that IBU sodium release was considerably faster than MB release from 

the same coated implant. This increase in release rate for IBU sodium may be attributable 

to both the solubility of the drug and dissolution rate of the drug. Therefore, drug 

properties will have a significant effect on the release profile from these implants and this 

highlights the difficulties in prolonging the drug release of highly hydrophilic compounds. 

Interestingly, when IBU sodium loaded implants were coated with H40L60 they showed 

faster drug release than implants coated with H35L35P30. This behaviour was not 

observed in the release of MB. This fact reinforces the conclusion that the permeation of 

drugs through these PCL-based membranes relies heavily on the nature of the drug.  

These results emphasise the difficulties in sustaining the release of hydrophilic drugs. IBU 

sodium is more hydrophilic than MB, and as such, has additional challenges to extending 

its release profile. The work in this chapter is a proof of concept using model drugs, 
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however, the implant coating could be modified for specific drugs or extra excipients 

could be added to the powder drug core to influence the rate of release. 

There are many conditions that this type of implant may be suitable for. For example, an 

implant coated with H35L35P30 could be suitable for pre-exposure prophylaxis (PrEP) 

of HIV using TAF, as it is estimated that dose of  less than 2.8 mg/day could be effective 

for this purpose, if delivered subcutaneously (Schlesinger et al., 2016). This chapter 

focusses on prolonging the delivery of hydrophilic molecules, such as ropinirole (max 

daily dose 4 mg for restless leg syndrome (Joint formulary committee, 2020g)) or local 

delivery of gentamicin after surgery. However, similar implants could be designed for 

potent hydrophobic drugs and conditions including risperidone for chronic psychosis 

(daily dose 4 mg (Joint formulary committee, 2020d)) or levothyroxine sodium for 

hypothyroidism (daily dose 50 – 200 µg (Joint formulary committee, 2020f)). Further work 

needs to be conducted to specifically design an implant for each release rate required. The 

flexibility of the manufacturing techniques used in this work may also allow for the design 

of complex implantable devices which could deliver multiple drugs at differing rates, as is 

the case for combinations of hormonal contraceptives (Joint formulary committee, 

2020h): ethinylestradiol (20 – 35 µg/day), levonorgestrel (150 µg/day) and gestodene (75 

µg/day), among others. 
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4.7. Conclusion 

In this chapter, hollow implants with dimensions similar to those already available on the 

market were successfully produced using 3D printing. Subsequently, the implants were 

coated with a biodegradable polymeric layer to control drug release. Eight coating 

formulations were made using different combinations of H-PCL, L-PCL and PEG 1,000. 

The resulting films were characterised using a variety of techniques including DSC, 

porosity, and XRD, among others. Increasing the proportion of L-PCL up to 60% in the 

formulations decreased the crystallinity by over 20%, melting temperature by over 4°C 

and water contact angle by over 40°, resulting in an increased degradation rate when 

compared to pure H-PCL. Addition of 30% PEG to the formulation increased the 

porosity of the formulation by over 50% when compared to an equivalent PCL only 

formulation. The most promising formulations underwent in vitro release testing using 

two model compounds. Release rates ranging from 0.01 ± 0.01 to 34.09 ± 1.04 mg/day 

were obtained and could be easily modified by changing the formulation of the polymeric 

coating. The results presented in this chapter improve on those obtained in previous 

chapters They demonstrate the flexibility of the coated implants produced, and highlight 

their potential for sustaining the release of hydrophilic compounds. However, the 

flexibility of the manufacturing methods does not limit the applications to hydrophilic 

drugs, and the implant or coating could be tailored to the properties of any drug 

compound. The work in this chapter was a proof of concept study and future work will 

aim to develop an implant with a specific release rate for a drug and condition. 

Additionally, as 3D printing is still a relatively new technique in the pharmaceutical 

industry, approaches to scale up this method of manufacture need to be investigated. 
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Chapter Five 

Sterilisation of  polymeric implants 
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5.1. Introduction 

Implantable devices range from those which are placed into the body for short time 

periods (e.g. arterial or venous catheters), prolonged time periods (e.g. drug delivery 

devices or vascular grafts), or permanently (e.g. cardiac valves) (Matthews et al., 1994; 

Tipnis et al., 2018). Regardless of the length of time a device will be in place for, risk of 

infection is an important factor which must be considered (Tipnis et al., 2018). Although 

the exact mechanism by which an implantable device causes infection is not known, it has 

been widely shown that there is an association between the implantation of foreign 

materials into the body and an increased incidence of infection (Matthews et al., 1994). It 

has been reported that subcutaneous contraceptive implants have an infection incidence 

of 0 – 1.4% (Klavon et al., 1990; Ramdhan et al., 2018). Most infections occur within the 

first two months, but can occur up to two years after implantation (Ramdhan et al., 2018). 

Adherence of bacteria to an implanted device may prevent their removal by host 

secretions and blood flow and also prevent other defence mechanisms such as 

phagocytosis (Matthews et al., 1994). Therefore, if infection occurs as a result of an 

implanted device, the treatment, amongst other things, often requires removal of the 

device itself as a prerequisite of curing the infection (Matthews et al., 1994). The 

sterilisation of implantable devices is a critical step in their manufacturing process and is 

carried out to eliminate infecting microorganisms from the device and reduce the risk of 

infection (Tipnis et al., 2018). Although sterilisation minimises the risk of infection, 

contamination from natural body flora is also a factor which can cause infection 

(Matthews et al., 1994).  

Sterilisation is defined as “the process by which all living cells, viable spores, viri and viriods are either 

destroyed or removed from an object” (Tipnis et al., 2018). Sterility is defined in the British 

Pharmacopoeia 2019 as “the absence of viable microorganisms” (The British Pharmacopeia 

Commission, 2019). Sterility is a critical quality attribute for a wide variety of 

pharmaceutical products, including implantable drug delivery devices, and may be 

achieved through aseptic processing or terminal sterilisation. Aseptic processing is 

expensive, therefore, terminal sterilisation is the most commonly applied approach 

(Tipnis et al., 2018). The method of sterilisation is chosen to achieve the highest level of 

sterility assurance and, wherever possible, is carried out in the product’s final container 

(The British Pharmacopeia Commission, 2019). Sterilisation efficiency is measured in 

terms of sterility assurance level (SAL). A SAL limit of 10-6 is generally accepted for 
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pharmacopeial sterilisation procedures (Manickavasagam et al., 2013; Matthews et al., 1994; 

The British Pharmacopeia Commission, 2019). This represents a one in a million chance 

that viable organisms are present in the sterilised article (Manickavasagam et al., 2013). 

This thesis focuses on the development of implantable drug delivery devices made from 

polymeric materials. As such, a sterilisation method that is compatible with the polymers 

used would be required. It is known that some sterilisation processes can effect polymer 

properties and could, therefore, have an effect on the release profile from any device 

(Manickavasagam et al., 2013). Polymers can be very sensitive to different sterilisation 

techniques such as steam or dry heat which may limit the use of these techniques (Tipnis 

et al., 2018). Table 5.1 highlights some common polymers used for the development of 

implantable drug delivery devices and the methods of sterilisation commonly used. 

Hydrogen peroxide, ethylene oxide (EO) and gamma radiation are commonly used 

methods of sterilisation for polymeric materials. However, these methods have a number 

of disadvantages and there is a need for alternative methods of sterilisation. 

Table 5.1. Commonly used polymers for implants and their preferred methods of sterilisation (Tipnis et al., 
2018). 

 

This chapter aims to investigate the use of novel methods (microwave (MW) radiation or 

ultraviolet (UV) light) as a means of sterilising a polymeric drug delivery implant device 

and compare these to an established method of sterilisation (gamma radiation).  

Polymers Used Preferred Sterilisation method 

Poly(methyl methacryclic acid) EO, Hydrogen peroxide  

Poly(ethylene) EO, Radiation 

PLA EO, Radiation 

Poly(ethylene glycol) EO 

PVA EO 

Poly(urethane) EO, Radiation 
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5.2. Aims and objectives 

The aim of this chapter was to investigate gamma radiation, MW radiation and UV light 

as potential methods of sterilisation for polymeric drug delivery implants. 

 

The objectives were: 

• to sterilise materials using gamma radiation, MW radiation or UV light; 

• to investigate the effectiveness of these sterilisation methods using the British 

Pharmacopoeia test for sterility and controlled contamination sterility test; 

• to investigate the effect of these sterilisation methods on polymer properties and 

in vitro release.



 Chapter 5: Sterilisation of polymeric implants 

160 

5.3. Materials and apparatus 

5.3.1. Materials 

• Escherichia coli (E. coli) NSM59 and Staphylococcus aureus (S. aureus) ATCC 29213 

maintained on cryo-preservative beads in 10% glycerol at -80°C 

• Granulate PLA (Ingeo™ Biopolymer 4043D) (NatureWorks, Minnesota, USA) 

• Filament poly(vinyl alcohol) (PVA) (Ultimaker, Geldermalsen, Netherlands) 

• Ibuprofen (IBU) sodium ≥98%, phosphate buffer saline (PBS) (pH 7.4) tablets 

and acetonitrile for HPLC (Sigma Aldrich, Dorset, UK) 

• Phosphoric acid 85% (Amresco, Inc., Ohio, USA) 

• Water for HPLC (ELGA PureLab DV 25-Flex 2 ultrapure water purification 

system) 

• Mueller-Hinton (MH) broth, MH agar, Soya-bean casein digest medium and fluid 

thioglycollate medium 

 

5.3.2. Apparatus 

• Next 1.0 filament extruder (3devo, Utrecht, Netherlands) 

• Ultimaker 3 3D printer (Ultimaker, Geldermalsen, Netherlands) and Cura 

software® 

• Panasonic NN‐CF778S MW oven without a turntable (Panasonic UK Ltd, 

Bracknell, UK 

• Class II microbiological safety cabinet (BioMAT2) (Contained air solutions, 

Manchester, UK) 

• Gamma radiation Cobalt 60 isotope (Synergy Health Westport Limited, a STERIS 

Company, Westport, Ireland) 

• Jeio Tech ISF-7100 floor standing incubator shaker (Medline Scientific, 

Oxfordshire, England)  

• See-saw rocker SSM4 (Stuart, Staffordshire, UK) 

• TA.XT.Plus Texture Analyser (Stable Micro Systems Ltd, Godalming, UK)  

• Differential scanning calorimeter (DSC) (DSC Q100) (TA Instruments, New 

Castle, USA) 
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• Accutrac FT/IR-4100 series attenuated total reflectance (ATR) Fourier-transform 

infrared (FTIR) spectrometer (Jasco, Essex, UK) equipped with MIRacleTM 

diamond ATR 

• High-performance liquid chromatography (HPLC) instrumentation composed of 

an Agilent 1220 Infinity II LC gradient system (Agilent Technologies UK Ltd., 

Stockport, UK) 

• Individual chromatograms obtained were analysed using Agilent Chemstation® 

software version B.02.01 (Agilent Technologies UK Ltd., Stockport, UK) 

• Zorbax Eclispe XDB-C18 (95 Å pore size, 150 mm length x 4.6 mm internal 

diameter; 5µm particle size) column (Agilent Technologies UK Ltd, Stockport, 

UK) 
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5.4. Methods 

5.4.1. Preparation of polymeric rods and implants 

Hot melt extrusion (HME) was used to produce the PLA filament, as previously described 

in section 3.4.1, which would be used to prepare the polymeric rods. PLA rods 2.5 x 

20.0 mm were designed using computer-aided design (CAD) software) and subsequently 

printed with an Ultimaker 3 3D printer (Ultimaker, Geldermalsen, Netherlands) using 

Cura® software. The Ultimaker 3 system was equipped with two 0.4 mm extruder nozzles 

loaded with PLA and PVA, respectively. These rods were prepared to represent the final 

implant to allow testing of each of the sterilisation methods.  

In addition, implants made from PLA and PVA were prepared as previously described in 

section 3.4.1. A schematic diagram of the implant designs used for the work in this chapter 

are shown in Figure 5.1. 

 

 

 

 

 

 

 

 

 

Figure 5.1. Schematic showing the implant designs used in this work (A) implant design B and (B) implant 
design E. 
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5.4.2. Methods of sterilisation 

Materials were sterilised using either gamma radiation, MW radiation or UV light. 

Implants sterilised using gamma radiation were exposed to a 25 kGy (2.5 MRads) dose of 

gamma radiation. PLA rods or implants were sterilised using MW radiation were placed 

individually in a Panasonic NN‐CF778S MW oven (Panasonic UK Ltd, Bracknell, UK) 

on high power (1,000 Watts) for 5 min. PLA rods or implants sterilised by UV light were 

placed into a class II microbiological safety cabinet (BioMAT2) and placed under UV light 

at a wavelength of 254 nm on a see-saw rocker for 5 min.  

 

5.4.3. Sterility tests 

5.4.3a. British Pharmacopoeia test for sterility 

The British Pharmacopoeia test for sterility was carried out on PLA rods and implants 

sterilised by gamma radiation, MW radiation or UV light and non-sterilised rods and 

implants. All tests were carried out in accordance with British Pharmacopeial test 

standards (The British Pharmacopeia Commission, 2019). Soya-bean casein digest media 

and fluid thioglycollate media were chosen as culture media appropriate for aerobic and 

anaerobic bacteria, respectively. Positive controls of S. aureus and E. coli and a negative 

control of sterile PBS (pH 7.4) were included in the test procedure. The media was 

incubated between 20 – 25°C (soya-bean casein digest media) or 30 – 35°C (fluid 

thioglycollate media) for fourteen days. Examination for macroscopic evidence (i.e. 

turbidity) of microbial growth was carried out at intervals throughout the fourteen-day 

period. 
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5.4.3b. Controlled contamination sterility test 

In addition to the British Pharmacopoeia test for sterility, a further test was designed to 

quantitatively assess the degree of sterilisation of materials sterilised by MW radiation or 

UV light compared to non-sterilised materials. S. aureus was grown overnight in MH broth 

and placed in an orbital incubator at 37ºC at 100 rpm. Subsequently, this culture was 

centrifuged at 3,000 rpm for 12 min, the supernatant was then removed, and the 

remaining pellet was re-suspended in sterile PBS (pH 7.4). The concentration of S. aureus 

was adjusted to an optical density at 550 nm (equivalent to 5.3 x 108 CFU/mL of S. aureus) 

using sterile PBS (pH 7.4) (Cassidy et al., 2012). This was further diluted to produce a 

solution with a concentration of 5.3 x 106 CFU/mL. These two concentrations 

represented high and low microbial contamination. PLA rods were placed in a solution 

of each concentration of S. aureus for 2 hr to allow contamination to occur. The rods were 

subsequently removed from the bacterial solution and placed in sterile Petri dishes at 

37 °C to allow excess solution to evaporate. As the presence of water and MW power 

have been shown to have an effect (Lerouge, 2012), all materials were subject to this 

drying step after microbial contamination to ensure that this effect was controlled. 

After this, materials were sterilised by MW radiation or UV light as described in section 

5.4.2. Sterilised and non-sterilised materials were subsequently placed in 1 mL of sterile 

PBS (pH 7.4) for 2 hr and vortexed for 1 min. Serial tenfold dilutions were performed 

and three 10 µL drops of each dilution plated on to MH agar plates. Following incubation 

for 24 hr at 37°C, total viable counts were determined (Cassidy et al., 2012). 

 

5.4.4. Polymer characterisation 

The mechanical properties of sterilised and non-sterilised implants were evaluated with a 

TA-XT2 Texture Analyser (Stable Microsystems, Haslemere, UK), previously calibrated 

with a 1.0 kg weight. For all measurements the Texture Analyser was set in compression 

mode, and a cuboidal probe (9.5 cm in length) with a sharp end (1.1 mm thick) was used, 

using the set up shown in Figure 5.2. The probe was moved toward the implant at a speed 

of 0.5 mm/s with a maximum distance travelled of 5 mm. The break force was determined 

using the peak maximum of the force-distance curve.  

 



 Chapter 5: Sterilisation of polymeric implants 

165 

 

Figure 5.2. Schematic diagram of the texture analyser set-up used to determine the break for of the sterilised 
implants. 

 

The thermal properties of sterilised and non-sterilised PLA were investigated using DSC 

to determine if any changes have occurred as a result of any of the sterilisation methods. 

Analysis was carried using a differential scanning calorimeter (DSC Q100) (TA 

Instruments, New Castle, USA). Samples were heated from 0 – 250°C at a rate of 

10°C/minute. 

ATR-FTIR spectroscopy was used to investigate any chemical changes in PLA as a result 

of MW radiation, UV light or gamma radiation exposure. A FITR Accutrac FT/IR-4100 

series (Jasco, Essex, UK) equipped with MIRacle™ diamond ATR was used at room 

temperature (20°C). The IR transmission spectra were recorded between 600 and 

4000 cm-1 with a resolution of 4.0 cm-1. The spectra were obtained using 64 scans. 

 

5.4.5. In vitro release 

The effect of gamma radiation (implant B only), MW radiation and UV light on the in vitro 

release from implant B and E was evaluated. Each implant was loaded with of 70.48 

(± 7.15) mg IBU sodium by directly packing the powder into the hollow cavity of each 

implant and compacting it using a 3D printed PLA rod. The exact weight of IBU sodium 

for each replicate was recorded (W0). Each loaded implant was subsequently placed in 

500 mL of PBS (pH 7.4) at 37°C and shaken at 40 rpm. Samples (0.5 mL) of the release 

medium were taken at specified time points and replaced with equal volume of PBS (pH 

7.4) (The British Pharmacopeia Commission, 2019). Total drug release at each time point 

was calculated, taking into account sample that had been removed previously to offset 
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Equation 5.1 

any dilution from sample removal and replacement with fresh medium. The amount of 

drug released from the implant was then calculated (Wt). Percentage drug release (% drug 

release) was calculated using Equation 5.1: 

 

% 𝐷𝑟𝑢𝑔 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝑊𝑡 + 𝑊𝑠

𝑊0
 × 100 

 

Where, Wt is the weight of drug released at time t, Ws is the weight of drug removed in 

all previous samples and W0 is the weight of drug in the implant at T=0. 

 

5.4.6. Statistical analysis 

Statistical analysis was performed using GraphPad Prism® version 8.0 (GraphPad 

Software Inc., San Diego, California, USA) and Microsoft® Excel 2016. Where 

appropriate, data were expressed as a mean ± standard deviation and compared using 

one-way analysis of variance (ANOVA) with Tukey’s HSD post-hoc or t-tests (one- or two- 

tailed). In all cases, p < 0.05 was taken to represent a statistically significant difference. 
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5.5. Results 

5.5.1. Gamma radiation  

5.5.1a. British Pharmacopeia test for sterility 

Sterility tests were carried out on implants sterilised by gamma radiation. These tests were 

carried out in accordance with the methods documented in the British Pharmacopoeia 

(The British Pharmacopeia Commission, 2019). For this method of sterilisation, no 

microbial growth (i.e. turbidity) was observed in either medium over the fourteen-day 

period of the test (Figure 5.3 and 5.4). It can be noted that negative controls, consisting 

of an inoculum of the relevant broth with sterile PBS (pH 7.4), remained microorganism 

free over the entire fourteen-day experiment (i.e. no turbidity was observed). Non-

sterilised materials and positive controls of E. coli and S. aureus were included in the 

experimental set-up and microbial growth (i.e. turbidity) was observed in each case. A 

summary of the results for the British Pharmacopoeia test for sterility for gamma radiation 

sterilised implants is shown in Table 5.2. 

 

 

 

 

 

 

Figure 5.3. Photographic representation of soya-bean casein digest media results at fourteen days for 
negative control, E. coli and S. aureus (positive controls), gamma radiation sterilised implants and non-
sterilised implants (n=4). 
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Figure 5.4. Photographic representation of fluid thioglycollate media results at fourteen days for negative 
control, E. coli and S. aureus (positive controls), gamma radiation sterilised implants and non-sterilised 
implants (n=4). 

 

Table 5.2. Summary of the results of the British Pharmacopeia sterility test for gamma radiation sterilised 
implants (n=4). 

 Turbidity observed (+/-) 
 Soya-bean casein Fluid thioglycollate 

Negative control - - 
E. coli + + 

S. aureus + + 
Gamma radiation - - 

Non-sterilised + + 
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5.5.2. MW radiation 

5.5.2a. British Pharmacopoeia sterility test 

Microbial growth (i.e. turbidity) was observed within the fourteen-day incubation period 

for PLA rods sterilised by MW radiation in both media (Figure 5.5 and 5.6). It can be 

noted that negative controls, consisting of an inoculum of the relevant broth with sterile 

PBS (pH 7.4), remained microorganism free over the entire fourteen-day experiment (i.e. 

no turbidity was observed). Non-sterilised materials and positive controls of E. coli and S. 

aureus were included in the experimental set-up and microbial growth (i.e. turbidity) was 

observed in each case. A summary of the results for the British Pharmacopoeia test for 

sterility for MW radiation sterilised PLA rods is shown in Table 5.3. 

 

 

 

 

 

 

 

Figure 5.5. Photographic representation of soya-bean casein digest media results at fourteen days for 
negative control, E. coli and S. aureus (positive controls), MW radiation and non-sterilised PLA rods (n=4). 
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Figure 5.6. Photographic representation of fluid thioglycollate media results at fourteen days for negative 
control, E. coli and S. aureus (positive controls), MW radiation sterilised and non-sterilised PLA rods (n=4). 

 

Table 5.3. Summary of the results of the British Pharmacopeia sterility test for MW radiation sterilised 
PLA rods (n=4). 

 Turbidity observed (+/-) 
 Soya-bean casein Fluid thioglycollate 

Negative control - - 
E. coli + + 

S. aureus + + 
MW radiation + + 
Non-sterilised + + 
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5.5.2b. Controlled contamination sterility test 

The ability of MW radiation to kill contaminating microorganisms on PLA rods was 

investigated. Figure 5.7 shows the percentage of bacteria remaining after sterilisation by 

MW radiation. Sterilisation by MW radiation did not result in a significant (p > 0.5) 

reduction in bacteria number for either concentration when compared to non-sterilised 

material.  

 

 

 

 

 

 

 

 

 

Figure 5.7. Percentage bacteria remaining after sterilisation by MW radiation (means ±S.D., n=3). 
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5.5.3. UV light 

5.5.3a. British Pharmacopoeia test 

Microbial growth (i.e. turbidity) was observed within the fourteen-day incubation period 

for PLA rods sterilised by UV light in both media (Figure 5.8 and 5.9). It can be noted 

that negative controls, consisting of an inoculum of the relevant broth with sterile PBS 

(pH 7.4) only, remained microorganism free over the entire fourteen-day experiment (i.e. 

no turbidity was observed). Non-sterilised materials and positive controls of E. coli and 

S. aureus were included in the experimental set-up and microbial growth (i.e. turbidity) was 

observed in each case. A summary of the results for the British Pharmacopoeia test for 

sterility for UV light sterilised PLA rods is shown in Table 5.4. 

 

 

 

 

 

 

 

Figure 5.8. Photographic representation of soya-bean casein digest media results at fourteen days for 
negative control, E. coli and S. aureus (positive controls), UV light sterilised and non-sterilised PLA rods 
(n=4). 
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Figure 5.9. Photographic representation of fluid thioglycollate media results at fourteen days for negative 
control, E. coli and S. aureus (positive controls), UV sterilised and non-sterilised PLA rods (n=4). 

 

Table 5.4. Summary of the results of the British Pharmacopeia sterility test for UV light sterilised PLA 
rods (n=4). 

 Turbidity observed (+/-) 
 Soya-bean casein Fluid thioglycollate 

Negative control - - 
E. coli + + 

S. aureus + + 
UV light + + 

Non-sterilised + + 
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5.5.3b. Controlled contamination sterility test 

The ability of UV sterilisation to kill contaminating microorganisms on PLA rods was 

investigated. Figure 5.10 shows the percentage of bacteria remaining after sterilisation by 

UV light. Sterilisation by UV light resulted in a statistically significant (p < 0.5) reduction 

in the number of bacteria when compared to non-sterilised material.  

 

 

 

 

 

 

 

 

 

Figure 5.10. Percentage bacteria remaining after UV sterilisation (means ±S.D., n=3). 
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5.5.4. Polymer characterisation 

No statistically significant (p > 0.05) differences in the mechanical strength of the implants 

were observed after sterilisation by either MW radiation or UV light, when compared to 

a non-sterilised control (Figure 5.11). However, the mechanical strength of materials 

sterilised with gamma radiation was significantly reduced (p < 0.05). 

 

 

 

 

 

 

Figure 5.11 Force required to break implant after sterilisation by MW radiation, UV light or gamma 
radiation, compared to a non-sterilised implant (means ±S.D., n=4).  

 

No differences in DSC endotherm (Figure 5.12) were observed for the PLA exposed to 

sterilisation by either MW radiation or UV light when compared to non-sterilised PLA. 

However, it can be noted that the glass transition temperature (Tg) of gamma radiated 

PLA is higher than non-sterilised PLA. 

 

 

 

 

 

 

 

Figure 5.12. DSC endotherms of PLA after sterilisation with MW radiation, UV light or gamma radiation, 
compared to non-sterilised PLA. 
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No visible differences in FTIR (Figure 5.13) spectra were observed for PLA exposed to 

sterilisation by either MW radiation, UV light or gamma radiation when compared to non-

sterilised PLA. Characteristic PLA FTIR absorptions can be observed in all samples 

(Figure 5.13), for example C-H stretching at ~3,000 cm-1 and C=O stretching at 

~1700 cm-1 (Chieng et al., 2013). These characteristic peaks remain unchanged in samples 

exposed to differing sterilisation conditions and no additional peaks are formed by these 

processes.  

 

 

 

 

 

 

 

Figure 5.13. FTIR spectra of PLA after sterilisation by MW radiation, UV light or gamma radiation, 
compared to non-sterilised PLA. 
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5.5.5. In vitro release 

Implants B and E exposed to MW radiation, UV light or gamma radiation (implant B 

only) were loaded with IBU sodium and in vitro release profiles were compared to a non-

sterilised implant (Figure 5.14 (A) and (B)). The release rates for implants exposed to each 

sterilisation method were calculated (Table 5.5) and compared to that of a non-sterilised 

implant. No significant differences (p > 0.05) in release rate for any of the sterilised 

implants were observed when compared to the non-sterilised control implant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Release profiles of implants sterilised by MW radiation, UV light or gamma radiation compared 
to a non-sterilised implant (A) implant B and (B) implant E (means ±S.D., n=3). 
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Table 5.5. Release rate for implants sterilised by MW radiation, UV light and gamma radiation compared 
to a non-sterilised implant (means ± SD, n=3). 

 

 

 

 

 

 Release rate (mg/min) Release rate (mg/day) 

Sterilisation method Implant B Implant E 

Non-sterilised 1.55 ± 0.36 34.71 ± 1.12 
MW radiation 1.38 ± 0.34 33.30 ± 5.08 

UV light 1.76 ± 0.21 32.16 ± 6.08 
Gamma radiation 0.96 ± 0.26 N/A 
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5.6. Discussion 

Three methods of sterilisation were chosen for investigation in this chapter: gamma 

radiation, MW radiation and UV light. Sterilisation by gamma radiation has shown 

potential for a wide range of pharmaceutical products and has been shown to be an 

effective method of sterilisation: indicated by its acceptance by the US and European 

pharmacopeia’s (Hasanain et al., 2014). Gamma radiation kills microorganisms by 

breaking their chemical bonds and producing free radicals which attack the DNA of the 

microorganism. Advantages of sterilisation by gamma radiation include its high 

penetration and low temperatures. However, free radicals formed by gamma radiation 

may cause chemical modification in polymeric implants (Manickavasagam et al., 2013). 

Gamma radiation may induce polymer chain scission or cause crosslinking, both of which 

will alter mechanical properties, degradation and, therefore, release profile. PLA has been 

reported to be more sensitive to gamma radiation than other polymers (Wady et al., 2020). 

MWs are electromagnetic waves with a frequency of 300 – 30,000 MHz and a wavelength 

of 1 – 1,000 nm (Iwaguch et al., 2002). Dipolar substances (for example, water) can be 

easily heated using microwave radiation and it is much more efficient than common 

heating systems (Iwaguch et al., 2002). This hyperthermic action was proposed as the 

mechanism for cell death in this work (Tipnis et al., 2018). MWs have been used in 

medicine for disinfection of soft contact lenses, dental instruments, dentures and urinary 

catheters (C. Douglas et al., 1990; Mervine et al., 1997; Rohrer et al., 1985, 1986; Webb et 

al., 1998). MWs produced from conventional ‘home’ microwaves have been suggested to 

inactivate bacterial cultures, viruses and spores within 60 seconds to 5 min depending on 

the bacterial/viral levels. However, uneven distribution of energy may be an issue with 

these ovens (Latimer et al., 1977; Rosaspina et al., 1994; Sanborn et al., 1982). Studies have 

reported that higher MW power and the presence of water may be necessary for successful 

sterilisation (Centers for disease control and prevention, 2008; Najdovski et al., 1991). 

UV light has previously been used for disinfection of operating theatres, drinking water, 

air, titanium implants, contact lenses and surfaces in biological safety cabinets (Centers 

for disease control and prevention, 2008; Dolman et al., 1989; Fraise et al., 2013; Hall et 

al., 2003; Katara et al., 2008; Singh et al., 1989). UV light sterilisation utilises UV rays with 

a wavelength of 210 to 328 nm to kill microorganisms. The maximum bactericidal effect 

occurs between 240 and 280 nm (Centers for disease control and prevention, 2008; Tipnis 

et al., 2018). The mechanism of sterilisation is that the DNA in microorganisms absorbs 
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UV light which creates reactive oxygen species which induces cell death. This technique 

has a low penetration power when compared to other radiation-based sterilisation 

techniques (Tipnis et al., 2018). Bacteria and viruses are more easily killed by UV light than 

bacterial spores (Centers for disease control and prevention, 2008; Fraise et al., 2013). It 

has been previously reported by Iwaguch et al., (2002) that a combination of UV light and 

MW radiation for 10 seconds resulted in the prevention of E. coli colonisation. However 

this same study reported that MW alone did not result in prevention of colonisation 

(Iwaguch et al., 2002).  

S. aureus, Staphylococcus epidermidis and E. coli are bacteria commonly found in humans 

(Darouiche, 2001; Tipnis et al., 2018). As such, S. aureus and E. coli were included in the 

microbiological studies in this chapter to represent likely contaminants of the implant 

devices. Both MW radiation (Figure 5.3 and 5.4) and UV light sterilisation (Figure 5.6 and 

5.7) protocols used in this chapter did not pass the British Pharmacopoeia sterility test. In 

comparison, implants sterilised by gamma radiation showed no bacterial growth after 

fourteen days (Figure 5.9 and 5.10) and, therefore, passed the British Pharmacopoeia test 

for sterility.  

The controlled contamination sterility test was designed to enable a quantitative 

assessment of the sterilisation power of MW radiation and UV light because these 

techniques failed the British Pharmacopoeia test for sterility. The controlled 

contamination test was not carried out for materials sterilised by gamma radiation because 

they passed the British Pharmacopoeia test for sterility. It was found that MW radiation 

did not result in a significant reduction in bacteria (Figure 5.5), however, sterilisation using 

UV light resulted in a statistically significant reduction in bacterial numbers compared to 

non-sterilised material (Figure 5.8). Although both methods of sterilisation failed the 

British Pharmacopoeia sterility test, this quantitative test showed that UV light was more 

effective than MW radiation for sterilisation of polymeric implants. A sterilisation time of 

5 min was chosen for both of these techniques because 5 min has been previously 

reported to be effective for MW radiation, and longer MW times resulted in melting of 

the materials (Latimer et al., 1977; Rosaspina et al., 1994; Sanborn et al., 1982). However, 

for UV light sterilisation it is common that sterilisation times longer than 5 min are used 

and studies have suggested that increased exposure times are more effective (Chitnis et al., 

2008). The results in this chapter suggest that UV light could be promising for the 

sterilisation of polymeric implants. Although the protocol used in this work did not result 

in sufficient sterilisation to pass the British Pharmacopoeia test for sterility, the controlled 
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contamination test did show that UV light was capable of reducing the bacterial 

contamination. Therefore, further work, including investigation of increased UV light 

exposure time, should be conducted to improve this method of sterilisation. Sterilisation 

using UV light has been reported to have low penetration power, however, this method 

could be particularly useful in the sterilisation of implants produced by FDM 3D printing 

(Lerouge, 2012; Tipnis et al., 2018). It has been demonstrated that the high temperatures 

reached during printing are enough to produce sterile products from non-sterile starting 

materials (Neches et al., 2016). As such sterilisation with UV light could be used as a 

terminal sterilisation method to ensure sterilisation of the implant surface. 

Many commonly used sterilisation techniques have an effect on polymer properties and 

could, therefore, have an effect on any release profile from these implants 

(Manickavasagam et al., 2013). For example, Popescu et al., (2016) reported that 

sterilisation with hydrogen peroxide resulted in changes in the compressive strength of 

3D printed parts. Heat sterilisation may cause drug degradation or alteration of polymer 

properties (Manickavasagam et al., 2013). UV light has been shown to accelerate PLA 

degradation, however, Araújo et al., (2013) investigated the stability up to 600 hr of 

exposure and found no increase in degradation. Therefore, the UV sterilisation protocol 

used in this work is unlikely to have any adverse effect on the degradation of the polymers.  

Mechanical testing showed that MW radiation and UV light had no effect on the 

mechanical strength of the implants, however, gamma radiation was found to reduce the 

mechanical strength of the implants (Figure 5.11). A reduction in mechanical strength of 

PLA exposed to gamma radiation has been previously reported for doses similar to those 

used in this work (Wady et al., 2020). However, in vitro release testing confirmed that no 

significant differences in release rate occurred as a result of exposure to gamma radiation 

when compared to a non-sterilised implant. Despite the large variation observed for 

release profiles from implant B (which was also reported in chapter three), it can be 

concluded that the dissolution of the PVA ‘window’ has not been altered by the 

sterilisation process, as the lag time for each of the implants has not changed and all 

implants reach 100% release at a similar time. 

All DSC endotherms showed two endothermic peaks: the characteristic PLA Tg at ~ 60°C 

and melting at ~155°C (H.-C. Kim et al., 2017)(Figure 5.12). DSC studies showed no 

differences between PLA sterilised by MW radiation or UV light and non-sterilised PLA 

as previously reported by Valente et al., (2016). However, an increase in Tg of PLA 
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exposed to gamma radiation was observed. Reduction in Tg has been reported after 

exposure to gamma radiation, however, these have occurred at higher doses of gamma 

radiation (Nugroho et al., 2001). Xia et al., (2020) reported a similar increase in the Tg of 

PLA/flax composites after exposure to gamma radiation and hypothesised that this 

increase was as a result of crosslinking of PLA chains, enhancing their interaction and 

limiting their movement, thus, increasing the glass transition temperature. No differences 

in FTIR spectra were observed after sterilisation by any of the techniques when compared 

to non-sterilised PLA (Figure 5.13). Gamma radiation has been previously reported to 

cause bond scission and crosslinking in PLA, although this effect is reported at radiation 

doses > 25 KGy. No differences in release rates were reported from any of the sterilised 

implants when compared to a non-sterilised implant (Table 5.5) and as such it can be 

concluded that none of the sterilisation methods investigated in this work had an effect 

on the release rate of the implants. 

There are no previous reports of MW radiation having an effect on polymer properties. 

However, this work has shown that it is an ineffective sterilisation method and as such 

could not be proposed as a potential method for the sterilisation of polymeric implants. 

UV light and gamma radiation have previously been reported to have an effect on polymer 

properties. For example UV light has the potential to increase the degradation of PLA 

(Araújo et al., 2013) and gamma radiation has been previously reported to result in chain 

scission and oxidative degradation of PLA, resulting in reduction in average molecular 

weight, decreased Tg and changes in mechanical properties (Madera-Santana et al., 2016). 

However, lower doses of radiation (< 50 kGy), such as those used in this work, and UV 

exposure for longer times than were used in this work have been reported to have little 

effect on polymer properties (Araújo et al., 2013; Razavi et al., 2014; Valente et al., 2016; 

West et al., 2019). As such, UV light and gamma radiation could be considered suitable 

sterilisation methods for a polymeric implantable drug delivery device. However, further 

work needs to be conducted to improve on the UV sterilisation protocol used in this 

chapter.  
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5.7. Conclusion 

Sterilisation is an important factor which must be considered in the design of an 

implantable polymeric device. The choice of sterilisation method must preserve the 

integrity of the implant as well as attain the required sterility levels. This chapter 

investigated the potential use of MW radiation, UV light and gamma radiation for the 

sterilisation of a such a device. MW radiation failed the British Pharmacopoeia test for 

sterility and failed to provide a sufficient reduction in bacterial number in the controlled 

contamination test. Although the UV sterilisation protocol used in this work did not pass 

the British Pharmacopoeia test for sterility, it did show promise in the controlled 

contamination test and as such should be further investigated. Gamma radiation passed 

the British Pharmacopoeia test for sterility. MW radiation and UV light did not result in 

any significant differences in physical properties of PLA and although gamma radiation 

did result in changes in Tg and mechanical properties, none of the sterilisation methods 

investigated in this chapter resulted in any change in the in vitro release results. As such, 

both UV light and gamma radiation have demonstrated the potential to be used as a 

method of sterilisation of polymeric implants. Although compatibility of the sterilisation 

method with the drug compound contained within the implant would also need to be 

investigated. 
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6.1. Introduction 

Thyroid hormones play an important role within the human body in the regulation of 

metabolic processes which are vital for normal growth and development (Colucci et al., 

2010). The thyroid gland controls the synthesis, storage, and release of thyroid hormones 

(thyroxine (T4) and triiodothyronine (T3)) through a negative feedback system. When this 

system fails it can result in increased (hyperthyroidism) or decreased (hypothyroidism) 

levels of these hormones. Hypothyroidism, the deficiency of thyroid hormones, is the 

most common thyroid ailment, estimated to affect over 1.3 million people in the UK and 

the incidence is as high as 4.2% in other countries (Figure 6.1) (National institute for 

health and care excellence, 2019; Taylor et al., 2018; Werhun et al., 2013). Thyroid 

hormones are essential in the control of a number of physiological processes including 

brain development, heat production and oxygen consumption (Kirsten, 2000). Therefore, 

the deficiency of these hormones results in debilitating symptoms such as chronic fatigue, 

weight gain and cold intolerance (Alomari et al., 2018; NHS, 2018).  In addition, long-

term untreated hypothyroidism may result in myxoedema coma and premature death as 

a result of cardiovascular complications (Taylor et al., 2015; Udovcic et al., 2017). 

 

 

Figure 6.1. World map showing global prevalence of hypothyroidism based on epidemiological samples. 
If multiple studies have been done on the prevalence of hypothyroidism from one country, the median 
value was calculated. The deeper the shade of blue, the higher the prevalence of hyperthyroidism. Countries 
in white represent no data available (Taylor et al., 2018). 
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Levothyroxine sodium (LEVO sodium) is the treatment choice for the routine 

management of hypothyroidism (Singer, 1995). Following oral administration, LEVO 

sodium is absorbed from the ileum and jejunum. Oral bioavailability is variable and can 

range from 40 – 80%, and this is dependent mainly on the co-administration of food 

(Balla et al., 2015; Colucci et al., 2010). LEVO sodium absorption is increased in the fasted 

state. LEVO sodium tablets should be taken at least 30 minutes before food, caffeine 

containing drinks and other medication (Joint formulary committee, 2020f). LEVO 

sodium has a number of interactions with other medications, many of which are 

interactions because of the effect they have on its absorption. This is managed in practice 

by separating the administration times of the medications, by at least four hours (Joint 

formulary committee, 2020f).  

The additional administration instructions associated with oral LEVO sodium can often 

result in poor patient compliance (Rajput et al., 2017). Non-compliant patients are at risk 

of adverse health outcomes and there is an increased cost associated with poor 

compliance. Hepp et al., (2018) reported that compliant patients used significantly fewer 

resources than non-compliant patients, despite having a higher drug cost. This highlights 

the effect that non-compliance has on the individual patient but also the additional cost 

to the healthcare system. Supervised once weekly oral thyroxine dosing has been 

investigated in patients who were thought to be non-compliant (Grebe et al., 1997; Rajput 

et al., 2017; Rangan et al., 2007). Thyroxine has a half-life of approximately seven days 

and, therefore, once weekly dosing should be feasible (Colucci et al., 2010). Weekly dosing 

was found to improve results for these patients and there was no indication of toxicity 

compared with daily therapy (Grebe et al., 1997; Rajput et al., 2017; Rangan et al., 2007). 

Weekly dosing could be an alternative for patients with compliance issues. However, oral 

LEVO sodium is known to have a number of drug and food interactions which are not 

overcome by oral once weekly dosing. A long-acting, non-oral drug delivery system that 

could deliver LEVO sodium in a way where its absorption was not affected by other 

medications would overcome many of these drug interactions, and could further increase 

patient compliance. 

In extreme cases of non-compliance or in cases where sufficient absorption is not 

achieved, despite good compliance, weekly intramuscular or subcutaneous injections of 

LEVO sodium have successfully restored thyroid levels (Groener et al., 2013; Kwek et al., 

2018; Mikhail, 2020; Taylor et al., 2015). This highlights the potential use of the 

intramuscular or subcutaneous route for the delivery of LEVO sodium. An implantable 
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drug delivery device that could deliver LEVO sodium subcutaneously and, therefore, in 

a way where absorption was not affected by other medications would overcome many of 

these drug interactions and compliance challenges. However, this would not alleviate 

interactions which occur by other mechanisms, for example LEVO sodium and 

amiodarone (Joint formulary committee, 2020f).  

Currently, limited research has been conducted to develop long-acting treatments for 

hypothyroidism. However, a long-acting subcutaneous implant is a promising idea for the 

treatment of hypothyroidism. Development of an implantable device for the treatment 

of hypothyroidism will be explored in this chapter.
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6.2. Aims and objectives 

The aim of this chapter was to develop a matrix-type subcutaneous implantable drug 

delivery device for the delivery of LEVO sodium for the treatment of hypothyroidism. 

 

The objectives were: 

• to produce matrix implants containing LEVO sodium from PCL and PEG 1,000; 

• to characterise implants using scanning electron microscopy (SEM), differential 

scanning calorimetry (DSC) and attenuated total reflectance–Fourier transform 

infrared (ATR-FTIR); 

• to investigate the LEVO sodium content of the implants; 

• to investigate the stability of LEVO sodium in various solvents and use this to 

inform choice of solvent for release studies; 

• to investigate in vitro release from designed implants. 
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6.3. Materials and apparatus 

6.3.1. Materials 

• LEVO sodium pentahydrate ≥99% (Enke Pharma-tech Co., Ltd, Cangzhou, 

China) 

• Trifluoroacetic acid (TFA) ≥99%, acetonitrile for HPLC, ethanol ≥99.8% for 

HPLC, bovine serum albumin (BSA) lyophilised powder ≥ 96%, poly(ethylene 

glycol (PEG) (Mw 4400 and 1,000) (Sigma Aldrich, Dorset, UK) 

• Sodium azide (SA) (Fluorochem Ltd, Hadfield, UK) 

• Poly(caprolactone) (PCL) 6506 (MW= 50,000 Da), henceforth referred to as 

H-PCL, and PCL 2054 (MW=550 Da), henceforth referred to as L-PCL (Perstorp, 

Sweden) 

• Syringe filters (0.2 and 0.45 µm), Tween 80 and Glycerol (VWR International, 

Leicestershire, UK) 

• Filtropur S 0.2 µm syringe filters (Starstedt, Nümbrecht, Germany) 

• Filament poly(lactic acid) (PLA) (Ultimaker B.V., Geldermalsen, Netherlands) 

• Dichloromethane (DCM) (Merck, Darmstadt, Germany) 

• Silastic® S, a silicone rubber and curing agent mix (Thompson Bros. Ltd., 

Newcastle Upon Tyne, UK) 

• Water for HPLC (ELGA PureLab DV 25-Flex 2 ultrapure water purification 

system) 

 

6.3.2. Apparatus 

• Ultimaker 3 (Ultimaker B.V., Geldermalsen, Netherlands) 

• SpeedMixer™ DAC 150.1 FVZ-K (Hauschild & Co. KG, Hamm, Germany) 

• TM3030 Tabletop Microscope (Hitachi, Tokyo, Japan) 

• ATR–FTIR spectrometer, Accutrac FT/IR-4100™ Series (Jasco, Essex, UK)  

• Differential scanning calorimeter (DSC) Q100, TA standard aluminium pan and 

TA standard aluminium lid (TA Instruments, New Castle, USA)  

• Jeio Tech ISF-7100 floor standing incubator shaker (Medline Scientific, 

Oxfordshire, England)  
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• HPLC instrumentation composed of an Agilent 1220 Infinity II LC gradient 

system (Agilent Technologies UK Ltd., Stockport, UK) 

• Individual chromatograms obtained were analysed using Agilent Chemstation® 

software version B.02.01 (Agilent Technologies UK Ltd., Stockport, UK) 

• SphereClone™ C18 ODS(1) (80 Å pore size, 150 mm length x 4.6 mm internal 

diameter; 5 μm particle size) column (Phenomenex, Cheshire, UK) 

• Zorbax Eclipse plus C18 (95 Å pore size, 250 mm length x 4.6 mm internal 

diameter; 5 μm particle size) column with guard column of matching chemistry 

(Agilent Technologies UK Ltd., Stockport, UK) 
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6.4. Methods 

6.4.1. Implant development 

Master moulds were manufactured from PLA using fused deposition modelling (FDM) 

3D printing Ultimaker 3 (Ultimaker B.V., Geldermalsen, Netherlands). A mixture of 

Silastic® S and a curing agent, in a proportion of 10:1, was poured into the 3D printed 

master moulds and allowed to cure overnight to obtain silicone moulds (Figure 6.2).f 

 

 

Figure 6.2. Schematic diagram of mould preparation. 

 

Implants were prepared from mixtures of H-PCL, L-PCL and PEG 1,000 with a LEVO 

sodium loading of 20% w/w or 40% w/w. Constituents (in the appropriate ratio) were 

weighed out (2 g) (Table 6.1) and dissolved/suspended in 5 mL of DCM. To ensure the 

mixture was homogenous they were mixed using a SpeedMixer™ DAC 150.1 FVZ-K 

(Hauschild & Co. KG, Hamm, Germany) (3,000 rpm for 20 seconds x 4). This mixture 

was poured into the silicone moulds and DCM allowed to evaporate. Subsequently, the 

rod-shaped implants with dimensions of 2.5 x 40 mm could be removed from the mould 

(Figure 6.3).  

 

Table 6.1. Composition of each of the implant formulations with either a 20% w/w or 40% w/w LEVO 
sodium loading. 

Formulation 
Composition (%) 

H-PCL L-PCL PEG 1,000 

H100 100 0 0 
H70L30 70 30 0 
H40L60 40 60 0 

H35L35P30 35 35 30 
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Figure 6.3. Schematic diagram of (A) filled implant moulds and (B) implants after removal from the mould. 

 

6.4.2. Implant characterisation 

Drug loading and distribution throughout the implants was visualised using SEM. 

The thermal behaviours of LEVO sodium, PCL and drug loaded implants were 

investigated using DSC. Analysis was carried out on samples of each implant formulation 

on a differential scanning calorimeter (DSC Q100) (TA Instruments, New Castle, USA). 

Samples of each formulation were heated from 0 to 250°C at a rate of 10°C/minute.  

ATR-FTIR spectrometry was used to investigate any chemical interactions between the 

materials within each of the implants. A FTIR Accutrac FT/IR-4100 series (Jasco, Essex, 

UK) equipped with MIRacle™ diamond ATR was used at room temperature (20°C). The 

IR transmission spectra were recorded between 600 and 4000 cm-1 with a resolution of 

4.0 cm-1. An average of 64 repeat scans were taken to obtain each spectrum. 

 

6.4.3. Implant content 

LEVO sodium content of each of the implant formulations was tested. A known weight 

of implant was dissolved in 2 mL DCM and vortexed for 1 min. The resulting suspension 

was subsequently centrifuged at 10,000 rpm for 25 min. The supernatant was discarded, 

and the pellet was resuspended in 2 mL of ethanol. This solution was filtered and diluted 

as necessary and LEVO sodium content quantified using the method previously 

described in section 2.5.8.  

 

(A) (B) 



Chapter 6: Development of a subcutaneous implant for the treatment of hypothyroidism 

193 

6.4.4. Stability 

Short term stability of LEVO sodium in PBS (pH 7.4), de-ionised water, ethanol 

(100% v/v, 40% v/v, 20% v/v and 10% v/v), tween 80 (1 % v/v), PEG 400 (10% v/v) 

and glycerol (20% v/v and 10% v/v) and BSA (0.1% w/v and 0.05% w/v) was 

investigated to inform choice of a suitable in vitro release medium. Standard solutions of 

20 µg/mL (except for PBS (pH 7.4) which was 2 µg/mL due to solubility limitations) in 

glass vials with snap top lids were prepared and stored at room temperature (20°C). 

Samples were analysed at 0 hr and after 24 hr. All samples were filtered through a 0.2 µm 

syringe filter (or Filtropur S 0.2 µm syringe filter in the case of 0.1% w/v and 0.05% w/v 

BSA to prevent protein retention (TISCH scientific, 2020)) and analysed via RP-HPLC as 

described in section 2.5.8. 

 

6.4.5. Stability – extended 

Extended stability studies were performed in 0.1% w/v BSA. Standard solutions 

(50 µg/mL, 12.5 µg/mL and 3.125 µg/mL) of LEVO sodium in a 0.1% BSA solution 

were prepared in glass vials with snap top lids and stored under various conditions – room 

temperature (20°C), fridge (4°C) and incubator (37°C). LEVO sodium has been 

previously reported to be light sensitive, therefore, all samples were protected from light 

(Collier et al., 2010; Medicines and healthcare products regulatory agency, 2013). Samples 

were taken at pre-defined time points filtered through a Filtropur S 0.2 µm syringe filter 

and analysed as described in section 2.5.8. 

 

6.4.6. Saturation solubility 

The saturation solubility of LEVO sodium was investigated in 100% ethanol and 

0.1% w/v BSA solution to ensure maintenance of sink conditions in all experimental 

setups. In each case, an excess of LEVO sodium was added to 2 mL of the appropriate 

solvent. Samples were vortexed for 1 min and then stored for 24 hr in an incubator at 

37°C. Samples were removed and filtered through 0.2 µm syringe filter or Filtropur S 

0.2 µm syringe filter, diluted as appropriate and analysed as stated in section 2.5.8.  
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Equation 6.1 

Equation 6.2 

6.4.7. In vitro release 

In vitro release was carried out in 0.1% w/v BSA solution (with 0.05% w/v SA to prevent 

microbial growth) under sink conditions. Sink conditions were defined as LEVO sodium 

concentration at or below 1/3 of its solubility (Barrett et al., 2018). Each implant was 

immersed in 50 mL of release medium in a watertight glass vial (37°C and 40 rpm) for 

the first 49 days of release and every 3.5 days the release medium was analysed for LEVO 

sodium content (using the method described in section 2.5.8) and replaced with fresh 

medium. After 49 days, sampling of the release medium was reduced to once weekly. 

Cumulative percentage drug release was calculated using Equation 6.1. 

 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =
∑ 𝑊0−𝑡

𝑊0
× 100 

 

Where, ∑ 𝑊0−𝑡 is the sum of the weight of LEVO sodium release from t=0 until T=t 

and W0 is the weight of drug in the implant at T=0. 

 

6.4.8. Data analysis 

6.4.8a. Modelling 

Various mathematical models were employed in this chapter to investigate the type of 

release from the implants: Korsmeyer-Peppas, zero-order model; Higuchi model; and 

Peppas-Sahlin model. 

The Korsmeyer-Peppas model can be employed to ascertain the mechanism by which 

drug release is taking place. The Korsmeyer-Peppas model can be represented by 

Equation 6.2:  

 

𝑀𝑡

𝑀∞
= 𝐾𝐾𝑃.𝑡

𝑛 

Where, Mt is the amount of drug release at time t, M∞ is the amount of drug release after 

time ∞, n is the diffusional exponent and KKP is the Korsmeyer rate constant. The value 
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Equation 6.3 

Equation 6.4 

of n gives information about the type of diffusion that is occurring. For cylindrical drug 

delivery devices: n ≤ 0.45  indicates that Fickian diffusion is taking place; 0.45 < n < 0.89 

indicates anomalous (non-Fickian) diffusion is taking place; and n > 0.89 indicates zero-

order release (Peppas et al., 1989; Ritger et al., 1987). 

 

Subsequently the zero-order and Higuchi models were applied to confirm the conclusion 

obtained from Korsmeyer-Peppas. The zero-order model can be represented by Equation 

6.3: 

 

𝐶𝑡 = 𝐶0 + 𝐾0. 𝑡 

 

Where, Ct is the amount of drug released at time t, C0 is the initial concentration of drug 

at t=0 and K0 is the zero-order rate constant. Zero-order kinetics defines the process of 

constant drug release from a delivery system (Baishya, 2017). The gradient of a graph of 

cumulative drug release versus time will give the zero-order release constant and the 

correlation of this graph will give information about whether the drug release follows 

zero-order kinetics or not. 

The Higuchi model can be represented by Equation 6.4: 

 

𝑄 = 𝐾𝐻. 𝑡
1

2⁄  

 

Where, Q is the cumulative drug released and KH is the Higuchi dissolution constant. The 

gradient of a graph of drug release vs t1/2 will equal KH and, if the correlation is high, then 

it can be interpreted that diffusion is the main mechanism of drug release.  
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Equation 6.5 

Equation 6.7 

Equation 6.6 

The Peppas-Sahlin model was applied to the formulations which showed a combination 

release mechanism. The Peppas-Sahlin model can be represented by Equation 6.5: 

 

𝑀𝑡

𝑀∞
= 𝐾𝐷.𝑡

𝑚 + 𝐾𝐸 . 𝑡2𝑚 

 

Where, KD is the diffusional constant, KE is the erosional constant and m is the release 

exponent (Larrañeta et al., 2014; Peppas et al., 1989). The value of m for the implants was 

0.45 as determined from the plot of aspect ratio (diameter/thickness) against m (m=0.45 

when aspect ratio < 0.1) (Peppas et al., 1989). The percentage contribution of diffusion 

(D) and Erosion (E) were calculated using Equation 6.6 and 6.7, respectively (Larrañeta 

et al., 2014). 

 

𝐷 =
1

1 +
𝐾𝐸

𝐾𝐷
. 𝑡𝑚

 

 

 

𝐸 =  
𝐾𝐸

𝐾𝐷
. 𝑡𝑚 

 

6.4.8b. Statistical analysis 

Statistical analysis was performed using GraphPad Prism® version 8.0 (GraphPad 

Software Inc., San Diego, California, USA) and Microsoft® Excel 2016. Where 

appropriate all data were expressed as a mean ± standard deviation (S.D.) and compared 

using one-way analysis of variance (ANOVA) with Tukey’s HSD post-hoc. In all cases, 

p < 0.05 was the minimum value considered acceptable for rejection of the null 

hypothesis.  
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6.5. Results 

6.5.1. Implant development 

Rod shaped implants with dimensions of 2.5 x 40 mm were prepared using solvent 

moulding. Formulations H100, H70L30 and H40L60 formed opaque white implants 

which appeared homogenous (Table 6.2). However, formulation H35L30P30-20% 

showed an immediate discolouration.  

 

Table 6.2. Images of each of the implant formulations prepared. 

Formulation 20% w/w LEVO sodium 40% w/w LEVO sodium 

H100 

  

H70L30 

  

H40L60 

  

H35L35P30 

 

N/A 

 

6.5.2. Implant characterisation 

SEM images (Figure 6.4) showed that LEVO sodium was homogenously dispersed 

throughout all formulations and all formulations containing 40% w/w drug loading 

showed increased drug levels compared to their 20% w/w drug loading equivalent. 

Crystalline domains of drug are clearly visible throughout the implant matrix in 

formulations H100, H70L30 and H40L60, however, for formulation H35L35P30 (Figure 

6.4 (G)) the crystalline form of the drug appears to have been altered. 
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Figure 6.4. SEM images of (A) H100-20%; (B) H100-40%; (C) H70L30-20%; (D) H70L30-40%; 
(E) H40L60 -20%; (F) H40L60-40%; (G) H35L35P30-20%. 
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All DSC endotherms (Figure 6.5 – 6.8) showed the characteristic PCL melting 

endothermic peak around 60°C. This melting point reduces as the proportion of L-PCL 

is increased, as reported in section 4.5.1. The LEVO sodium endotherm shows the 

characteristics of DSC endotherms previously reported: an endothermic peak around 

90°C and 135°C (corresponding to moisture loss) and an exothermic peak at 200°C 

indicating decomposition (Hamad et al., 2015). No melting peak is seen for LEVO sodium 

because it degrades at a lower temperature than its melting point. For formulations H100, 

H70L30 and H40L60 containing 20% w/w and 40% w/w LEVO sodium the exothermic 

decomposition peak has reduced in comparison to pure LEVO sodium. For H100 

formulations (20% w/w and 40% w/w LEVO sodium) the temperature at which the 

endothermic moisture loss peak occurred has increased, suggesting that H-PCL is making 

it harder for the water to be removed. This effect is diminished in formulations containing 

L-PCL. Formulation H35L35P30 does not show the characteristic LEVO sodium peaks. 

This, combined with the discolouration observed for this formulation and the change in 

drug structure visualised using SEM, may suggest that the LEVO sodium has degraded 

within this formulation. 

 

 

 

 

 

 

 

 

 

Figure 6.5. DSC endotherm of (A) LEVO sodium; (B) H100; (C) H100-20%; and (D) H100-40% (exo 
up). 
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Figure 6.6. DSC endotherm of (A) LEVO sodium; (B) H70L30; (C) H70L30-20%; and (D) H70L30-40% 
(exo up). 

 

 

 

 

 

 

 

 

Figure 6.7. DSC endotherm of (A) LEVO sodium; (B) H40L60; (C) H40L60-20%; and (D) H40L60-40% 
(exo up). 
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Figure 6.8. DSC endotherm of (A) LEVO sodium; (B) H35L35P30; and (C) H35L35P30-20% (exo up). 

 

FTIR analysis (Figure 6.9 – 6.12) showed typical PCL absorption bands at ~1295 cm-1 

(C-O and C-C stretching), ~1730 cm-1 (C=O), ~2940 cm-1 and ~2860 cm-1 (C-H) present 

in all formulations (Kmiec et al., 2013; Zehnder et al., 2016). The characteristic peaks of 

LEVO sodium are difficult to distinguish in these graphs. This is most likely because 

LEVO sodium is dispersed throughout, rather than dissolved, in the polymer. No new 

peaks were observed for formulations H100, H70L30 and H40L60 when compared to 

the equivalent non-drug containing implants or LEVO sodium. This suggests that no new 

chemical bonds have been formed between LEVO sodium and the constituents of the 

implants and that the drug is simply dispersed throughout the matrix. However, the FTIR 

spectra for formulation H35L35P30 (Figure 6.12) shows some changes in the peaks 

present. These new peaks are most likely as a result of degradation of the LEVO sodium 

within these formulations. 
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Figure 6.9. FTIR spectra of (A) LEVO sodium; (B) H100; (C) H100-20%; and (D) H100-40%. 

 

 

 

 

 

 

 

 

 

Figure 6.10. FTIR spectra of (A) LEVO sodium; (B) H70L30; (C) H70L30-20%; and (D) H70L30-40%. 
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Figure 6.11. FTIR spectra of (A) LEVO sodium; (B) H40L60; (C) H40L60-20%; and (D) H40L60-40%. 

 

 

 

 

 

 

 

 

 

 

Figure 6.12. FTIR spectra of (A) LEVO sodium; (B) H35L35P30; and (C) H35L35P30-20%. 

 

6.5.3. Stability 

The short-term (24 hr) stability of LEVO sodium in a range of commonly used in vitro 

release study solvents was investigated (Figure 6.13). It was important in this work to 

establish a suitable solvent in which LEVO sodium was stable in to conduct in vitro release 

studies. LEVO sodium was found to be stable in ethanol (100%, 40% v/v and 20% v/v) 
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original concentration.  
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Figure 6.13. Short-term (24 hr) stability of LEVO sodium in various solvents (means ±S.D., n=3). 

 

6.5.4. Stability – extended 

Extended stability studies were conducted with the most promising solvent from the 

short-term stability data. BSA was chosen over ethanol because an aqueous solution will 

give more biologically relevant in vitro results. LEVO sodium was found to be stable in 

0.1% BSA w/v for at least 14 days (retaining over 90% of its original concentration) at 

all concentrations tested (50 µg/mL, 12.5 µg/mL and 3.125 µg/mL) and under all 

conditions tested (room temperature, fridge and incubator) (Figure 6.14). 
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Figure 6.14. Stability of LEVO sodium in 0.1% w/v BSA (A) 50 µg/mL; (B) 12.5 µg/mL; (C)3.125 µg/mL 
(means ±S.D., n=3). 
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6.5.5. Saturation solubility 

The saturation solubility of LEVO sodium in 0.1% w/v BSA and 100% ethanol was 

calculated (Figure 6.15). This was investigated to ensure that sink conditions were 

maintained during in vitro release studies and that the concentration of LEVO sodium in 

ethanol remained below the saturation solubility during content analysis. 

 

 

 

 

 

 

 

 

Figure 6.15. Saturation solubility of LEVO sodium in 0.1% w/v BSA and 100% ethanol (means ± S.D., 
n=3). 

 

6.5.6. Implant content 

Implant content was investigated (Table 6.3) to ensure that LEVO sodium remained 

stable during the implant manufacturing process. All formulations were found to contain 

over 85% of their expected drug content, except for H35L35P30-20% which contained 

12.27 ± 2.46% of its expected content. This confirmed that LEVO sodium had degraded 

within formulation H35L35P30, as was suspected from the discolouration and DSC and 

FTIR investigation. 

Table 6.3. Content analysis results for implants (means ± S.D., n=3).  

Formulation 
Content (%) 

20% w/w LEVO sodium 40% w/w LEVO sodium 

H100 95.43 ± 5.80 87.69 ± 8.90 
H70L30 94.78 ± 5.34 97.21 ± 2.59 
H40L60 85.38 ± 2.17 97.33 ± 2.52 

H35L35P30 12.27± 2.46 N/A 
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6.5.7. In vitro release 

In vitro release was conducted for H100, H70L30 and H40L60 for both drug loadings 

(20% w/w and 40% w/w). Formulation H35L35P30 was not included in further testing 

because of the degradation observed. Cumulative percentage release (Figure 6.16) and 

cumulative release (Figure 6.17) were calculated.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16. Cumulative percentage in vitro release profiles for implants containing: (A) 20% w/w LEVO 
sodium; and (B) 40% w/w LEVO sodium (means ±S.D., n=4). 
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Figure 6.17. Cumulative in vitro release profiles for implants: (A) H100; (B) H70L30; and (C) H40L60 
(means ±S.D., n=4). 
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Similarity (F1) and difference factor (F2) were calculated for the release studies in this 

chapter. However, the results obtained for F1 and F2 were conflicting and, as such, were 

not included. It was hypothesised that the conflicting results were as a result of the 

relatively early stage of release (< 20% release). Normally F1 and F2 will be applied to an 

entire release profile (until 85%) (Yifan Wang et al., 2016). Therefore, comparisons in this 

chapter were drawn between the release rates obtained from each release profile. 

Daily in vitro release rates were calculated from the linear section of each release profile 

(any burst release observed was removed from the calculation) (Table 6.4). Release rates 

ranging from 28.37 ± 1.19 – 98.92 ± 4.27 µg/day were achieved. For 20% w/w LEVO 

sodium loaded implants, significant differences (p < 0.05) in release rate were observed 

between H100 and H70L30 and between H100 and H40L60, however, no significant 

difference (p > 0.05) was observed between H70L30 and H40L60. For 40% w/w LEVO 

sodium loaded implants, significant differences (p > 0.05) in release rate were observed 

between all formulations. A significant difference (p < 0.05) in release rate was observed 

between H100-20% and H100-40%. No significant differences (p > 0.05) were observed 

as a result of changing the drug loading of any of the other formulations. This suggests 

that when the drug loading is higher, the implant formulation plays a more important role 

in controlling the release rate. 

Table 6.4. Daily in vitro release rate (means ±S.D., n=4). 

Formulation 
Daily release rate (µg/day) 

20% w/w LEVO sodium 40% w/w LEVO sodium 

H100 28.37 ± 1.19 47.39 ± 8.76 
H70L30 78.21 ± 19.93 66.40 ± 12.21 
H40L60 72.32 ± 25.60 98.92 ± 4.27 

 

Modelling of the in vitro release data was based on Korsmeyer-Peppas, Higuchi, zero-

order and Peppas-Sahlin models. The Korsmeyer-Peppas model was used to determine 

whether diffusion or degradation was the main mechanism occurring (Table 6.5). For 

cylindrical drug delivery devices: n ≤ 0.45 it indicates that Fickian diffusion is taking place; 

0.45 < n < 0.89 indicates anomalous (non-Fickian) diffusion is taking place; and n > 0.89 

indicates zero-order release (Peppas et al., 1989; Ritger et al., 1987). R2 values for Higuchi 

and zero-order modelling were compared to confirm which model fitted best. For both 

drug loadings, H100 was found to follow a diffusion (Higuchi) release model, H70L30 

followed a combination mechanism and H40L60 was found to follow a degradation 

(zero-order) model (Table 6.5). For those formulations which showed a combination 
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release mechanism (H70L30-20% and H70L30-40%), Peppas-Sahlin modelling was 

carried out to evaluate the percentage contribution from diffusion and erosion as a 

function of time. KD and KE were calculated (Table 6.5). A graphical representation of 

the percentage contribution of each mechanism is shown in Figure 6.18. These show that 

for H70L30-20% erosion in the main mechanism, but when the drug loading for this 

formulation is increased to 40% w/w, diffusion becomes the dominant mode of release. 

A summary of the findings from modelling is shown in Table 6.6. 

 Table 6.5. Results of the fitting of release of LEVO sodium from different implant formulations to 
different kinetic equations. 

Model 
H100-
20% 

H70L30-
20% 

H40L60-
20% 

H100-
40% 

H70L30-
40% 

H40L60-
40% 

Korsmeyer-
Peppas 

R2 0.999 0.996 0.992 0.999 0.999 0.998 

n 0.44 0.75 0.91 0.41 0.62 0.98 

Higuchi 
(diffusion) 

R2 0.999 0.981 0.953 0.997 0.993 0.948 

Zero-order 
(degradation) 

R2 0.934 0.976 0.993 0.922 0.967 0.999 

Peppas-
Sahlin 

R2 

- 

0.994 

- - 

0.991 

- 
KD 

(min-m) 
0.45 0.40 

KE 
(min-2m) 

0.20 0.05 
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Figure 6.18. Percentage contribution of diffusion and erosion mechanisms of LEVO sodium release from 
(A) H70L30-20% and (B) H70L30-40%  

 

Table 6.6. Summary of outcome of predicted in vitro release models. 
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6.6. Discussion 

This chapter focussed on the development of a subcutaneous implant for the treatment 

of hypothyroidism. Currently, tablets, capsules and oral solutions are the formulations 

available for the treatment of hypothyroidism (Joint formulary committee, 2020f). There 

has been limited research conducted to investigate a long-acting formulation for this 

condition. However, a long-acting formulation could improve patient compliance and 

reduce drug interactions with food and other drugs and improve the treatment of this 

condition. Limited case studies in non-compliant patients have shown that subcutaneous 

and intramuscular injections were successful at restoring normal thyroid levels, and these 

routes could be promising for the delivery of LEVO sodium (Groener et al., 2013; Kwek 

et al., 2018; Mikhail, 2020; Taylor et al., 2015). Therefore, a long-acting polymeric 

subcutaneous implant could be promising for the treatment of this condition. 

Both T3 and LEVO (T4) have been investigated as treatment options for hypothyroidism. 

Despite being the more active form of the hormone, the use of T3 is not recommended 

because of the increased risk of iatrogenic hyperthyroidism associated with it (Singer, 

1995). In addition, T3 preparations result in a peak around 3 hr after dosing followed by 

a rapid decline in T3 levels. The high peak observed is not physiologically representative 

and has given cause for concern (Idrees et al., 2019). Multiple daily dosing may overcome 

this problem, but creates practicality issues, given the specific administration instructions 

associated with oral LEVO sodium (Idrees et al., 2019; Joint formulary committee, 2020f). 

However, currently Titan pharmaceuticals (California, USA) is conducting studies for the 

development of a subdermal implant to deliver T3 for the treatment of hypothyroidism 

(Titan Pharmaceuticals, 2020b). This device will utilise their ProNeura® drug delivery 

platform and aims to provide continuous delivery for 3 months to a year (Idrees et al., 

2019; Titan Pharmaceuticals, 2020b). Research has been conducted into the use of 

combinations of T3 and LEVO (T4) (Alomari et al., 2018; Wartofsky, 2013). However, the 

American thyroid association does not recommend the routine use of combination 

treatments (T4 and T3) for the treatment of hypothyroidism (Idrees et al., 2019). Given 

the shortcomings associated with T3, this chapter focussed on developing an implantable 

device for the delivery of LEVO sodium (T4). 

Despite the advantages associated with reservoir-type implants, for example the ability to 

fabricate and load the device separately, matrix-type implants were chosen for the work 

in this chapter. Due to the potency of LEVO sodium (dose: 50 – 200 µg/day), the risk of 
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adverse effects as a result of ‘dose dumping’ associated with reservoir-type implants 

would be elevated given the high drug loading of these implants (Joint formulary 

committee, 2020f). Matrix-type implants consist of drug dispersed throughout a 

polymeric matrix and are not associated with this risk. 

PCL blends were chosen as the basis of the polymeric matrix formulation due to the 

promising results that these mixtures demonstrated in chapter four as a polymeric coating 

to prolong the release of hydrophilic compounds from reservoir-type implants. PCL is a 

US Food and Drug Administration (FDA) approved material and its long degradation 

time and low cost when compared to poly(lactic-glycolic acid) (PLGA) make it a 

promising choice for long-acting delivery formulations (Cheng et al., 2010). PCL can be 

handled using a range of processing techniques such as 3D printing, melt or solvent 

casting or extrusion, which make it a flexible option when considering drugs with 

challenging stability issues, such as LEVO sodium. 

Instability of LEVO sodium is well documented and it has been reported to be susceptible 

to environmental factors such as light, air, temperature, pH, and humidity, among others 

(Collier et al., 2010; Medicines and healthcare products regulatory agency, 2013). As a 

result of these stability issues, there are significant manufacturing challenges associated 

with designing, producing, and testing a LEVO sodium containing product which must 

be considered. Possible degradation products of LEVO sodium are shown in Figure 6.19. 

Degradation in the solid state occurs mostly by deamination, whereas, degradation in 

solution occurs mostly by deiodination (Kannamkumarath et al., 2004). It was important 

to consider these stability considerations in both the manufacture of the implant but also 

in the design of in vitro release studies.  
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Figure 6.19. Possible degradation products of levothyroxine (I) 3,3’,5,5’-tetraiodothyronine (T4); (II) 3,3’, 
5-triiodothyronine (T3); (III) 3,5- diiodothyronine (T2); (IV) 3,3’,5,5’-tetraiodothyroacetic acid (TTAA4); (V) 
3,3’,5-triiodothyroacetic acid (TTAA3); (VI) 3,5-diiodothyroacetic acid (TTAA2). (Kannamkumarath et al., 
2004)  

 

Solvent casting into a mould was chosen as the method of fabrication of the implants. 

This method was chosen to minimise the risk of drug degradation as a result of heat 

exposure. Other methods such as 3D printing or extrusion rely on heat to melt the 

polymer and, therefore, would have been unsuitable for use with LEVO sodium. 

Although PCL has a low melting temperature (around 60°C), previous work has extruded 

PCL at 100°C and this temperature has been shown to degrade LEVO sodium (Collier et 

al., 2010; Zhang et al., 2016). In addition to heat avoidance, the choice of solvent used 

was a factor that could influence stability. Therefore, DCM was chosen as the solvent for 

PCL dissolution to minimise LEVO sodium degradation in the solvent. PCL is soluble in 

DCM, however LEVO sodium is insoluble in DCM. This allowed LEVO sodium to stay 

in the solid state throughout implant manufacture and minimised possible drug 

degradation. 
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Implants were characterised using SEM, DSC and FTIR. On visual inspection, implants 

were opaque and drug dispersion appeared homogenous (Table 6.2). This was confirmed 

by SEM (Figure 6.4). DSC results indicated that LEVO sodium degraded at a lower 

temperature when incorporated within the implant when compared to pure LEVO 

sodium powder (Figure 6.5 – 6.8). FTIR confirmed that no new bonds were formed 

between the polymeric constituents and LEVO sodium (Figure 6.9 – 6.12). Both FTIR 

and DSC confirmed that LEVO sodium was dispersed throughout, rather than dissolved 

in, the polymeric matrix. Content analysis confirmed that all implants (except for 

H35L35P30) contained over 85% of their expected content (Table 6.3). No additional 

peaks for LEVO sodium appeared in any of the HPLC chromatograms and the retention 

time remained unchanged. This confirmed that LEVO sodium was unchanged by the 

implant fabrication process. 

Significant investigation was conducted to find a suitable in vitro release medium for this 

work (Figure 6.13). As the majority of previously conducted research has focussed on 

short acting formulations (tablets, capsules and suspensions), the long term (> 24 hr) 

stability of LEVO sodium in solution was a challenge that had not been previously 

resolved. In solution, LEVO sodium degrades by deiodination and this degradation is pH 

dependent. The kinetics of deiodination are proton attack on the anion and dianion in 

acidic solution and water attack in basic solution (Won, 1992). Whilst there are conflicting 

reports, LEVO sodium has been reported by multiple sources to have an increased 

stability in basic solutions (Anand, 2013; Patel, 2003; Won, 1992). However, PCL has 

been reported to have an increased degradation rate at increased pH (Loh, 2013). 

Therefore, to remain as relevant as possible, investigation focussed on solutions that 

would be as close as possible to physiological pH (i.e. pH 7.4). The first-choice solvent 

for in vitro release studies was PBS (pH 7.4), however, this failed to remain stable for 24 hr. 

LEVO sodium (2 µg/mL) in 0.9% sodium chloride (another physiologically relevant 

medium) has been reported to be stable for up to 12 hr whilst stored in the dark (Strong 

et al., 2010). However, this would not have been long enough to allow long-term in vitro 

studies to be carried out. Ethanol (over 40% v/v) was found to maintain LEVO sodium 

stability in solution for over 24 hr. However, this solvent was not chosen for in vitro release 

studies because it is not physiologically representative. Tween 80, PEG 400 and glycerol 

did not improve the stability. 
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Human serum albumin (HSA) (1mg/mL) has been previously reported to improve the 

stability of LEVO sodium solution for continuous infusion (Golombek et al., 2011). The 

theory of improved stability reported by Golombek et al., (2011) was that HSA prevented 

LEVO sodium adherence to the plastic tubing. In the body, both T3 and LEVO (T4) 

circulate bound to thyroid binding globulin (TBG), HSA and transthyretin (Golombek et 

al., 2011). Thyroxine (T4) is reported to have a half-life of seven days in the blood stream 

(Colucci et al., 2010). Therefore, it was hypothesised in this chapter that protein binding 

in the blood stream could contribute to the increased stability observed for circulating 

LEVO sodium. Therefore, BSA was investigated as a potential stability enhancer for 

LEVO sodium in vitro release studies. BSA was used at the lowest effective concentration 

in order to protect the HPLC system (Thompson, 2016). BSA (0.1% w/v) was found to 

stabilise LEVO sodium for up to 14 days (Figure 6.14). 

SA was added to the release medium at a concentration of 0.05% w/v to prevent 

microbial growth and was not found to have an adverse effect on the stability of LEVO 

sodium. LEVO sodium was not stable in 0.05% w/v BSA for 24 hr and, therefore, it was 

concluded that the stability enhancement of BSA was concentration dependent. LEVO 

sodium was found to be stable in 0.1% w/v BSA up to 50 µg/mL for up to 14 days. 

Therefore, throughout the in vitro release studies the concentration of LEVO sodium in 

the release medium was kept below 50 µg/mL. 

H100 implant formulations showed a short-lived initial burst release (where drug on the 

outer layer of the implant is dissolved and released) followed by a linear release phase. 

However, this burst release is below the reported maximum tolerated single dose of 

LEVO sodium for an adult and is, therefore, unlikely to cause toxicity in vivo 

(Medicines.org.uk, 2016). Addition of L-PCL to the formulations prevented this burst 

release from occurring. Other studies have reported have reported a significant fall in 

drug release rate after an initial burst release from PCL implants, however, this was not 

observed in the first 100 days of in vitro release in this work (Cheng et al., 2010). A PEG 

containing formulation was included in initial investigations to prevent burst release. 

However, LEVO sodium was incompatible with PEG in the formulation and caused 

significant drug degradation. This was confirmed by the visual discolouration observed 

and by content analysis. 

All formulations showed a cumulative percentage release of between 8 and 20% after 98 

days. If release from these implants continued in the same linear manner, these 
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formulations could be estimated to deliver LEVO sodium for approximately 1.3 – 

3.4 years. Kamali et al., (2020) investigated the use of an in situ forming LEVO sodium 

implant and reported 100% in vitro drug release after 35 days. The implants produced in 

this chapter resulted in extended release profiles in comparison to these in situ forming 

implants. 

Daily in vitro release rates were calculated (Table 6.4) and in vitro release rates ranging from 

28.37 ± 1.19 – 98.92 ± 4.27 µg/day were achieved. The release rates achieved were 

promising and are close to the pharmaceutical dose of LEVO sodium (50 – 200 µg/day) 

(Joint formulary committee, 2020f). LEVO sodium has an oral bioavailability of 40 – 

80%, therefore, if delivered subcutaneously lower doses may be required (Colucci et al., 

2010). For those implants that delivered LEVO sodium at a rate lower than the 

recommended daily dose, multiple implants could be inserted into the patient to achieve 

the desired dose. This is the case for Probuphine®, a buprenorphine containing implant 

which consists of four rod shaped implants (Titan Pharmaceuticals, 2020a; WebMD, 

2020). 

The release of hydrophobic and hydrophilic drugs from PCL based devices is primarily 

dominated by diffusion (Cheng et al., 2010; Rosenberg et al., 2007). The semi-crystalline 

nature of PCL is thought to inhibit matrix collapse after drug release. This results in voids 

through which water can diffuse and drug can be released (Rosenberg et al., 2007). The 

high drug content of these implants is likely to contribute to the formation of voids and 

channels throughout the implant which would facilitate drug dissolution and diffusion. 

This was confirmed by modelling which showed that, for both drug loadings, formulation 

H100 and for both drug loadings H40L60 released by a degradation mechanism. The 

mechanism of release for H70L30 was dependent on the drug loading. This suggests that, 

as the proportion of L-PCL is increased, and the crystallinity of the formulations is 

reduced (as reported in section 4.5.1), degradation becomes the main mechanism for 

release from these implants. 

 



Chapter 6: Development of a subcutaneous implant for the treatment of hypothyroidism 

218 

6.7. Conclusion 

In this chapter a range of subcutaneous polymeric implants which delivered LEVO 

sodium in vitro at rates ranging from 28.37 ± 1.19 – 98.92 ± 4.27 µg/day were produced. 

The use of BSA was found to stabilise LEVO sodium in aqueous solutions, and allowed 

long term release studies to be conducted. Stability of LEVO sodium was maintained 

within the implants by ensuring LEVO sodium remained in the solid state by dispersing 

it, rather than dissolving it, within the implant. All implant formulations (except the PEG 

containing formulation) retained over 85% of their expected drug content after implant 

production.  
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7.1. Conclusions 

This thesis focusses on the development of biodegradable implants for sustained drug 

delivery. Pharmaceutical analysis is an integral part of drug formulation and product 

development and, as such, validated analytical methods were developed for each of the 

compounds used. Analytical methods for the detection and quantification of methylene 

blue (MB), ibuprofen sodium (IBU sodium), ibuprofen free acid (IBU acid) and 

levothyroxine sodium (LEVO sodium) were developed and are presented in chapter two. 

All methods were validated following the principles recommended in the international 

conference on harmonisation (ICH) guidelines for the validation of analytical procedures. 

For all methods, specificity, linearity, range, accuracy, precision, LoD and LoQ were 

established and, where appropriate, were found to be within previously reported 

acceptability limits. These validated methods were employed in the subsequent chapters 

to quantify the respective compound under investigation in drug delivery or content 

analysis studies.  

In chapter three, five hollow reservoir-type implant designs were produced using FDM 

3D printing. A wide range of release rates were achieved in this chapter but were highly 

dependent on the solubility of the compound being delivered. Considering the simplicity 

of the technology described, it could be easily transferred to a clinical setup, where 

implants could be designed on demand to fulfil patients’ needs after surgery. These 

implants may be suited for delivery of drugs for localised treatment. For example, 

chemotherapeutics, antibiotics or localised anaesthetics. Although the implant devices 

investigated in this chapter could be suitable for these purposes, the release profiles 

achieved were not prolonged enough to be suitable for the treatment of chronic 

conditions such as human immunodeficiency virus (HIV) or control of contraception. 

Chapter four focussed on the use of poly(caprolactone) (PCL)-based coatings to prolong 

the drug release from the implants investigated in chapter three. Drug release rates ranging 

from 0.01 ± 0.01 to 34.09 ± 1.04 mg/day were achieved in in vitro testing using two model 

compounds, and all coated implants showed a more prolonged release profile when 

compared to the equivalent uncoated implant. The release rates achieved could be 

promising for a range of conditions including HIV, chronic psychosis, or restless leg 

syndrome. The results presented in this chapter demonstrate the effectiveness of 

polymeric coatings to control drug release from reservoir-type implants and successfully 

prolonged the drug release of hydrophilic model compounds. However, the results from 
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this chapter are not limited to their use for hydrophilic compounds. The majority of newly 

discovered compounds are hydrophobic, and these techniques could also be used to 

control the delivery of these kinds of compound. 

Like all marketed pharmaceutical products, implants must be manufactured according to 

good manufacturing practice (GMP) to ensure that they are of the appropriate quality. In 

addition, as implants will be administered parenterally, they must also comply with quality 

control guidelines that govern parenteral products and, as such, are required to be 

produced in a sterile environment or terminally sterilised. Chapter five investigated the 

use of gamma radiation, microwave (MW) radiation and ultraviolet (UV) light as potential 

methods to sterilise polymeric implants. MW radiation failed the British Pharmacopoeia 

test for sterility and failed to provide a sufficient reduction in bacterial number in the 

controlled contamination test. The UV sterilisation protocol used in this work did not 

pass the British Pharmacopoeia test for sterility, however, it did show promise in the 

controlled contamination test and, as such, should be further investigated. Gamma 

radiation passed the British Pharmacopoeia test for sterility. MW radiation and UV light 

did not result in any significant differences in physical properties of PLA and although 

gamma radiation did result in changes in glass transitions temperature (Tg) and mechanical 

properties, none of the sterilisation methods investigated in this chapter resulted in any 

change to the in vitro release results. Therefore, both UV light and gamma radiation have 

demonstrated the potential to be used as a method of sterilisation of polymeric implants.  

The implant coatings developed in chapter four showed promising properties as drug 

delivery systems. Accordingly, these materials were investigated further as a potential 

matrix for the production of a matrix-type implant for the sustained delivery of drug 

compounds. Hypothyroidism is a common condition affecting millions of people 

worldwide. LEVO sodium was identified as a promising drug candidate and implants 

were developed to deliver LEVO sodium for the treatment of hypothyroidism. Chapter 

six focussed on the development of a biodegradable subcutaneous implant for the long-

term treatment of hypothyroidism. A range of subcutaneous implant formulations were 

produced and tested. Formulations containing PEG 1,000 were found to degrade LEVO 

sodium. However, PCL formulations were promising and retained over 85% of their 

LEVO sodium content. Scanning electron microscopy (SEM) confirmed homogenous 

drug dispersion throughout the implants. In vitro release studies resulted in release rates 

ranging from 28.37 ± 1.19 – 98.92 ± 4.27 µg/day. The release rates achieved were 

encouraging and considering the variable oral bioavailability of LEVO sodium and the 
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possibility of inserting multiple implants, could be very promising for the treatment of 

hypothyroidism. 

This thesis focussed on the development of long-acting implantable drug delivery devices. 

Long-acting drug delivery has advanced significantly since its inception in the 1950s and 

has led to improved treatment outcomes for patients. This thesis has contributed to the 

advancement of sustained drug delivery by presenting novel implantable devices which 

could be easily prepared and tailored to specific drugs, conditions, or patient groups. 

These devices showed improved properties over existing implants because of their highly 

flexible designs and adjustable properties and the simplicity of the techniques and the 

materials used make them inexpensive. In addition, UV light was shown to have potential 

as a cheap, simple, and rapid sterilisation method which could be suitable for 3D printed 

polymeric implants. The future of sustained drug delivery is likely to continue to focus on 

and progress towards the concept of personalised medicine. The simplicity of these 

devices and the techniques used to manufacture them, make them suitable candidates for 

personalised drug delivery. Advances in techniques such as 3D printing and the use of 

simple techniques such as solvent casting make the on demand production of personalised 

dosage forms more likely. However, there are vast regulatory hurdles which must be 

overcome before this could become a reality. 
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7.2. Future work 

The work conducted in this thesis showed promise and, therefore, there are opportunities 

for further work and investigation. Examples of potential future investigation include: 

• the study of additional implant geometries and implant materials (for example 

other polymers, hydrogels etc) to improve the release profiles of the implants 

designed in chapter three; 

• in vivo release studies to allow comparison to the in vitro release results to 

investigate and improve the knowledge of in vitro-in vivo correlation; 

• the analysis of the effect of changing the thickness of the PCL coatings developed 

in chapter four on the release profiles from those implants and potential for 

further improvement of sustained release of hydrophilic compounds; 

• additional research into the effectiveness of UV sterilisation and its compatibility 

with drug compounds; 

• the exploration of the long-term stability of LEVO sodium within the implants 

developed in chapter six, including the need for specific packaging or storage 

conditions; and 

• the study of the in vivo release of LEVO sodium from the implants developed in 

chapter six. 
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