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Abstract 

The advancement of new biotherapeutics demands appropriate strategies that 

allow effective delivery to the body for the treatment of chronic diseases, which 

is of growing importance globally. This includes the development of 

implantable delivery systems with enhanced control over release at an 

intended site with the desired dosing. Additive manufacturing (AM), often 

referred to as three-dimensional (3D) printing, has been identified due to the 

potential advantages. This includes lower-cost initial formulation trials, 

geometric control and spatial location of bioactives to better modulate delivery 

in comparison to common manufacturing routes e.g. tabletting. 

The use of inkjet printing (IJP) systems has well-documented success for 

producing delivery devices that allow release of small molecules (Da), but this 

is less reported regarding delivery of larger bioactives (kDa). This prompted 

the initial exploration in this thesis into IJP using poly(ethylene glycol) 

diacrylate (PEGDA) based formulations to assess encapsulation and delivery 

of biomacromolecules from 3D structures. Challenges encountered with this 

approach included increases in viscosity with increases in protein loading as 

well as precipitation during droplet ejection, residing as debris on the nozzle 

jet interface. This prevented reliable jetting and aligned with difficulties 

reported in previous literature attempts at processing biomacromolecules.  

Digital light processing (DLP) was proposed as an alternative printing method 

that negated the requirement for formulations to pass through an orifice, which 

widens applicable materials selection. Samples were fabricated, allowing 

encapsulation of model proteins lysozyme (LYZ, 14 kDa), bovine serum 

albumin (BSA, 66 kDa) and alkaline phosphatase (ALP, 160 kDa). A range of 

PEGDA were selected from 575 to 10,000 Mn for formulation preparation in 

an effort to vary release from the printed polymer matrix. Key properties 

characterised included swelling ratio, swelling rate and theoretical matrix mesh 

size approximations, as determined by applying modified Peppas-Merrill 

equations. It was found that the respective values of each increased as Mn of 

the PEGDA selected increased. Limited release (17.6 ± 5.2% and 13.3 ± 1.2%) 

of LYZ and BSA was achieved from PEGDA Mn 10,000 20% (w/v) samples 
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with 1 mg/mL model protein loading. A separate study using BSA considered 

the influence of increasing loading to 5 mg/mL, whereby release was then 

achieved using formulations of PEGDA Mn 4000, 8000 and 10,000 at 20% 

(w/v). Increased availability of free protein allowed increased release, but this 

was still limited with maximum elution being 25.8 ± 1.4% occurring over 3 days 

before plateau. DLP enabled sample production, but the formulations utilised 

and reliance on swelling alone was unsuitable for achieving long-term release. 

Finally, hydrolytically labile macromers were prepared through Michael 

addition modification of the previously used PEGDAs with an inexpensive thiol; 

dithiothreitol (DTT). Samples were fabricated by mixed-mode (MM) 

photopolymerisation, whereby increasing the thiol to acrylate ratio 

(SH:acrylate) increased areas of the polymer network that would hydrolytically 

degrade. Tuning the starting PEGDA Mn blend, macromer% (w/v) and 

SH:acrylate ratio allowed BSA release over 3 months+, fulfilling a main thesis 

aim. For example, samples using a PEGDA blend of Mn 575/4000 (1:1) 20% 

(w/v) and 0.25 SH:acrylate content with 5 mg/mL BSA loading led to release 

over 112 days with zero-order characteristics (R2 = 0.95) observed from day 2 

of release onwards. Release of ALP was achieved with 56.6 ± 1.6% eluted 

over 21 days; an improvement on the PEGDA only formulations where no 

significant release was detected. Associated matrix mesh size approximations 

acted as a comparative tool between sample sets and provided reasoning for 

why differences in release occurred. Structural changes were confirmed using 

cryo-SEM imaging and mechanical properties assessed through compression 

testing in the as-printed and swelled (degraded) sample state. 

The results in this thesis suggest that kDa bioactives can be firstly 

encapsulated using simple scalable DLP printing processes and their elution 

controlled through changes in crosslinking mechanism, monomer selection, 

monomer%, SH:acrylate ratio, bioactive size and loading concentration. 

Throughout, emphasis has been placed on developing the understanding of 

the underlying principles associated with release of biomacromolecules from 

3D printed structures. The information gathered could be applied to a further 

range of proteins in the development towards controlled delivery of protein 

therapeutics. 
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Chapter 1 Literature Review 

1.1 Biomacromolecule Structures and Associated Delivery Challenges 

Biomacromolecules can be categorised as large biological polymer structures 

including proteins, nucleic acids, such as deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA), carbohydrate polysaccharides and lipids. Peptides and 

proteins have particularly seen increased interest in recent decades for their 

potential use as therapeutics. Complex biomacromolecule compositions can 

often offer high selectivity, specificity and potency with reduced side effects 

and toxicity, compared to small molecules [1].  

However, due to their size, complexity and often unstable nature 

biomacromolecules are challenging to maintain or deliver effectively from a 

delivery device [2,3]. Complex biomacromolecule compositions are often 

susceptible to degradation and have reduced permeation across biological 

barriers [1]. Naturally this demands the development of methodologies that will 

ensure protection of these molecules throughout required manufacturing 

process stages, whilst still allowing for desired and controlled end release. In 

order to achieve this, the biomacromolecule structure and subsequent 

characteristics must be well understood in relation to pharmacological and 

therapeutic requirements. 

1.1.1 Peptides and Proteins 

1.1.1.1 Stages of Progressive Protein Folding and Conformation 

The primary structure of a protein consists of a linear sequence of peptide 

bonding between amino acid residues that form a polypeptide chain, exhibiting 

both a carboxyl terminus and amino terminus dependant on the variable R 

group, shown in Figure 1.1(a)(b). The polypeptide chain folds into a specific 

conformation dependant on interactions between amino acid side chains [4]. 

This is dictated by size, shape, hydrophobicity and isoelectric point (pI) of an 

amino acid in relation to charge states such as protonated cation, neutral 

zwitterionic or deprotonated anion, shown in Figure 1.2. 

Secondary structures consist of localised folding and hydrogen bonding 

stabilisation between the main chain peptide groups. Side chain interactions 

also have an impact by reducing hydration of the peptide group, known as 
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shielding effect, that further promotes protein folding [5]. This results in α-helix 

coiled structures and β-pleated sheets, shown in Figure 1.3(a)(b). Examples 

of α-helix structures include keratin and collagen that consist of a coiled 

backbone and side chains arranged in a helical array structurally stabilised by 

hydrogen bonding occurring between NH and CO groups. β-pleated sheets 

consist of lateral β-strands that are either parallel or anti-parallel in order [2,6]. 

Three-dimensional (3D) spatial arrangements of secondary structures that are 

conformed mainly by non-covalent bonding and intermolecular forces are 

called tertiary structures. Hydrophobic interactions contribute to protein 

folding, where the R group of an amino acid is either hydrophobic or 

hydrophilic which influences positioning and configuration [7]. In addition, 

hydrogen bonding within the polypeptide chain and interaction between the R 

side groups helps in stabilising the protein structure. Ionic bonding also occurs 

between positively and negatively charged R groups that are in close 

proximity. Another contributing factor to overall protein stability is van der 

Waals forces resulting from attraction and repulsion between molecules that 

are polarised [2,7]. In some cases, covalent bonding can happen through 

disulphide bridging (R-S-S-R) between cysteine residues. For example, in the 

case of insulin there are two bridges between the A and B chains and one 

within the A chain itself [8]. 

Quaternary structures represent what is seen as the highest level of protein 

organisation, comprised of multiple polypeptide chains (subunit structures) 

that are held by non-covalent bonds. An example of a quaternary structure 

comprised of two α subunits and two β subunits is haemoglobin, allowing for 

transportation of oxygen by binding to an iron-containing protein [2]. Figure 1.3 

aids in illustrating secondary, tertiary and quaternary structures shown from 

(a-c) respectively. Further terminology to describe protein structures includes 

motifs and domains. Motifs are commonly part of a protein sequence with a 

biological function, whereas domains have a specific function and typically 

operate independently to that of the rest of the protein structure [9,10]. 
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Figure 1.2: Schematic to show the effect of protonation and deprotonation of an 

amino acid from a zwitterionic state, influenced by the pH of a solution and pI of the 

amino acid. 

Figure 1.1: (a) Amino acid structure with variable R side chain and (b) peptide 

bonding between 2 amino acids. 

Figure 1.3: Example schematics of (a) α-helix coiled structures (b) anti-parallel β-

strands and (c) tetramer quaternary structure representation of haemoglobin 

comprised of α2β2 tertiary subunits. Created with BioRender.com 
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1.1.2 Biologics as Therapeutics for Global Population Health Needs 

The development of biological therapeutics, such as peptides and proteins, 

have seen increasing interest and recognition for their potential in addressing 

requirements for disease therapy. The emergence and largely documented 

success stems from their distinct biochemical properties. Options available 

include natural hormones, growth factors and antibodies or manufactured 

therapeutics that mimic and harness similar characteristics [11,12]. 

Examples of applications where biological therapeutics have been approved 

for clinical use in revolutionary and transformative treatment methods include: 

• Insulin and growth hormone glucagon-like peptide-1 receptor agonists 

(GLP-1RAs) for treating type II diabetes mellitus [12,13]. 

• Epoetin, an erythropoietin hormone used for treating anemia due to a lack 

of healthy red blood cells [11]. 

• Rituximab, a monoclonal antibody, used for treating non-Hodgkin 

lymphoma cancer [11]. 

• Messenger RNA (mRNA) for COVID-19 vaccine development [14]. 

Suitable biological therapeutic based treatments have also been widely 

researched for addressing chronic diseases encompassing cardiovascular, 

gastrointestinal (GI) and gastric disease [11–13]. 

The development of biological therapeutics, and understanding relevant 

delivery methods, could have potential benefits to serve a vast spectrum of 

patient healthcare needs across populations and thus highly beneficial to 

worldwide public health. For example, the treatment of prevalent chronic 

diseases, typically associated with ageing populations, that have a constant 

or reoccurring impact on patients [15]. 

This demands the advancement of treatment plans that are consistent, 

sustained and ideally autonomous. A Health Survey for England report, 

highlighted dependency on utilising prescribed medication increases with age, 

particularly when considering multiple medication with 3% of 16-24 year olds 

taking 3-4 medicines a week increasing to 82% for those aged 85 and over. 

This trend is also seen in the case of 5+ medicines a week, rising from 9% in 
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the 45-54 age category to 56% aged 85 and over [16]. If prescribed and taken 

correctly, these are predominantly effective and can manage the respective 

condition(s) the patient has been diagnosed with. However, it has been 

previously reported by the World Health Organisation (WHO) that patient 

compliance is a prevalent problem with approximately 50% of patients not 

taking their medication as prescribed [17]. 

It is also probable that the likelihood of medication errors could increase as the 

number of health conditions and medications taken increases [15]. The issue 

of accidental error or incorrect compliance to a medication plan may also be 

negatively impacted further if different medications are required to be taken at 

different times of the day/week. Hence, progression from single medication 

tablets towards multi-medication and longer acting delivery devices, such as 

depots or implants, in theory, presents a promising strategy to combat some 

of these issues. Furthermore, it can be postulated that accounting for different 

patient group needs (age, gender, ethnicity etc) in more efficient and targeted 

ways could lead to improved therapeutic outcomes with minimised side 

effects.  

Working towards a patient-centred approach has also been emphasised by 

the UK National Health Service (NHS) and National Institute for Health and 

Care Excellence (NICE) Quality Standard for Medicines Optimisation.                 

This considers four main principles covered under the overall aims of improved 

patient outcomes and an aligned strategy towards measurement and 

monitoring of medicines optimisation [18]. 

However, there are many potential barriers to the adoption and pace of these 

advancements regarding biological therapeutics, with clinically acceptable 

formulations and end integration into suitable delivery device systems still a 

largely unmet need. One dominating initial barrier to research with biological 

therapeutics, as is the case with many pharmaceutical related product 

developments, is that the complex multi-stage processes required for their 

production comes with high cost implications. Legislation and multi-phase 

clinical trial approval are lengthy mandatory processes that can take decades 

to complete before the emergence of an end delivery device product onto the 



6 
 

market. Safety, efficacy and quality are at the forefront for approval by 

agencies such as the United States Food and Drug Administration (FDA) or 

United Kingdom Medicines & Healthcare products Regulatory Agency 

(MHRA). Over the coming decades it is evident that biological therapeutics will 

continue to be explored. As a result, the understanding of processing these 

products into a final exemplar such as an injectable depot, scaffold or 

implantable release system must become better understood. 

1.1.3 Biomacromolecule Encapsulation Considerations 

The proposed concept of encapsulating biomacromolecules within delivery 

devices must consider necessary formulation stages and identification of an 

appropriate manufacturing method. This requires the adoption of protocols 

that maximise the protection of the incorporated biologic throughout all stages 

of fabrication, administration and delivery.  

Partial disruptions to a protein structure can lead to loss of function through a 

sharp transition from a conformed folded to unfolded elongated state [2]. 

Stability of biologics in aqueous solution can be altered by additions of small 

organic molecules called cosolvents, that either aid or disrupt folding 

conformation. For example, denaturants shift the equilibrium towards the 

unfolded state whereas protecting osmolytes contribute to attaining a folded 

state [19,20]. Degradation can also occur by cleavage of peptide bonds 

through hydrolysis, with the breakdown rate increasing due to proteases within 

the human body [21]. Challenges in biomacromolecule delivery include 

relative insolubility in water and solvents compared to micromolecules. 

Attempts to improve solubility include the addition of charged amino acids to 

solutions to minimise aggregation [22–24].  

Immunogenicity is an additional consideration that plays a role in dictating the 

success and delivery of a specified protein and relates to the ability of a 

substance to initiate a bodily (humoral or cellular) immune response in humans 

or animals [25]. For effective protein delivery, immunogenicity needs to be low 

and is dependent on factors such as chemical composition, heterogeneity, 

molecular size, solubility and degradation characteristics. In addition, patient 
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characteristics, dose quantity and the administration method selected can also 

determine the level of immunogenicity and thus delivery success [11]. 

Taking into account the factors highlighted, Section 1.2 considers 

administration route options for biologics with advantages and disadvantages 

of each presented in relation to effectiveness and ease of administration with 

examples of end applications. Fundamental release mechanisms, theories 

and modelling are evaluated in Section 1.3 followed by the appropriate 

selection of manufacturing methods to fabricate delivery devices covered in 

Section 1.4 and materials in Section 1.5. 

1.2 Administration Routes for Delivery of Biologics 

This section considers administration routes for delivery in respect to tablet 

dosage forms or implantable devices, outlining and assessing reasons for their 

selection in relation to end delivery requirements.  

1.2.1 Oral 

Oral delivery devices, such as tablets, often offer simple and immediate 

release at relatively low cost. Other benefits include compliance, low risk of 

infection and that they can be taken at home without medical assistance. 

However, problems associated with oral delivery of biomacromolecules 

include fast degradation, low bioavailability (~2%) and short half-lives                 

(~30 minutes) [26,27]. A primary issue with this administration route is the 

epithelial barrier of the GI tract. The organised architecture of the epithelial 

layer acts as a physical and chemical barrier that controls absorption of 

biologics by passive diffusion defined by a concentration gradient. The first-

pass metabolism effect also means that the concentration of a delivered 

biologic is greatly reduced prior to reaching systemic circulation [28]. Greater 

than 60% of small molecule drug products marketed are delivered orally, but 

this is not reflected for the delivery of peptides and proteins [27]. 

Oral administration route barriers for biologics are due to physiochemical 

properties (pH stability, hydrophobicity, size and ionisation constant) and 

susceptibility to degradation (stomach acid, digestive enzymes) [27,29]. Oral 

absorption is complex and influenced by a combination of factors including 

dose, solubility and epithelial permeability which may vary with patient age, 
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diet, GI transit time and medical needs. Approaches to improve bioavailability 

include use of absorption enhancers and enzyme inhibitors [30,31]. In 

addition, multi-layer core-based oral delivery systems have been designed to 

facilitate adjuvant release before biologic release [32].  

1.2.2 Sublingual and Buccal 

Sublingual (under the tongue) and buccal (against the cheek) administration 

of medication can offer benefits, such as bypassing the first-pass effect due to 

passive diffusion through venous blood in the oral cavity. For example, 

nitroglycerin is primarily metabolised and cleared in a single pass by the liver 

and therefore can instead be delivered via sublingual form [33]. Sublingual 

tissue is highly permeable due to underlying capillaries whereas buccal tissue 

is less permeable and exhibits slower absorption [34]. These self-

administering routes act as a desirable option for patients with difficulties 

swallowing tablets. However, both are typically limited to low dose short-term 

release delivery applications due to patient discomfort maintaining the dose 

form position and inconvenience when eating and drinking [34]. 

1.2.3 Rectal 

Rectal administration allows partial bypassing of first-pass metabolism, due to 

similar passive diffusion observed for sublingual and buccal routes. Rectal 

mucosa is highly vascularised and allows for rapid and efficient systemic 

absorption. This route is typically reserved for patients with GI motility issues 

that interfere with the intestinal tract [35].  

1.2.4 Vaginal 

Vaginal drug administration can be used to provide pain relief and treat 

infections e.g. bacterial vaginosis (BV), vulvovaginal candidiasis (VVC) and 

trichomoniasis [36]. This route also bypasses the GI tract and allows lower 

dosing over prolonged periods for continuous medication into highly 

vascularised vaginal tissue e.g. contraceptive hormone devices [37,38]. 

1.2.5 Parenteral Administration Examples 

Parenteral administration is a term that relates to any administration route that 

does not involve drug adsorption via the GI tract. It is predominantly performed 

through direct injection into the body following aseptic precautions or 
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application to the skin and largely classified under five main categories: 

transdermal, intradermal, intravenous, subcutaneous and intramuscular 

shown in Figure 1.4(a-e) respectively. By avoiding the GI tract and first-pass 

metabolic effects, parenteral administration of biologics often leads to longer 

active effect associated with higher bioavailability [39]. Table 1.1 provides a 

summarised outline of different parenteral routes with the associated 

advantages, disadvantages and examples of delivery applications from 

previous literature. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Simplified schematic to show parenteral administration routes of (a) 

transdermal, illustrated with a patch delivery device, and (b) intradermal, (c) 

intravenous, (d) subcutaneous and (e) intramuscular. Created with BioRender.com 
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Table 1.1: Summary of parenteral administration routes with associated advantages 

and disadvantages respective to end application examples. 

Parenteral Administration 

Route 
Advantages (+) 

Disadvantages (-) 
Examples  

Transdermal 

(TD) 

 

Delivery 

occurring 

across the skin 

[40]. 

+ Non-invasive and ease of self-

administration [40,41]. 

− Limited to low molecular weight 

(MW) active pharmaceutical 

ingredients (APIs) below ~500 Da 

[39,42]. 

− Requires APIs with Lipinski 

properties such as high lipophilicity 

and potency [39,42]. 

Microneedle array 

patches and active 

devices e.g. 

stimulated by 

electrode signalling 

[40,43]. 

 

Delivery of nicotine 

(smoking cessation), 

fentanyl (pain relief) 

and nitroglycerin 

(angina pectoris chest 

pain relief) [43]. 

Intradermal 

(ID) 

 

Delivery within 

the dermis at a 

shallow angle 

[44]. 

+ Non-invasive TD delivery devices 

can be used for local and systemic 

administration needs [45]. 

− Requires highly trained personnel 

and can have poor consistency 

with injected volumes and risk of 

accidental subcutaneous injection 

[46]. 

Local anaesthetic and 

allergy testing [47]. 

 

Lidocaine delivery for 

rapid local 

anaesthesia [48]. 

 

Diagnostic skin testing 

for allergic rhinitis, 

asthma and/or otitis 

media with effusion 

[49]. 

Intravenous 

(IV) 

 

Delivery into a 

vein [39]. 

+ Fast and direct delivery for 

application needs requiring 

systemic circulation [39]. 

Nanoparticle delivery 

of anticancer drugs 

e.g. paclitaxel [52]. 
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+ High bioavailability due to 

bypassing of absorption barriers 

and metabolic mechanisms [39]. 

− Requires API to be in aqueous 

solution or fine suspension to 

prevent embolism [39,50]. 

− Requires trained personnel with 

long infusion periods with risk of 

infection [51]. 

 

Delivery of lung-

targeted nanofibers 

for pulmonary 

hypertension [53]. 

 

Green light-triggered 

intraocular drug 

release of 

encapsulated 

doxorubicin for IV 

chemotherapy of 

retinoblastoma [54]. 

Subcutaneous 

(SC) 

 

Delivery into 

adipose 

tissues e.g. 45 

or 90° angle 

[39]. 

+ Suitable for APIs exhibiting low 

bioavailability. API absorption is 

slow and sustained due to a lower 

number of blood vessels [55]. 

− Injection volumes up to 3 mL can 

prove problematic when trying to 

achieve therapeutically meaningful 

concentrations [51,56]. 

Long-term delivery 

requirements, where 

the pH of interstitial 

fluid within SC tissue 

is approximately 7.4 

[57]. 

 

Self-administering 

autonomous insulin 

delivery devices [58]. 

 

Biodegradable implant 

for sustained 

antiretroviral and 

hormone delivery [59]. 

Intramuscular 

(IM) 

 

Delivery into 

muscle tissue 

e.g. 90° angle 

[39].  

+ Increased vasculature compared to 

the SC layer and accommodates 

larger dose volumes (~0.5 – 3 mL) 

that are faster acting [47,60]. 

− Incorrect administration can cause 

inadvertent delivery into the SC 

tissue, reducing drug efficacy and 

absorption rate [60]. 

In-situ depots acting 

as API repositories, 

with absorption rate 

dependant on 

physiological factors 

[61]. 
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1.3 Therapeutic Release Profiles and Mechanisms Adopted for 

Delivery Device Design 

1.3.1 Release Rate Profiles and Condition Dependant Release 

Figure 1.5(a-e) highlights five release rate profiles for delivery devices [62]. 

The following section outlines release kinetics and reasoning behind their 

possible selection in relation to examples of previous delivery applications, as 

documented in Table 1.2. 

 

 

 

 

 

 

 

 

 

The desired release rate profile of a delivery device system is dictated by 

requirements that aim to achieve maximal therapeutic benefit, with minimised 

side effects, in relation to patient specific needs. This is dependent on the 

intended release of a specific dose(s) over a pre-determined time period. For 

example, treatment via sustained therapeutic release over 24 hours to 

maintain a steady concentration systemically. It is also important to account 

for the therapeutic window to minimise any significant adverse side effect in 

patients and ensure the required dose is achieved; i.e. the area of a 

concentration release profile situated between the level of minimum effective 

concentration to achieve therapeutic benefit and minimum toxic concentration 

[63].  

Figure 1.5: Example profiles of (a) immediate release, (b) pulsatile release,(c) 

delayed release, (d) first-order release and (e) zero-order release.                                
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Table 1.2: Summary of different release strategies with end application examples. 

(1) Strategies for Timed Release 

Strategy Description Examples  

Immediate/Burst 

Release 

A rapid onset of API release 

experienced before a stable 

plateau release profile is 

reached, shown by Figure 

1.5(a) [62]. 

Delivery of benzodiazepines 

for rapid anti-seizure epilepsy 

treatment [64]. 

Pulsatile Release 

Release of a precise 

amount of API after a 

predetermined off period 

(lag time) for repeated 

cycles, shown in Figure 

1.5(b) [62]. 

Diseases with symptoms that 

follow a circadian rhythm 

where administration at 

certain times may initiate or 

improve the therapeutic effect 

on the patient [62]. 

 

Delivery release of anti-

inflammatory drugs to 

manage rheumatoid arthritis 

[65]. 

Delayed Release 

API is not released 

immediately but instead 

after a set period of time, as 

observed in Figure 1.5(c) 

[62]. 

Enteric coatings for oral solid 

dosage forms to prevent API 

delivery until the small or 

large intestine [62,66]. 

(2) Strategies for Slow Continuous Release 

Strategy Description Examples  

First-Order 

Release 

Release following Fick’s law 

of diffusion, where API 

dependent release occurs 

over an extended period as 

shown by Figure 1.5(d) 

[67,68]. 

Onset of API action is 

followed by a slower 

sustained release, minimising 

dosing frequency e.g. release 

occurring over 1 to 3+ 

months in duration [62]. 
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Zero-Order 

Release 

Release occurring at a 

constant rate, independent 

of API concentration and 

maintained within the 

therapeutic window, 

throughout the delivery 

period, as shown in Figure 

1.5(e) [67–69]. 

Delivery of recombinant 

human erythropoietin 

(rhEPO), used to treat 

chronic nephropathy and 

anaemia over ~30 days from 

poly(lactic-co-glycolic acid) 

(PLGA) microparticles; R2 > 

0.98 [70]. 

(3) Strategies for Triggered and Targeted Release 

Strategy Description Examples  

Stimuli Sensitive 

Release 

Release dependent on 

biological or external 

induced signalling 

triggers such as changes 

in temperature, pH range, 

chemical interactions and 

electrical impulse [71]. 

Insulin (5.7 kDa) release 

from the pancreas is 

triggered by glucose 

concentration and can be 

replicated via insulin pump 

delivery systems for 

management of diabetes 

[72]. 

Targeted Release 

Increasing API 

concentration specifically 

in a designated area of 

the body relative to other 

areas [68]. 

API delivery to cancerous 

tumours through carriers 

accumulating in 

pathological sites (passive) 

or ligand attachment for 

carrier surface interaction 

with pathological cells 

(active) [73]. 
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1.3.2 Overview of Delivery Device Release Mechanisms 

Establishing the required release mechanisms to achieve a desired release 

rate profile can involve chemical or enzymatic degradation of the polymer-API 

matrix. Structural changes through swelling and diffusion can also be 

assessed over the period of intended release [68]. This section provides an 

insight into the different approaches in the context of their possible selection 

for delivery device design. 

1.3.2.1 Dissolution-Controlled 

APIs in principally dissolution-controlled delivery device systems can be either 

encapsulated within or coated with a polymeric membrane that breaks down 

over a pre-determined amount of time (t) [68]. For example, a low solubility 

coating that allows immediate release (reservoir) or a dissolvable matrix in 

which the API is dispersed (monolithic) shown in Figure 1.6(a)(b) respectively. 

Hence, this approach is typically associated with short-term release tablets 

(minutes/hours). 

 

 

 

 

 

 

 

 

 

Figure 1.6: Simplified schematic representation of dissolution-controlled release via 

(a) reservoir system and (b) dissolving monolithic matrix. 
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1.3.2.2 Diffusion-Controlled 

Diffusion-controlled delivery device systems require the API to transfer from a 

high concentration reservoir via pores in a rate-controlling membrane or a 

matrix itself, shown in Figure 1.7(a)(b) respectively. Differences in 

concentration gradient across this membrane boundary can also impact the 

rate of release, with diffusion categorised as Fickian or non-Fickian [68,74]. 

These mechanisms are commonly adopted for immediate release oral tablet 

forms (minutes/hours) but are also applicable to more sustained periods of 

release (days/weeks) if the rate can be tuned appropriately. One example of 

this could be whereby rate of release is dictated by the ability for encapsulated 

APIs to move from the central core through a membrane. Factors to consider 

include API molecular size and level of loading in relation to membrane 

thickness, porosity and solubility. 

Release from a monolithic matrix, where the API is homogenously present 

throughout the structure, occurs when outside layers are exposed and with 

time dissolve, allowing for progressive diffusion [68,74]. Matrix characteristics 

to consider include composition, structure, porosity, swelling and degradation 

in relation to API solubility, stability, charge interactions and interaction with 

the matrix [74]. In addition, spatial locality of encapsulated APIs could 

influence release such as loading predominantly in the core versus at nearer 

the surface or equal distribution within the delivery device. 
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1.3.2.3 Swelling-Controlled 

Delivery through swelling has been exploited particularly in the case of 

hydrogel systems, where an API is initially dispersed within a hydrophilic 

polymer and eluted upon solvent penetration and retention over time [74]. 

Delivery devices utilising swelling as a principle mechanism for release are 

popular for biological actives. The hydrated state can aid in protecting and 

regulating function, such as enabling hydrophobic interactions that maintain 

protein tertiary structure [74,75]. Figure 1.8 provides a simplified schematic 

representation of swelling initiated release, which can be linked to a multitude 

of factors including polymer selection, crosslinking mechanism, polymer 

volume fraction and matrix mesh characteristics. A combination of these 

factors dictates if release will firstly occur and secondly the release rate. 

Degradable polymers could initially exhibit changes from swelling before 

subsequent matrix disruption. 

Figure 1.7: Simplified schematic of diffusion-controlled release from                                   

(a) reservoir core with a porous membrane and (b) porous monolithic matrix. 
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1.3.2.4 Chemically-Controlled 

Selected stimuli or natural biological processes can trigger controlled release 

through changes in the chemical structure of a delivery device, related to 

composition and MW [68,76]. For example, progressive reduction in polymer 

MW through breakdown within a pH specific region within the body. Bulk 

eroding versus surface eroding systems are highlighted in Figure 1.9(a)(b) 

respectively. For both scenarios, the degradation mechanism that governs 

release can also be utilised to avoid the requirement for device removal after 

administration [68]. Another option includes API conjugation through chemical 

linkage to a polymer backbone, which during cleavage within physiological 

conditions leads to release, shown in Figure 1.9(c) [68]. Applications include 

polymer-protein conjugates involving pegaptanib sodium (Macugen®) for 

treatment of neovascular age-related macular degeneration (nAMD) [77,78]. 

Figure 1.8: Simplified schematic showing swelling of a hydrogel matrix initiated by 

the penetration of a solvent at t = 0, leading to a more hydrated and open network 

allowing for API movement and release at t = t. Created with Biorender.com. 
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1.3.3 Matrix Mesh Size Considerations 

Encapsulation of bioactives within a delivery device for controlled release 

applications must consider the influence of matrix mesh size and crosslinking 

density. Matrix mesh size, defined as the linear distance between two adjacent 

crosslinks that comprise a polymer network, is an important indicator to 

determine the likelihood of entrapment or release [60]. 

Previous literature has reported attempts to understand matrix properties, 

including the proposal of different theories and experimental analysis to 

determine key parameters such as changes in swelling ratio. Approximations 

for establishing a matrix mesh size value for hydrogels have largely been 

Figure 1.9: Simplified schematic of (a) bulk erosion, (b) surface erosion and                 

(c) API-polymer conjugation cleavage over time (t). 
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calculated through applying the rubber elastic theory or equilibrium swelling 

theory, based upon Peppas-Merrill principles. Alternative suggestions to these 

models including the Mackintosh theory, blob model and scattering related 

analysis have been explored but are less reported [79–81]. 

1.3.3.1 Rubber Elastic Theory  

The rubber elastic theory links structural properties to stiffness by estimating 

shear modulus under applied stress based on the number of chains in the 

network [82]. Corrections are often required to be practically applicable for a 

wider range of network scenarios, such as accounting for swollen state and 

junction functionality. Examples of junction models include affine and phantom 

which consider mobility of junctions with regard to elasticity [82,83]. However, 

the theory systematically neglects differences in hydrogel polymer chain 

length, molecular structure and interaction in a solvent [82,84]. 

1.3.3.2 Equilibrium Swelling Theory (Peppas-Merrill)  

The Peppas-Merrill equation is a modified version of the Flory-Rehner 

equation regarding equilibrium swelling theory, which considers the state of a 

hydrogel immediately after crosslinking as “relaxed” prior to immersion in a 

solvent leading to its “swelled” state [82]. Changes in matrix mesh size are 

determined through comparisons of properties in these two states. This 

includes polymer attributes such as MW, volume fraction, network chain 

segments bounded by crosslinks and solvent interaction [82,84]. 

1.3.4 Influence of Crosslinking Mechanism on Polymer Matrix Formation  

One common approach to tuning mesh properties is through changing the MW 

of the polymer chain, as this directly influences distance between adjacent 

crosslinks of the polymer network [84,85]. Furthermore, reducing the polymer 

fraction will result in a more open network, but mechanical requirements based 

on end application must be considered. Release rate and desired longevity of 

release must be considered in relation to bioactive size and concentration 

within the delivery device. Polymers consisting of predominantly hydrophilic 

aspects will also lead to increased solvent uptake and increase in swelling 

ratio [85]. For degradable materials, swelling ratio and matrix mesh size could 
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be expected to change over time, whereby entrapment of bioactives may occur 

until matrix mesh size becomes sufficient to allow release. 

Formulation decisions will be dictated by associated crosslinking mechanisms 

required to form a 3D structure. In the case of AM this must be relative to the 

selected technique, such as ultraviolet (UV) light-initiated crosslinking. 

Increased crosslinking density will result in a stiffer and more tightly bound 

matrix, which will swell to a lesser extent compared to a more elastic matrix 

due to hindrance of polymer chain mobility [86]. Crosslinking mechanisms, 

such as chain-growth (CG), step-growth (SG) and mixed-mode (MM) 

polymerisation examples outlined in upcoming Sections 1.3.4.1 – 1.3.4.3 and 

represented in Figure 1.10(a-c) respectively, influence the formation of 

polymer networks. 

 

1.3.4.1 Chain-Growth (CG) Radical Polymerisation  

Linear polymers, such as functionalised poly(ethylene glycol) (PEG), have 

been employed for CG polymerisation. Successive chain lengthening is 

achieved through the addition of monomer molecules onto the end of chain 

active sites one at a time via free radicals [85,87]. Non-ideal variation across 

the end crosslinked matrix can occur due to random entanglement, reflective 

of the heterogenous nature of the CG matrix mesh [85,88]. Whilst this could 

limit control over bioactive release it may still be possible to establish 

formulations that are suitable through appropriate polymer selection. 

Figure 1.10: Simplified schematics of polymerisation via (a) chain-growth (CG), (b) 

step-growth (SG) and (c) mixed-mode (MM) mechanisms. Adapted from [85]. 
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1.3.4.2 Step-Growth (SG) Polymerisation  

SG crosslinking occurs when at least two multifunctional monomers are 

reacted, with the rate of crosslinking typically faster than CG systems through 

multiple independent reactions [85,87]. A particular benefit of SG 

polymerisation is the generation of comparatively more ordered and 

homogenous structures [85,88]. However, materials associated with this 

polymerisation mechanism can have higher associated costs and lower 

availability from commercial sources due to greater complexity during 

synthesis e.g. use of multi-arm norbornene terminated polymers and multi-arm 

thiols. This can present issues, particularly at an early-stage of development 

where end delivery device requirements are not clear. 

1.3.4.3 Mixed-Mode (MM) Polymerisation 

MM polymerisation approaches aim to act as a hybrid alternative to structural 

formation through entirely CG or SG dominated formulations, to harness the 

relative advantages of each [85,89]. This allows a level of flexibility including 

changing linkage selection between polymer chains and using stoichiometric 

imbalances to dictate end matrix mesh characteristics [89,90]. For example, 

increasing the ratio of thiol (SH) to acrylate groups leads the network to 

become more SG-like and can be tuned for polymerisation kinetics as well as 

degradation characteristics [85,91]. 
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1.4 Manufacturing Methods for Producing Delivery Devices 

1.4.1 Conventional Production Techniques 

Well established, highly repeatable and scalable formative manufacturing 

methods include compaction, moulding and extrusion. This is attractive for 

pharmaceutical companies to ensure product efficacy and quality for safe 

patient use [92,93]. Delivery devices must adhere to stringent regulations 

related to pharmacokinetic analysis and clinical trials (in vitro and in vivo) as 

well as considerations of sustainability and good manufacturing practice 

(GMP) compliance [93]. However, restrictions dictated by pre-produced tooling 

limit design flexibility and optimisation trials. Changes to moulds or dies incur 

additional costs with machine downtime often leading to “one size fits all” 

approaches rather than optimising for different patient group needs. 

1.4.1.1 Powder Compaction 

For oral delivery devices, such as tablets, powder compaction is the most 

commonly adopted method of production [94]. This process involves 

combining the API and excipients through mixing and granulation to a desired 

particle size, distribution and morphology. The mix is then dried, compressed 

and coated (if required) as outlined in Figure 1.11. 

 

 

 

 

 

 

Figure 1.11: Simplified schematic of tablet production via powder compaction. 
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1.4.1.2 Injection Moulding and Hot Melt Extrusion (HME) 

Granulated thermoplastic-API blends that are fed into a heated barrel, forming 

a molten liquid, can be injection moulded. Heated polymer is transferred by a 

rotating screw into a cavity. This is cooled to solidification prior to ejection of 

the completed part, shown in Figure 1.12. Multi-cavity moulds allow increased 

production rates, but rheological properties must ensure adequate filling of the 

mould per cycle [95,96]. Inadequate material preparation can lead to 

distortion, shrinkage, sink marks and voids [96].  

HME is a continuous process, whereby polymer-API blends are similarly fed 

into a heated barrel to reach their glass transition temperature (Tg). The melt 

passes through a die of the desired geometry, is cooled and then sectioned 

as required [97]. HME is a solvent-free process with minimal compression of 

actives, allowing dispersion at a molecular level in the final dosage form which 

can lead to improved bioavailability [98]. However, it requires APIs to be 

thermally stable which poses degradation issues during processing [97,98]. 

 

Figure 1.12: Flow diagram representing typical cycles of an injection moulding 

process. Adapted from [95]. 
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1.4.2 Additive Manufacturing (AM) 3D Printing Techniques 

1.4.2.1 Introduction to AM – Definition and Classifications 

The International Organisation for Standardisation (ISO) Technical Committee 

(TC) 261 alongside the Committee F42 Additive Manufacturing (AM) 

Technologies as part of the American Society for Testing and Materials 

(ASTM) define AM as a method that uses 3D model data to produce physical 

objects in a layer-by-layer manner [99]. AM, also referred to as 3D printing, 

contrasts traditional tool-based techniques (subtractive or formative). The 

ASTM definition of AM can be categorised into seven classified processes 

[99]. Material extrusion, material jetting/inkjet printing (IJP), vat 

photopolymerisation (VP) and powder bed fusion (PBF) feature within 

previous literature regarding the production of pharmaceutical delivery 

devices. Table 1.3 provides an overview of these AM methods with 

advantages (+), disadvantages (−) alongside examples of use for 

pharmaceutical applications. 

 

Table 1.3: Summary of AM/3D printing techniques with the associated advantages 

and disadvantages respective to end application examples. 

AM/3D Printing Techniques Implemented for Pharmaceutical 

Delivery Device Production 

Printing Modality 
Advantages (+) 

Disadvantages (-) 
Examples  

Material Extrusion  

+ Allows deposition of higher 

viscosity materials to 

produce clinically relevant 

designs (µm – mm) [100]. 

+ Multi-nozzle setups available 

for multi-material printing 

e.g. Cellink BioX™. 

− Print resolution sacrificed 

when a wider nozzle is 

Segmented multi-active 

dosage form resulting in 

different API release 

profiles [101].  

 

Medication 

consolidation to reduce 

errors in medication by 

improving patient 

compliance [101]. 



26 
 

required to allow suitable 

flow of material [100]. 

Material 

Jetting/Inkjet 

Printing (IJP) 

+ Minimised contamination 

due to non-contact droplet 

deposition [102]. 

+ High level of control over 

spatial location of ink, multi-

material capability and µm 

scale features [102,103]. 

− Viscosity and particle 

additions can cause 

complications with the 

nozzle interface [104]. 

− IJP of biomacromolecules is 

less reported with no current 

documentation of an end 3D 

printed sustained delivery 

device.  

Small molecule delivery 

device e.g. tablets for a 

poorly soluble drug, 

carvedilol [105]. 

 

Multi-material dosage 

forms for ibuprofen 

delivery [106]. 

 

Bespoke polydrug 

implants for pitavastatin 

and trandolapril delivery 

[107].   

 

Piezoelectric jetting to 

print lysozyme and 

observe imparted 

effects via passing 

through a printhead 

[108]. 

 

Empirical studies of IJP 

proteins and cell-

containing structures 

[109]. 

Vat 

Photopolymerisation 

(VP) 

+ Ability to produce smooth, 

dimensionally accurate parts 

and feature resolution ~10 – 

100 µm when printing 

parameters are optimised 

[110,111].  

PEGDA-based oral 

dosage forms for 4-

aminosalicylic acid (4-

ASA) and paracetamol 

delivery [113].  
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+ Digital light processing (DLP) 

systems often have reduced 

printing times via 

crosslinking the entirety of 

each layer pattern at once 

[112]. 

− Resins must still adhere to 

viscosity limitations to 

adequately spread within the 

vat and able to be 

crosslinked e.g. UV light 

initiated [112]. 

 

Lidocaine hydrochloride 

loaded bladder 

treatment device [114]. 

 

Dissolvable active and 

passive microneedle 

patch [115]. 

 

3D printed microneedle 

patches for 

intradermal insulin 

delivery [116]. 

Powder Bed Fusion 

(PBF) 

+ PBF requires no support 

structures allowing 

geometrical complexity 

[117]. 

− Localised and high-powered 

laser beams for sintering 

pose significant thermal 

degradation concerns 

regarding some APIs [118]. 

 

Eudragit L100-55 tablets 

containing paracetamol 

at 5, 20 and 35% (w/w) 

[119]. 

 

Prosthetics and 

biopolymer scaffolds 

harnessing geometrical 

complexity [120,121]. 
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1.5 Materials and Design Choices for Delivery Device Examples 

Achieving desired functionalities for an end delivery device appropriate in 

accordance with an end application is a multi-factorial challenge. Important 

aspects involved include suitable manufacturing methods, dimensional 

requirements, release characteristics and mechanical properties as well as the 

ease of administration, maintenance and retraction of the device (if required). 

Appropriate material choices for a selected processing technique and delivery 

aim govern overall success. This section provides past examples from 

literature to give an overview of delivery device fabrication with reasoning for 

the materials selection. 

1.5.1 Non-Biodegradable Materials 

In recent times, the majority of available implantable delivery devices have 

been manufactured from non-biodegradable polymers [122]. Implants need to 

be mechanically capable throughout use and avoid breakage to prevent 

changes in intended release and for easy retrieval if required. This could 

suggest why non-biodegradable materials are favourable as there is less 

chance of unwanted variation over time compared to biodegradable systems 

where matrix dissolution is often utilised as a way of delivering an API. 

Materials used for permanent drug delivery devices include materials such as 

silicones, thermoplastic polyurethanes (TPUs) or copolymers. For example, a 

2 x 2 x 40 mm contraceptive rod device (NexplanonⓇ) was FDA approved in 

2006 and is comprised of an ethylene vinyl acetate (EVA) copolymer 

containing 68 mg of etonogestrel (a progestin). A daily dose of 25 – 70 µg is 

delivered depending on the time period since implantation [123]. Insertion into 

the SC tissue is possible using a specifically designed preloaded applicator at 

a 30° angle and can remain in the body for up to 3 years to inhibit monthly 

ovulation [123,124]. The implant is also radiopaque, due to 3% (w/w) barium 

sulphate addition, making it easier to locate using X-ray imaging before 

extraction [125]. However, whilst EVA is biocompatible it is not biodegradable 

which means the implant requires surgical removal, often more painful than 

insertion, once it has served its purpose. This implant is designed to deliver 

for a prolonged period of up to 3 years, so arguably the compromise is 

outweighed. Other examples include osmotic pump type systems, such as the 



29 
 

4 x 44 mm cylindrical titanium alloy ITCA 650 implant, that provides 

subcutaneous delivery of exenatide. Extracellular fluid enters the semi-

permeable membrane which expands an osmotic engine leading to a piston 

drive and expulsion of API containing biodegradable PLGA microspheres 

[126,127]. 

1.5.2 Biodegradable Materials 

One prominent advantage of using biodegradable materials over non-

biodegradable materials is that surgical removal of the delivery device is not 

required, minimising patient discomfort [122]. However, degradation kinetics 

across the entirety of the delivery device release must be well understood. 

This is particularly challenging with changes regarding pH, temperature and 

biological interactions that occur within the human body. Additionally, 

associated degradation by-products must be easily eliminated [122]. 

PEG has been well-studied for bioactive encapsulation due to its hydrophilic, 

non-toxic and non-immunogenic properties. It can be easily functionalised for 

crosslinking through acrylate ending and introduced as part of block copolymer 

chains [128,129]. Attempts at a sustained ocular delivery of small and large 

drug molecules, triamcinolone acetonide (TA) and ovalbumin (OVA), were 

achieved through photocrosslinked encapsulation. Poly(ethylene glycol) 

diacrylate (PEGDA) systems of two different MWs (250 and 700 Da) with pore 

forming agents were utilised to tune release. TA was fully released but OVA 

(43 kDa) showed limited elution with ~62% of the total loaded over the time 

period studied [130]. Once swelled, PEGDA/pore former samples had no 

further functionality or scope to allow release. Degradation of unmodified 

PEGDA chains through hydrolysis of ester linkages is a long process and 

indicates challenges with achieving sustained release of larger molecules.  

Synthetic polyesters have also been utilised, harnessing the different 

degradation mechanisms and times with selection made in relation to 

application. Poly(caprolactone) (PCL) is semi-crystalline with degradation 

through random hydrolytic chain scission of ester bonds which can take from 

2 to 4 years dependent on MW, degree of crystallinity and in-situ conditions 

[131,132]. Poly(lactic acid) (PLA) degrades via hydrolysis of ester linkages, 
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which over 6 to 12 months in media at 37°C can lead to mechanical properties 

dropping by ~50% [133]. PLGA is a copolymer of PLA and poly(glycolic acid) 

(PGA) that can display stimuli sensitive behaviour, dependent on acid or ester 

end groups, and degrades faster than PLA alone [134]. Amorphous 

poly(trimethylene carbonate) (PTMC) in contrast degrades in vivo via surface 

erosion. MW has a large influence on erosion rate and loss of mechanical 

properties, with degradation ranging from weeks to years [135]. Diluents and 

temperature can be necessary to ease polyester processing but may not be 

suitable for incorporating bioactives due to transition phases. 

Natural polymers can be used as carriers for bioactive encapsulation including 

polysaccharides (e.g. chitosan, alginate) or protein-based (e.g. gelatin 

derivatives, collagen, elastin-like) [136]. Advantages of these materials include 

that they are biocompatible, biodegradable, non-toxic, exhibit low 

immunogenicity and often possess biomimetic properties [137–139]. Natural 

polymers can be combined with synthetic polymers for hybrid properties, such 

as injectable PEG-chitosan hydrogels for dual release of an ciprofloxacin 

(antibiotic) and BSA (acting as a growth factor decoy) for wound-healing 

applications [140]. Another example includes extrusion printing of PCL-

chitosan based implants for release of ibuprofen over 120 hours, with release 

tuned through material ratio selection and the structural density of the end 

device fabricated [141]. 
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Chapter 2 Hypothesis and Aims 

2.1 Overarching Research Hypothesis 

The selection of appropriate AM/3D printing approaches, along with changes 

in formulations, polymer matrix properties, and geometry will enable the 

encapsulation of biomacromolecules within a delivery device and facilitate 

subsequent controlled release. Release rate and delivery duration will be 

modulated through these factors relative to the incorporation of proteins with 

different physiochemical properties. 

2.2 Model Protein (Enzyme) Selection 

Model proteins (enzymes) are commonly inexpensive and easier to acquire in 

larger quantities. This allows for multiple repeat experiments and method 

development at relatively low cost early-stage delivery device development. 

Alkaline phosphatase (ALP), bovine serum albumin (BSA) and lysozyme 

(LYZ) were proposed in this thesis due to their contrasting characteristics 

(size, pI, optimum pH conditions and structural features) and the potential to 

model an end delivery application. For example, LYZ to model growth factor 

recombinant human bone morphogenetic protein 2 (rhBMP-2) for studying 

release rates from microparticles for regenerative applications [142]. Table 2.1 

summarises the differences between three model proteins selected. 

 

Table 2.1: Properties of the proposed model proteins ALP, BSA and LYZ. 

Model Protein 
MW 

(kDa) 

pI 

(pH) 
Structure 

Alkaline 

Phosphatase 

(ALP) [143–145] 

~ 140 – 160 ~ 4.4 – 5.8 

Dimeric, 

membrane-derived 

glycoprotein. 

Bovine Serum 

Albumin 

(BSA) [146–148] 

~ 66 ~ 4.5 – 5.5 

Globular structure 

comprised of both α-

helices and β-sheets. 

Lysozyme 

(LYZ) [149,150] 
~ 14 ~ 10.5 – 11.4 

Single chain polypeptide 

(129 amino acid residues). 
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2.3 Identification of Industrial Aims 

1. Develop ink formulations and designs appropriate for a selected AM 

process e.g. the use of DLP printing to produce exemplar samples for the 

encapsulation of model proteins and subsequent release from different 

polymer matrices. 

 

2. Understand achievable release profiles relevant to an intended application, 

e.g. zero-order release with minimal initial burst. 

 

3. Efficiently load and release proteins with minimal loss of function and to 

ensure the therapeutic window can be achieved for the lifetime of the 

device created. For example, a depot/implant capable of sustained release 

over 1 to 3+ months, whilst being able to incorporate relatively high levels 

of drug/biological loading. 

 

4. Consider incorporating proteins with different physiochemical properties, 

including as combinations with potentially different intended delivery 

profiles, and relate to potential future work applications. 

 

2.4 Additional Considerations for Delivery Device Development 

• Establishing a mechanism of release consistent across in vitro and in vivo 

conditions leading to good in vitro in vivo correlations and predictions. 

 

• Development of a delivery device capable of being manufactured from lab 

to commercial scale that is ideally able to be sterilised using conventional 

technologies. 

 

• Fabrication of outcomes capable of being safely administered in the 

community by a nurse, pharmacist or by a patient themselves. For 

example, biocompatible implants with minimal invasiveness that will 

biodegrade and thus negate a removal stage once the drug/biological has 

been delivered. The 3D printed device must also maintain mechanical 

integrity and be easily retrievable if required. 
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Chapter 3 Materials and Methods 

3.1 Materials 

Tablets used to prepare a phosphate-buffered saline (PBS) solution were 

purchased from Sigma-Aldrich. 2,4-diethylthioxanthone (DETX), ethyl 4-

(dimethylamino) benzoate (EDB), lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), tartrazine, DL-Dithiothreitol (DTT), 

glycerol, alkaline phosphatase (ALP) from bovine intestinal mucosa, bovine 

serum albumin (BSA) and lysozyme (LYZ) were also purchased from Sigma-

Aldrich. Different PEGDA monomers of number average molecular weight 

(Mn) 575 and 700 were purchased from Sigma-Aldrich and 1000, 4000, 8000 

and 10,000 purchased from Generon Ltd. For quantifying total protein release, 

a Pierce™ Coomassie (Bradford) Protein Assay Kit (catalogue no. 23200) was 

purchased from Thermo Fisher Scientific. ALP activity was assessed using a 

Pierce™ PNPP Substrate Kit (catalogue no. 37620), purchased from Thermo 

Fisher Scientific. Corning® Costar® 96-well Clear Flat Bottom Polystyrene Not 

Treated Microplates were used for both assays. For proton nuclear magnetic 

resonance (1H NMR) analysis, deuterated chloroform (CDCl3) (99.9+% atom 

D) or deuterium oxide (D2O) (99.9+% atom D) from Sigma-Aldrich was used 

as a solvent and for gel permeation chromatography (GPC) high-performance 

liquid chromatography (HPLC) grade tetrahydrofuran (THF) (99.9+%) from 

Thermo Fisher Scientific was used as a solvent. 

3.2 3D Printing Manufacturing Techniques 

3.2.1 Inkjet Printing (IJP) 

IJP was conducted using a commercial Dimatix DMP-2830 [Fujifilm, Corp.] 

material printer. The cartridge used (DMC-11610) consisted of 16 linearly 

aligned nozzles, each with a diameter of 21 µm. Nozzles are spaced 254 µm 

apart and can produce a ∼10 pL drop volume. Approximately 1.5 mL of a 

prepared ink formulation was filtered using a 0.2 µm filter and injected into the 

cartridge reservoir. During this procedure, particular care was taken to 

minimise bubble formation and the cartridge was covered with tape to prevent 

ambient light from prematurely initiating crosslinking. A light-emitting diode 

(LED) UV lamp attachment (365 nm, 600 mW/cm2) [Printed Electronics Ltd.] 
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was mounted in-line with the printhead path and was used to cure ink 

formulations during printing deposition. 

Initial printability tests were conducted in the form of droplet arrays, lines and 

squares to optimise the required printing and cartridge settings within the 

Dimatix software. Once droplet spacing, related to dots per inch (DPI) and 

sabre angle, was established the required resolution for design files could be 

determined using Equation 3.1 [151]. 

𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 (𝜇𝑚) =  
25400

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝐷𝑃𝐼)
 (𝐄𝐪. 𝟑. 𝟏)  

 

Bitmap (BMP) patterns for a desired design were prepared with the necessary 

resolution, relative to the loaded ink formulation, using Inkscape [Inkscape 

Project], an open-source vector graphics editor software. Where possible, 

individual layer height was established by printing 50 layers of each ink for a 

5 x 5 mm square and measured using a micrometre. Three samples were 

printed to calculate an average layer height to then determine the number of 

layers that would be required to reach a desired print height, for example 2 

mm. Figure 3.1 outlines the typical stages of the IJP process. To aid in the 

processing of ink formulations, printer system settings can be exploited 

including cartridge waveform pulse profile, voltage, temperature, distance from 

substrate, cleaning cycles as well as substrate type and temperature. 

 

 

 

 

Figure 3.1: Schematic overview representation of the typical stages                                        

associated with an IJP process. 
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3.2.2 Digital Light Processing (DLP) Printing 

The DLP printer selected for experimental work was a low-cost Anycubic 

Photon Mono, with a maximum build area of 130 x 80 x 165 mm. The system 

consists of a UV LED array matrix light source (approximately 1.2 to 1.4 

mW/cm2) that projects each layer pattern successively through a liquid crystal 

display (LCD) panel that the ink vat is positioned upon, as shown in Figure 

3.2(a). Design patterns were created and exported as stereolithography (.STL) 

files and prepared within Chitubox V1.9.0 software to be recognised by the 

printer. Important parameter considerations that dictate the pattern file 

generated include bottom layer number and exposure time, general layer 

exposure time, speed of movement of the platform and delay periods between 

movement or exposure phases. Figure 3.2(b) shows an arrangement of an 

example .STL design positioned within the relative printer vat area and ready 

for the print cycle to commence. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: (a) Anycubic Photon Mono DLP printer with schematic of components 

and (b) .STL file patterns arranged on the build plate in the Chitubox V1.9.0 software. 
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3.3 Ink Formulation Preparation 

3.3.1 Poly(ethylene glycol) Diacrylate (PEGDA) Based Formulations 

3.3.1.1 IJP 

When preparing formulations, the model protein to be incorporated was firstly 

added to a PBS solution at a desired concentration, for example 1 mg/mL with 

respect to the total end formulation volume, to aid with solubility of the protein. 

A photoinitiator, DETX, and an accelerator, EDB, were added in equal 

quantities, unless another photoinitiator was used e.g. LAP. Finally, the 

selected amount of PEGDA component was added incrementally to the 

solution of PBS or Milli-Q (MQ) water, photoinitiator and accelerator (if 

required). Glycerol was used as a humectant. Individual ink formulations were 

mixed with a magnetic stirrer bar on a stirrer plate for 15 minutes. Inks were 

prepared on the same day as printing and stored at room temperature until 

use. 

3.3.1.2 DLP Printing 

Selected model protein(s) to be incorporated were firstly added to a PBS 

solution at a desired concentration, with respect to total end formulation 

volume. The selected photoinitiator of LAP and photoabsorber tartrazine, if 

required, were then added to the solution at a desired weight percent of the 

formulations. For example, 0.5% (w/v) LAP in respect to total formulation 

volume and tartrazine at 0.1% (w/w) of PEGDA content. Following this, 

PEGDA of Mn 575, 700, 1000, 4000, 8000 or 10,000 was added until the 

content required with respect to % (v/v) or (w/v) in PBS solution. Individual ink 

formulations were mixed with a magnetic stirrer bar on a stirrer plate to aid in 

the dissolution and to ensure consistent and full mixing of constituents. 

Formulations with higher Mn PEGDA powders required longer mixing times 

and all inks were prepared on the same day as printing. 

3.3.2 Preliminary Analysis of Formulation Preparation: Effect of Stirring  

A concentration of 20 µg/mL of ALP, used as the model protein, in PBS was 

prepared, using 20 mL per beaker to replicate the minimum amount that would 

be prepared for an DLP process. A stirrer bar was added to each beaker and 

stirring speeds of 100, 200 and 300 revolutions per minute (RPM) were 

selected for durations of 5, 15 and 30 minutes using an RCT basic stirrer plate 
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[IKA®]. Samples were taken from each container, in triplicate, at the required 

interval for the associated activity assay. 

3.3.3 Preliminary Analysis of Formulation Preparation: Effect of UV Exposure 

A preliminary UV exposure test setup was used to indicate if UV impacted 

protein activity. A concentration of 20 µg/mL of ALP, used as the model 

protein, in PBS was prepared with 50 µL pipetted into a 1 mL syringe 

positioned underneath a Firefly 25x10 mm AC 345 – 385 nm, 1.5 W/cm² UV 

lamp [Phoseon Technology], as shown in Figure 3.3(a)(b). Two experimental 

conditions of continuous UV exposure and UV exposure with periods of 30 

seconds irradiation followed by 30 seconds of rest, as an attempt to replicate 

DLP printing exposures, were compared up until 5 minutes had been elapsed. 

Samples were taken from the exposed ink, in triplicate, at the required interval 

for the associated activity assay. 

 

 

 

 

 

 

A second UV study was conducted in-situ within the Anycubic Photon Mono 

printer vat, to better indicate the impact of UV irradiation during the printing 

process. The Anycubic Photon Mono DLP printing process utilises UV 

exposure at 405 nm. A concentration of 20 µg/mL of ALP in PBS was 

prepared, whereby 20 mL was then poured into the vat. A design file that 

covered the entirety of the vat (130 x 80 mm) was created for a 1-layer depth 

of 25 µm. Continuous exposure times of 1, 5, 10 and 30 minutes were 

selected, with samples taken from the exposed ink at the required interval for 

the associated activity assay and each condition repeated three times. 

Figure 3.3: (a) UV lamp test setup and (b) positioning of syringe with 50 µL of ALP in 

PBS solution (20 µg/mL concentration) under the UV projection area. 
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3.3.4 Synthesis of Poly(ethylene glycol) Diacrylate (PEGDA) and 

Dithiothreitol (DTT) to Produce PEGDA-DTT Macromers 

Individual materials of PEGDA and DTT were prepared together to synthesise 

PEGDA-DTT macromers via the process of Michael addition. Combining these 

materials was achieved via mixing on a stirrer plate with a magnetic stirrer bar 

for one hour in PBS. Confirmation in previous literature has shown the kinetics 

of this specific Michael addition reaction occurs relatively fast, with the 

concentration of free SH groups typically reduced to near zero within 10 

minutes [152,153]. To ensure acrylate-terminated PEGDA-DTT chains 

resulted from the reaction, the synthesis was designed with a stoichiometric 

imbalance in favour of PEGDA, the acrylate component. Synthesis of these 

macromers can be easily tuned via changes in the selected SH to acrylate 

molar ratio. Figure 3.4(a) outlines the chemical structures of the materials and 

stages involved to prepare the final PEGDA-DTT macromers, shown in Figure 

3.4(b). Preparation of different PEGDA-DTT based formulations, for use in 

DLP printing, followed the same stages as outlined previously in Section 

3.3.1.2. 

 

 

 

 

 

 

Figure 3.4: Chemical structures of (a) acrylate component (PEGDA) and SH 

component (DTT), which when mixed for 1 hour produced (b) PEGDA-DTT. 
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3.4 Characterisation Methods and Techniques 

3.4.1 Rheology  

To aid in the pre-print characterisation of ink formulations, a Physica modular 

compact rheometer (MCR) 301 [Anton Parr, GmbH] was used. Rheological 

properties, in particular viscosity, must be suitable for the selected printing 

technique. A rotational test setup was selected using a cone-and-plate probe 

geometry (CP25-1/S-SN15991) with diameter of 24.97 mm, 1.022° angle and 

51 µm truncation. This was due to the well-defined shear rate application and 

the ability to use relatively small sample volumes. Other setup options include 

parallel plate and coaxial cylinder geometries. Each ink sample was pipetted 

onto the stationary base plate to ensure adequate filling when contacted by 

the probe. If required, the sample was trimmed to prevent over-filling. The 

viscosity value for each ink was determined using the average (n = 3) of all 

values recorded at shear rates between 1 to 1000 s-1 over a time period of 300 

seconds with data points taken every second.  

3.4.2 Surface Tension, Density and IJP Z Parameter 

Preliminary droplet analysis was conducted using a drop shape analyser 

(DSA) 100S [KrÜss Scientific Instruments, Inc.]. To aid initial ink formulation 

characterisation, the surface tension was determined at room temperature,  

using the pendant drop method and Young-Laplace equation. A 1 mL syringe 

containing each ink formulation was used to consistently produce droplets 

from a Dimatix needle orifice of 1.25 mm. Surface tension values were 

determined using an average of 5 droplet measurements (n = 5). Ink density 

(g/mL) was determined by using an analytical balance and deposition of 1 mL 

of sample via a 1 mL syringe. 

Values collected from density, surface tension and viscosity measurements 

were used to calculate the Z parameter, a printability indicator, shown in 

Equation 3.2. A Z value between 1 – 10 suggests that DOD IJP will be possible 

with that ink formulation [154]. 

𝑍 =  
1

𝑂ℎ
 =  

𝑅𝑒

√𝑊𝑒
=  

𝜌𝑉𝑑/𝜂

√𝜌𝑉2𝑑/𝛾
=  

√𝛾𝜌𝑑

𝜂
 (𝐄𝐪. 𝟑. 𝟐) 
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Where 𝑂ℎ is the Ohnesorge number, 𝑅𝑒 is Reynolds number and 𝑊𝑒 is 

Weber number. Density is represented by 𝜌, velocity by 𝑉, fixed nozzle 

diameter by 𝑑, viscosity by 𝜂 and surface tension by 𝛾. 

3.4.3 Gel Permeation Chromatography (GPC) 

GPC was used to characterise the distribution of MW and the polydispersity 

index (PDI). PEGDA and PEGDA-DTT macromers were dissolved in HPLC-

grade THF at a concentration of approximately 2 mg/mL. A flow rate of                           

1 mL/min in THF at 35°C through a multi-column setup was used (one PLGel 

guard column and two PLGel Mixed-C columns 7.5 x 300 mm in series) 

[Agilent Technologies, Inc.]. For calibration of the differential refractive index 

detector [Agilent Technologies, Inc.], 12 narrow dispersity polymethyl 

methacrylate (PMMA) standards ranging from 540 – 2,210,000 g/mol were 

used. Chromatograms of retention time versus differential refractive index and 

logMW versus differential weight fraction were prepared in Astra 6.1.7 

software [Wyatt Technology Corp.]. 

3.4.4 Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy 

1H NMR spectroscopy was performed to determine the acrylate:ethylene 

glycol (EG) ratios of PEGDA polymers, which were dissolved in CDCl3 at a 

concentration of 10 mg/mL and filtered through cotton wool to remove any 

insoluble material. PEGDA-DTT macromers were dissolved using D2O. 

Spectra were recorded as an average of 16 scans at 400 MHz using an AV400 

NMR Spectrometer [Bruker Corp.]. Residual CDCI3 signal (7.26 ppm) acted 

as references for chemical shifts recorded in δH. Acrylate peaks were 

associated with peaks between 5.5 and 6.5 ppm, with peaks of repeating 

polymer units around 3.5 ppm. The number of hydrogen atoms per acrylate 

group (three per group and two groups per chain, for an acrylate terminated 

polymer) are constant. The signal-per-proton value was taken from the 

associated peaks and used to convert the integral of repeating unit peaks for 

the polymer being analysed. Each PEG unit has a MW of 44 g/mol and was 

used to convert the number of repeat units to the polymer MW. TopSpin 4.0.8 

software [Bruker Corp.] was used to process the spectra datasets. 
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3.4.5 Optical Microscopy 

Optical microscope imaging of printed samples was conducted using an 

Eclipse LV100ND Polarized Light/Dispersion microscope [Nikon UK Ltd.] with 

NIS Elements Software. ImageJ software [National Institutes of Health and the 

Laboratory for Optical and Computational Instrumentation, LOCI, University of 

Wisconsin] was used to add scale bars to images taken. 

3.4.6 Cryo-Scanning Electron Microscopy (Cryo-SEM) 

Cryo-SEM imaging was conducted using a Zeiss Crossbeam 550, a high 

resolution, cryogenic analytical and transfer scanning electron microscope 

(CAT-SEM) system, with a cryogenic stage capable of maintaining a sufficient 

cryogenic temperature below -150°C. Cryo-SEM enables imaging of samples 

with high water content through rapid freezing. This technique was selected to 

track changes in the structural morphology of 3D printed samples as a result 

of associated swelling, degradation or a combination of these two 

mechanisms. Selected samples were first sectioned, to expose an interior 

aspect, and positioned onto a sample holder stub prior to being plunged into 

liquid nitrogen slush (LN2 slush technique) [155].  

Once submerged, the samples were transferred to the cryo-vacuum chamber, 

coated in platinum to become conductive and positioned in the main SEM 

chamber. During sublimation of the water from the samples, the internal 

structure was revealed with preservation of the native state and true 

morphology at a macromolecular level. 

3.4.7 Sample Swelling and Theoretical Matrix Mesh Size Calculation 

Sacrificial samples were prepared alongside the samples dedicated for the 

release study, to allow for tracking of the swelling and degradation of printed 

samples over time. Sample sets (n = 3) were added to 3 mL of PBS (pH ~7.4) 

to ensure full coverage and swelled within an incubator at 37°C. At each 

selected time point interval, samples were firstly removed, blotted and 

weighed. This was conducted at days 0, 1, 2, 3, 7, 10, 14, 21 and 28. After 

weighing in the swelled state, samples were freeze dried and lyophilised to 

obtain their dried mass. This allowed for the calculation of mass swelling ratio 

(𝑄) in Equation 3.3. 
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𝑀𝑎𝑠𝑠 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 (𝑄) =  
𝑀𝑠 −  𝑀𝑑

𝑀𝑑

 (𝐄𝐪. 𝟑. 𝟑) 

 

Where swelled mass and dried mass at equilibrium after lyophilisation are 

denoted 𝑀𝑠  and 𝑀𝑑 respectively.  

The Peppas-Merrill equation, a modification of the Flory-Rehner equation, was 

used to determine the network parameter 𝑀𝑐
̅̅ ̅̅ , shown in Equation 3.4. This 

corresponds to the average MW between two adjacent crosslinks, related to 

the degree of crosslinking within a hydrogel network. Previous literature has 

implemented this model for similar hydrogel-based applications and material 

compositions, for example PEG polymers as contained in this thesis 

[130,156,157]: 

1

𝑀𝑐
̅̅ ̅̅

 =  
2

𝑀𝑛
̅̅ ̅̅

−  
(

�̅�
𝑉1

) [ln(1 −  𝑉2,𝑠) +  𝑉2,𝑠 +  𝜒1 ∙  𝑉2,𝑠
2]

𝑉2,𝑟 [(
𝑉2,𝑠

𝑉2,𝑟
)

1
3

−  
1
2

 ∙  (
𝑉2,𝑠

𝑉2,𝑟
)]

 (𝐄𝐪. 𝟑. 𝟒)  

 

Where 𝑀𝑛
̅̅ ̅̅

 
is the average MW of the oligomer (g/mol), in the case of this work 

PEG. �̅� is the specific volume, inverse of polymer density, for PEGDA in its 

amorphous state (0.893 cm3/g), 𝑉1 is the molar volume of solvent (PBS, 18 

cm3/mol) and 𝑉2,𝑠 and 𝑉2,𝑟  represent polymer volume fraction in the swelled 

and relaxed state. The Flory-Huggins parameter, 𝜒1, accounts for the polymer-

solvent interaction (0.426 for PEG-Water). 

The polymer volume fraction of samples and swelling ratio was calculated for 

the swelled state and as printed state (proposed in this thesis as the relaxed 

state) using Equation 3.5, 3.6 and 3.7. 

𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
1

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜
 (𝐄𝐪. 𝟑. 𝟓) 
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𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 𝑆𝑤𝑒𝑙𝑙𝑒𝑑
 =  

𝑀𝑠 − 𝑀𝑑

𝜌𝑆𝑜𝑙𝑣𝑒𝑛𝑡
 +  

𝑀𝑑

𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟

𝑀𝑑

𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟

 (𝐄𝐪. 𝟑. 𝟔) 

 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 𝑅𝑒𝑙𝑎𝑥𝑒𝑑
=  

𝑀𝑟 − 𝑀𝑑

𝜌𝑆𝑜𝑙𝑣𝑒𝑛𝑡
 +  

𝑀𝑑

𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟

𝑀𝑑

𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟

 (𝐄𝐪. 𝟑. 𝟕)  

 

 

Where PBS density (1.014 g/cm3) was used as the solvent density, 𝜌𝑆𝑜𝑙𝑣𝑒𝑛𝑡, 

and PEGDA density (1.12 g/mL) for the polymer density, 𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟. 𝑀𝑠, 𝑀𝑑 

and 𝑀𝑟 refer to the mass of a sample in the swelled, dried and relaxed state 

respectively. 

The theoretical matrix mesh size, ξ, of the prepared hydrogel samples was 

then obtained using Equation 3.8 and 3.9. 

𝜉 =  (𝑟𝑂
2̅̅ ̅̅ )

1/2
∙  𝑉2,𝑠

−
1

3  (𝐄𝐪. 𝟑. 𝟖) 

(𝑟𝑂
2̅̅ ̅̅ ) =  𝑙2 ∙ (2 ∙  

𝑀𝑐
̅̅ ̅̅

𝑀𝑟
) ∙ 𝐶𝑛 (𝐄𝐪. 𝟑. 𝟗) 

 

Where (𝑟𝑂
2̅̅ ̅̅ ) is the root mean square end-to-end distance of the polymer in the 

free state. Carbon-carbon bond length (0.154 nm) is denoted with 𝑙, 𝑀𝑟  is the 

MW of repeat units (44 g/mol in the case of PEG) and 𝐶𝑛 is a known polymer 

rigidity factor (4 for PEG). 

It must be noted that this proposed theoretical matrix mesh model was applied 

primarily as a comparative numeric tool between samples printed from 

different formulations, tracking changes in their respective properties over 

time. 
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3.4.8 In Vitro Model Protein Release Quantification 

3.4.8.1 Sample Setup and Release Conditions  

One PBS tablet per 200 mL deionised water (diH2O) yielded 0.01 M phosphate 

buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH ~7.4. 

Printed samples prepared for a release study (n = 3) were placed into glass 

scintillation vials with 3 mL of PBS solution, to ensure full coverage, and 

swelled within an incubator at 37°C. A static setup was utilised rather than one 

requiring agitation due to the number of samples and shared equipment space 

available in the laboratory. Release conditions (pH 7.4 buffer at 37°C) were 

selected in an effort to best represent that of an intended implantation site 

(subcutaneous region). The pH of the PBS solution used was checked with a 

calibrated Accumet AE 150 benchtop pH meter [Thermo Fisher Scientific, 

Inc.]. 

Samples of PBS media were taken from the release study vials at pre-

determined time intervals. This included more regularly at the initial stages of 

release on day one (hourly) and then at days 1, 2, 3, 7, 10 and 14 followed by 

weekly sampling until no significant release was detected. Samples were 

analysed the same day and PBS release media in the release study vials fully 

replaced. 

3.4.8.2 Alkaline Phosphatase (ALP) Para-Nitrophenol Phosphate (PNPP) 

Activity Assay 

To quantify ALP activity, a Pierce™ PNPP substrate kit was utilised. To form 

the assay substrate, one 5 mg PNPP tablet was dissolved per 5 mL of 20% 

5X diethanolamine buffer and 80% diH2O. 5 µL of each sample to be 

measured was pipetted into a microplate well before adding 195 µL of the 

prepared substrate. The well plate was incubated at room temperature, where 

a colour change from colourless to a yellow hue occurs when PNPP is 

catalysed to para-nitrophenol (PNP) by ALP. This was observed over a set 

time period by measuring absorbance at 405 nm, with 25 flashes, every minute 

for 30 minutes using an Infinite 200 PRO Microplate reader. A standard curve 

was first prepared using PNP product. This provided a calibration range for 

unknown samples to be referenced against, allowing protein activity to be 

quantified for a respective sample using the equation of the straight line. 
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3.4.8.3 Bradford Total Protein Release Assay 

For quantifying protein release, PBS media from each release study vial 

containing a single individual implant was collected at each selected time 

point. This was then used for quantifying total protein release via a low-cost 

Pierce™ Coomassie (Bradford) total protein assay. Protein binding with the 

dye leads to a colour change from brown to blue, dependant on the 

concentration of protein in the sample [158]. In each well, 200 µL of sample 

and 100 µL of reagent was added and mixed thoroughly by repetitive pipetting. 

The well plate was then read at an absorbance of 595 nm, with 25 flashes, 

using an Infinite 200 PRO Microplate reader [Tecan Group Ltd.]. Preparation 

of a standard curve range was used to correspond unknown sample values 

with known concentration values using the equation of the straight line. 

3.4.9 In Vitro Release Kinetics and Mathematical Modelling 

Different release kinetics have been used in previous literature to indicate the 

associated mechanisms of release in relation to delivery devices. 

Mathematical models for these different scenarios have been applied in 

relation to experimental data gathered. 

3.4.9.1 Zero-Order 

Release that follows zero-order kinetics can be fitted using Equation 3.10. 

𝑄𝑡 =  𝑄0 + 𝐾0 ∙ 𝑡 (𝐄𝐪. 𝟑. 𝟏𝟎) 

 

Where 𝑄𝑡 represents cumulative release at time 𝑡, 𝑄0 is the amount of active 

being quantified in solution prior to release (𝑡 = 0). 𝐾0 corresponds to a zero-

order release rate constant. 

3.4.9.2 First-Order 

Release that follows first-order kinetics can be represented by Equation 3.11 

and Equation 3.12. 

 
𝑑𝑄

𝑑𝑡
= −𝐾 ∙ 𝑡 (𝐄𝐪. 𝟑. 𝟏𝟏) 

𝐿𝑜𝑔𝑄𝑡 =  𝐿𝑜𝑔𝑄𝑂 −  
𝐾 ∙ 𝑡

2.303
 (𝐄𝐪. 𝟑. 𝟏𝟐) 
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Release is deemed concentration dependent and 𝐾, for this model, is a first 

order rate constant in time-1. 

3.4.9.3 Higuchi 

Release that follows Higuchi kinetics can be represented by Equation 3.13. 

𝑄𝑡 = 𝐾 ∙ √𝑡 (𝐄𝐪. 𝟑. 𝟏𝟑) 

 

Where 𝐾 in this instance is the release rate constant of the Higuchi model, 

with graphical plotting of the amount of active released per square root of time. 

3.4.9.4 Korsmeyer-Peppas 

Release can be fitted to the Korsmeyer-Peppas model using Equation 3.14. 

𝑀𝑡

𝑀𝛼
= 𝐾 ∙ 𝑡𝑛 (𝐄𝐪. 𝟑. 𝟏𝟒)  

 

Where 𝑀𝑡/𝑀𝛼 is fraction of active released at time, 𝑡. K in this instance is the 

release rate constant of Korsmeyer-Peppas and 𝑛 the release exponent. The 

value of 𝑛 is related to a mechanism of release through a polymer slab, as 

defined by Korsmeyer-Peppas [159]: 

• Fickian diffusion, 𝑛 ≤ 0.5. 

• Non-Fickian transport, 0.5 < 𝑛 < 1. 

• Case-II transport, 𝑛 = 1. 

• Super Case-II transport, 𝑛 > 1. 

It must be noted, the model is plotted using log cumulative release (%) versus 

log time and is only applicable for the first 60% of cumulative release. 

3.4.10 Texture Analyser Compression Testing 

To provide a mechanical comparison for viscoelastic properties, printed 

samples were placed into a compression test fixture setup within a texture 

analyser, TA-HD plus [Stable Micro-Systems]. Samples were compressed 

using a 5 kg load cell in the Z direction at a speed of 0.1 mm/s until failure or 

a strain of 50% was registered. A suitable linear region from the collected 
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stress-strain curve for each sample set (n = 3) was then analysed to determine 

a compressive Young’s modulus value using Equation 3.15. 

𝐸 =  
𝜎

𝜀
 (𝐄𝐪. 𝟑. 𝟏𝟓)  

 

Where 𝐸 was the Young’s modulus, 𝜎 the uniaxial stress and 𝜀 the strain. 

3.5 Statistical Analysis and Schematics 

Quantitative data is expressed as the average ± standard deviation (S.D.),                 

n = 3 unless otherwise stated, and analysed for statistical significance using 

an analysis of variance (ANOVA) test with post-hoc analysis to compare 

between 3 or more data sets. A corresponding p value of < 0.05 * represented 

a statistically significant difference. Further levels of statistical significance 

evaluated included p < 0.01 **, p < 0.001 ***, p < 0.0001 ****. GraphPad Prism 

9 [GraphPad Software Inc., San Diego, USA] was used for the statistical 

analysis and graphical plotting of data (colour-blind safe palette). In most 

cases, schematics were prepared within BioRender.
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Chapter 4 Optimisation of Inkjet Printing (IJP) for 

Encapsulation and Release of Model Proteins 
 

4.1 IJP Introduction 

Material jetting or inkjet printing involves non-contact droplet deposition of ink 

formulations that are then consolidated to form a layer via crosslinking e.g. UV 

initiated. Essential stages include droplet formation, ejection, flight and 

coalescence during droplet-substrate interaction. Droplet size and wettability 

upon deposition relate to droplet spacing required. Figure 4.1 represents a 

drop-on-demand (DOD) piezoelectric inkjet printer [160]. Actuation occurring 

from wave pulse deformation and volumetric changes induces pressure 

allowing droplet ejection, illustrated in Figure 4.2. Other systems use thermal 

actuation or continuous valve controlled droplet jet streams [161].  

Figure 4.3(a-e) represents different examples of printed line behaviours 

including individual droplets, scalloped, uniform, bulging and stacked coins 

[162]. Suspension based formulations can also exhibit a “coffee ring” effect 

where solidified polymer tends to the perimeter of a droplet after solvent 

evaporation, shown in Figure 4.3(f) [163].  

 

 

Figure 4.1: Dimatix DMP-2800 jetting setup and process schematic of UV light 

crosslinking consolidation of deposited droplets. Reproduced from [160]. 
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Figure 4.2: Schematic representation of piezoelectric deformation leading to droplet 

ejection due to volumetric changes from induced pressure. 

Figure 4.3: Printed line formations (a) individual droplets, (b) scalloped, (c) uniform, 

(d) bulging, (e) stacked coins. (f) a simplified schematic of solvent evaporation 

leading to solidified polymer at the perimeter termed the “coffee-ring” effect.                     

(a-e) adapted from [162] and (f) adapted from [163]. 
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Previous success has been reported in literature for the IJP of small molecule 

drugs. This includes IJP research into the processing and packaging of small 

molecule compounds contained within fabricated 3D delivery devices, such as 

microneedles and implants. Hence, this prompted the suggestion that IJP 

manufacturing techniques could also be, in theory, applicable for processing 

biomacromolecules (kDa). However, the encapsulation and controlled delivery 

of larger biomacromolecules from similar structures has been far less 

documented and explored to-date. For example, introductory research 

conducted by Biswas et al. observing the effect of jetting on LYZ activity and 

self-reported empirical work by Derby et al. was highlighted in IJP Table 1.3. 

4.1.1 Chapter Hypotheses 

1. IJP will be a suitable AM technique for the processing of biomacromolecule 

containing ink formulations e.g. PEGDA based. 

 

2. IJP will be suitable for producing exemplars in the form of 3D delivery 

device structures for the release of encapsulated proteins. 

 

3. IJP will allow controlled deposition of protein containing ink formulations, 

such that changes in spatial location of proteins and geometry will be able 

to be explored. 

 

4.2 Methods for IJP Experiments  

4.2.1 Ink Formulation Preparation 

PEGDA was identified and selected as the monomer component to be used 

for formulation preparation. This was predominantly due to its well-researched 

and understood material properties, suitable with regards to biomedical 

applications. In addition, PEGDA is also widely used as a component capable 

of crosslinking, which is a required aspect for the IJP technique selected in this 

Chapter. Monomers with diacrylate functionalities have also been exploited in 

previous IJP literature for the successful encapsulation and release of small 

molecules through tuning formulations for fabricating 3D structures [105–107]. 

Formulation preparation stages are outlined in Section 3.3.1.1. 
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4.2.2 IJP Setup and Parameter Trials 

A Dimatix DMP-2830 IJ printer was used with DMC-11610 printheads as 

outlined in Section 3.2.1. 

4.2.3 Ink Characterisation 

The specified ideal ink properties recommended for the selected Dimatix IJP 

setup, with the available cartridge and printhead type were the following [151]: 

• Viscosity between 10 to 12 cP, but processable outside of this. 

• Surface tension 32 to 34 mN/m 

• Density, where specific gravity > 1 is optimal. 

• Low volatility, where the boiling point > 100°C. 

• pH between 4 to 9. 

• Maximum particulate size of 1/100th of nozzle orifice. 

Viscosity was characterised with a shear rate range from 1 s-1 to 1000 s-1 using 

a rheometer setup outlined in Section 3.4.1. Surface tension measurements 

for PEGDA 250 were obtained using DSA outlined in Section 3.4.2. 

4.3 Results 

4.3.1 IJP of PEGDA 250 and Effect of ALP Loading 

PEGDA 250 was selected initially for its suitable properties for IJP, with a Z 

value of 3.40 determined from the density (1.11 g/mL), shear viscosity (8.3 ± 

0.2 cP) surface tension (33.96 ± 0.20 mN/m). Z values between 1 and 10 are 

deemed ideal for jetting. Firstly, a single droplet array grid was printed to 

measure the mean droplet diameter, as shown in Figure 4.4(a), which was 

determined to be 65.5 ± 1.1 µm (n = 10). Hence, a droplet spacing of 2/3 of 

the diameter (44 µm, 577 DPI) was selected and inputted into the Dimatix 

software and represented a corresponding sabre angle of 10.0°. This setup 

selection for jetting allowed for adequate overlapping of droplets leading to 

consistent line formation during deposition at 25°C and 28 V with a printhead 

height of 1 mm when producing a 1 x 1 mm square pattern printed for 1 layer 

and 10 layers, as shown in Figure 4.4(b)(c) respectively. This demonstrated 

that PEGDA 250 with the selected parameters was able to be jetted in a 

reliable and repeatable manner, as shown by progressive drop watcher 

imaging of individual droplet nozzles jetting in Figure 4.5(a-d). This includes 
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the stages of jetting involving droplet formation, ejection, flight and finally 

deposition at the print platform surface. Jetting allowed for the production of 

100-layer 5 x 5 mm square printed samples, as shown in Figure 4.6(a) and the 

fabrication of a 40 x 2 x 2 mm implant exemplar (based off the NEXPLANON® 

contraceptive implant dimensions), as shown in Figure 4.6(b). 

 

 

 

 

 

 

Figure 4.4: (a) Single droplet array grid used to determine droplet diameter and 

indicate the required droplet spacing, (b) 1-layer 1 x 1 mm square pattern deposition 

and (c) 5-layer 1 x 1 mm square pattern deposition. 

Figure 4.5: Drop watcher jetting images of associated droplet stages (a) formation, 

(b) ejection, (c) flight and (d) deposition for PEGDA 250. 



53 
 

 

 

Initially, an ALP addition of 10 mg/mL was proposed as it is desirable for final 

delivery devices fabricated to contain sufficient loading to increase the 

potential longevity of end release that can be achieved. Again, a single droplet 

array grid was used to establish the required printing parameters, as shown in 

Figure 4.7(a). The mean droplet diameter was determined to be 69.2 ± 1.9 µm 

(n = 10), from which a 46 µm droplet spacing (552 DPI) was selected with a 

corresponding sabre angle of 10.4°. Upon first observation, the introduction of 

ALP did not compromise the ability to jet droplets. However, the requirement 

for reliable jetting over a longer period, that allows for multiple layer deposition, 

presented problems. The printhead voltage applied was increased from 28 V 

to a maximum of 40 V, to generate a greater pressure gradient within the 

reservoir to improve droplet ejection. The frequency of cleaning cycles was 

increased to help maintain a clean nozzle plate. However, this did not prevent 

the issues experienced with Figure 4.7(b)(c) demonstrating deposition of a 

single layer and attempted printing of a 5 x 5 mm pattern, before jetting 

Figure 4.6: Examples of IJP printed outcomes for (a) 100-layer 5 x 5 mm square 

patterns and (b) 40 x 2 x 2 mm implant exemplar. Ruler scale (cm). 
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stopped whilst attempting to reach a final structure Z height of 2 mm. The drop 

watcher function was used again to visualise the droplet formation and jetting, 

confirming ejection was less consistent leading to misfiring before partial and 

soon after complete blocking. Interestingly, accumulation on the left-hand side 

of the pattern potentially indicates the first ejection of each printhead swipe 

(left to right on the print platform) was successful, as indicated in Figure 4.7(d). 

It is then probable that nozzle jet orifices became blocked as the jets utilised 

became increasingly compromised, as shown in Figure 4.8(a-d). This 

contrasted the previously shown images of the progressive droplet stages for 

PEGDA 250 (no ALP additions) in Figure 4.5(a-d). Issues with nozzle 

maintenance associated with IJP protein loaded ink formulations has been 

noted in literature as a primary issue and is covered in a comprehensive review 

paper by Evans et al. [104]. To better understand the influence of the ALP 

additions it was decided to conduct rheological analysis. 

 

 

 

Figure 4.7: (a) Single droplet array grid used to determine droplet diameter and 

indicate the required droplet spacing, (b) 1-layer 1 x 1 mm square pattern deposition, 

(c) 5 x 5 mm printed pattern with accumulation on the left-hand side shown in (d). 

Figure 4.8: Drop watcher jetting images of associated droplet stages (a) formation, 

(b) ejection, (c) flight and (d) deposition for PEGDA 250 with 10 mg/mL ALP loading. 
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4.3.2 Influence of ALP Loading on Viscosity of PEGDA 250 

Viscosity is a critical for ink selection for IJP, with the suggested range 

between 10 to 12 cP in relation to the printhead used. It was decided that the 

influence of ALP additions (0 to 25 mg/mL) to PEGDA 250 would be analysed 

by conducting rheology measurements over a range of shear rates (10 s-1 to 

1000 s-1) to determine differences in viscosity, as shown in Figure 4.9. 

Increasing ALP led to significant increases (p < 0.0001) at lower shear rates 

of 10 s-1 e.g. 3510.0 ± 683.0 cP at 25 mg/mL versus 9.9 ± 1.2 cP with no ALP 

addition. All formulations exhibited shear thinning properties, desirable for IJP, 

with the effect more profound at higher loadings e.g. 25 mg/mL. At a shear 

rate of 1000 s-1 values ranged from 8.3 ± 0.2 cP to 27.5 ± 0.4 cP with increasing 

ALP loading. During the IJP process it was anticipated that high enough shear 

rates would be experienced such that viscosity of the PEGDA 250 ink with ALP 

would be applicable. It is possible shear rates imparted onto the formulations 

during jetting may not be consistent across individual nozzles or fluctuates e.g. 

during idle periods between layers or cleaning cycles. Also, the results suggest 

that PEGDA 250 was not suitable for ALP incorporation and that the protein 

was not fully in solution, compromising jetting. Table 4.1 summarises the 

viscosity values for each ALP loading at shear rates of 10, 100 and 1000 s-1. 

Surface tension ranged between 31.37 ± 0.55 mN/m and 34.46 ± 0.02 mN/m 

as listed in Table 4.2. 

 Figure 4.9: Shear rate vs viscosity for PEGDA 250 with ALP additions 

ranging from 0 to 25 mg/mL. Results denote mean ± S.D. (n = 3). 
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Table 4.1: Overview of viscosity values for PEGDA 250 with additions of ALP             

(0 to 25 mg/mL) at shear rates of 10, 100 and 1000 s-1. Results denote mean ± S.D. 

(n = 3). 

ALP Loading 

(mg/mL) 

Viscosity at 

Shear Rate  

10 s-1 (cP) 

Viscosity at 

Shear Rate  

100 s-1 (cP) 

Viscosity at 

Shear Rate  

1000 s-1 (cP) 

0 (control) 9.9 ± 1.2 8.5 ± 0.3 8.3 ± 0.2 

1.25 24.7 ± 7.7 14.1 ± 2.7 12.0 ± 0.6 

2.5 25.1 ± 5.1 13.6 ± 0.6 12.0 ± 0.3 

5 38.0 ± 3.8 15.1 ± 0.5 12.3 ± 0.9 

10 96.5 ± 15.0 26.6 ± 3.2 15.0 ± 1.1 

25 3510.0 ± 683.0 175.0 ± 11.3 27.5 ± 0.4 

 

 

Table 4.2: Overview of surface tension values for PEGDA 250                                        

with additions of ALP (0 to 25 mg/mL). Results denote mean ± S.D. (n = 5). 

ALP Loading (mg/mL) Surface Tension (mN/m) 

0 (control) 33.96 ± 0.20 

1.25 32.33 ± 0.80 

2.5 31.37 ± 0.55 

5 34.71 ± 0.03 

10 34.26 ± 0.02 

25 34.46 ± 0.02 
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4.3.3 IJP of PBS:PEGDA 575 Formulations 

PEGDA 250 is not miscible in water so a decision was made to use PEGDA 

575 within a PBS component (pH ~7.4). The use of a buffer was selected firstly 

in an attempt to improve solubility of the ALP in solution and provide conditions 

suitable for maintaining protein stability. A formulation of PEGDA 575 in PBS 

at 20% (w/v) was trialled, with the use of LAP as a photoinitiator at 1% (w/v), 

as it is water soluble and used previously in 3D printing for healthcare 

applications [164,165]. Individual droplet arrays were not able to be deposited 

due to evaporation occurring before they could be measured. It was decided 

that droplet spacing would be increased gradually for a 1 x 1 mm square 

pattern until an appropriate setting was established, as shown in Figure 

4.10(a-d). Droplet spacings of 30, 38 and 42 µm were deemed too close 

together such that droplets coalesced prematurely forming larger droplets. In 

comparison, a droplet spacing of 60 µm allowed deposition of individual 

droplet lines in close proximity. This corresponded with a sabre angle of 13.7° 

and DPI of 423. These settings were then used to produce a 1 x 1 mm square 

pattern of multiple layers (5, 10, 20 and 50), as shown in Figure 4.11(a-d). The 

printed patterns were improved in comparison to ALP in PEGDA 250, however 

problems of droplet stability were still evident as the number of layers 

increased leading to compounding of deposition irregularities. 

 

 

 

Figure 4.10: Droplet spacing trials of (a) 30 µm, (b) 38 µm, (c) 42 µm and (d) the 

selected spacing of 60 µm that prevented premature droplet coalescence for IJP of 

PEGDA 575 20% (w/v) in PBS. 
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4.3.4 IJP of MQ Ultrapure Water:PEGDA 575 Formulations 

The previous trials of PEGDA 575 in PBS buffer were printable, however 

deposition was not consistent enough to allow fabrication of samples that 

required enough layers to form a 3D mm size structure e.g. 100+ layers. It was 

theorised that the salts present in the PBS buffer solution could be precipitating 

out of solution and residing as debris at the nozzle jet interface, adding to 

challenges the addition of ALP already seemed to present. Therefore, the 

same formulation of PEGDA 575 20% (w/v) was prepared in MQ ultrapure 

water for comparison. This led to improvements of jetting on a single layer 

basis, shown in Figure 4.12(a) using the same settings (60 µm droplet spacing, 

sabre angle of 13.7° and DPI of 423). This resulted in improved droplet stability 

that allowed reliable deposition and printing of a 1 x 1 mm pattern for 10 and 

20 layers, as shown in Figure 4.12(b)(c). However, challenges occurred again 

as the number of layers was increased to 50 and 100, as shown in                          

Figure 4.12(d)(e) respectively. A similar observation was made as was seen 

previously for PEGDA 250 with ALP loading, whereby droplet deposition 

appeared possible at the start of each layer of printing with material 

accumulation on the left-hand side of the pattern prior to nozzle blocking over 

time. This is evident when comparing images of deposition in                                    

Figure 4.12(b-e). 

 

 

Figure 4.11: 1 x 1 mm square pattern printed with a droplet spacing of 60 µm for (a) 

5, (b) 10, (c) 20 and (d) 50 layers through IJP of PEGDA 575 20% (w/v) in PBS. 
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4.3.5 IJP of MQ Ultrapure Water:Glycerol:PEGDA 575 Formulations 

The addition of glycerol has been used previously in IJP as a humectant, 

viscosity modifier and can be a protein structure stabiliser e.g. IJP attempts of 

LYZ containing formulations [108]. It has also been used previously to prevent 

protein aggregation and inhibit protein unfolding [166,167]. In the case of the 

ALP used in this work, the corresponding supplier data sheet stated relative 

activity is highly retained in 50% (w/v) glycerol solutions over the period of 

weeks at 37°C and months/years at 5°C, confirming it may be a suitable 

addition for ALP containing formulations. It was also proposed that introducing 

glycerol to the PEGDA 575 20% (w/v) in MQ ultrapure water formulation could 

limit evaporation and prevent the drying out of protein containing ink 

Figure 4.12: (a) Deposition using a droplet spacing of 60 µm and (b-e) a 1 x 1 mm 

square pattern printed with 10, 20, 50 and 100 layers respectively through IJP of 

PEGDA 575 20% (w/v) in MQ ultrapure water. 
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formulations on the nozzle aperture. In doing so, this would aim to minimise 

the impact of debris accumulation from protein precipitating out of solution 

during printing that compromises jetting stability during droplet formation and 

ejection. 

A formulation of PEGDA 575 20% (w/v) and glycerol 20% (w/v) in MQ ultrapure 

water was printed. Initially achieving droplet deposition was challenging with 

poor consistency and repeatability as documented in Figure 4.13(a-c). The 

selection of a 42 µm droplet spacing (sabre angle of 9.5° and DPI of 607) jetted 

at 25°C and 28 V provided less variance but full coverage for a 1 x 1 mm 

pattern was not achieved. The increase in layers deposited did allow the 

pattern to be realised e.g. square formation after 10, 20 and 50 layers in                  

Figure 4.14(a-c). A larger pattern of 5 x 5 mm was also attempted but jetting 

challenges persisted. A splashing effect was also observed and became more 

profound as layers deposited increased, as shown in Figure 4.15(a-d) for 10, 

50, 100 and 200 layers respectively. Ultimately, blocking of nozzles still 

occurred and the introduction of glycerol presented new difficulties in trying to 

achieve successful IJP for an ALP containing formulation. 

 

 

 

 

 

Figure 4.13: (a)(b) Examples of initial inconsistent and variable jetting and cartridge 

leaking and (c) use of a 42 µm droplet spacing for printing a formulation of PEGDA 

575 20% (w/v) and glycerol 20% (w/v) in MQ ultrapure water. 
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4.4 Discussion 

IJP was identified as a potential method for processing ink formulations with a 

model protein incorporated for encapsulation within a fabricated 3D structure, 

which would then be intended for an in vitro release study. The reasoning for 

exploring IJP included the previous success documented for small molecule 

release applications and advantages of non-contact droplet deposition with μm 

resolutions for high degree of control over deposition to aid in controlling 

biomacromolecule delivery [105–107]. Also, the research to date of IJP larger 

molecule biologics has been less explored and is in its relative infancy, 

naturally prompting further research to be conducted. 

Figure 4.14: A 1 x 1 mm square pattern printed with (a) 10, (b) 20 and (c) 50 layers 

using a formulation of PEGDA 575 20% (w/v) and glycerol 20% (w/v) in MQ 

ultrapure water. 

Figure 4.15: A 5 x 5 mm square pattern printed with (a) 10, (b) 50 and (c) 100 and 

(d) 200 layers using a formulation of PEGDA 575 20% (w/v) and glycerol 20% (w/v) 

in MQ ultrapure water, showing a splashing effect is observed with increasing layer 

count. 
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Low Mn PEGDA was selected for formulation with suitable photoinitiator 

additions to rapidly crosslink under UV light during IJP. The initial use of 

PEGDA 250, whilst printable alone, did not allow for suitable ALP loading due 

to solubility issues, as indicated by viscosity measurements with 0 to 25 mg/mL 

loading. It was decided a formulation would be prepared utilising PBS and 

water miscible PEGDA 575. However, the salts present in the buffer solution 

have potential to come out of solution during printing (nozzle open time) due 

to ejection pulses that produce the successive individual droplets. This has 

been a reported problem in literature where jetting of aqueous inks requires 

frequent cleaning of printhead nozzles [104,168]. A similar issue could 

potentially be occurring with protein adsorption onto the printhead. 

Furthermore, charge changes associated with the protein and the piezo-

electric head, used to actuate the nozzles, could have an impact on the ability 

of an ink to be jetted successfully. The combination of these effects occurring 

simultaneously led to the accumulation of debris onto the nozzle plate. This in 

turn contributed to detrimental jetting performance over the time observed 

through wayward droplet ejection, misfires and ultimately blocking. 

The issue of protein adsorption is a net result of complex interactions between 

that of materials selected, solvents, protein(s) encapsulated and printing 

equipment [104]. This includes dipole and induced dipole moments, hydrogen 

bond forming and electrostatic forces. Losses due to adsorption on the 

printhead is problematic for IJP with protein therapeutics that are costly [104]. 

Blockages are also not desirable in early-stage printing trials due to the 

associated cost implications of replacing the printhead repeatedly. Over time 

the ink resting within the print cartridge may phase-separate as there is an 

inability to further mix the formulation during printing. Hence, ink homogeneity 

and even distribution of the protein component in solution cannot be ensured. 

In theory, the nominal size of ALP shouldn’t have had an impact, as this is 

significantly smaller than orifice of the printhead utilised. Potential aggregation 

may occur through formulation and IJP printhead interaction. 

MQ ultrapure water was used to replace the PBS component. This led to 

improved jetting performance but was only feasible for lower layer height prints 

(droplet arrays or µm layers) before jetting issues or nozzles fully blocked and 
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the overall jetting reliability ultimately compromised for further printing. 

Importantly, this presents issues in printing a sufficient dimensional depth for 

an implantable long-term bioactive delivery device e.g. 2 mm Z height. This 

could provide reasoning as to why IJP of biologics to date has predominantly 

covered use for microarrays, immunoassays, thin film production and 

biosensors rather than mm scale long-term delivery devices [166,169,170]. 

To combat the issues of formulations drying out during printing, it was decided 

that a humectant, glycerol, would be added. Glycerol additions can be used 

as a viscosity modifier and protein protectant, but its use must still be assessed 

in relation to any impact on biological activity on a case-by-case basis 

[166,171,172]. Difficulties were still presented, with issues compounded as the 

layers deposited increased and nozzles blocked, although the time taken until 

this occurred was extended. Ultimately, formulating for the printing process 

rather than for the benefit of the protein(s) being encapsulated could present 

problems. In the case of IJP, adjusting viscosity or jetting performance by 

using diluents and surfactants may allow successful droplet deposition but 

could impact end delivery device success if the protein(s) encapsulated are 

compromised. Samples for release quantification in these early-stage trials 

were not able to be produced so this aspect could not be assessed and as 

such IJP did not satisfy the proposed hypotheses in this thesis. 

4.5 Conclusions 

Overall, the limitations of the IJP setup used in this section aligned with 

piezoelectric IJP literature and provided an initial insight into why IJP for 

biomacromolecules is currently not widely reported. However, attempts at IJP 

larger bioactives is still relatively new and it could be possible that foreseeable 

improvements in technology would allow for processing into end application 

delivery devices e.g. enhanced printhead stability and methods of maintaining 

nozzle interfaces. For example, the reported use of a MicroFab microjet MJ-

AT-01–60 with a considerably increased diameter of 60 µm and DOD single 

jet dispensing was able to process PBS formulations with glucose oxidase 

(160 kDa), similar to the nominal size of ALP, at 3% (w/v) [173]. Whilst single 

dispensing limits scalability and use of larger nozzle orifices would likely 

reduce the possible print fidelity, it does show that IJP approaches could have 
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future potential in processing kDa biological containing formulations. However, 

it was decided that alternative printing modalities would be explored for their 

suitability. 
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Chapter 5 Optimisation of Digital Light Processing 

(DLP) Printing for Encapsulation and Release of Model 

Proteins 

5.1 Introduction 

VP processes operate by lowering a build platform into a vat of photopolymer 

resin where directed light exposure solidifies the resin via photopolymerisation 

[112]. Reactive UV-curable resins comprised of a monomer, oligomer or 

combination are required. Photoinitiator additions, which photodegrade under 

irradiation from the light source during printing, produce free radicals to initiate 

photopolymerisation to achieve crosslinked 3D structures [165,174]. 

Photoabsorber additions can be added to control cure depth and the 

processing parameter window [165,174]. Post-processing, e.g. support 

structure removal, removal of excess resin or UV treatment, must be well 

managed to prevent shrinkage and loss of feature accuracy [115].  

Figure 5.1(a) represents a vector scanning laser-based process whereby 

galvanometers on the XY axes deflect a UV beam using a mirror movement, 

dictated by an inputted design file. Between each layer a recoating wiper blade 

passes over the build surface to ensure it is level. Setup considerations include 

top up or top down orientation and support structures if required [112,174]. 

DLP represented in Figure 5.1(b), uses photomask projections created from 

voxel-based patterns. Individual layer patterns are defined and projected with 

the corresponding pixel light intensity allowing selective photopolymerisation 

of a resin [112,174]. 

Following the introductory trials of IJP and the challenges encountered, DLP 

printing was proposed as an alternative light-based AM processing technique 

to explore. Previous literature into DLP based 3D printing has been assessed 

for medical applications as a potential tool for biological research including 

drug screening, disease modelling, tissue repair and tissue regeneration               

[175–178]. Also, VP printing modalities, such as DLP, have been cited for 

advantages in fabricating delivery devices e.g. printing of PEGDA/gelatin 

methacrylate (GelMA) formulations with transforming growth factor-beta 1 

(TGF-β 1) nanospheres encapsulated for release over 21 days leading to 
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enhanced chondrogenic development of mesenchymal stem cells (MSCs) in 

cartilage-regeneration applications [179]. Another example includes 

sequential release of vascular endothelial growth factors (VEGFs) and platelet 

derived growth factor (PDGFs) from core-shell DLP printed hydrogels over 28 

days [180]. 

 

 

 

 

 

 

 

 

 

 

 

Rationale for DLP selection included: 

• Avoiding the requirement for formulations to pass through an orifice, which 

was found to be a dominating issue regarding nozzle blockages due to 

debris accumulation over time when processing a protein loaded ink. 

 

Figure 5.1: Simplified schematics of SLA printing process setups for (a) laser-based 

tracing with resolution dictated by laser spot size and (b) DLP projection with 

resolution dictated by individual pixel size. Created with Biorender.com. 
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• DLP techniques are typically capable of processing higher viscosities, in 

comparison to IJP, and could allow exploration of a wider materials library 

and protein loading capability for controlling end release characteristics. 

 

• DLP techniques allow for typically faster build times, which permits multiple 

early-stage trials with different formulations and design changes to be 

explored and evaluated for success in shorter timeframes.  

 

This section aims to show the implementation of a DLP printer system to 

determine the influence of ink formulation and printing parameter setup on the 

ability to fabricate a delivery device. Particular importance has been placed on 

finding materials and protocols that allow for incorporation of model proteins 

during formulation as well as the associated swelling properties, theoretical 

matrix mesh size approximations and any corresponding release 

characteristics observed. 

This has been explored through chain-growth (CG) crosslinked formulations 

for encapsulation and attempted release of model proteins; lysozyme (LYZ, 14 

kDa), bovine serum albumin (BSA, 66 kDa) and alkaline phosphatase (ALP, 

160 kDa) outlined in Section 2.2. Similar photopolymerised PEGDA based 

formulations allowed for a comparison in the suitability of the printing process 

with the previous IJP work shown. 

5.1.1 Chapter Hypotheses 

1. DLP will be able to process PEGDA based formulations, with CG 

polymerisation a suitable mechanism of crosslinking to utilise for 

fabrication of 3D structures initiated by UV light. 

 

2. The ability of DLP to process higher viscosity ink formulations will allow for 

a range of Mn PEGDAs to be explored to modulate the end polymer matrix 

characteristics. 

 

3. Increasing the selected Mn of PEGDA will correspond with increases in 

both swelling and theoretical matrix mesh size calculated. A relationship 
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will be able to be generated between these characteristics and the 

associated release of encapsulated model proteins. 

 

4. Calculated theoretical matrix mesh sizes will form an appropriate basis for 

indicating if release of encapsulated model proteins is observed. For 

example, matrix mesh size < protein size will lead to protein entrapment 

and matrix mesh size > protein size will correspond with release. 

5.2 Methods for DLP Printing Experiments 

5.2.1 Formulation Preparation 

Table 5.1 outlines the outlines formulations prepared in PBS with 0.5% (w/v) 

LAP in respect to total formulation and 0.1% (w/w) tartrazine relative to 

PEGDA content for DLP printing, as mentioned in Chapter 3.3.1.2. 

Formulation characteristics including monomer Mn, monomer% (v/v) or (w/v) 

and protein loading implemented have been explored. Formulation codes 

have been used for reference throughout this results Chapter e.g. “chain-

growth formulation one” is denoted as CG–F1. LYZ, BSA and ALP were 

encapsulated at 1 mg/mL, with further BSA work conducted with 5 mg/mL. 

 

Table 5.1: Overview of CG formulations prepared, coded for reference purpose. 

Formulation Code Formulation 

CG–F1 
PEGDA 575 

50% (v/v) 

CG–F2 
PEGDA 700 

50% (v/v) 
  

CG–F3 
PEGDA 1000 

20% (w/v) 

CG–F4 
PEGDA 4000 

20% (w/v) 

CG–F5 
PEGDA 8000 

20% (w/v) 

CG–F6 
PEGDA 10,000 

20% (w/v) 
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5.2.2 Pre-Print Characterisation 

PEGDA of varying Mn were characterised using GPC and 1H NMR and the 

viscosity of formulations established following the methods outlined in 

Sections 3.4.3, 3.4.4 and 3.4.1 respectively. Assessment of stirring speed and 

duration, as well as the influence of UV exposure, on protein activity was 

conducted with ALP in PBS and use of a Pierce™ PNPP substrate kit as 

described in Sections 3.3.2, 3.3.3 and 3.4.8.2. An example standard curve for 

PNP product is shown in Appendix: Supplementary Information Figure S.1. 

5.2.3 DLP Printing and Establishing Polymer Matrix Properties 

Formulations (CG–F1 to CG–F6) were DLP printed using an Anycubic Photon 

Mono, described further in Section 3.2.2, and imaged with optical microscopy 

and SEM detailed in Sections 3.4.5 and 3.4.6. Matrix properties were 

calculated using the equations stated in Section 3.4.7. For each condition and 

time point the result presented is the mean of three samples ± S.D.  

5.2.4 Experimental Setup for Controlled In Vitro Release Studies 

Three model proteins of LYZ, BSA and ALP were incorporated into each of the 

formulations and DLP printed to produce 10 x 10 x 2 mm samples. Samples 

were added to 3 mL of PBS solution (pH 7.4) at 37°C in scintillation vials and 

sampled hourly for the first four hours and at days 1, 2, 3, 7, 10 and 14 and 

then weekly, or until no significant elution was detected, as outlined in Section 

3.4.8.1. Total protein release was quantified using the PBS media from sample 

containing vials and a Bradford total protein assay, as outlined in Section 

3.4.8.3. An example standard curve for BSA is shown in Appendix: 

Supplementary Information Figure S.2. For each condition and respective time 

point, the result presented is the mean of three samples ± S.D. 

5.3 Results 

5.3.1 Pre-Print Characterisation 

5.3.1.1 GPC Analysis of PEGDA Materials 

GPC analysis was used as a characterisation method to provide confirmation 

of the Mn, Mw and PDI in regard to the range of PEGDA materials sourced. 

PDI describes the range of the MW distribution, whereby a value of 1 

represents a sample that is monodisperse and higher values polydisperse 
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[181]. Figure 5.2 shows differences in MW (g/mol) versus normalised 

differential weight fraction/differential log concentration (dW/dlogM) for the six 

different Mn PEGDA selected for use in this Chapter. Table 5.2 provides an 

overview of the associated Mn and Mw, whereby the values of each increased 

with increasing reported Mn from the supplier as was anticipated. The PDI for 

all PEGDA samples analysed was between 1.04 and 1.13, representing 

minimal differences between Mn and Mw. 

 

 

 

 

 

 

 

 

 

Table 5.2: Overview of the PEGDA range analysed by GPC for Mn, Mw and PDI. 

GPC Analysis 

Reported 

PEGDA Mn 
Mn Mw PDI 

575 419 475 1.13 

700 590 642 1.09 

1000 985 1050 1.07 

4000 3680 3846 1.05 

8000 6539 6768 1.04 

10,000 10231 10962 1.07 

 

Figure 5.2: MW distribution (g/mol) versus normalised dW/dlogM for 

the range of PEGDA Mn selected, ranging from 575 to 10,000. 
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5.3.1.2 1H NMR Spectroscopy Analysis of PEGDA Materials 

Further to the GPC analysis, NMR spectroscopy was conducted to provide 

further confirmation and compare differences in associated acrylate:EG ratios. 

The increase in Mn of the PEGDA analysed corresponded with an increase in 

the sum of the EG peaks and resulted in a reduction in acrylate:EG ratio. For 

example, these values for PEGDA 575 (CG–F1) were 18.9 and 0.1 and for 

PEGDA 10,000 (CG–F6) were 546.7 and 0.004 respectively. Table 5.3 

summarises the results for CG–F1 to CG–F6, with the NMR spectra shown in 

Appendix: Supplementary Information Figure S.3. 

 

Table 5.3: Overview of the PEGDA range analysed by 1H NMR. *HOD peak at 4.7 

ppm calibrated to a value of 10.0, with all spectra scaled identically for comparison. 

Values reported to 1 d.p or 1 s.f, where deemed appropriate. 

1H NMR Analysis* 

Reported 

PEGDA Mn 

Sum of 

Acrylate 

Peaks 

Sum of EG 

Peaks 

Acrylate:EG 

Ratio 

575 3.0 18.9 0.1 

700 3.0 27.3 0.07 

1000 3.0 46.7 0.04 

4000 2.8 221.6 0.008 

8000 3.1 507.8 0.004 

10,000 3.2 546.7 0.004 

 

 

5.3.1.3 Rheological Analysis 

After the GPC and NMR confirmation of the sourced PEGDA materials, it was 

decided that the viscosity of the prepared formulations (CG–F1 to CG–F6) 

would be established. In the case of DLP printing, higher viscosity materials 

can typically be processed in comparison to IJP and was a primary factor in 

the decision to change to this printing modality. However, an understanding of 

viscosity must first be established as sufficient spreading within the printer vat 
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is required to ensure adequate layer adhesion, with shear rates most 

applicable between 1 to 100 s-1. For the lower Mn PEGDA formulations (CG–

F1 and CG–F2) the respective viscosity values were 92.5 ± 72.4 and 248.2 ± 

232.6 cP at a shear rate of 10 s-1 and 11.6 ± 3.6 and 23.7 ± 3.2 cP at a shear 

rate of 100 s-1, as shown in Figure 5.3. Formulations utilising 20% (w/v) 

monomer additions are compared in Figure 5.4, with the viscosity of CG–F3 

and CG–F4 determined to be 33.1 ± 11.1 and 21.5 ± 3.2 cP at a shear rate of 

10 s-1 respectively and 5.0 ± 1.4 and 7.9 ± 2.1 cP rate of 100 s-1. In the context 

of the two highest Mn PEGDA formulations (CG–F5 and CG–F6) the viscosity 

values were 17.7 ± 3.1 and 23.3 ± 6.7 cP at a shear rate of 10 s-1 and 8.2 ± 

0.1 and 13.6 ± 0.6 cP at a shear rate of 100 s-1. Due to the low % (w/v) the 

differences in viscosity were not significant at lower shear rates e.g. 10 s-1. All 

formulations prepared exhibited shear thinning properties, whereby increasing 

the shear rate from 10 to 1000 s-1 led to decreases in formulation viscosity. 

 

 

 

Figure 5.3: Shear rate vs viscosity for PEGDA 575 and PEGDA 700 50% (v/v) 

formulations (CG–F1 to CG–F2). Results denote mean ± S.D. (n = 3). 
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5.3.1.4 Influence of Stirring Speed and Duration on the Activity of a Model 

Protein (ALP) 

The preparation of formulations for printing commonly requires the addition of 

materials in combination to form a homogenous solution. Hence, it was 

decided to assess the selected stirring speed and stirring duration during this 

preparation and the associated influence on the activity of a selected model 

protein, in this instance ALP. A stock solution of 20 μg/mL concentration ALP 

in PBS was prepared and a stirrer bar added to each vial of 20 mL. Figure 5.5 

shows the corresponding ALP activity retention for each stirring speed (100, 

200 and 300 RPM) and duration (5, 15 and 30 minutes) relative to a stock 

solution. Comparing the stock solution activity to each stir speed and duration 

condition there was no statistically significant difference. There was also no 

statistically significant difference within each individual stirring speed setting 

data set when comparing the three different durations selected. Hence, this 

indicates that the conditions trialled to simulate mixing of formulation 

constituents did not negatively impact the loaded model protein of ALP in PBS.  

Figure 5.4: Shear rate vs viscosity for PEGDA 1000, 4000, 8000 and 10,000 20% 

(w/v) formulations (CG–F3 to CG–F6). Results denote mean ± S.D. (n = 3). 
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5.3.1.5 Influence of UV Exposure on the Activity of a Model Protein (ALP): 

UV Lamp and In-Situ Anycubic Photon Mono DLP Printer 

DLP printing processes require selected ink formulations to be able to be 

crosslinked, ideally in a short time period, under light/UV exposure. Initially, to 

get a baseline understanding of any potential UV induced effect on activity, a 

UV lamp experiment setup was used. In this case, a stock solution of ALP in 

PBS (20 µg/mL) was prepared and the effect of continuous UV exposure 

compared versus UV exposure cycles with periodic rest intervals. For 

example, where exposure was turned on and off in 0.5-minute cycles until the 

desired total UV exposure period had been reached. Activity was quantified 

for the stock solution, to provide a pre-exposure value for comparison, and at 

each time point interval selected as shown in Figure 5.6. The continuous UV 

exposure experiment indicated ALP activity was initially well retained with no 

statistical difference from the stock solution, up until 1.5 minutes where                         

p < 0.01. For all remaining time point data collected from 2 to 5 minutes                         

p < 0.0001 when compared to the pre-exposed stock solution. Under the 

second experimental condition, where periods of 0.5 minutes of rest from UV 

Figure 5.5: Relative ALP activity retention (%) in relation to stirring speeds of 100, 

200 and 300 RPM and durations of 5, 15 and 30 minutes.                                            

Results denote mean ± S.D. (n = 3). 
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exposure were introduced, activity also showed no statistically significant 

decrease from the stock solution up until 2 minutes, where p < 0.0001. The 

use of on/off exposures retained higher activity that was significantly improved 

on the continuous test where p < 0.01 at 2.5 minutes and p < 0.0001 from 3.5 

minutes onwards. Whilst not a standardised experimental test, this provided 

an initial indication as to how UV could possibly impact protein activity, in this 

case ALP, and provided the basis for further investigation. It is probable that a 

localised heat induced effect from the high-power UV light (1.5 W/cm2) also 

contributed to activity loss [182]. 

Arguably, the most important information to determine is the impact of the DLP 

printing process. A continuous UV exposure test was carried out within the 

printer vat to determine if the Anycubic Photon Mono UV projection (1.2 – 1.4 

mW/cm2) would be appropriate. ALP activity was determined before and after 

continuous exposure for pre-selected time periods of 1, 5, 10 and 30 minutes. 

A decrease in activity retention was observed as UV exposure time was 

increased with values statistically different after 1 minute (p < 0.05), 5 minutes 

(p < 0.01), 10 minutes (p < 0.01) and finally 30 minutes (p < 0.001) where 84.6 

± 0.9% was retained. Figure 5.7 compares the UV exposure tests conducted 

with the UV lamp and in-situ DLP printer setup, showing the impact of 

exposure over longer time periods was less detrimental when simulating the 

printing process. 

 

 

 

 

 

 

 

 

 

Figure 5.6: Relative activity retention (%) of ALP as a function of time 

under continuous or cycles of 0.5 min on/off UV lamp exposure. 

Results denote mean ± S.D. (n = 3). 
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Reasoning for this improved activity retention may include the less intense light 

source of the DLP printer and increased distance between UV source and the 

solution. Also, there is a fluorinated ethylene propylene (FEP) film sheet barrier 

between the UV source and solution and a higher quantity of solution in the 

vat (20 mL), as would be typical for printing use, compared to just 50 µL in the 

UV lamp syringe setup. The combination of the differences in experimental 

setup potentially allowed heat to be better dissipated. In contrast, a localised 

heat induced effect could have been potentially experienced from the UV lamp 

experiments, contributing to protein inactivation, rather than the effect of UV 

alone [182]. This would also provide explanation for why the periods of UV 

exposure rest in the on/off experiment helped retain activity even though the 

total time the solution experienced UV exposure at each time point was the 

same for the continuous UV exposure conditions. It is worth noting that during 

a printing cycle the periods of UV exposure are typically shorter, for example 

seconds per layer. In addition, between layer exposures there is a period of 

rest, where the UV light is not turned on as the build platform moves. 

Evaluating the effect of UV exposure by simulating conditions within the printer 

was beneficial to confirm the process alone corresponded with a significantly 

lower drop in activity (~20% of the pre-exposed value) even at extended 

periods e.g. 30 minutes. 

Figure 5.7: Comparison of relative activity retention (%) of ALP as a function of time 

under continuous or cycles of 0.5 min on/off UV lamp exposure versus the continuous 

exposure within the DLP printing setup. Results denote mean ± S.D. (n = 3). 
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This study considered the effect of UV on ALP freely in PBS, whereas in reality 

formulations prepared for printing require a photoinitiator addition. Under UV 

exposure photoinitiator components produce free radicals, which react with 

monomer components to initiate polymer chain reactions and crosslinking. 

Previous literature has shown that free radical interaction can negatively 

impact protein activity retention [183]. The extent of this would need to be 

determined on an individual basis for proteins of interest that are firstly 

encapsulated and then released to see if activity has been retained during 

formulation and throughout printing to final elution. 

5.3.2 DLP Printing 

5.3.2.1 Parameter Optimisation 

Formulations based on PEGDA and PBS components were initially selected 

to provide a reasonable comparison to the formulations tried previously for IJP. 

This would indicate whether the change in printing technique had any 

improvement on processing these formulations. A particularly important 

parameter is the selection of the required UV exposure time, sufficient to 

crosslink the required material of the design inputted [184]. Optimisation is 

required to minimise over exposure whereby external areas outside the 

inputted design are crosslinked. Figure 5.8(a-c) shows the design file for a 10 

x 10 x 2 mm pattern, an example of an overexposed print (no photoabsorber 

addition) and example of an optimised print aided by the addition of a 

photoabsorber. Introducing a photoabsorber allows an enhanced control over 

curing depth and minimises the chance of over exposure relative to the 

intended projected pattern layer. For this work, it was decided to select 

tartrazine, an FDA approved water soluble synthetic food dye, due to its high 

solubility (20 g/100 mL at 25°C in water) and non-toxicity (safe dosage up to 

7.5 mg/kg bodyweight per day) which is a requirement for implants when 

regarding end patient use [185]. It was decided that tartrazine additions of 

0.1% (w/v) relative to the PEGDA addition were suitable to control over 

exposure but still ensure adequate bonding to the build platform.  

To ensure adhesion of the fabricated components to the top build platform, the 

Chitubox software used allows for the incorporation of extended bottom layer 

exposures. The principle being to provide a solid foundation for subsequent 
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layers to be photopolymerised until print completion. Additional parameters 

that can be controlled include movement distance and speed, ensuring the ink 

can be spread easily within the vat. Furthermore, the ability to use setups that 

allow faster build times are desirable for future scale up potential of the 

technology [176]. However, care must be taken to avoid physical detachment 

from the build platform, which can be caused by either inadequate adhesion 

or the platform movement speed selected being too fast and causing pulling-

up separation [186]. 

For the swelling and release studies 10 x 10 x 2 mm samples were fabricated 

using the Anycubic Photon Mono DLP printer, with suitable exposure times 

established for each formulation (CG–F1 to CG–F6) documented in Table 5.4. 

An example of voxel patterning, dictated by projected layers of the inputted 

design, can be observed on the surface and the individual layer accumulation 

via optical and SEM imaging shown in Figure 5.9(a-c). These features align 

with past literature and is a characteristic well reported for projection DLP 

printed components [187,188]. 

 

 

 

 

 

 

Figure 5.8: (a) Example design file of a 10 x 10 x 2 mm pattern, (b) example of an 

overexposed print (no photoabsorber addition) and (c) an optimised outcome aided 

by the addition of tartrazine. 
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Table 5.4: Overview of DLP printer settings utilised for each CG formulation,                 

with corresponding Z height measurements. Results denote mean ± S.D. (n = 10). 

Suitable Printing Parameters 

Formulation 

Code 

Bottom 

Exposure (s) 

First 2 Layers 

Normal 

Exposure (s) 
Z Height (mm) 

CG–F1 

30 15 

1.98 ± 0.02 

CG–F2 1.99 ± 0.03 

    

CG–F3 40 20 2.00 ± 0.04 

CG–F4 45 22 2.00 ± 0.03 

CG–F5 50 25 1.99 ± 0.03 

CG–F6 70 35 1.97 ± 0.04 

 

 

Figure 5.9: Imaging of the voxel patterning surface feature for DLP printed samples 

using (a) optical imaging and (b) SEM imaging. (c) SEM imaging used to show 

individual layers of a printed sample via the layer-by-layer build nature of the DLP 

process. 
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5.3.2.2 DLP 3D Printed Structures with Model Proteins (ALP, BSA and LYZ) 

Encapsulated 

5.3.2.2.1 Swelling and Theoretical Matrix Mesh Size Approximations 

Using the range of formulations prepared with increasing PEGDA Mn                      

(CG–F1 to CG–F6), a study was conducted to determine the influence of the 

changes in sample composition on the resulting swelling and theoretical matrix 

mesh size. Firstly, swelling rate and swelling ratio were able to be calculated 

by tracking the mass of samples in the as printed state and swelled state. 

Figure 5.10 shows the associated swelling rate for each sample composition 

analysed and was primarily used to determine the point where no further 

swelling occurred, whereby after 24 hours (day 1) all samples had reached an 

equilibrium.  

Swelling behaviour of the printed polymer network structure will correspond to 

the mass transfer of water into and out of the matrix, which in turn will influence 

the release of proteins encapsulated within a structure [189,190]. Swelling 

ratio, defined as the fractional weight increase due to water absorption, was 

compared for statistical difference and is shown in Figure 5.11. Swelling ratio 

ranged from 0.77 to 13.24 ± 0.23 and increased as PEGDA Mn was increased, 

as was hypothesised. There was no statistically significant difference between 

CG–F1 and CG–F2, however there was a statistically significant difference                   

(p < 0.0001) each time the Mn of PEGDA was increased for the 20% (w/v) 

formulations (CG–F3 to CG–F6).  

Theoretical matrix mesh size approximations were also determined and acted 

as a comparative tool for the printed sample sets. Values ranged from 3.3 Å 

to 83.5 ± 1.2 Å, with greater matrix mesh sizes calculated associated with the 

increased Mn of the PEGDA selected in formulations as shown in Figure 5.12. 

There was no significant difference between CG–F1 and CG–F2, but again 

there was a statistically significant difference (p < 0.0001) each time the Mn of 

PEGDA was increased from CG–F2 to CG–F6. The trend of increasing 

swelling ratio and theoretical matrix mesh size approximation values indicated 

that the two matrix properties were closely related. Hence, Figure 5.13 shows 

that the relationship between these two parameters is near linear                             

(square of the correlation coefficient, R2 = 0.99). A summary of the differences 
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in matrix characteristics for samples prepared using CG–F1 to CG–F6 is 

provided in Table 5.5. The properties assessed are dictated by material 

composition of the final 3D printed structures. PEGDA based formulations 

used in this Chapter were not expected to degrade or change significantly over 

the time frames that release would be quantified. Therefore, once samples 

were swelled in the PBS release media, it was deemed the matrix mesh size 

would not change significantly after reaching equilibrium. 

 

 

 

 

 

 

 

Figure 5.10: Tracking changes in swelling rate until swelled equilibrium for samples 

printed using CG–F1 to CG–F6. Results denote mean ± S.D. (n = 3). 
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Figure 5.12: Associated theoretical matrix mesh size comparisons after 1 day of 

swelling for samples printed using CG–F1 to CG–F6.                                               

Results denote mean ± S.D. (n = 3). 

Figure 5.11: Associated swelling ratio comparisons after 1 day of swelling for 

samples printed using CG–F1 to CG–F6. Results denote mean ± S.D. (n = 3). 
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Figure 5.13: Correlation between matrix properties of swelling ratio and theoretical 

matrix mesh size using values determined for the range of printed samples 

comprised of CG–F1 to CG–F6. Results denote mean ± S.D. (n = 3). 
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Table 5.5: Overview of swelling ratio and theoretical matrix mesh size determined 

for samples printed using CG–F1 to CG–F6. Results denote mean ± S.D. (n = 3). 

Summary of Matrix Characteristics 

Formulation 

Code 

Swelling Ratio at 

Day 1 

Theoretical 

Matrix Mesh 

Size  

As Printed (Å)  

Theoretical 

Matrix Mesh 

Size  

As Swelled at  

Day 1 (Å) 

CG–F1 0.77 3.0 3.3 

CG–F2 1.10 ± 0.05 3.8 ± 0.2 4.7 ± 0.2 

    

CG–F3 4.16 ± 0.13 12.7 ± 0.5 18.1 ± 0.5 

CG–F4 8.38 ± 0.25 31.1 ± 0.7 45.3 ± 1.1 

CG–F5 11.74 ± 0.87 21.4 ± 2.8 70.7 ± 3.7 

CG–F6 13.24 ± 0.23 29.9 ± 1.2 83.5 ± 1.2 

 

5.3.2.2.2 Model Protein Release from DLP 3D Printed Structures 

Initially, a 1 mg/mL loading of each of the model proteins (LYZ, BSA and ALP) 

was selected and utilised in the six formulations prepared. It was hypothesised 

that matrix mesh sizes greater than the encapsulated protein would lead to 

release. There was no significant release detected in all cases from 

formulations CG–F1 to CG–F5, however for CG–F6 samples, with the highest 

Mn PEGDA 10,000 selected at 20% (w/v), managed to release LYZ and BSA 

in limited quantities. For example, release of LYZ was 17.6 ± 5.2%                             

(35.2 ± 10.4 μg) achieved over 72 hours (3 days) before plateau and release 

of BSA was 13.3 ± 1.2% (26.6 ± 2.4 μg) in just 1 hour before no further elution 

as shown in Figure 5.14.  
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5.3.2.2.3 Influence of Model Protein Loading on BSA release 

To determine the influence of model protein loading on release that could be 

achieved, formulations were prepared again and BSA was encapsulated at 5 

mg/mL to allow comparison with release using 1 mg/mL. Increasing to the 

higher concentration of BSA meant the theoretical loading was 1000 μg per 

10 x 10 x 2 mm sample printed and as such there was a higher likelihood of 

freely available protein able to be eluted. Hence, release was able to be 

achieved from a wider range of sample compositions of CG–F4 to CG–F6, as 

shown in Figure 5.15. Increased BSA release was able to be achieved from 

these 20% (w/v) formulations with increasing PEGDA Mn. Release was                 

17.9 ± 1.5%, 21.8 ± 1.5% and 25.8 ± 1.4% for CG–F4 to CG–F6 respectively, 

corresponding to 178.6 ± 15.4 μg, 217.7 ± 15.1 μg and 257.9 ± 13.6 μg. There 

was still no significant release detected from samples comprised of CG–F1 to 

CG–F3, even with the increased loading. 

Figure 5.14: Cumulative release (%) of LYZ and BSA from CG–F6 printed samples 

with 1 mg/mL loading (200 μg per sample). Results denote mean ± S.D. (n = 3). 
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5.4 Discussion 

DLP was proposed as an alternative light-based 3D printing technique in this 

Chapter. This process negates the requirement for protein containing 

formulations to pass through a nozzle, which was problematic for IJP. In 

addition, higher viscosity formulations can be processed which expands the 

applicable material combinations that can be explored [112]. 

It was hypothesised DLP printing would be able to process formulations for 

fabrication of 3D structures initiated by UV light and the ability to process 

higher viscosity ink formulations would allow for a range of Mn PEGDAs to be 

explored to modulate the end polymer matrix characteristics. Hence, a range 

of PEGDA, with Mn from 575 to 10,000, were chosen and analysed with GPC 

and 1H NMR spectroscopy to verify the properties of Mn, Mw and PDI of the 

sourced materials. Formulations prepared of CG–F1 and CG–F2 utilised lower 

Mn PEGDAs 575 and 700 at 50% (v/v) and CG–F3 to CG–F6 used PEGDA 

Mn 1000, 4000, 8000 and 10,000 respectively at 20% (w/v). Rheological 

Figure 5.15: Cumulative release (%) of BSA from CG–F4 to CG–F6 printed samples 

with 5 mg/mL loading (1000 μg per sample). Results denote mean ± S.D. (n = 3). 
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properties were also assessed with all formulations deemed appropriate for 

the DLP setup used. 

Prior to printing, an influence of stirring study on ALP activity was conducted. 

No significant change was observed across all conditions (100, 200, 300 RPM 

at durations of 5, 15 and 30 minutes). The influence of UV exposure was also 

explored, with particular importance placed on the understanding effects of the 

DLP printing process. It was observed that activity of ALP in PBS solution after 

30 minutes of continuous UV exposure was mostly retained (84.6 ± 0.9%). 

However, it was noted that the introduction of a photoinitiator required for 

sample fabrication leads to free radical generation, which has previously been 

reported to negatively impact activity of some proteins in literature and would 

need to be assessed if elution occurred [183]. 

Printing parameters were established, aided by the introduction of a 

photoabsorber component (tartrazine) at low concentrations to control depth 

of curing [165,174]. The production of samples comprised of CG–F1 to                 

CG–F6 allowed swelling rate changes as well as swelling ratio and theoretical 

matrix mesh size approximations in the as printed and as swelled state at day 

1 to be established. There was no significant difference in swelling ratio or 

matrix mesh size between CG–F1 and CG–F2, but a statistically significant 

difference each time the Mn of PEGDA was increased for the 20% (w/v) 

samples using CG–F3 to CG–F6. Increasing the selected Mn of PEGDA 

corresponded with increases in swelling and theoretical matrix mesh size 

approximations, which satisfied the hypothesis proposed. Additionally, a near-

linear relationship was generated between these two matrix characteristics   

(R2 = 0.99). 

It was hypothesised that calculated theoretical matrix mesh size estimations 

would form an appropriate basis for indicating if release of encapsulated model 

proteins would be observed. For example, matrix mesh size < protein size will 

lead to protein entrapment and matrix mesh size > protein size will correspond 

with release. Initially, samples were printed with 1 mg/mL loading of LYZ, BSA 

and ALP (200 μg per sample). No release was detected for any of the three 

proteins from samples comprised of CG–F1 to CG–F5 formulations. CG–F6 
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samples allowed release of LYZ and BSA at respective quantities of                           

17.6 ± 5.2% (35.2 ± 10.4 μg) over 3 days and 13.3 ± 1.2% (26.6 ± 2.4 μg) in 

just 1 hour before plateau. Increasing the loading to 5 mg/mL (1000 μg per 

sample) allowed elution from a wider sample set (CG–F4 to CG–F6). 

Maximum BSA release achieved relative to total loading was 25.8 ± 1.4% 

(257.9 ± 13.6 μg) over 3 days. Reliance on increased bioactive loading for 

delivering desired quantities regarding end elution is not preferential, 

particularly for future ambitions of delivering higher-cost therapeutics for 

application-based delivery. Higher concentrations may also lead to 

aggregation that prevents release [191].  

The largest protein from the selection, ALP, was not able to release from any 

of the formulations utilised. These results allow insight into challenges of 

achieving long-term release of bioactives from the 3D printed structures. 

Whilst matrix mesh approximations have provided a basis for comparison it is 

likely in reality there could be regions of the network that cause entrapment or 

more tortuous pathways for diffusion of the protein. In addition, there is 

potential for some inconsistencies between the theoretical prediction and 

reality that would account for matrix heterogeneity associated with CG 

polymerised networks [85]. Hence, low-cost experimental approaches that 

explore protein entrapment and release are necessary [192]. 

5.5 Conclusions 

Overall, DLP printing allowed sample production for the analysis of matrix 

properties and associated protein release. However, the heterogeneity of 

PEGDA only CG polymerised networks, and reliance on sample swelling and 

diffusion alone as a mechanism for release of encapsulated proteins, was 

deemed insufficient. Subsequently, this prompted the proposal of alternative 

ideas that could be tried using DLP printing to work towards controlled long-

term release for 1 to 3+ months in duration. 

Formulations should be prepared that increase in swelling ratio and theoretical 

matrix mesh size through degradation of the polymer matrix, such that 

sustained release of encapsulated proteins is possible. For example, 

introducing degradable aspects into the existing PEGDA polymer chain. 
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Reliance on swelling, through changes in PEGDA Mn, and diffusion alone lead 

to limited release of the encapsulated model proteins. 

Polymer networks produced via CG polymerisation have inherent 

heterogeneity, which likely leads to areas of the matrix causing entrapment of 

the encapsulated proteins [85]. As a result, pathways for their release may be 

more tortuous in nature. Instead, a progression towards mixed-mode (MM) or 

step-growth (SG) mechanisms of crosslinking may correspond with more 

homogenous polymer sample networks and opportunities for tuning structural 

characteristics [85,88]. The use of MM/SG polymerisation may result in faster 

rates of crosslinking and fabrication of structures, meaning the encapsulated 

proteins are exposed to shorter cumulative doses of UV light. Extended UV 

dosing was observed to decrease the activity of ALP, within formulations with 

a photoinitiator addition, and could be undesirable for other proteins. 
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Chapter 6 DLP Printing of Mixed-Mode (MM) 

Crosslinked Formulations using Hydrolytically Labile 

Macromers 
 

6.1 Introduction 

It was proposed that the synthesis of hydrolytically labile macromers, 

applicable for DLP printing, would allow production of samples that would 

degrade and lead to increased and extended release of encapsulated model 

proteins in relation to total loading. The rationale for this was to allow 

measurement of the influencing characteristics such as swelling, associated 

matrix mesh size and structural morphology through partial or full degradation 

of printed samples. Through a combination of degradation of the polymer 

network and diffusion of the encapsulated protein, it was anticipated that 

release would be able to be achieved over sustained periods as was intended. 

In addition, the continued use of PEGDA as the backbone, with degradable 

aspect variations now utilised, allowed for a direct comparison with the CG 

PEGDA formulations previously prepared in Chapter 5. 

Importantly, through an experimental approach, the aim of this work has been 

to develop the overall fundamental understanding on factors that influence 

matrix mesh morphology in relation to any associated release. The selection 

of relatively low-cost materials with predominantly PEGDA, PBS, DTT and 

LAP have allowed for multiple formulation iterations to be explored, leading to 

a comprehensive discussion of the acquired results. The use of similar 

material combinations has been reported for use in extrusion printing with 

nano-silicates [193]. PEGDA-DTT macromers have also been assessed for 

adaptable mechanical and degradation properties for use in biomedical 

properties [152,194]. However, DLP printing has been explored to lesser 

extent with these material combinations, which are chemically suitable for UV 

photopolymerisation, and hence prompted the investigation in this Chapter. 
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6.1.1 Chapter Hypotheses 

1. Formulations crosslinked via mixed-mode (MM) polymerisation 

mechanisms will be suitable for processing via DLP printing to produce 

implant exemplars that allow for assessing the release of encapsulated 

model protein(s). 

 

2. The introduction of degradable aspects, in this case the synthesis and use 

of a PEGDA-DTT macromer, will lead to release of encapsulated model 

proteins through partial or full degradation of the DLP printed sample 

matrix.  

 

3. Duration and rate of release will be able to be modulated through changes 

in both PEGDA-DTT polymer concentration and thiol (SH) to acrylate ratios 

selected for formulations. 

 

6.1.2 Formulation Considerations 

Formulations should be predominantly water-based or applicable for the 

model protein of interest to be soluble within, to maximise potential loading 

and homogenous distribution. Moreover, formulations should ideally be 

processable without, or with minimal, additional heat to avoid model protein(s) 

denaturing. This could limit applicable PEGDA-DTT formulations for the DLP 

printing process, particularly the SH:acrylate ratio selected when synthesising 

the macromers.  

Adequate crosslinking components within the desired formulations must be 

ensured to allow fabrication of required replicates for analysis e.g. swelling, 

release, mechanical testing and imaging. Also, it is ideal if a low percentage 

of non-biodegradable components are used within formulations. Aspects that 

degrade over the time of intended release are preferred. For example, to 

minimise potential toxicity and allow easy elimination from the body. 
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6.2 Methods for DLP Printing Experiments 

6.2.1 Formulation Preparation 

Table 6.1 outlines formulations prepared in PBS with 0.5% (w/v) LAP with 

respect to total formulation and 0.1% (w/w) tartrazine relative to LAP for DLP 

printing, as mentioned in Chapter 3.3.1.2. Formulation characteristics include 

monomer Mn, monomer% (v/v) or (w/v), DTT additions in relation to 

SH:acrylate ratios and protein loading implemented. Formulation codes have 

been used for reference throughout this results chapter e.g. “mixed-mode 

formulation one” is denoted as MM–F1.  

 

Table 6.1: Overview of MM PEGDA-DTT formulations prepared,                                  

coded for reference purpose.  

 

 

 

 
 

 

Formulation Code Formulation SH:Acrylate Ratio 

MM–F1 

PEGDA 575 

50% (v/v) 

0.1 

MM–F2 0.25 

MM–F3 0.5 

MM–F4 1 
   

MM–F5 

PEGDA 700 

50% (v/v) 

0.1 

MM–F6 0.25 

MM–F7 0.5 

MM–F8 1 
   

MM–F9 PEGDA 575/4000 (1:1) 

10% (w/v) 

0.25 

MM–F10 0.5 

MM–F11 PEGDA 575/4000 (1:1) 

20% (w/v) 

0.25 

MM–F12 0.5 



93 
 

6.2.2 Pre-Print Characterisation 

Prepared formulations were analysed with GPC to determine the influence of 

SH additions on MW distribution and PDI for MM–F1 to MM–F12, as outlined 

in Section 3.4.3. 1H NMR spectroscopy was used, as outlined in Section 3.4.4, 

primarily to compare the decrease in acrylate signal associated with increasing 

DTT additions during functionalisation of PEGDA to form PEGDA-DTT, shown 

in Section 3.3.4. Rheological measurements were conducted using the 

method outlined in Section 3.4.1, to compare the effect of SH:acrylate ratios 

on viscosity for all formulations prepared. 

6.2.3 DLP Printing  

Formulations MM–F1 to MM–F12 were printed using an Ancyubic Photon 

Mono DLP printer, described further in Section 3.2.2. Table 6.2 summarises 

the geometries explored within this chapter, with geometry A (10 x 10 x 2 mm) 

sample design and 5 mg/mL protein loading utilised for the majority of the 

release study data presented. 
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Table 6.2: Overview of five geometries (A-E) explored for differences in SA/volume 

ratios to analyse for influences on release of BSA. 

Geometrical Changes Explored 

Sample 

Design 

Code 

Sample 

Design 

Volume 

(V) 

(mm3) 

Surface 

Area 

(SA) 

(mm2) 

SA/V 

Ratio 

Theoretical 

BSA 

Loading 

(µg) 

Geometry 

A 

(block)  

200 280 1.40 1000 

Geometry 

B 

(window) 

 

 

150 270 1.80 750 

Geometry 

C 

(waffle) 

 

 

168 312 1.86 840 

Geometry 

D 

(snowflake) 

 

 

164 332 2.02 820 

Geometry 

E 

(rod) 

 

 

100 208 2.08 500 
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6.2.4 Measuring Swelling Properties and Theoretical Matrix Mesh Size 

Approximations 

Printed samples (geometry A) were used to determine changes in swelling 

ratio and theoretical matrix mesh size approximations over time in PBS media 

at 37°C. The properties of each were calculated using the equations shown in 

Section 3.4.7. For each condition and time point the result presented is the 

mean of three samples ± S.D. 

6.2.5 Experimental Setup of Controlled In Vitro Release Studies 

In vitro release studies for printed DLP samples was conducted as outlined in 

Section 3.4.8.1. For each condition and respective time point release value, 

the result presented is the mean of three samples ± S.D. Zero-order, first-

order, Higuchi and Korsmeyer-Peppas release kinetic mathematical models, 

explained in Section 3.4.9, were used for fitting of quantified BSA release, 

where applicable. 

6.2.6 Cryo-SEM Imaging 

Sacrificial samples were printed and imaged at day 0 and after submersion in 

PBS at 37°C to allow a visual comparison of structural morphology before and 

after degradation, using the method stated in Section 3.4.6. 

6.2.7 Mechanical Analysis 

Compression testing was conducted using a texture analyser setup, as 

outlined in Section 3.4.10. Samples were compared in the as printed and as 

swelled state after 1 day in PBS at 37°C. For each condition and time point 

the result presented is the mean of three samples ± S.D. 
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6.3 Results 

6.3.1 Initial Proof of Concept Trial Using As Cast PEGDA-DTT Samples for 

Encapsulation and Release of BSA 

Initially, a proof of concept trial was proposed whereby an SH component 

would be introduced into the previously explored acrylate formulations. In this 

instance, a low-cost SH of DTT was used to synthesise a MM acrylate-SH 

macromer of PEGDA-DTT as outlined in Section 3.3.4.  

Firstly, a formulation consisting of PEGDA 4000 20% (w/v), with an SH to 

acrylate ratio of 0.8:1, 0.5% (w/v) LAP of total formulation and 0.1% (w/w) 

tartrazine relative to LAP was prepared. A purposely high SH:acrylate ratio 

was chosen to clearly understand the influence and extent of the SH addition. 

During the preparation, it became evident after the 1 hour of synthesis that the 

addition of DTT contributes to an increase in formulation viscosity with the 

resultant ink not having the properties suitable for processing using the DLP 

printer selected. For example, the formulation was not able to be spread 

evenly within the printing vat when in contact with the build plate. Hence, it 

was decided to use the prepared formulation to create UV crosslinked as cast 

samples (in a mould), shown in Figure 6.1(a), to assess the influence of the 

DTT addition on subsequent degradation and thus potential release of BSA.  

In Chapter 5, structures printed using formulations without degradable 

components were seen to release the encapsulated model proteins in limited 

quantities e.g. 13.3 ± 1.2% to 25.8 ± 1.4% of total BSA loaded. Release 

observed was also unsustained; 3 days before plateau and no further elution. 

In contrast, the addition of the DTT component into the PEGDA 4000 20% 

(w/v) formulation led to the complete degradation of the structure within 9 days 

in PBS, 37°C. Figure 6.1(b) shows that the as cast sample initially undergoes 

a period of swelling as observed previously with PEGDA only based samples. 

Initial signs of degradation were observed, to the point samples could not be 

handled without causing damage, at day 3 in Figure 6.1(c). This degradation 

corresponded with release of the encapsulated BSA, incorporated at a 1 

mg/mL concentration relative to the overall formulation, with no further release 

detected after full degradation at day 9, shown in Figure 6.1(d)(e). This 
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confirmed that the addition of DTT led to structural changes that enabled a 

previously non-degradable PEGDA only formulation to be broken down.  

Overall, this initial trial provided a promising insight into how changes in the 

structural morphology, in this instance through hydrolytic degradation and 

disruption of the polymer matrix, could lead to release of an incorporated 

model protein, BSA. Hence, this could be exploited to achieve controlled 

elution of protein in quantities not observed through the use of CG PEGDA 

only based formulations that relied on swelling and diffusion alone. Whilst 

beneficial to understand the effect of DTT addition on sample degradation, the 

formulation used for the as cast example was inappropriate for DLP printing 

and release was only achieved over a short time period of 9 days. Evident 

issues with viscosity, associated with the Michael addition of the DTT into the 

PEGDA chain, meant characterisation of the formulations would be required 

to determine suitable options for DLP printing. It has been shown previously 

that the synthesis of PEGDA-DTT, specifically the SH:acrylate ratio selected, 

has influence on the final macromer produced [195]. 
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6.3.2 Pre-Print Characterisation 

6.3.2.1 GPC Analysis of Synthesised PEGDA-DTT Macromers  

GPC was conducted to determine the influence of DTT (SH component) 

additions to PEGDA (acrylate component) on the properties of the resulting 

PEGDA-DTT macromers. The analysis indicated that these macromers 

increased in overall Mn and Mw with selection of higher Mn PEGDA or PEGDA 

blends and increasing SH:acrylate ratios as demonstrated in Figure 6.2(a) for 

PEGDA 575 formulations (MM–F1 to MM–F4). For example, Mn ranged from 

645 to 3210 g/mol and Mw from 933 to 12220 g/mol. The GPC analysis of the 

Figure 6.1: Stages of the PEGDA 4000 20% (w/v) 0.8 SH:acrylate sample state from 

(a) as cast, (b) swelling in PBS at 37°C after 4 hours, (c) signs of hydrolytic 

degradation at day 3 and (d) full degradation at day 9. (e) The associated cumulative 

BSA release during the period of swelling and degradation.                                                    

Results denote mean ± S.D. (n = 3). 
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PEGDA 575 reacted at SH:acrylate ratios of 0.1 to 1 indicated a 2.0 to 25.7-

fold increase in polymer Mw of the PEGDA 575 monomer after completion of 

the reaction. This was anticipated due to the nature of Michael addition 

reactions and provided confirmation that the DTT addition into the PEGDA 

leads to chain elongation, where the SH aspects will act as the hydrolytically 

labile regions; this finding aligns well with past literature involving MM 

reactions [194–196]. The effect of increasing SH content on the synthesised 

macromer is also demonstrated in Figure 6.2(b) for the PEGDA 700 

formulations (MM–F5 to MM–F8), with Mn and Mw ranging from 1051 to 5554 

g/mol and 1420 to 14140 g/mol respectively. This corresponded with a 2.2 to 

22.0-fold increase in polymer Mw of the PEGDA 700 monomer after 

completion of the reaction. 

For the higher Mn formulations, PEGDA 575/4000 (1:1) 10% and 20% (w/v) 

(MM–F9 to MM–F12), a similar trend was observed as for the lower Mn 

PEGDA formulations. For example, Mn ranged from 696 to 865 g/mol and Mw 

from 1575 to 2488 g/mol. Variability is seen in the end macromer distribution, 

with two peaks at 613 ± 12 and 5965 ± 342 g/mol shown in Figure 6.2(c). This 

can be attributed to the DTT addition in relation to equal parts of low Mn 

PEGDA 575 and higher Mn PEGDA 4000 in the formulations. 

Across the formulations it was shown that higher SH content in the PEGDA-

DTT synthesis contributed to heterogenous populations of macromers. The 

PDI values determined indicated that MW distribution became more varied 

with increasing SH additions and for all formulations was higher than the PDI 

of their respective CG PEGDA formulations (Chapter 5). PDI is typically higher 

for SG crosslinked networks, which provides reasoning for the increase in PDI 

for MM formulations in comparison to CG only formulations. In the case of the 

PEGDA 575 formulations (MM–F1 to MM–F4), PDI increased from 1.45 to 

3.81 and for the PEGDA 700 formulations (MM–F5 to MM–F8) PDI ranged 

from 1.35 to 2.55. For the higher MW formulations (MM–F9 to MM–F12), the 

PDI was between 2.26 to 2.88. Table 6.3 summarises the results gathered 

from GPC analysis for the different PEGDA-DTT formulations prepared, with 

the trend of increases in the associated Mn, Mw and PDI consistent for all 

formulations prepared when the SH:acrylate ratio is increased. 
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Figure 6.2: GPC analysis of the MW distribution (g/mol) versus normalised 

dW/dlogM for (a) PEGDA 575 formulations, (b) PEGDA 700 formulations and (c) 

PEGDA 575/4000 (1:1) formulations. 
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Table 6.3: Overview of formulations analysed by GPC for Mn, Mw and PDI. 

GPC Analysis 

Formulation 

Code 
Mn Mw PDI 

MM–F1 645 933 1.45 

MM–F2 751 1304 1.74 

MM–F3 1178 2320 1.97 

MM–F4 3210 12220 3.81 

    

MM–F5 1051 1420 1.35 

MM–F6 1381 2050 1.60 

MM–F7 2074 3865 1.86 

MM–F8 5554 14140 2.55 

    

MM–F9 840 2105 2.51 

MM–F10 823 2201 2.67 

MM–F11 696 1575 2.26 

MM–F12 865 2488 2.88 

 

6.3.2.2 1H NMR Spectroscopy Analysis of PEGDA-DTT Macromers 

The functionalisation of PEGDA to form PEGDA-DTT macromers was verified 

further by NMR spectroscopy. Figure 6.3 shows the representative spectra 

peaks for the PEGDA 575 based formulations and how acrylate peaks are 

minimised with increasing additions of DTT with 0.1:1, 0.25:1, 0.5:1 and 1:1 

SH:acrylate ratios (MM–F1 to MM–F4). The decreasing acrylate signal 

associated with increase in SH indicates that the DTT addition in the reaction 

leads to increased consumption of the acrylate groups. The NMR spectra for 

formulations of PEGDA 700 (MM–F5 to MM–F8), PEGDA 575/4000 (1:1) 

SH:acrylate addition variations (MM–F9 to MM–F12) are shown in Appendix: 

Supplementary Information Figure S.5 and S.6 respectively. This confirmed 
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the findings from analysis of the PEGDA 575 formulations. Table 6.4 

summarises the integrated peaks from NMR spectra gathered to compare 

differences in decreasing acrylate groups with increasing DTT addition. 

 

 

Figure 6.3: Representative NMR spectra for PEGDA 575 50% (v/v) 

formulations (MM–F1 to MM–F4), showing peak comparison and decreasing 

acrylate signal corresponding with increasing SH content.                                         

All spectra scaled identically. 
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Table 6.4: Overview of formulations analysed by 1H NMR with peaks relative to the 

PEGDA-DTT macromer compared. *HOD peak at 4.7 ppm calibrated to a value of 

10.0, with all spectra scaled identically for comparison. Values reported to 1 d.p or  

1 s.f, where deemed appropriate. 

1H NMR Analysis* 

Formulation 

Code 

Sum of 

Acrylate 

Peaks 

Sum of EG 

Peaks 

Acrylate:EG 

Ratio 
DTT Peak 

MM–F1 2.8 19.5 0.1 0.6 

MM–F2 3.0 23.6 0.08 1.6 

MM–F3 2.5 26.1 0.06 3.4 

MM–F4 0.4 15.7 0.02 3.9 

     

MM–F5 2.6 25.6 0.07 0.6 

MM–F6 1.6 19.6 0.06 1.1 

MM–F7 1.0 18.8 0.04 2.1 

MM–F8 0.02 8.7 0.002 1.9 

     

MM–F9 0.1 1.9 0.05 0.08 

MM–F10 0.05 1.3 0.02 0.1 

MM–F11 0.08 1.2 0.04 0.04 

MM–F12 0.004 0.3 0.01 0.04 

 

 

6.3.2.3 Rheological Analysis 

The selection of DLP as a printing technique allows scope for higher viscosity 

formulations to be processed, as mentioned previously in Chapter 5 when 

transitioning from using IJP. However, across previous literature there is a 

suggested maximum viscosity of 5000 cP to ensure stable printing via 

sufficient spreading within the ink vat between each layer [197–199]. In 

addition, formulations that are too high in viscosity could lead to agglomeration 

and prevent flowability for recoating that could cause poor inter-layer adhesion 
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and unwanted air voids [200,201]. Ultimately, viscosity requirements must be 

applicable within the selected printing setup. For DLP printing, shear rates up 

to 100 s-1 are typically of most interest in relation to recoating and spreading 

of the ink formulation between layer solidification [202,203].  

All formulations, as anticipated from the as cast trial and from the GPC and 

NMR data, were shown to increase in viscosity with increasing addition of the 

SH component (DTT). Figure 6.4 and Figure 6.5 show examples of the 

PEGDA 575 and PEGDA 700 50% (v/v) formulations prepared with 

SH:acrylate ratios ranging from 0.1:1 – 1:1. Viscosity increased for the PEGDA 

575 SH:acrylate variations from 51.3 ± 3.4 cP to 1581.9 ± 836.2 cP at a shear 

rate of 10 s-1 and 24.2 ± 0.6 cP to 335.1 ± 64.9 cP at a shear rate of 100 s-1. 

In the case of the PEGDA 700 SH:acrylate formulations viscosity ranged from 

53.1 ± 3.4 cP to 1241.9 ± 305.4 cP (10 s-1) and 22.2 ± 1.5 cP to 1037.7 ± 167.7 

cP (100 s-1).  

Further to this, PEGDA 575/4000 blends at 10% and 20% (w/v), with 0.25 and 

0.5 SH:acrylate ratios were analysed in Figure 6.6. Viscosity ranged from 

100.2 ± 3.6 cP to 157.7 ± 19.5 cP (10 s-1) and 38.6 ± 1.8 cP to 53.5 ± 6.9 cP                     

(100 s-1) for the 10% (w/v) SH:acrylate variations. For the 20% (w/v) 

SH:acrylate variations viscosity was between 880.2 ± 61.6 cP to 1061.4 ± 65.6 

cP (10 s-1) and 359.7 ± 41.9 cP to 420.3 ± 20.1 cP (100 s-1).  

 

 

 

 

 

 

 

Figure 6.4: Shear rate vs viscosity for PEGDA 575 50% (v/v) formulations 

(MM–F1 to MM–F4). Results denote mean ± S.D (n = 3). 
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Figure 6.5: Shear rate vs viscosity for PEGDA 700 50% (v/v) formulations 

(MM–F5 to MM–F8). Results denote mean ± S.D (n = 3). 

Figure 6.6: Shear rate vs viscosity for PEGDA 575/4000 (1:1) 10% and 

20% (w/v) formulations (MM–F9 to MM–F12).                                                  

Results denote mean ± S.D (n = 3). 
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6.3.3 DLP Printing  

6.3.3.1 Parameter Optimisation  

Preparation of formulations that can be initiated via a MM polymerisation 

mechanism (a combination of CG and SG polymerisation instead of CG only), 

leads to faster crosslinking. This is due to reactions consisting of two monomer 

components with reactive groups and functionality to act as crosslinking sites 

during structure fabrication. It is also widely known that SG polymerisation 

results in more homogenous end polymer matrices, whereas CG formed 

networks are dictated by random free radical initiated chain propagation and 

termination [85,88]. 

A longer exposure time was adopted for the first two layers of the selected 

pattern to ensure adequate adhesion to the build platform and provides a 

foundation for the subsequent layers to be progressively formed in a reliable 

manner. For printing it was decided simple cuboid structures of 10 x 10 x 2 

mm would be produced. This firstly allowed for optimisation of printing 

parameters relative to each individual formulation prepared. Secondly, this 

provided a construct that would be replicable for printing samples required for 

different analyses including matrix mesh size determination, imaging, release 

studies and mechanical testing. In this study, all print cycles were prepared 

with a 50 μm individual Z layer height, such that a 2 mm design would equate 

to 40 layers. Whilst decreasing the Z layer height further, such as 25 μm, may 

have improved the interlayer adhesion, the improvement may not have 

outweighed the increase in overall printing time and time of parts under UV, 

which may impact bioactives incorporated into formulations. A photoabsorber 

was also introduced into formulations to minimise undesirable crosslinking, 

such as that outside of the desired printing area, as explained in Chapter 5.  

Table 6.5 compares the different time periods of UV exposure optimised for 

the range of formulations prepared. Determining suitable printing parameters, 

particularly the UV exposure, is an important aspect of sample fabrication. The 

addition of a photoabsorber, tartrazine in this case, helped control UV 

penetration and curing depth to widen applicable processing windows for 

printing. This in turn gives greater control over print accuracy relative to the 
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original design input desired; printed samples were measured in the Z direction 

(n = 10). 

 

Table 6.5: Overview of printing settings utilised for each formulation with 

corresponding Z height measurements. Results denote mean ± S.D. (n = 10). 

Suitable Printing Parameters 

Formulation 

Code 

Bottom 

Exposure (s) 

First 2 Layers 

Normal 

Exposure (s) 
Z Height (mm) 

MM–F1 

4 2 

2.10 ± 0.08 

MM–F2 2.14 ± 0.06 

MM–F3 2.15 ± 0.04 

MM–F4 2.01 ± 0.08 

    

MM–F5 

4 2 

2.09 ± 0.05 

MM–F6 2.09 ± 0.06 

MM–F7 2.07 ± 0.03 

MM–F8 1.97 ± 0.11 

    

MM–F9 

20 10 

2.01 ± 0.04 

MM–F10 2.05 ± 0.08 

MM–F11 

16 8 

2.00 ± 0.04 

MM–F12 2.01 ± 0.03 
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Once printing parameters were established, samples were produced for the 

planned experimental work (swelling, release, imaging and compression 

testing). Figure 6.7(a-d) displays examples of printed samples of the prepared 

formulations for PEGDA 575 (MM–F1), 700 (MM–F5), 700 (MM–F8) and 

575/4000 (1:1) (MM–F9) respectively. It should be noted that the PEGDA 700 

formulation with 1:1 SH:acrylate ratio (MM–F8) was not easily processed 

within the DLP printed, with the viscosity of the formulation increasing quickly 

over time in the printing vat and when left without agitation led to gelation. Due 

to this, a limited number of samples were able to be produced for experimental 

work and sample use was prioritised for the release study. Hence, tracking of 

swelling over time (requiring 27 samples for the time period selected) was not 

able to be conducted for this formulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.7: Examples of DLP printed 10 x 10 x 2 mm samples of 

(a) MM–F1, (b) MM–F5, (c) MM–F8 and (d) MM–F9. 
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6.3.4 DLP Printed 3D Structures with a Model Protein (BSA) Encapsulated 

6.3.4.1 Swelling Ratio and Theoretical Matrix Mesh Size 

Swelling ratio and theoretical matrix mesh size is largely dictated by monomer 

Mn and end polymer concentration in a structure. Further to this, adjusting the 

DTT:PEGDA ratio in this chapter, and as such the SH:acrylate ratio, it was 

possible to change the number of hydrolytically labile sites in the printed 

samples. Increasing SH:acrylate content was expected to lead to greater 

regions of degradable aspects and hence increase the potential for the matrix 

mesh to be disrupted and broken down. Swelling was tracked over time to 

determine the influence of the DTT addition into the PEGDA chain on 

associated swelling ratio using Equation 3.3 and theoretical matrix mesh size 

using the equation of a straight line (y = 0.6375x – 4.251, R2 = 0.99) 

established from Figure 5.13, with the results summarised in Table 6.6. 
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Table 6.6: Overview of the swelling ratio and theoretical matrix mesh size 

calculations used as comparative tool for MM–F1 to MM–F12. *Values reported to 2 

d.p, ** values reported to 1 d.p. Results denote mean ± S.D. (n = 3). 

Swelling and Theoretical Matrix Mesh Size 

Formulation 

Code 

Swelling Ratio 

at Day 1 * 

Theoretical 

Matrix Mesh 

Size 

As Printed (Å) ** 

Theoretical 

Matrix Mesh 

Size 

As Swelled at 

Day 1 (Å) ** 

MM–F1 1.05 ± 0.03 0.8 2.6 ± 0.2 

MM–F2 1.02 ± 0.01 0.6 ± 0.1 2.4 ± 0.1 

MM–F3 1.11 ± 0.02 0.2 3.0 ± 0.1 

MM–F4 1.48 ± 0.02 Negligible 5.2 ± 0.1 

    

MM–F5 1.37 ± 0.04 1.3 4.7 ± 0.2 

MM–F6 1.49 ± 0.01 0.8 ± 0.1 5.4 

MM–F7 1.75 ± 0.03 1.9 ± 0.1 7.1 ± 0.2 

MM–F8 Formulation not analysed; samples prioritised for release. 

    

MM–F9 10.67 ± 0.17 41.4 ± 0.3 63.9 ± 1.1 

MM–F10 11.24 ± 0.36 39.4 ± 1.0 67.5 ± 2.3 

MM–F11 6.27 ± 0.34 19.6 35.8 ± 2.2 

MM–F12 7.05 ± 0.47 18.1 ± 0.2 40.8 ± 3.0 
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Figure 6.8(a) shows the change in swelling ratio for PEGDA 575 50% (v/v) 

formulations (MM–F1 to MM–F4), with the most obvious change occurring in 

the first 24 hours when the samples are taking up water and swelling. After 1 

day, swelling ratios ranged from 1.02 ± 0.01 to 1.48 ± 0.02. MM–F4 showed a 

statistically significant difference (p < 0.0001) to all formulations. Statistical 

difference was also observed comparing MM–F3 and MM–F2 (p < 0.01) as 

well as between MM–F3 and MM–F1 (p < 0.05). After day 1, variation in 

swelling ratio was only significant for MM–F4 (p < 0.05). 

Theoretical matrix mesh size calculated ranged from 2.4 ± 0.1 Å to 5.2 ± 0.1 

Å after swelling for 1 day, shown in Figure 6.8(b). Statistical difference was 

determined between MM–F1 and MM–F3 (p < 0.05) and MM–F1 and MM–F4 

(p < 0.0001). Differences were also shown between MM–F2 and MM–F3                   

(p < 0.01), MM–F2 and MM–F4 (p < 0.0001) as well as MM–F3 and MM–F4 

(p < 0.0001). No significant difference in calculated mesh size formulation was 

seen from day 1 onwards in the case of each individual formulation. The 

results compared across the four formulations indicated the SH:acrylate ratio 

implemented, acting as the singular variable factor, has a significant impact on 

the final matrix properties of the printed samples. It also supports the rationale 

that increasing the number of hydrolytically labile areas within a polymer 

network, and their subsequent degradation in the PBS solution, aligns with 

increases in the theoretical matrix mesh size. It has also provided one way to 

compare the changes occurring from the as printed and swelled state of 

printed samples of different compositions. 
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Figure 6.9(a) shows the change in swelling ratio with time for PEGDA 700 50% 

(v/v) formulations (MM–F5 to MM–F7), ranging from 1.37 ± 0.04 to 1.75 ± 0.03 

after 1 day of swelling. Increased swelling ratios, related to increases in 

SH:acrylate ratio utilised, were again shown in this sample set. Statistical 

difference was seen between MM–F5 and MM–F6 (p < 0.01), MM–F5 and 

MM–F7 (p < 0.0001) and MM–F6 and MM–F7 (p < 0.0001). After day 1, 

swelling ratio variation was significant in MM–F5 (p < 0.01) and MM–F7 

samples (p < 0.05). As mentioned previously, the reduced number of samples 

able to be prepared with MM–F8 were prioritised for the release assay studies 

and hence changes in swelling were not tracked.  

Theoretical matrix mesh size calculated for MM–F5 to MM–F7 ranged from     

4.7 ± 0.2 Å to 7.1 ± 0.2 Å after 1 day of swelling, as shown in Figure 6.9(b). 

Statistically significant differences were observed between MM–F7 and                

MM–F6 (p < 0.0001), MM–F7 and MM–F5 (p < 0.0001) as well as MM–F6 and 

MM–F5 (p < 0.01). Variation was deemed significant from day 1 to 28 for                  

Figure 6.8: Changes in (a) swelling ratio and (b) theoretical matrix 

mesh size over time for PEGDA 575 50% (v/v) formulations                      

(MM–F1 to MM–F4). Results denote mean ± S.D. (n = 3). 
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MM–F5 (p < 0.01) and MM–F7 (p < 0.05) in the case of tracking each 

formulation individually. Overall, the associated swelling ratio and theoretical 

matrix mesh size, as swelled, was higher than the PEGDA 575 equivalent e.g. 

evaluating MM–F3 versus MM–F7 shows a statistically significant difference 

for both matrix attributes analysed (p < 0.0001). From these results, it can be 

seen that a singular change in selected PEGDA Mn, combined with the 

introduction of increasing SH component, led to different end properties in the 

polymer matrix of the sample printed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A higher PEGDA Mn blend of PEGDA 575/4000 (1:1) was prepared with two 

SH:acrylate ratios, that were applicable regarding their viscosity for DLP 

printing and allowed for further comparisons. Figure 6.10(a) firstly shows the 

change in swelling ratio for PEGDA 575/4000 (1:1) 10% (w/v) formulations 

Figure 6.9: Changes in (a) swelling ratio and (b) theoretical matrix 

mesh size over time for PEGDA 700 50% (v/v) formulations                      

(MM–F5 to MM–F7). Results denote mean ± S.D. (n = 3).  
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(MM–F9 to MM–F10) with values of 10.67 ± 0.17 and 11.24 ± 0.36 reported 

respectively after 1 day of swelling and were not statistically different. From 

day 1 onwards, individual variance in swelling ratio was only significant for 

MM–F9 (p < 0.01).  

Theoretical matrix mesh sizes at the same time point for these formulations 

was determined to be 63.9 ± 1.1 Å and 67.5 ± 2.3 Å and not statistically 

different, as shown in Figure 6.10(b). A significant difference was observed for 

both matrix properties, compared to formulations MM–F1 to MM–F7                             

(p < 0.0001) at the same time point. Increases in calculated matrix 

characteristics is likely due to a combination of factors. Predominantly the 

reduction in polymer content in the formulation, 50% (v/v) to 10% (w/v), 

alongside a higher Mn PEGDA blend led to increased starting chain length, 

which have been further elongated with the addition of DTT when synthesising 

the PEGDA-DTT macromer. Sample handling and weighing became 

progressively more difficult of due to the hydrolytic degradation that occurred 

causing breakdown of the sample structures into smaller fragments. 

Due to the significant effect on the printed matrix, achieved through a PEGDA 

575/4000 (1:1) blend and lowering the polymer content in the formulation to 

10% (w/v), it was decided to also consider a 20% (w/v) of the same PEGDA 

blend with the same SH:acrylate ratios of 0.25 and 0.5 (MM–F11 and MM–

F12). Figure 6.10(a) shows the swelling ratio changes, which after 1 day were 

6.27 ± 0.34 and 7.05 ± 0.47 respectively and were not statistically different 

from each other. Both values were significantly lower than that of MM–F9 and 

MM–F10 (p < 0.0001). 

Significantly lower values (p < 0.0001) were also calculated for the theoretical 

matrix mesh size, whereby MM–F11 and MM–F12 were 35.8 ± 2.2 Å and                    

40.8 ± 3.8 Å respectively after 1 day of swelling but were not statistically 

different from each other, summarised in Figure 6.10(b). Values did not vary 

significantly over the remaining days tracked. To note, MM–F11 and MM–F12 

samples were still significantly different for both attributes analysed compared 

to that of the lower Mn PEGDA formulations MM–F1 to MM–F7.  
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In this study, Peppas-Merrill theoretical matrix mesh principles have been 

implemented and have acted as a comparative tool between the formulations 

prepared. This has allowed for the evaluation of selected formulation changes 

in relation to final matrix properties. These characteristics are later linked with 

quantitative release of encapsulated model proteins alongside cryo-SEM 

imaging and compression testing in Sections 6.3.4.2 – 6.3.4.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: Changes in (a) swelling ratio and (b) theoretical matrix 

mesh size over time for PEGDA 575/4000 (1:1) 10% and 20% (w/v) 

formulations (MM–F9 to MM–F12). Results denote mean ± S.D. (n = 3). 
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6.3.4.2 BSA Release from DLP 3D Printed Structures using PEGDA-DTT 

Macromers 

Using the printed structures prepared through optimisation of printing 

exposure settings, it was possible to conduct the necessary in vitro release 

study under simulated conditions for subcutaneous implantation (pH 7.4 at 

37°C) [57]. It was also decided that the loading of BSA would be increased 

from 1 mg/mL to 5 mg/mL, with 1000 μg encapsulated per 10 x 10 x 2 mm 

sample. The reasoning behind this was to allow for longer periods of release 

to be studied, as was shown to influence the amount released from the CG–

F6 samples in Chapter 5. 

Figure 6.11 shows the cumulative BSA release for samples prepared using 

the different PEGDA 575 50% (v/v) based formulations with varying DTT 

additions, and thus SH:acrylate ratio. For MM–F1 to MM–F4, the increase in 

SH content in the formulation corresponded with increased % of BSA release, 

ranging from 8.3 ± 1.1% of total BSA loading for MM–F1 to 22.8 ± 10.1% for 

MM–F4. In addition, these low levels of release were observed over relatively 

short periods before plateau and no further release between 7 and 28 days. 

However, protein was released compared to the equivalent PEGDA 575 CG 

formulations explored previously where no significant release was detected. 

Also, the S.D. between samples prepared using MM–F4 was not desirable. 

Formulations with PEGDA 700 at 50% (v/v) with the same SH:acrylate ratios 

(MM–F5 to MM–F8) allowed for comparisons to be made in the two sets of 

lower PEGDA Mn formulations. Similar issues were presented that were 

observed with the PEGDA 575 formulations. Initial release of the encapsulated 

BSA was achieved but again was not sustained, apart from for MM–F8 where 

release of the total loaded BSA was achieved over 56 days. However, it must 

be noted again that this formulation had issues with gelation during printing 

and approximations of matrix mesh size were not calculated. Arguably, the 

matrix was suitable to allow for release and it can be inferred that it would be 

greater than those calculated for MM–F1 to MM–F7. Increases in the DTT SH 

addition again led to increased durations of BSA release being observed 

between 7 and 56 days from MM–F5 to MM–F8 respectively. Figure 6.12(a)(b) 

displays the information reported for these formulations. 
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Figure 6.11: Cumulative BSA release profiles obtained from printed 

samples comprised of PEGDA 575 50% (v/v) formulations                    

(MM–F1 to MM–F4). Results denote mean ± S.D. (n = 3). 

Figure 6.12: Cumulative BSA release profiles obtained from printed 

samples comprised of (a) PEGDA 700 50% (v/v) formulations                           

(MM–F5 to MM–F7) and (b) MM–F8. Results denote mean ± S.D. (n = 3). 
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It was shown previously in Section 6.3.1 using as-cast samples, that a higher 

starting Mn PEGDA and addition of DTT resulted in sample breakdown and 

release of BSA within 9 days. Hence, to try and achieve further release it was 

proposed that the higher Mn PEGDA 575/4000 (1:1) blend at lower polymer 

concentrations could be utilised. Figure 6.13 shows the graph plot for the 

combined results of the printed blends at 10% and 20% (w/v) with 0.25 and 

0.5 SH:acrylate ratios to allow for comparison. To summarise, release of BSA 

through these changes was able to be achieved lasting 70 days                         

(MM–F10), 91 days (MM–F12), 105 days (MM–F9) and 112 days (MM–F11). 

Starting theoretical matrix mesh size determined previously for the PEGDA 

575/4000 (1:1) 10% (w/v) (MM–F10) in the as printed state was similar to that 

of the swelled state of the PEGDA 575/4000 (1:1) 20% (w/v) (MM–F12). This 

reinforces the influence of changing initial monomer% (w/v) on matrix 

characteristics in relation to the rate and duration of BSA release. Therefore, 

a balance between these factors and changing the Mn of the backbone 

monomer can significantly change delivery and could be modulated and tuned 

as desired through these variations in composition. To determine the 

mechanism(s) of the BSA release achieved it was decided that the assay data 

collected would be applied to a range of release kinetic mathematical models, 

documented in Section 6.3.4.3. 

Importance of the initial PEGDA Mn selected was highlighted in the lower Mn 

formulation printed samples (PEGDA 575 and 700 variations, MM–F1 to                 

MM–F8) where in most cases, barring MM–F8, the BSA loaded was 

predominantly entrapped. In comparison, the PEGDA 575/4000 blend 

variations (MM–F9 to MM–F12) allowed full elution over extended periods of 

up to ~3+ months. The concentration of polymer volume fraction in the printed 

samples contributed to this difference, reducing from 50% (v/v) to 20% and 

10% (w/v). Although release was able to be modulated, a particular limitation 

of utilising PEGDA-DTT macromers is the corresponding increase in the 

overall chain Mn and Mw as shown in Section 6.3.2.1. This can provide 

complications with viscosity, whereby a PEGDA 575/4000 (1:1) 0.8 

SH:acrylate formulation could not be printed within the DLP setup. This 

formulation’s degradation and release duration was also not desirable in the 
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context of achieving extended release (weeks/months) of BSA. However, 

delivery of larger bioactive components from a 3D printed construct may 

necessitate the need for larger matrix mesh sizes, which would require the use 

of higher Mn PEGDA blends and/or increased DTT additions in relation to 

SH:acrylate ratios. 

 

 

 

 

 

 

 

 

 

 

6.3.4.3 Fitting of Release Kinetic Mathematical Models 

The release mechanisms for the printed samples studied for BSA release were 

evaluated further by applying release kinetic models. This included zero-order, 

first-order, Higuchi and Korsmeyer-Peppas with comparisons made between 

the models using the square of the correlation coefficient (R2) summarised for 

best fit in Table 6.7. In this section, PEGDA 575:4000 (1:1) 10% and 20% (w/v) 

(MM–F9 to MM–F12) have been evaluated. 

6.3.4.3.1 Zero-Order 

Attaining zero-order release was deemed a common industrial objective in 

Chapter 2.3. Consistent regular dosing throughout the entirety of the delivery 

device release can be beneficial in achieving therapeutic benefit with minimal 

side effect [62,204]. Figure 6.14(a) displays the application of the zero-order 

model to formulations MM–F9 to MM–F12, using linear regression and R2 

values reported as 0.804, 0.810, 0.918 and 0.893 respectively. Whilst this 

Figure 6.13: Cumulative BSA release profiles obtained from printed 

samples comprised of PEGDA 575/4000 (1:1) 10% and 20% (w/v) 

formulations (MM–F9 to MM–F12). Results denote mean ± S.D. (n = 3). 
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model was not the best fit compared to the other models applied, it is 

interesting to note that from day 28, 10, 2 and 7, for the same formulations 

respectively, onward release remained near constant with R2 > 0.95, as shown 

in Figure 6.14(b). The increase in polymer blend% (w/v) and decrease in 

SH:acrylate content minimised the period of time until BSA release became 

more constant and sustained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.4.3.2 First-Order 

For the release from MM–F9 and MM–F10 samples, the first-order model was 

deemed the best fit out of the models applied. The R2 values were 0.981 and 

0.974 respectively, with all formulations shown in Figure 6.15. The rate of 

release is dictated by changes in concentration of the BSA with respect to 

Figure 6.14: (a) Zero-order release kinetics for MM–F9 to MM–F12 and 

(b) zero-order kinetics fitted from time points where R2 > 0.95. 
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change in time and could explain why the initial rate of release in the first few 

days of release is higher than later on in the time period assessed. 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.4.3.3 Higuchi 

The Higuchi model assumes that the initial concentration of a loaded bioactive 

in the printed sample is higher than the bioactive solubility. For the release 

from MM–F11 and MM–F12 samples this was deemed the best fit out of the 

models applied with R2 values of 0.997 and 0.989 respectively, shown in 

Figure 6.16. 

 

 

 

 

 

 

 

 

 

Figure 6.15: First-order release kinetics for MM–F9 to MM–F12,               

with the associated R2 values. 

Figure 6.16: Higuchi release kinetics for MM–F9 to MM–F12,               

with the associated R2 values. 
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6.3.4.3.4 Korsmeyer-Peppas 

The Korsymeyer-Peppas model can typically be applied when the mechanism 

of release is less understood or when multiple mechanisms may contribute, 

such as a combination of diffusion and degradation. It has also been reported 

previously that the fit should be applied for the first 60% of cumulative release 

[205,206]. Figure 6.17 shows the application Korsmeyer-Peppas release 

kinetic model to the formulations with R2 values for MM–F9 and MM–F10 

0.974 and 0.936 respectively, with corresponding n values between 0.5 and 1 

of 0.621 and 0.501. This suggested release occurs through non-Fickian 

transport, which can be attributed to a combination of diffusion and erosion. 

For these samples, this could be associated with the initial swelling period 

alongside disruption of the lower % (w/v) polymer matrix through hydrolytic 

degradation of the PEGDA-DTT macromers utilised. For MM–F11 and MM–

F12, R2 values were 0.982 and 0.970 respectively with n values < 0.5; 0.462 

and 0.426. This suggests release was governed by Fickian diffusion and that 

the process of diffusion of the BSA was driven by the concentration gradient 

between sample and release media.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17: Korsmeyer-Peppas release kinetics for MM–F9 to MM–F12, 

with the associated R2 values. 
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Table 6.7: Overview of R2 and n values for release kinetic models of zero-order, 

first-order, Higuchi and Korsmeyer-Peppas (MM–F9 to MM–F12). 

Fitting of Release Kinetic Models to MM–F9 to MM–F12  

Formulation 

Code 
Zero-Order First-Order Higuchi 

Korsmeyer-

Peppas 

MM–F9 0.804 0.981 0.957 
0.974 

n = 0.621 

MM–F10 0.810 0.974 0.959 
0.936 

n = 0.501 

MM–F11 0.918 0.954 0.997 
0.982 

n = 0.462 

MM–F12 0.893 0.954 0.989 
0.970 

n = 0.426 

 

6.3.4.4 Cryo-SEM Imaging for Visual Comparison of DLP Printed Samples 

Matrix mesh size calculations indicated that morphological changes occur 

within the printed PEGDA-DTT samples. For example, calculated values in all 

cases increased after swelling. For this analysis, sacrificial samples of the  

PEGDA 575/4000 (1:1) blends at 10% and 20% (w/v) (MM–F9 to MM–F12) 

were printed. Imaging at both day 0 (as printed) and then hydrolytically 

degraded has provided a visual confirmation of matrix disruption. The 

influence of the higher Mn blend at lower concentrations with adequate 

SH:acrylate additions showed structural changes after hydrolytic degradation. 

Figure 6.18(a-d) shows examples of samples in the as printed state prior to 

their degraded state in Figure 6.18(e-h). This confirms the findings and 

differences reported previously regarding the swelling ratio and theoretical 

matrix mesh size, which were statistically significantly different to the lower Mn 

PEGDA formulations. For formulations MM–F9 to MM–F12 the ability to create 

more open and disrupted polymer matrix networks, achieved through 

degradation once swelled, led to sustained BSA release. This mechanism of 

achieving release is promising for implantable devices, particularly for long-

term delivery applications where there is potential to avoid the requirement for 
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implant extraction after elution ends. Cryo-SEM imaging has aided in 

demonstrating the effect of changes in formulation composition related to 

comparative matrix characteristics, and importantly release characteristics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18: Cryo-SEM imaging of MM–F9 to MM–F12 samples in the as printed 

state (a-d) and degraded state (e-h) with the corresponding theoretical matrix mesh 

size calculated at day 1. Results denote mean ± S.D. (n = 3). Scale bar 10 µm.  
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6.3.4.5 Texture Analyser Compression Testing for Mechanical Comparison 

of DLP Printed Samples 

A texture analyser was used to provide a mechanical properties comparison 

between samples DLP printed with the formulations prepared within this 

chapter. Samples were evaluated for their compressive Young’s modulus in 

the as printed state and, if applicable, after swelling in PBS at 37°C for 1 day. 

Figure 6.19(a) compares the PEGDA 575 50% (v/v) formulations with 

increasing SH:acrylate ratios (MM–F1 to MM–F4) in the as printed state. 

Significant differences applicable have been shown, with the general trend 

being a decrease in compressive Young’s modulus with increasing 

SH:acrylate content and ranged from 22.5 ± 0.3 to 16.5 ± 1.7 kPa. Figure 

6.19(b) shows the compressive modulus for MM–F4 decreased significantly  

(p < 0.01) from 16.5 ± 1.7 kPa in the as printed state to 13.3 ± 0.3 kPa when 

swelled. This is likely due to increased hydrolytically labile regions and aligns 

with greater changes established in theoretical matrix mesh size. This led to 

increased release of BSA when comparing to the other PEGDA 575 based 

formulations. For MM–F1 to MM–F3 the difference in compressive modulus 

between the as printed and swelled sample state was not significant.  

Figure 6.20(a) compares the compressive modulus determined for the PEGDA 

700 50% (v/v) formulations (MM–F5 to MM–F8) in the as printed state. The 

same trend of decreasing Young’s modulus with increased SH:acrylate ratio 

continued, ranging from 20.2 ± 0.4 to 9.9 ± 0.2 kPa in the as printed state. 

Similarly, to the PEGDA 575 formulations, negligible differences were 

observed for SH:acrylate ratios from 0 – 0.5 (MM–F5 to MM–F7). However, 

MM–F8 with an SH:acrylate ratio of 1:1 corresponded with a statistically 

significant decrease in compressive modulus (p < 0.0001) as shown in Figure 

6.20(b). This potentially provides reasoning why samples fabricated using 

MM–F8 were able to achieve release of BSA for a significantly longer period 

(56 days) than the other PEGDA 700 based formulations. 
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Figure 6.19: (a) Compressive Young’s modulus values for PEGDA 575 50% (v/v) 

samples (MM–F1 to MM–F4) in the as printed state and (b) comparisons between 

as printed and swelled state. Results denote mean ± S.D. (n = 3). 
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Differences between the 10% and 20% (w/v) PEGDA 575/4000 (1:1) 

formulations (MM–F9 to MM–F12) in the as printed state are shown in Figure 

6.21(a), where MM–F11 was statistically significantly different. This was also 

the case when comparing the as printed state to the swelled state with the 

Young’s modulus decreasing from 5.8 ± 0.6 to 4.4 ± 0.3 kPa (p < 0.001) in 

Figure 6.21(b). The other samples did not show any significant difference 

between as printed and swelled. Overall MM–F9 to MM–F12 prepared with 

lower monomer% (w/v) are weaker mechanically in both the as printed and 

swelled state when compared to that of PEGDA 575 and 700 formulations with 

higher monomer content, 50% (v/v) versus 10% and 20% (w/v). This 

information provides additional reasoning for why increased theoretical matrix 

mesh sizes were calculated, leading to release of BSA (70 to 112 days).  

Figure 6.20: (a) Compressive Young’s modulus values for PEGDA 700 

50% (v/v) samples (MM–F5 to MM–F8) in the as printed state and (b) 

comparisons between as printed and swelled state. Results denote 

mean ± S.D. (n = 3). 
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For clinical end applications, a balance between mechanically suitable 

structures for implantation and desirable delivery characteristics in-situ is 

required. These two ideal attributes are, in the case of the PEGDA work 

shown, inversely related. For example, the lower Mn PEGDA with higher % 

(w/v) in formulations and lower SH:acrylate ratios corresponded with higher 

compressive Young’s modulus but largely had limited and unsustained 

release. On the other hand, higher Mn PEGDA formulations with low % (w/v) 

and increased SH:acrylate ratios led to extended release but compromised the 

compressive Young’s modulus. Appendix: Supplementary Information Table 

S.8 provides a summarised table of values reported. Surrounding tissue will 

impart a combination of compressive and tensile loads onto the implanted 

hydrogels [130]. The selection of formulation, and the resulting end 

Figure 6.21: (a) Compressive Young’s modulus values for PEGDA 

575/4000 (1:1) 10% and 20% (w/v) samples (MM–F9 to MM–F12) in 

the as printed state and (b) comparisons between as printed and 

swelled state. Results denote mean ± S.D. (n = 3). 
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implantable structure, would be dependent on the implantation site and 

application. The work contained within this section has highlighted factors that 

must be evaluated further, addressed in Chapter 7. 

6.3.4.6 Influence of Loading (1, 2.5 and 5 mg/mL) on BSA Release  

After establishing the release associated with variation in formulation 

composition prepared for DLP printing and making associations with structural 

characteristics, it was decided to conduct a study to check the effect of protein 

loading. Again, BSA was utilised as the model protein for comparison. The 

previous composition of a PEGDA 575/4000 (1:1) 10% (w/v) blend with a 0.5 

SH:acrylate ratio (MM–F10) and 5 mg/mL BSA loading achieved release over 

an extended time frame of 70 days.  

Figure 6.22(a) shows the cumulative release (%) profiles seen for each loading 

scenario and Figure 6.22(b) cumulative release (µg). Loading of 1, 2.5 and 5 

mg/mL of BSA corresponded with a theoretical loading of 200, 500 and 1000 

µg per printed sample of 10 x 10 x 2 mm. BSA release periods ranged from 

14 to 70 days, with time of release extended with an increase in µg BSA 

encapsulated within a structure. Higher loading corresponds with a higher 

probability of freely available BSA to be released, which is exemplified 

particularly at the initial stages of the release e.g. days 0 to 7. From the results, 

there could be potential to produce delivery devices with a gradient of bioactive 

loading concentration through multi-material printing. For example, more 

central areas of an implant could be loaded with a higher protein concentration 

than the outer region. This would help minimise initially higher uncontrolled 

rates of release and shorten the time period until more constant rates are 

achieved. 
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6.3.4.7 Influence of Geometry of DLP Printed Samples on BSA Release 

As indicated within the literature review, the use of 3D printing has advantages 

of being able to easily change geometries and the ability to print different 

geometries within the same printing cycle [112]. Sections 6.3.1 to 6.3.4.6 

provide narrative for the development of formulations suitable for DLP printing 

and the progression towards achieving release of BSA over sustained periods. 

This was successful and it was decided that changes in surface area to volume 

(SA/V) ratio would be explored, as this has seen previous success for tuning 

release of small molecule APIs. It was also proposed that increased SA would 

allow greater contact between the printed structure and the PBS release media 

it was releasing into and increase interaction with the hydrolytically labile 

regions of the polymer matrix [207].  

Figure 6.22: (a) Cumulative release (%) and (b) cumulative release 

(µg) of BSA for each loading of scenario of 1, 2.5 and 5 mg/mL 

released from PEGDA 575/4000 (1:1) 10% (w/v) 0.5 SH samples 

(MM–F10). Results denote mean ± S.D. (n = 3). 
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Results from the previous sections in this chapter utilised geometry A (block). 

Four additional geometries (B–E) were prepared using PEGDA 575/4000 (1:1) 

20% (w/v) 0.5 SH:acrylate (MM–F12) with 5 mg/mL BSA loading, as outlined 

previously in Section 6.2.3 Table 6.2. Examples of the design patterns and 

printed outcomes are shown in Figure 6.23. 

 

Figure 6.24(a) shows the associated cumulative BSA release as a % of total 

theoretical loading and Figure 6.24(b) shows the cumulative release in terms 

of µg quantity for the geometries A-E prepared. The previously assessed                    

geometry A (block)  with a SA/V ratio of 1.40 acted as a basis for comparison. 

It was observed that geometry E (rod shape) with the highest SA/V ratio of 

2.08 corresponded with the fastest release rates. Due to its smaller volume, 

total release of the BSA encapsulated with 5 mg/mL loading was achieved 

over 42 days. For the samples produced with geometry A (block), the rate of 

release of total loaded BSA (%) remained the longest in duration (91 days).  

 

 

 

 

 

Figure 6.23: Examples of the design patterns for geometries A to E and the 

respective printed outcomes using MM–F12. 
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Figure 6.24: (a) Cumulative release (%) and (b) cumulative release (µg) of BSA 

from geometries A-E (SA/V ratio) printed using PEGDA 575/4000 (1:1) 20% (w/v) 

0.5 SH (MM–F12). Release for the control samples (10 x 10 x 2 mm) acted as a 

reference point. Results denote mean ± S.D. (n = 3) and values in brackets denote 

the respective SA/V calculated for each geometry. 
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6.3.4.8 DLP Printed 3D Structures with a Model Protein (ALP) Encapsulated  

6.3.4.8.1 ALP Release from DLP 3D Printed Structures 

Important factors in achieving and controlling release from the PEGDA-DTT 

based formulations have been explored primarily using BSA. However, as 

mentioned previously in Section 2.3, understanding how proteins with different 

properties could be released was also an industrial desire. This could allow 

further relationships to be made connecting formulation compositions, matrix 

mesh properties and delivery approaches adopted. 

In Chapter 5 LYZ and BSA were able to be released in limited quantities in 

relation to theoretical loading from the sampled printed with the highest Mn 

CG PEGDA formulation. However, there was no significant release detected 

using ALP, the largest nominal size model protein proposed. Hence, since 

BSA release had been achieved and modulated from printed samples using 

MM formulations it was decided it may be possible to release ALP from the 

same structures. Also, the associated PNPP activity assay would help provide 

an insight into activity retention or loss during preparation and fabrication 

stages. In a wider context, this aimed to feed into overall ambitions to 

understand release characteristics for a comprehensive model protein 

database.  

The use of ALP, with a greater nominal size of (~160 kDa, 150 Å) compared 

to that of BSA (~66 kDa, 70 Å), naturally presents more challenges with 

release. It is desirable to understand the influence of biomacromolecule size 

in relation to entrapment or release on an individual basis as well as in the 

context of multi-bioactive delivery systems. Figure 6.25 shows the release of 

BSA and ALP from the same formulation (MM–F10), with 5 mg/mL loading. It 

was anticipated that larger polymer matrix mesh sizes would be required to 

allow for sustained elution of the ALP. MM–F10 was selected due to the 

printed samples having the highest calculated theoretical matrix mesh size out 

of the MM formulations prepared. It is clear that the extent of ALP release 

possible was considerably less (56.6 ± 1.6% of total loaded) from the same 

structure composition and ultimately plateaued after 21 days.  
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6.3.4.8.2 Establishing Activity Retention of ALP Eluted 

For quantifying ALP activity, a PNPP activity assay was used. This importantly 

allowed for assessing the activity retention regarding formulation preparation, 

DLP printing of samples and end ALP elution. Figure 6.26 shows the μmol 

PNP/min/μg ALP values regarding the different time point sample intervals 

assayed in respect to the total protein release, which was conducted more 

regularly on day 1 (0.5, 1, 2, 3, 4 and 24 hours) before measurements taken 

on day 2, 3, 7, 10, 14 and 21. 

Figure 6.25: Comparison of the cumulative release (%) achieved for 

BSA and ALP encapsulated within samples printed using PEGDA 

575/4000 (1:1) 10% (w/v) 0.5 SH (MM–F10). Results denote mean ± 

S.D. (n = 3). 

Figure 6.26: ALP activity quantification represented in μmol PNP/min/μg ALP in 

regard to respective release over 21 days. Results denote mean ± S.D. (n = 3). 
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6.4 Discussion 

In this chapter, progression has been made from utilising formulations for DLP 

printing with a purely CG based mechanism of crosslinking towards MM 

SH:acrylate polymerisation. It was observed that the process of Michael 

addition of DTT (SH component) into the PEGDA (acrylate component) chain 

led to the synthesis of hydrolytically labile PEGDA-DTT macromers. It was 

theorised that the introduction of degradable aspects would lead to release of 

encapsulated model proteins, through partial or full degradation of the polymer 

matrix. Previous literature has shown that higher MW PEGDA, increased 

SH:acrylate ratio implemented and lower % (v/v or w/v) implemented 

correspond with more significant decreases in mechanical properties over time 

[152,195]. Therefore, this was exploited in an effort to achieve and tune 

release of an encapsulated protein from DLP 3D printed structures. 

This concept was proven firstly by samples created using a PEGDA 4000 20% 

(w/v) 0.8 SH:acrylate formulation. However, this formulation was too viscous 

to be DLP printed. As cast samples were instead made and BSA was released 

during degradation over 9 days, supporting the rationale that SH groups would 

be hydrolytically labile. Due to the viscosity issues, pre-print characterisation 

of prepared formulations was conducted using GPC, 1H NMR spectroscopy 

and rheological analysis. Increasing the SH:acrylate ratio overall led to 

increases in overall Mn, Mw and DPI for MM formulations and minimising of 

acrylate NMR peaks, aligning with previous literature [194–196]. All 

formulations (MM–F1 to MM–F12) satisfied the theory that mixed-mode (MM) 

polymerisation mechanisms would be suitable for DLP printing to produce 

implant exemplars and allowed for assessing the release of encapsulated 

model protein(s) from 3D structures. 

It was also theorised that the duration and rate of release would be able to be 

modulated through changes in both PEGDA-DTT polymer concentration and 

SH:acrylate ratios selected. Quantifiable differences in matrix properties were 

established by comparing swelling ratio and theoretical matrix mesh 

approximations using Peppas-Merrill principles [130,156,157]. It was shown 

that the implementation of PEGDA-DTT macromers can significantly impact 

the final printed samples and thus release e.g. total BSA release ranging from 
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70 to 112 days for samples prepared with PEGDA 575/4000 (1:1) blend 

formulations (MM–F9 to MM–F12). Decreasing the selected PEGDA % (w/v) 

whilst increasing the PEGDA Mn and SH:acrylate ratio corresponded with 

greater swelling ratios and theoretical matrix mesh size that contribute to faster 

rates of release. Increasing protein loading also led to increased release and 

allowed longer periods of delivery. Nominal protein size also influences 

release e.g. total BSA release in 70 days compared to 56.6 ± 1.6% ALP 

release over 21 days from samples printed using the same formulation. 

Release profiles were fitted, where applicable, to release kinetic mathematical 

models and the best fit reported to indicate the mechanism of release. The 

influence of formulation on modulating release was prioritised in this thesis, 

but a preliminary study was conducted with five different sample geometries 

of varying SA/V ratios. Further work is needed to establish the effect of design 

changes. 

The activity of ALP release was quantified but was near negligible, meaning 

there are further factors that need to be taken into consideration to protect this 

model protein. This must also be addressed for encapsulation of other 

potential bioactives within similar light-based printing modalities and 

formulations. Whilst the generation and utilisation of free radicals under UV 

irradiation for MM crosslinking mechanisms is typically less than that of CG 

polymerisation, it is likely that this could still be impacting on the ALP activity 

[183]. Therefore, lower concentrations of the photoinitiator could be trialled but 

printing parameters would need to be optimised further and may prevent 

sufficient crosslinking that allows part fabrication. Instead, the exploration of 

purely SG formulations presents a natural progression due to the enhanced 

rate of crosslinking that can be achieved with lower photoinitiator additions e.g. 

0.05% (w/v) LAP; a 10-fold decrease on the LAP used for the formulations in 

this chapter. For example, the use of thiol-ene chemistries such as PEG-

norbornene (PEG-NB) with PEG-SH or enzymatically degradable peptide-SH 

linkages [192]. However, time restrictions to formulate compositions suitable 

for DLP processing meant that this was outside the scope of this thesis. 
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6.5 Conclusions 

The use of low-cost materials and an inexpensive DLP setup has allowed for 

a range of MM PEGDA-DTT formulations to be prepared and printed. 

Fundamental aspects that dictate entrapment or release in relation to matrix 

properties have been evaluated. This included the selection of the starting 

PEGDA/blend MW, % (v/v or w/v), SH:acrylate ratio implemented, protein 

loading (mg/mL) and nominal size. Differences in swelling and theoretical 

matrix mesh size calculated for low MW PEGDA (575 and 700 Mn) 50% (v/v) 

(MM–F1 to MM–F8) formulations versus formulations comprised of a PEGDA 

575/4000 (1:1) blend at 10 and 20% (w/v) (MM–F9 to MM–F12) gave 

reasoning for release characteristics found. Visual differences were confirmed 

through cryo-SEM imaging in the as printed state and degraded state to 

provide further validation. 

Release of BSA (66 kDa, 70 Å) from DLP 3D printed structures was able to be 

achieved for a duration of 3+ months, identified as an industrial need alongside 

new strategies in satisfying controlled and long-term release in Section 2.3. 

This contrasts the CG-based formulation sample results from Chapter 5 

whereby release was limited in both duration and quantity in relation to total 

protein loading. Results gathered through using model proteins in this thesis 

has initiated work towards the potential generation of a novel AM “toolbox” 

guide whereby higher-cost protein therapeutics with similar characteristics 

may be able to be delivered with similar formulations and manufacturing 

approaches.  
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Chapter 7 Discussion and Conclusions 

7.1 Discussion 

This thesis considers firstly the identification of suitable printing modalities that 

facilitate processing of biomacromolecule containing formulations, explored in 

Chapter 4 to 6. Low-cost model proteins of varying size were selected, which 

included lysozyme (LYZ, 14 kDa), bovine serum albumin (BSA, 66 kDa) and 

alkaline phosphatase (ALP, 160 kDa). Proteins were encapsulated during 

printing and allowed for investigation into the factors that govern release of 

proteins from 3D printed constructs, quantified in vitro. There is an opportunity 

to suggest that viable approaches established with model proteins could be 

later adopted for higher cost biological therapeutics with similar 

characteristics. 

Inkjet printing (IJP) was proposed due to previous success documented for 

processing small molecule (Da) containing formulations, with a high degree of 

control in deposition via non-contact droplet formation [105–107]. PEG was 

identified as a suitable material for biomedical applications (hydrophilic, non-

toxic and non-immunogenic), with the diacrylate derivative, PEGDA, allowing 

for crosslinking under UV with the necessary photoinitiator addition 

[128,129,208]. Diluent components of PBS and MQ ultrapure water were used 

in the formulations prepared to allow improved solubility of ALP, which was not 

suitable in PEGDA alone and increased viscosity with increased loading 

concentration. Protein loaded formulations led to jetting issues due to the 

accumulation of debris on the nozzle jet interface likely resulting from the 

protein incorporated and salts in the PBS precipitating out of solution during 

droplet ejection. To combat this a humectant, glycerol, was added as 

previously exploited [166,171,172]. This increased the time until nozzle jet 

blocking occurred, but issues were still prevalent. Challenges encountered 

aligned with past literature and provided explanation as to why attempts at 

biomacromolecule processing via IJP have been less reported [104,168]. This 

could also provide explanation to why IJP has been predominantly used for 

microarrays, immunoassays, thin film production and µm size biosensors 

rather than mm scale sustained release delivery devices [166,169,170]. 



139 
 

DLP printing was proposed as an alternative to IJP. The main rationale for this 

was the avoidance of the requirement for formulations to pass through an 

orifice and the ability to process higher viscosity formulations, which widens 

the applicable materials library [197–199]. A low-cost Anycubic photon mono 

was utilised, with a range of PEGDA Mn selected (575 to 10,000 g/mol) for 

use in formulations prepared for printing via chain-growth (CG) polymerisation. 

Samples were able to be fabricated and the use of DLP printing satisfied the 

technique identification and encapsulation aspect of industrial aim 1. It was 

anticipated that increases in PEGDA Mn would correspond with an increase 

in swelling ratio and theoretical matrix mesh size, which was calculated using 

Peppas-Merrill principles [130,156,157]. Whilst release of LYZ and BSA was 

achieved from the higher Mn PEGDA formulations at 20% (w/v) (CG–F4 to 

CG–F6), reliance on swelling and diffusion alone meant release was limited, 

even when protein loading was increased from 1 to 5 mg/mL. 

In Chapter 6, it was proposed that the incorporation of a degradable 

component into formulations, to disrupt and breakdown the printed polymer 

matrices, when swelled, would allow sustained release. PEGDA-DTT 

macromers with varying SH:acrylate ratios were synthesised and allowed 

fabrication of samples via DLP printing using a mixed-mode (MM) 

polymerisation mechanism [195]. Significant changes in swelling ratio and 

theoretical matrix mesh size approximations were established when 

comparing the as printed and swelled (hydrolytically degraded) sample state. 

The quantified values were used as a means for comparison between sample 

sets and were validated by visual imaging using cryo-SEM. Release rate and 

duration was modulated through changes in the PEGDA-DTT compositions, 

suitable for DLP, and validated industrial aim 1. Decreasing the PEGDA 

content in a formulation whilst increasing the PEGDA Mn and SH:acrylate ratio 

contributed to firstly achieving total BSA release, and the ability to tune 

delivery. Samples comprised of a PEGDA Mn 575/4000 blend at 10% and 

20% (w/v) with 0.25 and 0.5 SH:acrylate ratios allowed the delivery period to 

be adjusted between 70 to 112 days. This satisfied industrial aim 3 for long-

term and controlled protein release over 1 to 3+ months. Differences in release 

profiles were related to previously established polymer matrix properties and 
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release kinetic models, to check the mechanism of release as deemed 

important to identify in industrial aim 2. This confirmed that higher swelling 

ratios and increased matrix mesh sizes, in relation to the printed structures 

after degradation in PBS at 37°C, corresponded with total release of the BSA 

loaded. 

Understanding the effect of different biomacromolecule properties, e.g. 

nominal size, on end release characteristics is important in the wider context 

of delivering biological therapeutics. A preliminary study encapsulating ALP 

within the MM formulations provided an initial validation of industrial aim 4. 

However, a wider library of model proteins is required to inform future 

decisions regarding the best protocols to adopt for delivering a diverse range 

of biological therapeutics, which was an identified industrial ambition. The 

consolidation of multiple bioactives within one dosage form or 

compartmentalised within implantable devices for autonomous controlled 

release has promise to improve patient adherence to treatment plans by 

minimising the self-administering burden and enhancing therapeutic benefit 

[209,210]. 

The work presented in this thesis has demonstrated the feasibility of utilising 

a 3D printing method, DLP, for encapsulation and subsequent release of 

biomacromolecules that can be modulated through changes in formulation 

decisions. Establishing the requirements for printing and influence of matrix 

properties in relation to protein delivery from 3D printed structures was 

prioritised. Importantly, the over-arching framework, developed through an 

experimental approach, has been successful in highlighting the dominating 

factors governing end release characteristics. The implementation of DLP has 

shown the flexibility and novelty that 3D printing approaches can allow. This is 

particularly beneficial in the development of biological therapeutics and the 

optimisation of strategies for their delivery. On-demand manufacturing could 

also allow for flexible dose adjustments and thus personalised medication 

plans. 
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7.2 Future Work Proposed 

The suggested work in this section focuses on areas of the thesis that were 

not able to be addressed due to time restrictions and would be recommended 

to investigate further. 

In the first instance, the implementation of model proteins with a range of 

attributes to compare differences in associated release was planned. A 

decision was made to prioritise BSA to allow for progression to be made in 

terms of comparing the effect of formulation changes in end fabricated sample 

structure, and ultimately influence of this on the release profile. However, 

expansion of the model protein library, with different physiochemical 

properties, was an identified industrial desire. The DLP process used in this 

thesis appears to be feasible for encapsulating biomacromolecules within 

photopolymerised formulations for subsequent release and analysis. Process 

suitability for bioactives, such as protein therapeutics, should be considered 

on a case-by-case basis. 

Dithiothreitol (DTT) was used for a proof of concept study in Chapter 6, but the 

modification of synthesised SH:acrylate macromers with different SH 

components could also be considered e.g. use of enzymatically degradable 

linkages. Additionally, progression towards SG polymerisation-based 

formulations has promise to achieve more homogenous crosslinked networks 

with greater flexibility in property tuning and faster rates of crosslinking using 

lower photoinitiator additions e.g. 0.05% (w/v) instead of 0.5% (w/v). For 

example, PEG-Norbornene (PEG-NB) functionalities with a degradable SH 

component would meet this criteria [192,211,212]. Minimising free radical 

production could also benefit activity retention of biologics incorporated [183]. 

For this thesis, SG functionalities were not explored due to the associated 

costs of commercially supplied materials in relation to the quantities needed 

for multiple DLP printing trials. Instead, understanding key intrinsic properties 

(swelling and theoretical matrix mesh size) of printed PEGDA based samples 

was prioritised to build data relationships between different sample 

compositions for understanding what governs release from 3D printed 

constructs. 
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Focus was placed on identifying a suitable AM technique capable of 

processing protein containing formulations and understanding the effect of 

formulation changes on delivery device fabrication and in vitro release. The 

influence of changes in geometry was only briefly explored through variations 

in SA/V ratio in Chapter 6.3.4.7. Other areas to consider would be the use of 

loading gradients, such as lower loading/no loading in outer regions of a device 

to minimise faster release in the early phase of delivery (day 0 to 3), or material 

gradients e.g. stiffer regions to prevent flex/breakage upon implantation. The 

ability to combine multiple bioactives within a singular delivery device with 

potentially different release profiles e.g. anti-inflammatory release followed by 

growth factor delivery, would also be highly beneficial. DLP systems with multi-

material capability are becoming more established and could offer 

opportunities to refine biologic release through increasing delivery device 

functionality [178,213]. 

Technological advancements in AM/3D printing continue to occur, allowing for 

scope to have greater control over bioactive release to achieve desired dosing 

and maximise therapeutic benefits. A simple suggestion could be the adaption 

of a DLP printing setup to allow smaller scale material trials e.g. use of smaller 

vats and printing platforms to print with more expensive materials, which would 

also be beneficial when using higher-cost biological therapeutics at early-

stage development. Alternatively, printing methods capable of processing 

higher viscosities, such as CAL systems, could be investigated [214,215]. This 

would extend the materials choices, and thus formulations that could be 

prepared and exploited to gain an enhanced regulation of end delivery. Also, 

the use of SG chemistries combined with this AM technique could allow for 

rapid on-demand fabrication of bioactive encapsulated structures for 

implantation. 

A combination of experimental and modelling approaches, to understand 

release from 3D printed constructs, would also aid the continual progression 

towards end application use. Identifying applicable formulations and delivery 

device designs that allow the intended release of specific biological 

therapeutics, based upon known characteristics, would assist in the 

development of in vitro in vivo correlations. This has potential to eventually 
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reduce requirements to conduct costly experimental testing at the initial stages 

of delivery device development, which is desirable for industry. For example, 

creation of predictive models that identify suitable formulations dictated by 

properties of the encapsulated bioactive(s), final device structure requirement 

and end delivery profile(s) desired in relation to release rate and time frame. 

Due to time restrictions, it was decided that one set of physiological conditions 

would be considered for the swelling and release studies. This was conducted 

at pH 7.4 and 37°C to simulate the upper arm subcutaneous tissue region [57]. 

However, a range of environmental conditions could be evaluated in relation 

to intended implantation sites and further experimental repeats would be 

required before progressing towards in vivo studies [216]. Further mechanical 

testing and physical manipulation could also be assessed. In this thesis, a 

compression test was deemed suitable to provide a comparison between 

samples in the as printed and swelled state. However, additional tests such as 

clinical manipulation (pushing, pulling and folding) could be considered in 

terms of requirements for administration [194]. 

7.3 Summarising Statement of Research Purpose and Novelty 

To date, the majority of success for 3D printed therapeutic delivery devices 

has been previously seen for small molecule (Da) release but is not currently 

reflected for larger biomacromolecules (kDa). As a result, this prompts the 

exploration into the viability of 3D printing as a manufacturing route to address 

the delivery of challenging biomacromolecules. The novelty in the research 

proposed places focus on firstly the identification of a suitable AM technique 

that allows bioactive encapsulation during printing followed by parameter 

optimisation. Materials selection and formulations prepared must be able to be 

processed by the printing modality, but importantly allow for a defined level of 

control over desired end release characteristics. The intention behind this is to 

develop informed insight into how to harness manufacturing method(s) 

identified alongside requirements regarding formulation preparation and 

processing to produce a 3D printed biomacromolecule delivery device.  

Fundamentally, the research in this thesis encompasses the primary 

influencing factors when processing biomacromolecules throughout the 
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required steps involved in delivery device fabrication using AM. This includes 

stages from initial addition to a formulation, printing and final elution. As a 

result, if these aspects can be better understood using a model protein(s) there 

is an opportunity to suggest that similar approaches could be adopted for 

higher cost protein therapeutics with similar characteristics. Ultimately, this 

development process could be conducted in the future for a library of different 

proteins to create novel formulations that are adapted to other biologics and 

be a first step in patient-centred drug delivery.  
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Appendix: Supplementary Information  

Example of a PNP Product Curve for the ALP PNPP Activity Assay 

 

 

 

 

 

 

 

 

 

 

 

Example of a Bradford Assay Standard Curve using BSA 

 

 

 

 

 

 

 

 

 

 

 

Figure S.1: Example standard curve for the ALP PNPP assay                

(R2 > 0.95), where one absorbance value is equal to 20.02 ± 0.15. 

Curve used to convert plate reader outputs (absorbance at 405 nm) 

to known concentrations of PNP product. 

Figure S.2: Example standard curve for the Bradford 

assay using a range of BSA concentrations (R2 > 0.95). 

Curve used to convert plate reader outputs (absorbance 

at 595 nm) to a known concentration of BSA (μg/mL). 
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NMR Peak Summation for the PEGDA Mn Selection 

 

 

 

 

 

 

 

 

Figure S.3: NMR spectra prepared for the range of PEGDA used (Mn 575 to 

10,000), allowing summation of the integrated peaks (acrylate and EG) for the 

corresponding values presented in Table 5.3. 
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Mass Swelling Data Collected for CG–F1 to CG–F6 to Calculate 

Swelling Ratio and Theoretical Matrix Mesh Size (Day 1 Example) 

Table S.1: Raw data values, mass (g) for CG–F1 to CG–F6, used to 

calculate swelling ratio and theoretical matrix mesh size results presented in 

Table 5.5. Swelling ratio and theoretical matrix mesh size calculated using 

Equation 3.3 and Equation 3.8. *Values reported to 2 d.p, ** values reported 

to 1 d.p. Results denote mean ± S.D. (n = 3). 

CG-F1 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.423 0.440 0.248 

B 0.475 0.493 0.279 

C 0.441 0.464 0.263 

Mean 0.446 0.466 0.263 

Standard 

Deviation 
0.022 0.022 0.013 

 

CG-F1 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 0.78 3.3 

B 0.77 3.3 

C 0.76 3.3 

Mean 0.77 3.3 

Standard Deviation Negligible Negligible 
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CG-F2 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.367 0.401 0.195 

B 0.363 0.400 0.194 

C 0.323 0.356 0.164 

Mean 0.351 0.386 0.184 

Standard 

Deviation 
0.020 0.021 0.014 

 

CG-F2 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 1.06 4.5 

B 1.06 4.5 

C 1.17 5.0 

Mean 1.10 4.7 

Standard Deviation 0.05 0.2 

 

 

 

 

 

 

 

 



176 
 

CG-F3 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.304 0.399 0.079 

B 0.306 0.394 0.077 

C 0.308 0.415 0.078 

Mean 0.306 0.402 0.078 

Standard 

Deviation 
0.002 0.009 0.001 

 

CG-F3 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 4.03 17.6 

B 4.13 17.9 

C 4.33 18.7 

Mean 4.16 18.1 

Standard Deviation 0.13 0.5 
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CG-F4 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.383 0.542 0.057 

B 0.409 0.569 0.059 

C 0.406 0.557 0.062 

Mean 0.399 0.556 0.059 

Standard 

Deviation 
0.012 0.011 0.001 

 

CG-F4 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 8.49 45.8 

B 8.62 46.3 

C 8.03 43.7 

Mean 8.38 45.3 

Standard Deviation 0.25 1.1 
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CG-F5 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.237 0.608 0.050 

B 0.206 0.630 0.045 

C 0.288 0.635 0.052 

Mean 0.244 0.624 0.049 

Standard 

Deviation 
0.034 0.012 0.003 

 

CG-F5 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 11.1 67.2 

B 12.97 75.8 

C 11.14 69.1 

Mean 11.74 70.7 

Standard Deviation 0.87 3.7 
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CG-F6 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.198 0.475 0.033 

B 0.200 0.445 0.032 

C 0.199 0.469 0.033 

Mean 0.199 0.463 0.033 

Standard 

Deviation 
0.001 0.013 0.001 

 

CG-F6 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 13.56 85.1 

B 13.12 82.9 

C 13.04 82.4 

Mean 13.24 83.5 

Standard Deviation 0.23 1.2 

 

Data displayed for calculations regarding samples at Day 1. Full data set for 

each individual time point available on request. 
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Example of NMR Acrylate Peak Reduction with Increasing SH:Acrylate 

Ratios for MM–F5 to MM–F8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S.4: Representative NMR spectra for PEGDA 700 50% (v/v) 

formulations (MM–F5 to MM–F8), showing peak comparison and 

decreasing acrylate signal corresponding with increasing SH content. 

All spectra scaled identically. 
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Example of NMR Acrylate Peak Reduction with Increasing SH:Acrylate 

Ratios for MM–F9 to MM–F12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S.5: Representative NMR spectra for PEGDA 575/4000 (1:1) 

10% and 20% (w/v) formulations (MM–F9 to MM–F12), showing peak 

comparison and decreasing acrylate signal corresponding with 

increasing SH content. All spectra scaled identically. 
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Mass Swelling Data Collected for MM–F1 to MM–F12 to Calculate 

Swelling Ratio and Theoretical Matrix Mesh Size (Day 1 Example) 

Table S.2: Raw data values, mass (g) for MM–F1 to MM–F12, used to calculate 

swelling ratio and theoretical matrix mesh size presented in Table 6.6. The equation 

of a straight line, shown in Figure 5.13 (y = 0.6375x – 4.251, R2 = 0.99), was used 

to approximate matrix mesh sizes (y) using calculated swelling ratios (x). *Values 

reported to 2 d.p, ** values reported to 1 d.p. Results denote mean ± S.D. (n = 3). 

MM-F1 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.260 0.294 0.143 

B 0.270 0.298 0.149 

C 0.272 0.309 0.149 

Mean 0.267 0.300 0.147 

Standard 

Deviation 
0.005 0.006 0.003 

 

MM-F1 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 1.06 2.7 

B 1.01 2.3 

C 1.08 2.8 

Mean 1.05 2.6 

Standard Deviation 0.03 0.2 
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MM-F2 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.279 0.307 0.153 

B 0.281 0.317 0.156 

C 0.279 0.310 0.154 

Mean 0.280 0.312 0.154 

Standard 

Deviation 
0.001 0.004 0.001 

 

MM-F2 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 1.01 2.3 

B 1.04 2.5 

C 1.01 2.4 

Mean 1.02 2.4 

Standard Deviation 0.01 0.1 
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MM-F3 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.254 0.309 0.147 

B 0.259 0.316 0.150 

C 0.247 0.305 0.143 

Mean 0.253 0.310 0.147 

Standard 

Deviation 
0.005 0.004 0.003 

 

MM-F3 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 1.10 2.9 

B 1.10 2.9 

C 1.14 3.2 

Mean 1.11 3.0 

Standard Deviation 0.02 0.1 
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MM-F4 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.263 0.355 0.145 

B 0.276 0.375 0.151 

C 0.267 0.366 0.146 

Mean 0.269 0.366 0.147 

Standard 

Deviation 
0.006 0.008 0.003 

 

MM-F4 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 1.45 5.0 

B 1.49 5.2 

C 1.50 5.3 

Mean 1.48 5.2 

Standard Deviation 0.02 0.1 

 

 

 

 

 

 

 

 



186 
 

MM-F5 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.265 0.328 0.139 

B 0.261 0.319 0.137 

C 0.264 0.334 0.138 

Mean 0.264 0.327 0.138 

Standard 

Deviation 
0.002 0.006 0.001 

 

MM-F5 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 1.37 4.6 

B 1.33 4.4 

C 1.42 5.0 

Mean 1.37 4.7 

Standard Deviation 0.04 0.2 
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MM-F6 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.270 0.356 0.142 

B 0.272 0.363 0.146 

C 0.262 0.354 0.142 

Mean 0.268 0.357 0.143 

Standard 

Deviation 
0.004 0.004 0.002 

 

MM-F6 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 1.50 5.5 

B 1.49 5.4 

C 1.50 5.5 

Mean 1.49 5.4 

Standard Deviation 0.01 Negligible 
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MM-F7 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.272 0.337 0.136 

B 0.282 0.380 0.140 

C 0.264 0.376 0.137 

Mean 0.273 0.378 0.137 

Standard 

Deviation 
0.007 0.002 0.002 

 

MM-F7 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 1.78 7.3 

B 1.71 6.8 

C 1.75 7.1 

Mean 1.75 7.1 

Standard Deviation 0.03 0.2 
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MM-F9 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.252 0.312 0.026 

B 0.268 0.328 0.028 

C 0.246 0.294 0.026 

Mean 0.255 0.311 0.027 

Standard 

Deviation 
0.001 0.014 0.001 

 

MM-F9 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 10.81 64.7 

B 10.77 64.5 

C 10.43 62.3 

Mean 10.67 63.9 

Standard Deviation 0.17 1.1 
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MM-F10 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.215 0.292 0.023 

B 0.219 0.272 0.022 

C 0.210 0.256 0.022 

Mean 0.215 0.273 0.022 

Standard 

Deviation 
0.004 0.015 0.001 

 

MM-F10 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 11.64 70.1 

B 11.30 67.9 

C 10.77 64.5 

Mean 11.24 67.5 

Standard Deviation 0.36 2.3 
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MM-F11 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.209 0.254 0.036 

B 0.219 0.277 0.036 

C 0.215 0.261 0.037 

Mean 0.213 0.264 0.036 

Standard 

Deviation 
0.003 0.009 0.001 

 

MM-F11 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 6.03 34.3 

B 6.75 38.9 

C 6.03 34.3 

Mean 6.27 35.8 

Standard Deviation 0.34 2.2 
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MM-F12 Raw Data 

Sample 
Mass (g) 

As Printed 

Mass (g) 

As Swelled  

Day 1 

Mass (g) 

As Dried 

A 0.218 0.309 0.036 

B 0.222 0.300 0.039 

C 0.231 0.313 0.040 

Mean 0.224 0.307 0.038 

Standard 

Deviation 
0.005 0.006 0.002 

 

MM-F12 Calculated Matrix Properties 

Sample 
Swelling Ratio 

Day 1 * 

Theoretical Matrix 

Mesh Size Day 1  

(Å) ** 

A 7.71 45.1 

B 6.70 38.6 

C 6.74 38.8 

Mean 7.05 40.8 

Standard Deviation 0.47 3.0 

 

Data displayed for calculations regarding samples at Day 1. Full data set for 

each individual time point available on request. MM–F8 formulation not 

analysed due to difficulties in producing samples, which were prioritised for the 

release study. 

 

 

 

 



193 
 

Compressive Young’s Modulus Values for Samples Printed using MM–

F1 to MM–F12 

Table S.3: Overview of the compressive Young’s modulus for samples comprised of 

MM–F1 to MM–F12 in the as printed and as swelled at day 1 state. Results denote 

mean ± S.D. (n = 3). 

Formulation Code 

Compressive Young’s 

Modulus (kPa) As 

Printed 

Compressive Young’s 

Modulus (kPa) As 

Swelled at Day 1 

MM–F1 22.5 ± 0.3 22.4 ± 0.3 

MM–F2 21.0 ± 0.6 20.9 ± 0.5 

MM–F3 19.6 ± 0.3 19.6 ± 0.5 

MM–F4 16.5 ± 1.7 13.3 ± 0.3 

   

MM–F5 20.2 ± 0.4 20.1 ± 0.2 

MM–F6 20.0 ± 0.3 19.7 ± 0.1 

MM–F7 18.3 ± 0.7 18.1 ± 0.2 

MM–F8 9.9 ± 0.2 6.3 ± 0.4 

   

MM–F9 4.2 ± 0.1 4.0 ± 0.1 

MM–F10 4.1 ± 0.2 Not able to be tested. 

MM–F11 5.8 ± 0.6 4.4 ± 0.3 

MM–F12 4.6 ± 0.2 4.3 ± 0.2 

 


