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Abstract 

Osteoarthritis (OA) is a disease that is characterised by the progressive erosion 

of articular cartilage, synovial inflammation, subchondral bone remodelling, 

and osteophyte formation. Osteoarthritis is a leading cause of disability and 

affects over 500 million people world-wide. There is a lack of disease modifying 

anti-osteoarthritic drugs (DMAODs) which means the disease pathobiology 

cannot be stopped, resulting in existing treatments having transient efficacy and 

being focused mainly on symptom management. Pro-inflammatory signalling 

is a key driver of OA progression at the early stages of the disease and is the 

result of an imbalance in M1 and M2 macrophage signalling. Regenerative 

medicine approaches for OA have historically neglected to target inflammation 

and osteochondral tissue engineering still remains elusive. An early intervention 

therapy promoting M2 macrophage polarisation may balance immune 

signalling in the osteoarthritic joint and decelerate OA progression to retain 

cartilage tissue that would otherwise be irreversibly lost.  

The controlled release of cytokines from an implantable biomaterial to promote 

M2 macrophage polarisation in-vivo is a possible strategy to achieve this goal. 

The aims of this thesis were to generate hydrogels that exhibited the controlled 

release of an M2 promoting cytokine for a clinically relevant period of time, 

that were a synthetic, 3D printable material with the capacity to be up-scale 

manufactured. 

The work in this thesis was subdivided into three sections. Firstly, affinity 

hydrogels were cast using ultraviolet (UV) photocrosslinking and protein 

release was characterised for 70 days using the model protein lysozyme. A 



ii 

 

linear release trend was observed in hydrogels containing 5% w/v 3-sulfopropyl 

acrylate (SPAK) and 10% w/v poly (ethylene glycol) diacrylate (PEGDA), with 

the bioactivity of released lysozyme being over 50% after 2 months of in-vitro 

release.  

Hydrogel size and loading concentration were then scaled down for the in-vitro 

release of interleukin-4 (IL-4), in which 5% SPAK 10% PEGDA exhibited 

sustained release in the ng/mL concentration range for 73 days. To assess the 

bioactivity of released IL-4, conditioned media from IL-4 in-vitro release time 

points was used to promote M2 polarisation of THP-1 macrophages to model 

immunomodulation in osteoarthritis. It was determined that IL-4 released from 

as late as 53 days was capable of inducing an M2-like polarisation state as 

evidenced by secretion of CCL-18, CCL-22 and increased Mannose receptor 

surface expression. Media conditioned by 5% SPAK 10% PEGDA hydrogels 

did not decrease the viability of THP-1 macrophages in comparison to 

monolayer controls. In the presence of an M1 promoting stimulus, direct 

incubation of IL-4 releasing SPAK PEGDA hydrogels with THP-1 

macrophages enhanced the secretion of TNF-α and IL-6.  

Finally, 5% SPAK 10% PEGDA hydrogels were 3D printed using digital light 

projection additive manufacturing. The release rate of lysozyme from a porous 

hydrogel design was compared to that of a non-porous design in effort to show 

proof-of-concept for the fine tuning of protein release rate using 3D printed 

hydrogel architecture with different surface area to volume ratios. 

In summary, SPAK PEGDA hydrogels have been shown to be a promising 

material for electrostatic controlled protein release. Future studies may further 
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utilise 3D printing for controlled release targeting immunomodulation in 

osteoarthritis and in other broader regenerative medicine applications such as 

implantation into large animal models of osteoarthritis. 
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Impact statement: Covid-19 and logistical delays 

From the formal start of this project in October 2019, there have been multiple 

interruptions that negatively impacted its progress. The interruptions can be 

subdivided into three events. The first was a building move occurring at the very 

start of the project which took multiple months to complete and delayed the start 

to data collection. The second was the global Covid-19 pandemic in March 2020 

which caused the shutdown of the entire university and meant that laboratory 

and campus access was lost for 6 months. The third was working with Covid-

19 restrictions including reduced laboratory and office access, shortages of 

personal protective equipment and consumables, and logistical delays in 

training and inductions which all reduced the maximum productivity that was 

achievable in the academic year 2020-2021.  

A 6 month extension was added to the project by the University Of Nottingham 

School Of Pharmacy, but the total amount of time lost is an estimated 9-12 

months. The exact delays caused by these events are described in more detail 

within this section. 

Building move to Biodiscovery institute 3 

From mid October 2019 the Regenerative Medicine and Cellular Therapies 

division moved from the Centre for Biomolecular Sciences to the Biodiscovery 

institute 3 (BDI3). The moving process and time taken for laboratories to 

become operational was originally expected to be 4 weeks.  

In actuality most laboratories were not operational until the middle of December 

2019 or New Year 2020. Each lab had to “go live” for work to be started in it 

and each room required a separate induction as well as an induction for each 
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floor. Many rooms took a great deal of time longer to “go live” than expected.  

Many groups moved to the BDI3 simultaneously and all workers needed 

inductions, the room and floor inductions were oversubscribed and it was 

common to wait multiple weeks for popular room inductions (D and B floors).  

All existing Risk assessments needed to be re-written using the new BDI 

template with amendments for new BDI waste disposal routes. Each new RA 

then had to be individually approved which also resulted in delays for specific 

experiments to be started.  

In totality the building move to BDI3 and time taken for most main laboratories 

to be live with new workers fully inducted and RAs signed off took until 

Christmas of 2020. This process delayed laboratory work for approximately 8 

weeks. 

Covid-19 lockdown and university closure 

On 17.3.20 the University of Nottingham shut down for the Covid-19 pandemic. 

During this period of time there was no laboratory or university access and the 

only work possible was to read or write from home.  

There was a phased return to work at the BDI based on a system of priority in 

which high priority workers returned to work as soon as possible, medium 

priority workers returned in June 2020 and low priority workers returned in 

September 2020. PhD students who started in October 2019 were categorised 

as “low priority” and were only allowed to return at the latest possible stage.  

The total time spent without university access was approximately 6 months 

from 17.3.20 to 14.9.20. This meant that at the start of 2nd year PhD less than 3 

months of laboratory work had been possible. 
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Restricted lab access and reduced hours  

Upon the return to work there was a number of Covid-19 safety measures in 

place including social distancing, reduced building occupancy, restricted 

working hours, restricted lab access and the closure of shared offices. 

To adhere to the 2m social distancing safety measure, all university laboratories 

were divided into zones which were bookable by one lab user at a time. This 

meant that laboratories previously containing 10-15 workers when full had the 

maximum reduced to 4 or even 3 workers for much of the year (B211 BDI3, 

D36 BSB). After multiple months the maximum number of workers for each 

lab was eventually increased by 1 when distancing was reduced to 1m+ which 

slightly improved accessibility.  

Working hours for BDI3 and Boots Science Building (BSB) were reduced to 

0700-2200 and 0800-1600 respectively. BDI3 had a finite number of bookable 

out-of-hours slots but shortages of first aid staff meant that at times the number 

of out-of-hours access slots was suddenly reduced. BSB had no available out-

of-hours, making the planning of experiments difficult with reduced occupancy 

also limiting access.  

Training for equipment that would have previously taken place in groups had to 

be done one-to-one, meaning trainers had to conduct separate training sessions 

for each new student. To adhere to the reduced lab occupancy rules this required 

the booking of two laboratory zones simultaneously which made the potential 

times training could be done even less available. Some equipment trainers were 

described as “isolating” which meant there was lesser availability and remaining 
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trainers were oversubscribed. This resulted in students waiting much longer to 

receive training on new equipment and techniques. 

In winter 2020, the bay containing the glove box was unable to be booked for 3 

weeks because the booking system for D36 has been fully booked up in 

advance. The glove box is used to create hydrogels used for every experiment 

in this project, so this delay prevented the start of any new data collection for 3 

weeks. 

In May 2021, training for ELISA was delayed for 1 week because training 

couldn’t be provided at the same time as another student due to Covid-19 lab 

occupancy restrictions.  

Delays in procurement of reagents and assay kits  

The purchasing of chemicals and assay kits required for experimental output 

was often delayed during the Covid-19 period.  

Prior to the pandemic, orders from large scale suppliers such as Sigma Aldrich 

often arrived within the same week of ordering. After returning from lockdown, 

orders often took multiple weeks to arrive which significantly hinders the start 

of new experiments and the finishing of ongoing experiments.  

Throughout all of 2020 and 2021 the University of Nottingham finance team 

were “under-staffed due to Covid-19”, resulting in the approval of requisitions 

and the sending of orders to suppliers being delayed in a backlog. 

Delays are also likely to have arisen from inefficiencies in the supply chain. 

Delivery drivers who have contracted Covid-19 having to isolate would mean 

there is an understaffing at choke points in the supply chain. 
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In February 2021, the procurement of PEGDA from Sigma Aldrich took over 3 

weeks. This chemical is used to form hydrogels for all experiments in this 

project and the start of new experiments had to be delayed until its arrival. Prior 

to Covid-19, orders would often come within the same week of ordering.  

In March 2021 the procurement of TGF-β1 ELISA assays took over 2 weeks 

which delayed the analysis of on-going controlled release experiments. Without 

analysing the data from this experiment it was not possible to refine the plan for 

upcoming experiments as this was during a period of process optimisation. 

Consumable shortages 

At multiple points since the pandemic, there has been shortages of consumables 

required for almost all experiments in the BDI and some of which were essential 

PPE for Covid-19. This included industrial methylated spirits, 1mL pipette tips, 

200uL pipette tips, nitrile gloves, assay plates, centrifuge tubes, and Eppendorf 

tubes.  

Other than supply chain issues, the likely cause of these shortages is that the 

supply of laboratory consumables was being redirected to high throughput 

Covid-19 testing laboratories which have been performing quantitative-PCR en 

masse throughout the year to diagnose Covid-19 at the University testing 

service, in which all the aforementioned one-time-use consumables are needed 

for PPE and for the PCR test itself.  

Notable instances when consumable shortages delayed data acquisition were: 

Booking the lab to do ELISA on a day when there was no 200uL tips in all of 

BDI3. The lab then had to be re-booked at the next possible slot which caused 

multiple days of delay 
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Booking the lab on days with severe IMS shortages in BDI3. This was used to 

clean each work station before and after use as a Covid-19 safety measure, work 

was considered as unsafe and students were told to reschedule their experiments 

which caused multiple days of delay. This happened multiple times. 

Delays in joining Life sciences lab 

As a Covid-19 safety measure, all new starters in School of Life sciences 

laboratory B137 had to order labcoats new from the supplier. The rationale 

being that the spare coats which would have previously been worn by other new 

starters had increased risk of Covid-19 transmission. 

Supply chain issues in receiving the new labcoats meant that there was a 2 

month wait for the delivery (11/6/21 – 26/8/21). This resulted in a 2 month delay 

in starting work in B137 when prior to Covid-19 measures, work would have 

been able to start immediately.  

Contraction of Covid-19 and subsequent isolation 

On Friday the 25th of February 2022 I tested positive for Covid-19 via the 

university testing service. Following direct advice from the University of 

Nottingham Covid-19 testing service, I isolated at home for a minimum of 5 

days and until testing negative twice by lateral flow. 

It took 7 days to test negative by lateral flow and for symptoms to disappear, 

resulting in 1 week of lost time in the lab. 
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Chapter 1 - Introduction 

1.1 Osteoarthritis 

Osteoarthritis (OA) is a debilitating, painful1 and incurable disease2 that is 

characterised by the progressive degradation of articular cartilage3, synovial 

inflammation, subchondral bone remodelling, and osteophyte formation4–7. OA 

patients frequently feel stiffness and pain in affected joints and OA in the hip, 

knee or ankle causes pain during weight bearing which significantly reduces 

mobility8. OA is considered a leading cause of disability9, affecting over 20% 

of people aged over 4010, and close to 50% of people over 6511, with an 

estimated 500 million cases worldwide12.  

Generally, the risk factors for developing OA are increasing age and obesity13–

16. OA may also be induced by joint injury17,18, and women are more likely to 

develop OA than men19. There is thought to be a genetic component to increased 

risk in OA development20 but this has previously been observed more in hand 

OA in comparison to symptomatic knee OA21,22. There is a lack of disease 

modifying anti-osteoarthritic drugs (DMAODs)23,24 which means the 

pathobiology of OA cannot be actively stopped25, making OA treatment options 

more focused to pain and symptom management26. OA patients frequently rely 

on analgesics to relieve mechanically induced pain during movement and also 

to relieve neuropathic pain that can be felt even while sedentary27,28. The 

financial cost of treating OA puts a significant burden on healthcare, in 2010 it 

was estimated that hip and knee replacements cost over £850 million in the UK29 

and that the use of non-steroidal anti-inflammatory drugs (NSAIDs) cost close 
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to £50 million. OA also has indirect financial costs that affect the patient 

individually and have larger socio-economic ramifications30. Such costs occur 

from the days of work missed by OA sufferers due to disability and the cost of 

providing social care to OA patients30–32.  

The cost burden of OA is expected to increase with every passing year because 

we have an increasingly aged society which means age related diseases will 

continue to become more frequently seen33–35, and the obesity epidemic means 

more people have a high risk of developing OA35,36. In Australia alone, 

predictive modelling expects the cost of hip and knee replacements to reach over 

5 billion dollars by 203037.  

Considering the prevalence, socio-economic cost, lack of DMAODs, and 

predictive modelling associated with OA, it is imperative that continued 

research and development is carried out in order to produce advanced 

osteoarthritis therapies to improve patient quality of life. 

1.2 The role of Inflammation in the pathobiology of 

osteoarthritis 

The exact events that initially trigger OA pathobiology are still not fully 

understood on a molecular level. Synovial inflammation is present at the early 

and late stages of the disease and is associated with increased risk of disease 

progression38,39. Synovitis is thought to occur before visible signs of cartilage 

loss are seen and persistent pro-inflammatory signalling from cells in the innate 

immune system actively drives the pathobiology of OA40,41. The macrophage is 

the most abundant immune cell in the synovium and has a pivotal role in 
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orchestrating immune signalling based on its polarisation state42. In a quiescent 

state macrophages are described as M0. M1 and M2 was historically used to 

describe conventional and alternative activation states of macrophages 

following exposure to T-helper 1 (Th1) or T-helper-2 (Th2) cytokines43. M1 

and M2 are now used to describe the extreme ends of a spectrum of polarisation 

states that are exhibited in response to environmental stimuli (polarisation states 

discussed in more detail in section 1.7). Polarisation states that are M1-like and 

M2-like then promote pro-inflammatory and anti-inflammatory signalling 

respectively44.  

In 2018, Liu et al. reported that there was an imbalance in M1 and M2 

macrophages in synovial fluid from OA patients compared to healthy controls.  

The imbalance favoured pro-inflammatory M1 signalling and correlated to the 

Kellgren-Lawrence grading score of OA severity45. Similarly, Gómez-

Aristizábal reported increased CD16 positive macrophages in OA synovial fluid 

that correlated with pro-inflammatory C-C motif chemokine ligand 2 (CCL-2) 

and symptom severity of the affected joint46. In 2019, Wang et al. used 

computational modelling and publicly available transcriptomic data to estimate 

the cellular composition of synovial tissue in osteoarthritic joints. They found 

M2 macrophages to be the predominant type in the synovium accounting for 

26.9% of total cells in OA and 21.9% in healthy synovium. M1 macrophages 

were reported as less than 1% of the cell population in healthy synovium and 

were raised to 1.2% in OA47,48. A schematic showing the affected tissues in the 

osteoarthritic joint is shown below (Figure 1.1). 
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Figure 1.1 Schematic showing the affected tissues in the osteoarthritic knee 

joint. Osteoarthritis (OA) is characterised by synovial inflammation, the 

degradation of articular cartilage, subchondral bone remodelling, and 

osteophyte formation. In OA, dysregulated pro-inflammatory signalling 

orchestrated by M1 macrophages causes chondrocytes to adopt an inflammatory 

phenotype and secrete matrix metalloproteases (MMPs) that enzymatically 

degrade the cartilage extracellular matrix. Fragments of extracellular matrix 

(ECM) then act as danger associated molecular patterns (DAMPs) to induce 

more M1 macrophage recruitment and perpetuate the catabolic pro-

inflammatory cycle. Image created at www.BioRender.com. 

Pro-inflammatory signalling causes chondrocytes to adopt an inflammatory 

phenotype49 following exposure to Tumour necrosis factor-alpha (TNF-α)50, 

Interleukin-1 beta (IL-1β)51 and Interleukin-6 (IL-6)52. Inflammatory 

chondrocytes then secrete matrix metalloproteases (MMPs) which 

enzymatically degrade the cartilage extracellular matrix (ECM)53. MMP 
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activity is usually balanced in tissue homeostasis but their dysregulation is 

linked to multiple pathobiologies54. In OA, the dysregulated activity of MMP-

1, MMP-3, and MMP-13 are implicated in the destruction of cartilage ECM55–

58. The destruction of type 2 collagen in articular cartilage extracellular matrix 

by MMPs is regarded as the point of irreversible damage in the pathobiology of 

OA59. Inflammatory chondrocytes also exhibit increased IL-1β secretion60,61 

which further propagates inflammatory signalling in an autocrine and paracrine 

manner, affecting other chondrocytes and immune cells to sustain 

inflammation62. TNF-α can directly induce apoptosis of chondrocytes by 

binding to Fas receptors and initiating caspase induced apoptosis63,64. Aggrecan, 

a major constituent of cartilage ECM65,66 is degraded by the aggrecanases 

ADAMTS-467 and ADAMTS-568 and both are implicated in OA69. ADAMTS-

4 expression is increased in chondrocytes following exposure to pro-

inflammatory cytokines70 and it has been observed as increased in the 

superficial cartilage zone71 and in the serum of patients with early OA72. 

ADAMTS-5 was observed as raised in patients with intermediate and late OA 

and knockout of both previously prevented OA progression in model mice73. 

Fragments of degrading cartilage then act as danger associated molecular 

patterns (DAMPs)74 which activates more macrophage polarisation towards M1 

and induces further pro-inflammatory signalling in a self-propagating catabolic 

cycle75. 

Articular cartilage has a low natural regenerative capacity because it is avascular 

and requires nutrient diffusion from the synovial fluid and subchondral 

bone76,77. The pathobiology of OA is chronic which means cartilage is then 

irreversibly lost. Without cartilage, abnormal mechanical loading leads to 
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subchondral bone sclerosis and damage to bone tissue78,79. The normal cross-

talk between subchondral bone and cartilage is disrupted and pro-inflammatory 

cells infiltrate the bone and stimulate osteoclast resorption of bone to produce 

lesions80,81. Osteophytes form in regions of high bone turnover in effort to 

stabilise the joint and are then a noticeable symptom of OA as ectopic bone 

outgrowths82. 

1.3 Limitations of traditional surgical treatments for 

osteoarthritis 

Microfracture is a common surgical intervention for late-stage OA and has been 

considered a gold standard since its development in the 1980s83,84. During the 

procedure, multiple small incisions are made on the subchondral bone to allow 

bleeding from the bone marrow into the joint and over the cartilage defect85. 

The intention of microfracture is for mesenchymal stromal cells (MSCs) from 

bone marrow to enter the defect site and differentiate into chondrocytes to 

replace lost cartilage86. MSCs are multipotent cells capable of differentiating 

into chondrogenic, adipogenic, and osteogenic lineages87,88. However, 

following microfracture the new forming tissue is fibrocartilage which has low 

durability in comparison to the hyaline articular cartilage lost in OA89. 

Fibrocartilage repair tissue is mainly composed of collagen type 1 instead of the 

collagen type 2 mainly found in hyaline cartilage. It has poor integration into 

surrounding tissue and lacks the specialised mechanical properties of articular 

cartilage90. For this reason microfracture only provides beneficial effects for 

approximately 2-5 years91, after which time OA symptoms return. 

Microfracture can be administered arthroscopically for reduced invasiveness92 
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and has a relatively long recovery period of 4-6 months before patients can 

resume exercise and sporting activities93.  

Total joint replacement is a procedure in which the diseased joint is surgically 

removed and replaced with a prosthetic that is traditionally made of titanium. 

Knee and hip replacements are frequently administered for treatment of late 

stage OA with 2.4 million procedures reported in the United States in 202194. 

Previously, a review of multiple reports found that around 80% of patients have 

reported satisfaction with total knee replacements95. Patient dissatisfaction is 

likely to occur due to the limitations of total joint replacements. A major 

limitation is stress shielding, a phenomenon that occurs due to the difference in 

mechanical properties between the titanium implant and surrounding bone96. 

This results in reduced bone density and eventually bone resorption in tissue 

surrounding the implant which can lead to loosening and further complications 

including implant failure97,98. Decreasing the stiffness of the implant neck has 

been shown to reduce stress shielding but bone loss is still considered to be 

unavoidable99. The high frequency use of hip and knee joints can also lead to 

wear particles fragmenting from the prosthetic implant100,101. Titanium wear 

particles have been reported to induce pro-inflammatory signalling from M1 

macrophages that contributes to further loss of bone around implants102,103. Pro-

inflammatory signalling is already present in the pathobiology of OA and its 

enhancement from wear particles may increase the pain already felt by OA 

patients. Another limitation is that joint replacement implants have a finite 

lifespan of approximately 20-25 years104,105 which means elderly patients who 

have OA for multiple decades may require multiple invasive surgeries.  
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Autologous chondrocyte implantation (ACI) is a surgical procedure in which 

the patient’s articular cartilage tissue is harvested arthroscopically from a joint 

region that has a low weight bearing burden and that is unaffected by OA106. 

Chondrocytes are then isolated from the tissue and are expanded in-vitro for 

multiple weeks107. The cell suspension of chondrocytes is then injected into the 

defect site which is then sealed using a periosteal patch. In 2014, a 10 year 

follow up report on ACI observed positive clinical outcomes in the majority of 

patients which shows the therapeutic potential of ACI108. Negative outcomes 

were seen in 25% of patients which included failed engraftment of the implant 

and the need for subsequent operations. The main limitations of ACI are donor 

site morbidity109, that chondrocytes dedifferentiate in-vitro and lose their 

chondrogenic potential which means only a relatively small amount of cells can 

be used for ACI110, the need for multiple operations, and the long patient 

recovery time of up to 1 year111. Because of this, ACI is recommended for 

younger patients112, patients with a single cartilage defect, and for relatively 

small cartilage lesions113. 

Matrix-assisted autologous chondrocyte implantation (MACI) is an adaptation 

of ACI in which patient derived chondrocytes are seeded onto a 3D scaffold in-

vitro and the cell laden scaffold is implanted into the defect site114. Commonly 

used scaffold materials are hyaluronic acid and collagen type 2 as they are both 

present in cartilage ECM115,116. MACI has the advantages of having fewer 

surgical complications to traditional ACI because the scaffold is fixed in place 

with fibrin glue which is a quicker surgical process than the manual suturing of 

the periosteal patch required in traditional ACI117. The culture of chondrocytes 

in 3D is also reported to reduce their capacity to dedifferentiate and lose 
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chondrogenic potential following extended culture in-vitro118. Clinical trials 

comparing MACI with traditional ACI have found both techniques to produce 

similar results at 2 years and at 8-12 years follow-up119–121. The lack of 

improvement by MACI has been attributed to the immaturity of engineered 

cartilage tissue due to the short time chondrocytes are cultured on the scaffolds. 

Efforts have been made to mature seeded chondrocytes in-vitro with extended 

time periods of culture and the use of bioreactors to stimulate the cell laden 

scaffolds mechanically122 or by culturing under hypoxia123. MACI has the same 

drawbacks as ACI and such ex-vivo methods would add more time to what is 

already a lengthy product generation time.  

Intra-articular injection of corticosteroids is routinely performed to alleviate 

pain in osteoarthritic joints124,125. The process reduces inflammation and 

ameliorates OA symptoms for approximately 2 weeks126 but does not prevent 

further progression of the disease. High frequency and high dose corticosteroid 

injection is associated with corticosteroid induced osteonecrosis which 

exacerbates OA, meaning the dosing and frequency must be carefully 

considered127. For these reasons, the National Health Service (NHS) in Britain 

recommends no more than 3 cortisone injections per year in the same joint. 

1.4 Osteoarthritis treatments in clinical trials 

Platelet rich plasma (PRP) is a relatively new treatment option for OA and has 

had considerable interest towards it in the last decade128. PRP is derived from 

whole blood by centrifugation and contains high concentrations of growth 

factors and platelets. Activated platelets secrete transforming growth factor 

beta-1 (TGF-β1), platelet derived growth factor (PDGF), and vascular-
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endothelial growth factor (VEGF) that exert anabolic and angiogenic signalling 

respectively which could promote repair in damaged articular cartilage129–131. 

The literature surrounding PRP treatment is controversial132, with some clinical 

trials showing positive results133 and others showing no significant 

improvement over existing OA treatments or even compared to saline 

placebo134. There have been concerns into bias in some PRP trials pertaining to 

blinding, which are thought to have favoured PRP135. Currently, PRP is 

available to buy off-label in the USA but is not recommended for use in OA by 

international OA treatment guidelines. Such inconsistencies in PRP reports may 

be due to there being no standardised protocol for its preparation, meaning the 

content of PRP may vary from study to study. 

Anti-TNF antibodies have been developed which bind to free TNF-α and 

prevent its binding to the receptors Tumour necrosis factor receptor 1 and 2 

(TNFR1 and TNFR2) in order to reduce the pro-inflammatory signalling 

cascade136. Anti-TNFs have been used clinically for over 10 years for treatment 

of inflammatory conditions and have shown success in treating rheumatoid 

arthritis137, but clinical trials have not shown the same effectiveness in treating 

OA138. In 2018, double-blind clinical trials using etanercept and adalimumab 

for treatment of hand OA found no improvement in pain alleviation or 

improvement of other OA related symptoms139,140. 

Sprifermin is a recombinant fibroblast growth factor-18 (FGF-18) drug that is 

in clinical trials as a possible DMAOD. FGF-18 binds with high affinity to the 

FGF receptor 3141 (FGFR3) and is reported to induce chondroprotective effects 

in surgically induced OA model rats, as evidenced by a reduction in MMP-13 

expression and an increase in collagen II expression in response to intra-
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articular FGF-18 injection twice per week for 8 weeks142. In 2021, a clinical 

trial using sprifermin had mixed results. Patient groups were given 4 different 

dosing regimens and were monitored for a total of 5 years. The majority of 

patients had no difference in pain scoring compared to placebo, but a patient 

subgroup labelled “At risk of progression” did see a significant improvement 

after 5 years but these represented less than 30% of participants143. Overall, 

sprifermin shows potential as an anti-osteoarthritic drug but more consideration 

into the frequency of dosing should be implemented in future studies.  

1.5 The need for early osteoarthritis detection 

A major challenge in treating OA is that patients are only diagnosed at a 

relatively late stage of the disease. Patients may be suspected of having OA 

when they are more than 40 years of age and experience joint tenderness, 

reduced mobility, stiffness and pain during weight bearing144,145. OA is 

diagnosed by physical examination and by viewing X-rays for visible signs of 

joint space narrowing, osteophyte formation, subchondral bone remodelling, 

and subchondral cysts146. Symptoms are then considered in the 4 point Kellgren-

Lawrence grading system according to disease severity147.  

These physical symptoms are only present when irreversible cartilage loss has 

occurred and early joint damage is not visible on X-rays148. It is therefore a goal 

of the field to generate detection methods for early osteoarthritis so that early 

intervention therapies may be utilized to modify the disease and retain articular 

cartilage tissue that would otherwise be irreversibly lost149.  

Attempts have been made to develop machine learning technologies to detect 

risk of OA at presymptomatic stages by viewing large volumes of 
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presymptomatic images of joints and then identifying image signatures between 

images from people who later went on to develop OA150,151. In the future, such 

technologies could be paired with increased monitoring of people identified as 

high risk and testing for biomarkers associated with inflammation. Previously, 

it has been suggested that biomarkers for OA may be found in serum, urine and 

the synovial fluid152. Ideally, samples that can be collected with minimal 

invasiveness would be used such as urine, but it is known in OA that 

inflammation is localised to the joint so it is likely that synovial fluid would 

give the most accurate result.  

Biomarkers associated with inflammation could include pro-inflammatory 

proteins such as TNF-α, IL-1β, IL-6153,154, and proteins thought to contribute 

directly to cartilage degradation such as MMP-13 and ADAMTS472,155. Other 

biomarkers suggested in the literature are micro-RNAs which are small non-

coding RNAs that regulate gene expression by inhibiting translation. Altered 

expression of a micro-RNAs has been associated with multiple diseases 

including OA156,157, and a number of micro-RNAs have been identified as 

potential biomarkers for early OA identification158. Recently, the C terminal 

crosslinked telopeptide of type 2 collagen (CTX-II) has been used as a urinary 

biomarker for early OA in which urinary CTX-II correlated with radiographic 

grading of OV severity159,160. CTX-II detection in combination  with increased 

patient monitoring for early OA development may be pivotal for timing a 

possible early OA intervention therapy. 

Early intervention therapies would also need minimal invasiveness such as 

injection into the affected joint. Evidence to suggest early intervention could 

improve the prognosis of OA is that the “at risk of progression” group in the 
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sprifermin clinical trial responded best to the treatment143, indicating that 

progression may be delayed if treatments are timed correctly. 

1.6 Challenges faced in tissue engineering of articular 

cartilage and osteochondral Tissue engineering  

Tissue engineering 

The field of tissue engineering aims to regenerate tissue that is lost due to 

damage or disease, and utilises scaffolds to provide a site for cells to adhere to 

in new forming tissue and also provides mechanical support to the defect site161. 

Tissue engineering scaffolds may be manufactured using three-dimensional 

(3D) printing technologies which gives more control over material geometry in 

comparison to conventional casting and moulding methods. In particular, 

extrusion 3D printing has been used frequently to generate scaffolds with 

microscale pores. In this technique the material is extruded through a needle 

using temperature or pressure and the print head moves in the X-Y plane 

according to computer aided design (CAD) to produce a scaffold layer162. After 

each layer is printed the print head raises in the Z plane and the subsequent layer 

is extruded on top of the previous layer in an additive fashion to form multi-

layered free standing materials. Generally, publications often print 

interconnected lattice scaffolds to facilitate the invasion of cells into the scaffold 

core 163 and control over the diameter of lattice pores has been explored as a 

method to induce cell fate164,165. 3D printing has also been used to generate 

patient specific implants with anatomically relevant geometries to match defect 

sites166. (3D printing for controlled release is reviewed in section 1.10) 
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The engineering of articular cartilage and osteochondral tissue has been a goal 

of the field for decades but significant advances have been slow due to the 

challenges faced in osteochondral tissue engineering which arise due to the 

complexity of articular cartilage and the environmental factors in the 

osteoarthritic joint167–169.  

The structure of articular cartilage 

Articular cartilage is highly specialized tissue that is avascular, capable of heavy 

weight bearing and is resistant to wear and tear from high frequency use. 

Articular cartilage contains mature chondrocytes and its ECM is primarily made 

up of collagen II and aggrecan170. The tissue environment is hydrophilic and 

contains up to 80% water which aids its shock absorbing ability. Articular 

cartilage has complex hierarchical architecture that is split into three main 

layers, each with distinct mechanical properties, cell density, cell orientation, 

collagen fibre diameter, and ECM density171,172.  

The superficial layer contains a high density of chondrocytes that are elongated 

in morphology, horizontally orientated, and have a low density of ECM173. The 

superficial layer faces into the joint space and is highly resistant to sheer 

stress174. The intermediate layer contains a medium density of chondrocytes 

with a round morphology and both ECM and cells are randomly organised175. 

The deep layer contains chondrocytes that have a round morphology and are 

organised in a columnar orientation176. This layer has a low density of 

chondrocytes and the highest ECM density which enables it to exhibit the 

greatest resistance to compressive force173. Beneath this is the calcified layer 

which contains a sparse amount of hypertrophic chondrocytes and 
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hydroxyapatite crystals177. Calcified cartilage is separated from the deep layer 

by a basophilic tide mark and it acts as an intermediate between articular 

cartilage and the subchondral bone beneath178. During cartilage compression, 

chondrocytes and their surrounding pericellular matrix receive depth dependent 

mechanical stimuli which results in varying chondrocyte deformation and 

metabolism in each articular cartilage zone179,180. The zone specific responses 

to mechanostimulation are essential for the homeostasis of healthy 

cartilage181,182 and demonstrate the requirement for specific control over zonal 

architecture in osteochondral tissue engineering attempts.  

A schematic showing the multi-layered hierarchical structure of osteochondral 

tissue is included for convenience (Figure 1.2) 

 

Figure 1.2: The hierarchical structure of the osteochondral unit. Articular 

cartilage is composed of superficial, intermediate, and deep layers. Each layer 

has unique chondrocyte density, chondrocyte orientation, extracellular matrix 

density, and compressive modulus that are essential for biomechanical function. 
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Calcified cartilage is deep to articular cartilage and contains hypertrophic 

chondrocytes and hydroxyapatite crystals. Beneath this is the subchondral bone 

which consists of cortical and trabecular bone. Image created at 

www.BioRender.com. 

Osteochondral tissue engineering 

When considering the complexity of osteochondral tissue, a major challenge in 

tissue engineering is the fabrication of scaffolds that can give rise to neotissue 

that recapitulates all of the aforementioned layers of articular cartilage and 

subchondral bone underneath. To be considered tissue engineering the new 

forming tissue must be functionality matched to naturally occurring 

osteochondral tissue and should be indistinguishable from the tissue formed 

during development.  

Notable publications focusing on articular cartilage and osteochondral 

regenerative medicine are reviewed below: 

A major challenge in auricular cartilage tissue engineering has been the inability 

to expand mature chondrocytes in-vitro due to their dedifferentiation and loss 

of chondrogenic potential after multiple population doublings. A multipotent, 

chondroprogenitor cell population has previously been identified in the 

superficial zone of bovine articular cartilage183. Chondroprogenitors are isolated 

by differential binding to fibronectin due to their high expression of integrin 

alpha 5. In 2009, long-term culture was compared between chondroprogenitors 

and freshly isolated chondrocytes, with chondroprogenitors exhibiting 

significantly increased telomerase activity and a reduced telomere erosion rate 

up to 22 population doublings which indicates they are less prone to senescence 
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in-vitro184. After 30 population doublings, high density pellets of 

chondroprogenitors were cultured in chondrogenic media. The resulting pellets 

shows positive staining for aggrecan at the periphery and notch-1 in the core 

which showed evidence of chondrogenic differentiation185 (Figure 1.3).  

 

Figure 1.3: Chondroprogenitors grown in chondrogenic culture medium 

for 21 days. Aggrecan staining (left) indicates chondrogenic differentiation at 

the periphery of the cell pellet and Notch-1 staining (right) indicates 

undifferentiated chondroprogenitors in the core of the pellet. Scale bar = 100μm. 

Figure adapted with permission from the Osteoarthritis and Cartilage journal184. 

In 2017, the chondrogenic differentiation was compared between equine 

chondroprogenitors, bone marrow derived MSCs, and passage 1 chondrocytes 

when cultured in gelatin methacrylate (Gel-MA) hydrogels186. Following 8 

weeks culture, the compressive modulus of cell laden hydrogels had increased 

to 186.6kPa for MSCs, 125.5kPa for chondrocytes and 101.4kPa for 

chondroprogenitors in comparison to the 18-23kPa cell free Gel-MA hydrogel. 

Previously the compressive modulus of human articular cartilage was reported 

as 1.16MPa in the superficial zone and 7.75MPa in the deep zone which is 

significantly higher than the cell laden hydrogels187. This low modulus is likely 
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due to the immaturity of chondrocytes in culture but the increase in modulus 

after 8 weeks compared to the Gel-MA control is a positive sign of chondrocyte 

viability and differentiation within 3D cultures. Greatly increased transcription 

of the superficial zone marker proteoglycan 4 (PRG4)188 was observed in 

chondroprogenitor containing hydrogels and slightly increased transcription of 

collagen type X was observed in MSC containing hydrogels which is a marker 

of hypertrophic chondrocytes in the calcified zone189. This result suggested that 

the original source of each multipotent cell type may have a priming effect on 

its differentiation capacity. Chondroprogenitor laden Gel-MA was 3D printed 

using extrusion as proof of concept to show its potential for generating multi-

layered, multi-material constructs in the future for articular cartilage 

regeneration. The use of chondroprogenitor cells is likely to improve procedures 

such as ACI and MACI in the future where currently only a finite amount of 

chondrocytes can be autologously harvested and their expansion potential is 

severely limited. The future generation of articular cartilage tissue engineering 

scaffolds may utilise chondroprogenitor cells with multi-layered materials with 

material cues in each layer tailored to promote neo-tissue with defined 

superficial, intermediate and deep zones. 

Osteochondral tissue engineering attempts aim to generate multi material 

scaffolds with separate cartilage and bone promoting regions in order to heal 

full thickness osteochondral defects.  

In 2013, Da et al. produced an osteochondral plug scaffold containing 

decellularized bovine cartilage with a bone phase of poly(Lactic-co-Glycolic) 

acid with tricalcium phosphate (PLGA/TCP) that was surrounded by collagen I 

that was produced by core-shell extrusion printing190. Implantation into a 
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surgically excised osteochondral defect in the rabbit knee showed generally 

promising regeneration as evidenced by histological staining after 3 and 6 

months implantation. New forming tissue looked uniform in structure and had 

positive staining for glycosaminoglycans by safranin-O and light staining for 

collagen type 2 (Figure 1.4).  

 

Figure 1.4: Immunohistostaining of neotissue following the 6 month 

implantation of a biphasic osteochondral plug into a surgically induced 

rabbit osteochondral defect model. The biphasic scaffold was composed of 

decellularized bovine articular cartilage chondrogenic region and a core-shell 

poly(Lactic-co-Glycolic) acid with tricalcium phosphate (PLGA/TCP) – 

collagen type 1 osteogenic region. W) Safranin O staining of 

glycosaminoglycans. X) Collagen type 2 staining. Scale bar 1mm. Figure 

adapted in accordance with the PLOS ONE journal policy190
. 

The authors remarked on how including a compact layer of PLGA/TCP to 

separate the bone and cartilage scaffold regions significantly improved 

regeneration by mimicking the calcified layer of cartilage. This improvement 

was attributed to providing independent environments for bone and cartilage to 

form in and yielded significantly higher glycosaminoglycan and collagen type 

2 content in neocartilage compared to a control where the separating layer was 
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not included. A major limitation of this approach is that the rabbit defect model 

does not actually suffer from osteoarthritis, meaning that regeneration took 

place in absence of the pro-inflammatory signalling and other hostile 

environmental factors present in OA which are almost certain to negatively 

impact the success of the implant. 

In 2016, Shim et al. produced a biphasic scaffold consisting of a 3D printed 

Polycaprolactone (PCL) lattice with chondrogenic and osteogenic hydrogels 

printed into the macropores of the lattice to form cartilage and bone phases191. 

The osteogenic phase contained collagen type I laden with MSCs and Bone 

Morphogenic Protein-2 (BMP-2), and the chondrogenic phase contained 

hyaluronic acid laden with MSCs and TGF-β1. Similarly to Da et al., 

implantation into a surgically excised rabbit defect model showed some signs 

of articular cartilage regeneration after 8 weeks as evidenced by histology 

staining for Collagen type 2 and Collagen type X (Figure 1.5). Neocartilage 

showed visibly low staining for GAGs compared to native cartilage and there 

was a visible lack of integration into native tissue. The in-vivo model is still too 

simplistic to accurately represent regeneration under hostile conditions in OA.  
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Figure 1.5: Immunohistochemistry staining for Collagen type 2 (red) and 

collagen type X (green) in neotissue following 8 week implantation of a 

mesenchymal stromal cell laden biphasic osteochondral scaffold into a 

surgically induced rabbit osteochondral defect model. The chondrogenic 

region contained hyaluronic acid, TGF-β1, and mesenchymal stromal cells. The 

osteogenic region contained type 1 atelocollagen, mesenchymal stromal cells, 

and BMP-2. The hydrogels were mechanically supported by a 3D printed 

polycaprolactone lattice. Figure adapted with permission from the 

Biofabrication journal191. 

In 2018, Mekhileri et al. used a custom bio-assembly system to automatically 

inject chondrocyte aggregates and Gel-MA hydrogels into the macropores in 

each layer of a 3D printed lattice scaffold192. At the time it was remarked that 

this mechanism could be used to produce 3D osteochondral tissue constructs 

scaling up to the size of a joint resurfacing prosthetic. In 2022, the same research 

group used bio-assembly to fabricate a biphasic scaffold with Gel-MA 
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microspheres placed within the macropores in a poly(ethylene glycol)-

terephthalate/poly(butylene terephthalate) (PEGT/PBT) lattice193. The 

chondrogenic region contained MSCs encapsulated within Heparin sulfate-Gel-

MA microspheres and an osteogenic region contained strontium nanoparticles 

encapsulated within Gel-MA microspheres.  Following 35 days of culture, 

increased transcription of Collagen type 2 was seen in the chondrogenic region 

and increased collagen type 1 transcription was seen in the osteogenic region 

which shows promising potential for the method in-vitro, but in-vivo studies 

relevant to OA need to be carried out to continue this line of research. 

In 2021, Liu at al. produced a multiphasic scaffold with a 3D printed lattice of 

PCL containing tricalcium phosphate as the bone region, a cartilage region of 

3D printed methacrylated hyaluronic acid laden with bone marrow derived 

MSCs intercalated with 3D printed PCL containing a chondrogenic small 

molecule drug called kartogenin194. The scaffold contained a third 

immunomodulatory region of methacrylated hyaluronic acid loaded with the 

NSAID diclofenac. 7 day in-vitro culture of the kartogenin releasing layer with 

the MSC containing layer showed evidence of chondrogenic differentiation by 

increased transcription of TGF-β1, Collagen type 2, Sox9, and aggrecan and 

decreased transcription of MMP-13 compared to untreated monolayer control. 

Following TNF-α stimulation, MSCs secreted significantly less IL-1β in the 

presence of the diclofenac containing layer which suggests it may be exert anti-

inflammatory signalling in-vivo. After 12 week implantation into a surgically 

excised osteochondral defect with subsequent joint destabilisation in rats, a 

reduction in cartilage degradation was observed in groups that used the scaffold, 

MSCs, and kartogenin but the inclusion of diclofenac did not further improve 
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the outcome. Increased leg function was seen in groups containing MSCs, 

kartogenin, or diclofenac in comparison to empty scaffold and untreated 

controls. 

In 2022, Steel et al. developed a polycaprolactone osteochondral scaffold with 

microstructured zonal architecture in attempt to mimic articular cartilage195. The 

superficial region consisted of horizontally oriented electrospun fibres, porogen 

leeching was used to generate micropores in the intermediate zone and 

directional freezing was used to generate vertical grooves to model the deep 

zone. Thermal extrusion was used to print a PCL lattice as the subchondral bone 

region which was then thermally fused to the articular cartilage scaffold. The 

resulting composite scaffold exhibited anisotropic mechanical stiffness in which 

the deep zone was more than 50 fold stiffer than the intermediate zone. The 

scaffold exhibited strain partitioning between intermediate and deep layers 

which models the mechanics of cartilage compression better than a homogenous 

scaffold. In-vitro culture of bovine chondrocytes on the scaffolds in 

chondrogenic media saw signs of glycosaminoglycan and collagen production 

by alcain blue and picrosirius staining respectively. 6 month implantation into 

a surgically excised osteochondral defect in porcine models induced 

fibrocartilage formation in both the chondrocyte seeded scaffold and a cell-free 

control. There was no integration of fibrocartilage tissue into native articular 

cartilage tissue but some evidence of osseointegration at the bone region (Figure 

1.6).  
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Figure 1.6: Immunohistostaining of collagen type 1 (left) and collagen type 

2 (right) in neotissue following 6 month implantation of a multilayered 

microsturctured polycaprolactone scaffold into a porcine osteochondral 

defect model. Figure adapted in accordance with the policy of the Biomaterials 

journal195.   

It was concluded that the slow biodegradation rate of polycaprolactone meant 

there was inadequate space for matrix deposition and that a longer term study 

may yield improved results. This study did not consider the immune response 

to their biomaterial and while polycaprolactone is compatible with fabrication 

technologies such as extrusion printing, it is likely more complex material 

approaches with similar mechanical and chemical properties to articular 

cartilage will be required for improved in-vivo results in the future. 

The challenges still faced in the field of osteochondral tissue engineering 

Overall, the main challenges faced in osteochondral tissue engineering are: 

The difficulty in producing cartilage tissue with zonal architecture resembling 

the layers of articular cartilage, with the majority of materials having a single 

“cartilage region” that is uniform in design. Producing scaffolds with 3D 

designs more closely matching the regions of articular cartilage may generate 

tissue with chondrocyte densities, chondrocyte orientations, and matrix 
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deposition more similar to naturally occurring hyaline cartilage and give greater 

efficacy in-vivo. 

The lack of relevant animal models to accurately represent OA pathobiology in 

humans. Many studies simply excise osteochondral tissue and implant a 

scaffold into the site which mean any regeneration that occurs is an environment 

that is much less hostile than in an osteoarthritic joint. Surgical destabilisation 

of the joint to trigger osteochondral degradation is a much improved model but 

may be more useful in studying post traumatic osteoarthritis in comparison to 

the age related spontaneous OA that the majority of patients suffer from. 

Previous studies comparing surgically induced OA with spontaneous OA in 

mice have reported differences in the subsequent molecular pathobiology196 and 

surgically induced OA occurs rapidly which may make studying the early 

disease more difficult197. Many osteochondral tissue engineering studies also 

use small model organisms such as mice and rats which are less anatomically 

similar to humans in comparison to larger models198.   

The lack of integration of new forming cartilage tissue into host tissue in-vivo. 

This is likely due to fibrocartilage formation and most attempts receiving an 

unfavourable immune response to scaffold implantation. Previous reports of 

bone tissue engineering have shown examples of osseointegration of new 

forming tissue into host bone, such as in the implantation of a 3D printed 

hydroxyapatite and polycaprolactone lattice scaffold into the skull of a rhesus 

monkey199.  

1.7 Approaches to modulate the OA immune 

environment 
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When considering the cellular and cell-free treatments for osteoarthritis that are 

approved by regulatory bodies200, and the literature on osteochondral tissue 

engineering, the main focus has been repairing the osteochondral defect. 

Targeting the local immune environment in osteoarthritic joints has been less 

popular historically, but has garnered more attention in recent years. Given the 

major role of immune driven pro-inflammatory signalling in OA pathobiology 

(section 1.2), the absence of immunomodulation is likely a key reason as to why 

a lot of the data collected on osteochondral tissue engineering under favourable 

conditions has not translated into clinical products for OA. Approaches which 

primarily aim to modulate the immune environment and modify the 

pathobiology of OA will be critical in the generation of future therapies that 

have significantly improved clinical outcomes to those that are currently 

available.  

The inflammatory chondrocytes responsible for MMP secretion in OA 

pathobiology have previously been a target for immunomodulatory drug 

delivery. Avidin functionalised nano carriers for small molecule drugs have 

been previously developed with the goal of diffusing through cartilage tissue to 

target inflammatory chondrocytes201. The carriers have been loaded with a 

biotinylated dexamethasone PEG conjugate that exhibited increased retention 

in bovine cartilage explant tissue and reduced cytokine induced GAG loss. The 

study only observed dexamethasone release for 13 days which limits its 

translatability as a clinically relevant controlled release device. 

A major candidate cell target for an immunomodulatory OA therapy is the 

macrophage due to its ability to exhibit pro-inflammatory or anti-inflammatory 

signalling based on its polarisation state. The promotion of anti-inflammatory 
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signalling by controlling macrophage polarisation is a potential strategy for 

modifying the disease of OA, especially considering the pivotal role of M1 

macrophages in driving OA progression. The potential to direct immune 

signalling through macrophage polarisation has made the generation of 

materials capable of promoting M2-like macrophage polarisation a popular goal 

in the fields of regenerative medicine and biomaterials202. Reported methods to 

induce macrophage polarisation states and their potential benefit in treating OA 

are reviewed below. Following the initial categorisation of M1 and M2 

macrophage polarisation, the nomenclature surrounding M2 was subdivided 

into M2a, M2b M2c and M2d based on the method of stimulation203. A 

schematic summarising macrophage polarisation states is included which shows 

polarisation stimuli, secreted polarisation markers, gene expression markers, 

and cell surface markers (Figure 1.3) 

 

Figure 1.7: Summary of macrophage polarisation states. Macrophages are 

innate immune cells that become polarised in response to environmental stimuli. 



28 

 

M0 is used to describe a quiescent state, M1 describes classical activation and 

promotes pro-inflammatory signalling, M2 describes alternative activation and 

promotes anti-inflammatory signalling. M2 polarisation is subdivided into M2a 

(anti-inflammatory), M2b (immune regulatory), M2c (Immunosupressive), and 

M2d (Tumour associated). Commonly reported stimuli and polarisation 

markers for M1, M2a, M2b, M2c, and M2d are included. Image created at 

www.BioRender.com. 

M2a is induced by IL-4204 and may be enhanced by IL-13205. Following binding 

to the IL4RA, JAK/STAT signal transduction occurs in which STAT6 is 

activated by phosphorylation, enters the nucleus and acts as a transcription 

factor to upregulate expression of target genes206. M2a is considered as Anti-

inflammatory and is associated with tissue repair. M2a secreted markers include 

IL-10, TGF-β1, IL-1 receptor antagonist (IL-1RA), C-C motif chemokine 

ligand 18 (CCL-18), and C-C motif chemokine ligand 22 (CCL-22)207–209. 

Previously known as alternative macrophage activation associated C-C 

chemokine, CCL-18 has a chemotactic role in promoting the migration of Th2 

cells, monocytes, naïve CD4 T cells, and B lymphocytes. In-vitro application of 

CCL-18 is reported to induce M2-like polarisation of macrophages210. CCL-22 

was previously known as macrophage derived chemokine and also has a 

chemotactic role in promoting migration of Th2 cells, monocytes, dendritic 

cells, and memory T cells211. CCL-22 has been observed as raised in the 

synovial fluid in certain subsets of OA patients and has been hypothesized to 

promote migration of fibroblast-like synovial cells in the pathobiology of 

OA212. Intracellular markers for M2a include PPAR-gamma and STAT6, and 
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associated surface markers are mannose receptor (CD206) and scavenger 

receptor (CD163)213.  

M2b is stimulated by immune complexes (IC) and toll-like receptor agonists 

(TLRs)214. M2b is considered to be a regulatory macrophage and expresses both 

pro-inflammatory and anti-inflammatory markers with high secretion of IL-10 

and TNF-α215,216.  

M2c is stimulated by IL-10, TGF-β1, and by glucocorticoids such as 

dexamethasone which binds to the intracellular glucocorticoid receptor217. M2c 

exhibits immune suppressive signalling and is referred to as a deactivated 

macrophage. Secreted markers include high IL-10 and TGF-β1, and M2c has 

CD206 and CD163 expression218. 

M2d is stimulated by TLR agonists in the presence of adenosine. M2d secreted 

markers are IL-10 and Vascular-endothelial growth factor (VEGF). M2d is 

associated with angiogenesis and tumour progression219. 

In comparison, M1 is induced by IFN-γ, TNF-α, and lipopolysaccharide (LPS). 

M1 is characterised by high secretion pro-inflammatory cytokines including 

TNF-α, IFN-γ, IL-6, IL-1β and IL-12220. M1 Intracellular markers including 

inducible nitric oxide synthase (iNOS) and STAT1, and surface markers 

including calprotectin221–223 (formerly known as S100A8/A9) and CD80224. 

Generally, M1 and M2 polarisation has been reported to be potentiated by GM-

CSF and M-CSF respectively225. M-CSF is constitutively expressed in serum 

and both M-CSF and GM-CSF are elevated under conditions of 

inflammation226. For this reason, in-vitro macrophage polarisation experiments 
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routinely use combinations such as GM-CSF + IFN-γ for M1 and M-CSF + IL-

4 for M2. 

In recent years, this classification system has been criticized as inconsistent and 

there have been recommendations to update the nomenclature to M(stimulus) 

with the speculation that each stimulus or combination of stimuli can generate 

a unique polarisation state227,228.   

In addition to traditional cytokine application, M2-like macrophage polarisation 

has also been promoted using microscale grooves that induce an elongated cell 

morphology229. Other reported methods for promoting M2 polarisation are 

nanotopography230,231, micro RNAs232, silicate ions233, copper ions234, and 

magnesium ions163. Large scale material arrays have been carried out to identify 

acrylate polymers that promote M2-like polarisation following macrophage 

adhesion as candidates for advanced biomaterials235. 

In the context of osteoarthritis, promoting M2-like polarisation at the early 

stages of the disease is likely to be an ideal method to restore M1 and M2 

balance and prevent the pro-inflammatory signalling that is the key driver of 

OA progression. If paired with improved early detection, an M2 promoting 

immunomodulatory therapy could modify the pathobiology of OA to retain 

articular cartilage tissue and prevent OA from reaching the late stage that is 

associated with disability. 

Targeting M2-like polarisation would also be beneficial in treating late OA by 

reducing foreign body response (FBR) to scaffold implantation and by 

improving osteogenesis in the bone regions of osteochondral scaffolds. 

Following biomaterial implantation there is an acute inflammatory response by 
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the innate immune system236. Macrophages are recruited to the site and adhere 

to the material, FBR occurs when adhered macrophages fuse into 

multinucleated foreign body giant cells237,238 (FBGCs) and encapsulate the 

material in fibrous matrix in a process called frustrated phagocytosis. 

Encapsulation is associated with implant failure239 as the material cannot 

interact with surrounding cells and the low pH environment in the capsule 

facilitates material biodegradation240. While FBR contains complex cross-talk 

between a myriad of immune cell types, reports have shown that promoting M2 

polarisation reduces its severity as evidenced by a decrease in fibrotic capsule 

thickness241,242. The reduction of FBR in OA tissue engineering would allow 

new forming tissue to integrate into surrounding tissue and would allow new 

tissue to form in less hostile conditions. 

In bone tissue engineering, reports have shown enhanced osteogenic 

differentiation of MSCs with sequential M1 and M2 polarisation as evidenced 

by increased osteocalcin and alkaline phosphatase expression243,244. Sequential 

activation is also reported to stimulate angiogenesis in new forming bone by 

VEGF secreted from M1 macrophages and subsequent endothelial maturation 

by platelet derived growth factor (PDGF) secreted by M2233. Similarly, in 

epithelial wound healing the promotion of M1 polarisation in the early stages 

of repair followed by M2 polarisation at later stages is associated with reduced 

scar tissue formation and accelerated healing245,246. In OA, enhanced 

osteogenesis would offer improved osseointegration in the subchondral bone 

scaffold region. 

It is likely that more successful attempts at osteochondral tissue engineering in 

the future will need to exhibit long-term immunomodulation as well as 
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osteogenic and chondrogenic regeneration in order to preserve new forming 

tissue. Promoting immunomodulation for 6 months may be a desirable period 

of efficacy because in-vivo models have shown maximal regeneration after 6 

months compared to 3 months190. 6 months is also comparable to the recovery 

time following ACI and is considerably longer than the efficacy period of 

corticosteroid injections126. With the presence of pro-inflammatory signalling 

and the lack of immunomodulation, new forming tissue would be expected to 

degenerate by the same mechanism as natural tissue due to the pathobiology of 

OA. It is likely that more successful attempts would include multi-material 

osteochondral plug scaffolds laden with mature chondrocytes in the cartilage 

region and osteoblasts in the bone region, and it would need to be co-

administered with a long term anti-inflammatory immunomodulatory therapy 

such as a controlled release device. 

The future generation of multi-layered biomaterials for osteochondral tissue 

engineering that have properties such as complex 3D printed architecture, the 

use of autologous or allogeneic cells, exhibit immunomodulation by controlled 

drug release, and use multiple materials to promote osteogenesis and 

chondrogenesis will require the use of specialised laboratory settings. The 

scaling up of manufacturing of such materials in order to treat potentially 

millions of OA patients will be logistically challenging when rare equipment, 

skillsets, and considerable man hours will likely be needed. 

In-vitro experiments that model immunomodulation using macrophages often 

use immortalised cell lines or peripheral blood mononuclear cells (PBMCs) 

from donor blood. THP-1 is a naturally immortalised cell line isolated from a 1 

year old patient with acute myeloid leukaemia247. THP-1 monocytes can be 
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differentiated into macrophage-like cells using Phorbol 12-myristate 13-acetate 

(PMA) and are a popular choice for in-vitro polarisation experiments248–252. 

THP-1 have the benefits of being more clinically relevant than murine cell 

lines253 and are logistically convenient to use, but as a cell line derived from a 

single patient they still have limited clinical relevance. Comparisons between 

THP-1 and PBMC derived macrophages have shown that not all polarisation 

markers for a given stimulus are the same between the two cell types and that 

THP-1 can be used as a more simplistic model for in-vitro 

immunomodulation254–256. PBMC derived macrophages have greater clinical 

relevance than cell lines, but donor to donor variation can make it difficult to 

acquire statistically significant in-vitro data when triplicate donors are used. 

1.8 Challenges faced in controlled protein drug delivery 

Proteins are biomacromolecules composed of polypeptide chains that are folded 

into secondary, tertiary and quaternary structures. During folding, hydrophobic 

regions are internalised and hydrophilic regions are exposed on the surface257. 

Proteins have a structure-function relationship in which the 3D structure must 

be maintained for its biological functionality, for example the active sites of 

enzymes258. Protein structure may become denatured due to harmful 

environmental stimuli such as high temperature, hydrophobicity, pH changes 

out of the active range for a protein, and ultraviolet (UV) light exposure259–262. 

Such changes in 3D structure often reduce bioactivity and render the protein 

non-functional263.    

The biological potency of cytokines and growth factors, and the ability to mass 

produce them in cell factories such as Chinese hamster ovary (CHO) cells264, 
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Human embryonic kidney (HEK) cells265, and Escherichia coli (E-Coli)266 using 

recombinant expression vectors has led to increased interest in protein based 

drugs in the biopharmaceutical industry267. In OA, the delivery of cytokines that 

promote M2-like macrophage polarisation is an attractive strategy to modify the 

disease pathobiology using immunomodulation. However, the clinical 

administration of peptide and protein based drugs relies mainly on systemic 

injection methods which have undesirable side effects and limited efficacy due 

to the short half-life of proteins in-vivo. In 2017, a report combining multiple 

databases found there to be 239 peptide and protein based drugs that have FDA 

approval with a total of 380 drug variants268. When considering the routes of 

administration 158 were administered systemically by intravenous injection, 

116 were injected subcutaneously, 49 were injected intramuscularly, 13 were 

administered orally, 4 used as external ointments, and only few injected directly 

into defect sites. Such methods are likely to only give transient efficacy due to 

the rapid enzymatic degradation by proteases in-vivo. 

In bone regeneration therapies, the only three growth factors that have had FDA 

approval are BMP-2, BMP-7 and PDGF269. InfuseTM is a recombinant human 

BMP-2 treatment that is administered in a collagen sponge. Infuse has been 

shown to induce bone regeneration but there have also been adverse effects in 

clinical trials including ectopic bone formation, cancer risk, and severe swelling 

around implants for spinal cord injury270–272. InfuseTM remains controversial as 

it is available off-label in the USA273 but there has been over $460 million in 

legal settlements by Medtronic from over 10,000 patients who received Infuse. 

After a period of time with FDA approval, the BMP-7 product OP-1 was 

withdrawn from the market due to safety concerns274,275. Overall, the main 
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issues surrounding BMP use historically can be attributed to the lack of 

controlled release from implants which exposes surrounding tissues to dosages 

far above the therapeutic range. In 2013, a randomised controlled trial reported 

positive outcomes after 36 months following the application of PDGF for 

periodontal osseous defects276. 

The only recombinant cytokines that have had FDA approval are IFN-α and IL-

2 for cancer treatment277,278. Their clinical application has had limited efficacy 

due to the short half-life in vivo of the cytokines and that their systemic 

administration has severe off target toxicity at clinical doses for anti-cancer 

therapy. Attempts to improve the half-life of protein drugs have by conjugating 

them to poly(ethylene glycol) (PEG)279,280, but this does not address the issue of 

off target effects that are associated with the systemic injection used for the 

majority of FDA approved protein drugs. 

Experimental attempts at protein release from biomaterials often suffer from 

common shortcomings, the most notable of which is burst release. Burst release 

occurs when the cargo of a drug loaded material is released uncontrollably and 

the majority of the payload is released in a short period of time281. In-vivo, the 

consequences of uncontrolled protein release rate would mean that cells are 

exposed to supraphysiological concentrations which can lead to undesirable 

outcomes282 such as the ectopic bone formation seen with BMP-2 in Infuse 

clinical trials. It would also mean that attempts at a long-term therapy would fail 

as majority of the protein payload is released in a short period of time. 

A second common shortcoming is incomplete release, in which a significant 

amount of the drug payload is entrapped within the biomaterial283. A high dose 
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of entrapped protein can be problematic as damaging dose dumping can occur 

upon biodegradation of the material284,285. 

When taking into account the size of the recombinant protein industry and the 

complications observed in in-vivo growth factor and cytokine delivery 

pertaining to safety and efficacy, alternative approaches need to be taken to 

achieve the delivery of therapeutic dosages of proteins that is localised to the 

intended target area in the body and for a controllable period of time. A possible 

approach is the controlled release of proteins from advanced materials such as 

hydrogels.  

1.9 Hydrogels for immunomodulatory cytokine delivery 

in OA 

Hydrogels are hydrophilic polymers that are capable of absorbing large amounts 

of water to generate a swollen network. The hydrophilic environment within 

hydrogels is thought to promote the stability of biological cargo including 

proteins and has therefore generated interest into their feasibility as controlled 

release devices286.  

Poly(ethylene glycol) diacrylate 

Poly(ethylene glycol) diacrylate (PEGDA) hydrogels are formed by 

photocrosslinking287, in which a photoinitiator is activated by a select 

wavelength of light and cleaved into reactive free radicals288. Free radicals then 

attack the acrylate functional groups and initiate chain polymerisation between 

PEGDA macromers. Crosslinking between PEGDA chains then forms the 

polymer network289. Photocrosslinking is inhibited by oxygen which scavenges 
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the free radical species from the activated photoinitiator to terminate the chain 

reaction290,291. The residual monomer remaining from acrylate polymer 

generation needs to be considered for biological applications because they are 

often be cytotoxic292,293. PEGDA hydrogels have a slow biodegradation rate by 

hydrolysis of the ester linkage and the mesh size of the network depends on the 

molecular weight and concentration of the PEGDA macromer, in which low 

molecular weights and high PEGDA concentrations both reduce the mesh 

size294,295.  

Protein diffusion through the PEGDA polymer mesh has been previously 

studied with focus on the relationship between mesh size and the size of 

encapsulated proteins296, in which relatively low molecular weight proteins such 

as 16.7kDa myoglobin can diffuse through a given mesh size of PEGDA but 

larger proteins like 66.4kDa bovine serum albumin (BSA) remain entrapped297. 

Introducing hydrolysable domains is an approach to achieve the release of 

protein that would otherwise be trapped in the hydrogel. First reported in 1993 

by Sawhney et al. who showed the addition of lactic acid residues was able to 

extend the release of BSA for 50 days298. Similarly in 2015, Tong et al. show 

that the incorporation of rapidly degrading mercaptoacetic ester linkages into 

PEGDA enabled the release of BSA for 60 days and basic-FGF for 35 days299. 

In 2021, Lau et al. incorporated thiol residues in a photocrosslinkable dextran 

hydrogel and observed sustained release of 150kDa IgG antibody for 8 

months300. Generally, the main limitations of controlled hydrogel degradation 

reports are that degradation is characterised using simple in-vitro incubation in 

PBS and this is unlikely to represent the biodegradation that would be observed 

in-vivo where many more chemical, enzymatic, and mechanical stimuli are 
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subject on the hydrogel. Stillman et al. reported increased biodegradation rate 

of PEGDA nanogels in comparison to bulk hydrogels. They also demonstrated 

that the addition of a biodegradable co-monomer containing disulfide bridges 

enhanced the biodegradation rate in the presence of glutathione and that this 

was further accelerated at pH 5.0 in comparison to 7.4 and 10.0301. Together, 

this shows potential for the fine tuning of PEGDA biodegradation to suit 

biological applications such as controlled cytokine delivery in osteoarthritis.  A 

limitation in previous reports on protein release form PEGDA is that many of 

the reports with the longest periods of in-vitro release have either used BSA 

which has no measurable bioactivity, or have not obtained bioactivity data. Such 

data must be considered for translation to biological applications. 

Pluronic-F127 

Pluronic-F127 (PF127) is a tri block co-polymer with repeating units of 

polyethylene oxide – polypropylene oxide – polyethylene oxide (PEO-PPO-

PEO)302. PF127 forms hydrogels in a temperature dependent mechanism by 

forming amphiphilic micelles and the sol-gel behaviour enables PF127 to be 

injected as a cool solution and form a gel in-situ at body temperature303. In-vitro 

characterisation of PF127 degradation has observed the majority of the hydrogel 

weight to be lost after 14 days which would limit its capacity as a long-term 

controlled release device304. Protein release attempts using PF127 usually rely 

on simple diffusion as the main release mechanism are extremely prone to burst 

release. Studies using simple protein encapsulation in PF127 have shown rapid 

burst release of IL-2 in 8 hours305, VEGF after 3 days306, and insulin in 24 

hours307. Pre-encapsulation of VEGF in PLGA microspheres before loading into 
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PF127 improved the In-vitro release of VEGF from 4 day burst release up to 60 

days308.  

Heparin mimics  

Affinity based protein release approaches utilise electrostatic attraction between 

the protein and the hydrogel to decrease the rate of release. A naturally 

occurring example of this mechanism is the binding of heparin to a group of 

proteins collectively named heparin binding proteins including FGF-2, VEGF 

and PDGF309. Heparin binds to its binding proteins via electrostatic attraction 

between its carboxyl and sulfate groups with proteins that have a positive net 

charge at physiological pH. The iso-electric point of a protein is the pH at which 

it has no net charge and is determined by the amino acid sequence on its 

surface310, meaning any protein with an iso-electric point above 7.3 would be 

electrostatically attracted to heparin. 

The sequestration of heparin binding proteins by heparin prevents their 

degradation by proteases and increases their otherwise short half-life in vivo311. 

For this reason, incorporation of heparins into hydrogels has been a strategy to 

achieve controlled protein release. For example, Jeon et al. incorporated 

methacrylated heparin into alginate methacrylate hydrogels and observed 3 

weeks sustained release of BMP-2312. Noushi et al. reported reduced burst 

release of neurotrophin-3 from alginate microspheres containing heparin313. 

Claaßen et al. reported 7 day burst release of VEGF from gelatin hydrogels 

containing 1% heparin which was followed by a plateau until 21 days314. The 

use of heparin does have several practical limitations. Firstly, there is 

considerable heterogeneity in large molecular weight heparin which leads to 
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batch-to-batch variability315. The production of low molecular weight heparins 

reduces variation but is expensive316. Heparin is animal derived which may 

promote adverse effects such as immunogenicity and may also prompt safety 

and ethical concerns317–319. In-vivo heparins are degraded by heparinases320 

which means biomaterials functionalized with heparin at the surface may lose 

their cargo and become ineffective for controlled release. Heparin detachment 

from biomaterials may also cause unwanted anti-coagulant effects at the site 

intended for controlled protein release.  

The limitations of heparin gave rise to the fabrication of heparin mimicking 

materials which are intended to exhibit the beneficial effects of heparin but 

circumvent the drawbacks. In the field of protein release, sulfated alginate 

hydrogels have been produced as heparin mimics. Alginate is a naturally 

occurring polysaccharide that is isolated from algae. Alginate hydrogels are 

formed using calcium ions to crosslink alginate monomers; alginate hydrogels 

degrade by calcium ion dissipation321. In 2008, Freeman et al. produced sulfated 

alginate microspheres that showed reduced release rate of basic FGF over 5 days 

with 0.1% sulfation, in which the unsulfated alginate released 100% of basic 

FGF after 5 days and the 0.1% sulfated alginate released 50% after 5 days322. 

They also found increased vascularisation following 2 week subcutaneous 

implantation of basic FGF releasing alginate sulfate scaffolds in comparison to 

FGF releasing alginate scaffolds. In 2018, Park at al. showed an improvement 

in the release trend of BMP-2 from sulfated alginate in comparison to alginate 

over a 10 day period323 but increasing the concentration of sulfated alginate had 

diminishing returns in further improving the release trend. 

Interleukin-4 in-vitro release 
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When considering protein delivery in early osteoarthritis, IL-4 is a promising 

candidate biomacromolecule because its ability to promote M2a macrophage 

polarisation to promote anti-inflammatory signalling may combat the pro-

inflammatory signalling associated with OA progression. Evidence to support 

this has been seen in IL-4 injection into OA model rats. 

In 2008, Yorimatsu et al. showed that daily intra-articular injection of IL-4 into 

OA model rats elicited a chondroprotective effect as evidenced by reduced 

cartilage and aggrecan degradation, and reduced nitric oxide production324.  

In 2021, Zhao et al. studied foreign body response in response following the 

subcutaneous implantation of a titanium biomaterial coated in calcium-

strontium-zinc-phosphate325. They found that daily injection of IL-4 into the site 

of implant between days 3-7 of implantation increased the expression of M2 

markers in the tissue surrounding the implant. When this method was applied to 

a rat femoral defect model, daily IL-4 injection also enhanced new bone 

formation. While not directly related to chondroprotection in OA, this finding 

does demonstrate that repeated IL-4 delivery is capable of eliciting 

immunomodulation in-vivo. 

Helvoort et al. showed that weekly injection of an IL-4 and IL-10 fusion protein 

into the knee of OA model rats for 10 weeks significantly reduced cartilage 

degradation326. The authors said this fusion protein may be a potential DMAOD 

but remarked on how future approaches need to generate delivery methods that 

avoid frequent intra-articular injection. 

Kaeppler et al. studied OA progression following joint destabilisation in IL-4 

knockout mice and saw a significantly worse phenotype by histological scoring 
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after 20 weeks compared to wild type mice327. IL-4 priming of macrophages in-

vitro increased phagocytosis of cartilage degradation products derived from 

human osteoarthritic joints, which would be expected to reduce the DAMPs that 

new macrophages are exposed to in-vivo and reduce the promotion of M1 

macrophage polarisation. 

Reports of in-vitro IL-4 release from biomaterials have typically shown 

quantifiable release for 1-2 weeks with poor control over release trend: 

In 2015, Reeves et al. reported rapid burst release from silk biomaterials in 

which all of the IL-4 was released within one day followed by a plateau for the 

rest of the 5 day experiment328. In 2018, Li et al. showed 10 day controlled 

release from titanium nanotubes functionalised with carboxymethyl chitosan 

hydrogels329. Kumar et al. showed 14 day release from injectable silk 

hydrogels330. In 2020, Li at al. reported 9 day IL-4 release from graphene oxide 

coated titanium331. In 2020, Gong et al. showed 7 day burst release from a digital 

light projection (DLP) 3D printed Methacrylated gelatin (Gel-MA) hydrogel as 

part of an attempted biphasic osteochondral scaffold332. Gel-MA is also formed 

by photocrosslinking and is popularly used for tissue engineering research due 

to its RGD domains that promote cell attachment333,334. In-vivo, Gel-MA is 

degraded by collagenases which means it is likely unsuitable for long term 

protein release purposes335.   

When considering the aforementioned literature surrounding in-vivo IL-4 

delivery there is substantial evidence to suggest that repeated IL-4 delivery can 

promote M2 macrophage polarisation in-vivo, and that repeated delivery can 

significantly improve the phenotype in moderately hostile environments such 
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as surgically induced OA in rats. In-vitro reports of IL-4 release from 

biomaterials have been limited in their capacity to produce either controlled IL-

4 release or IL-4 release for a sustained period of time that would be comparable 

to current injectable therapeutic options for OA such as corticosteroids. IL-4 has 

an isoelectric point of 9.4336 which means it has a net positive charge at 

physiological pH and would be electrostatically attracted to heparin or heparin 

mimicking materials. Affinity based approaches may therefore offer 

improvement in the release of IL-4 to generate advanced biomaterial therapies 

for OA that have an increased time periods of efficacy and may elicit 

chondroprotective effects. 

The loading of proteins into hydrogels typically uses one of two methods. The 

first is loading of the protein into the hydrogel precursor solution prior to 

gelation. This method has the benefits of having precise control over the loading 

of each hydrogel but has the drawback of proteins then being exposed to the 

gelation conditions such as UV light in photocrosslinking. Previous reports 

using PEGDA have shown the release of bioactive basic FGF using this 

method299 but have also the reduction of lysozyme bioactivity from activated 

photoinitiator337. Lin et al. showed reduced percentage release of BSA at higher 

photoinitiator to protein ratios which suggests that the activated initiator 

interacts with proteins and cause its entrapment within PEGDA338. The second 

method is to load protein onto hydrogels post fabrication by immersion in a 

protein containing solution339. This method has the benefit of reducing protein 

exposure to environmental factors but has less control over the loading dosage 

onto each material. Requiring a separate bathing solution for each hydrogel is 

also wasteful and likely to require more experimental costs. 
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1.10 3D printing of hydrogels for controlled protein 

release 

The generation of an early osteoarthritis therapy that utilises the controlled 

release of M2 promoting cytokines from affinity hydrogels would need minimal 

invasiveness, such as a single injection into the synovial joint. The clinical 

administration of cortisone into osteoarthritic knee joints uses 25 gauge 

needles340 that have a 260µm inner diameter341, which means the diameter of 

cytokine loaded hydrogels must be below 250µm  to travel through the aperture.  

Digital light projection (DLP) is an additive manufacturing technique that is 

capable of 3D printing photocrosslinkable polymers in the micro-scale342. 

During DLP, the 3D object file is sliced layers with thicknesses in the µm range, 

a build platform then enters a vat of photocrosslinkable precursor solution and 

is positioned at the first layer height away from a light projector. The light 

source projects the image of the first layer and initiates photocrosslinking of the 

first layer onto the build platform. The platform then moves in the Z-axis to the 

second layer height and the projection of the second layer builds onto the first 

layer. Subsequent layers are printed onto previous layers until the entire object 

is manufactured.  

In the field of controlled release, DLP printing has previously been used to 

generate orally administered tablets for the release of small molecule drugs such 

as ibuprofen and dexamethasone343,344. The use of 3D printing to influence 

paracetamol drug elution has also been explored by printing PEGDA hydrogels 

with varying surface area to volume ratios (SA:V) using conventional laser 
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stereolithography, in which hydrogels with the highest SA:V had increased drug 

release rate345.  

In 2020, Wang at el. produced a DLP printed hydrogel using thiol conjugated 

heparin and glycidyl methacrylate conjugated hyaluronic acid for the purpose 

of VEGF and PDGF release to model the promotion of angiogenesis346. The 

photocrosslinking method used was thiol-ene which is a photoinitiated reaction 

that takes place between alkene and thiol containing molecules forms a covalent 

bond between them347,348. A 2-step approach was used to print a core-shell 

material with PDGF as the core and VEGF as the shell. In-vitro release had an 

approximately linear release trend for 28 days but there was no observable 

sequential release from the shell and core. A major limitation of the study was 

that the authors did not collect any biological data to investigate the bioactivity 

of released growth factors such as cell culture or the use of in-vivo models. They 

also did not report the concentration range that each factor was being released 

in or if it was close to the therapeutic range.    

In 2018, there were 11 FDA approved injectable microsphere drug release 

therapies with particle sizes between 1-300µm349. The ejection of microparticles 

from medical needles is often met with challenges such as blockage due to 

particle aggregation and subsequent wasting of product in the syringe350. 

Previously, microparticle geometry has been studied with regard to improving 

injectability351. The use of DLP 3D printing to produce affinity hydrogel 

microparticles may allow for the optimisation of injectability using geometries 

that do not aggregate and block the needle. 3D particle design may also be 

investigated to optimise cytokine loading if particles are loaded post fabrication 

by immersion. Future studies should also consider the ideal particle size of 
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injection into the knee so that the particle is easily and efficiently injected but 

is not endocytosed by the native cells of the joint.  

1.11 Conclusion 

In conclusion, osteoarthritis remains an incurable disease with limited treatment 

options and hundreds of millions of sufferers worldwide. Tissue engineering of 

articular cartilage and osteochondral tissue remains elusive due to the 

complexity of native tissue and the hostile environment in the osteoarthritic 

joint. Osteoarthritis treatment strategies have historically focused on the repair 

of the osteochondral defect and not on modulating the osteoarthritic immune 

environment. Pro-inflammatory signalling orchestrated by M1 macrophages is 

present at the early stages of osteoarthritis and is a key driver of OA progression. 

Animal models of osteoarthritis have shown the repeated delivery of IL-4 to 

elicit chondroprotective effects by promoting M2 macrophage polarisation but 

controlled protein release remains challenging in the field. Affinity based 

methods for in-vitro protein release have utilised electrostatic attraction 

between heparin and positively charged proteins but heparins have multiple 

limitations. Heparin mimicking materials have been developed to utilise the 

beneficial effects of heparins but circumvent their limitations. Synthetic 

acrylates with charged chemical groups may be used as heparin mimics for 

controlled protein release and are commercially available, are able to be upscale 

manufactured for mass production, and are compatible with modern 3D printing 

technologies to enable the fabrication of biomaterials with defined architecture. 

Such technologies may be used to manufacture injectable IL-4 controlled 

release hydrogels for minimal invasiveness and could be a potential DMAOD 
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if administered in early osteoarthritis. The ideal injectable system would exhibit 

sustained release for a period of 6 months followed by controlled material 

biodegradation so that multiple surgical procedures are not required.  

Thesis aims 

The overall aim of this project was to generate 3D printed affinity hydrogels 

that exhibited the controlled release of anti-inflammatory cytokines to modulate 

immune signalling in the osteoarthritic joint at the early stage of the disease. 

Controlled release was intended to be sustained for  a period of 6 months, and 

affinity hydrogels were envisaged to be injectable and undergo biodegradation 

once cytokine release was complete.  

To address this overall aim, the research carried out in this thesis was sub-

divided into three sections which each addressed a separate objective: 

1) Achieve controlled protein release for multiple months from cast affinity 

hydrogels using photocrosslinkable synthetic materials that are an 

alternative to heparin. The model protein lysozyme and cytokines 

capable of promoting M2 macrophage polarisation were considered.  

2) Show the bioactivity of released cytokines in promoting M2 

macrophage polarisation in-vitro to model immunomodulation in the 

osteoarthritic joint. 

3) Demonstrate the 3D printability of the selected affinity hydrogels using 

digital light projection 3D printing. Investigate if 3D printed hydrogel 

geometry may be used as an additional mechanism to fine-tune release 

behaviour. 

Statement of novelty 
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This research focuses on controlled protein release from affinity hydrogels that 

are produced from commercially available synthetic acrylates, are compatible 

with modern 3D printing technology, and have the capacity to be upscale 

manufactured in the future. Such technology may be capable of generating long 

term immunomodulation in the osteoarthritic joint and bring improved therapy 

to many patients worldwide who currently have limited treatment options. 
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Chapter 2 - Materials and Methods 

2.1 Materials 

2.1.1 Laboratory consumables 

Name Supplier 

Pipette tips 

10μL – 1mL 

TipOne® Pipette Tips 

Pipette tips (filtered) 

10μL – 1mL 

TipOne® Pipette Tips 

Serological pipettes (filtered) 

5mL – 50mL 

Star Lab 

Eppendorf tubes 

1.5mL, 0.7mL 

Eppendorf™ 

Bijou 7mL Sterilin™ 

Centrifuge tubes 

15mL, 50mL 

Corning™ Falcon™ 

Spectrophometry Cuvettes Fisher Scientific 

10663852 

Assay plate 96-well flat 

bottom 

(Transparent) 

Corning™ UV-Transparent 

Microplates 10288521 

Assay plate 96 well flat 

bottom (White) 

Fisher Scientific 

10479501 
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Nunc-Immuno™ 

MicroWell™ 96 well solid 

plates 

Sigma Aldrich 

M9410 

ELISA plate sealer R&D Systems DY992 

Tissue culture flasks 

(T25, T75) 

Corning™ Cell Culture 

Treated Flasks 

Tissue culture treated plates 

 (24-well, 12-well, 6-well) 

Corning® Costar® TC-

Treated Multiple Well Plates 

Glass 20mL Scintillation 

Vials: Polypropylene Caps 

Fisher Scientific 

11768819 

Aluminium foil Scientific laboratory supplies 

Glass microscopy slides Sigma Aldrich 

S8902-1PAK 

Thermo Scientific™ 

Nalgene™ System 100™ 

Cryogenic Vials 

Fisher Scientific 

13417659 

Dulbecco′s Phosphate 

Buffered Saline 

Sigma Aldrich 

D8537-500ML 

 

2.1.2 Hydrogel fabrication and in-vitro protein release materials 

Name Supplier 

Irgacure-2959 ( 2-Hydroxy-

4′-(2-hydroxyethoxy)-2-

methylpropiophenone) 

Sigma Aldrich 

410896-10G 
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LAP (Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate) 

Sigma Aldrich 

900889-5G 

PEGDA 575Da Sigma Aldrich 

437441-500ML 

PEGDA 4kDa Sigma Aldrich 

907227-1G 

PEGDA 6kDa Sigma Aldrich 

701963-1G 

PEGDA 20kDa Sigma Aldrich 

767549-1G 

3-Sulfopropyl acrylate 

potassium salt 

Sigma Aldrich 

251631-500G 

Lysozyme from chicken egg 

white 

Sigma Aldrich 

L6876-10G 

Micrococcus lysodeikticus 

ATCC No. 4698 

Sigma Aldrich 

M3770-5G 

Pierce™ Detergent 

Compatible Bradford Assay 

Kit 

Thermo Fisher Scientific 

23246 

Recombinant Human TGF-β1 

(CHO derived) 

PeproTech  

100-21C 

Human TGF-β1 Pre-Coated 

ELISA Kit  

PeproTech  

BGK01137 

Gelatin from porcine skin Sigma Aldrich 

G6144-500G 
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Hydrochloric acid Fisher Scientific 

12943544 

Tartrazine Sigma Aldrich 

T0388-500G 

Isopropanol Fisher Scientific 

149320250 

Tissue-Tek® OCT 

embedding compound 

Fisher Scientific 

12351753 

 

2.1.3 Cell culture materials 

Name Supplier 

RPMI 1640 media Thermo Fisher Scientific 

21870076 

Foetal bovine serum Sigma Aldrich 

F2442-500ML 

GlutaMAX Thermo Fisher Scientific 

35050061 

Glucose solution Thermo Fisher Scientific 

A2494001 

HEPES buffer (4-(2-

hydroxyethyl)-1-

piperazineethanesulphonic 

acid) 

Thermo Fisher Scientific 

15630080 

Sodium pyruvate Thermo Fisher Scientific 
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11360070 

Penicillin-streptomycin Sigma Aldrich 

P4333-20ML 

Trypan blue Thermo Fisher Scientific 

15250061 

Phorbol 12-myristate 13-

acetate (PMA) 

Sigma Aldrich 

P8139-1MG 

Macrophage Colony-

Stimulating Factor human 

Sigma Aldrich 

M6518-10UG 

Granulocyte-Macrophage 

Colony-Stimulating Factor 

human 

Sigma Aldrich 

G5035-4X5UG 

Interferon-γ human Sigma Aldrich 

I17001-100UG 

Interleukin-4 human Sigma Aldrich 

I4269-50UG 

Paraformaldehyde Solution, 

4% in PBS, Thermo 

Scientific™ 

Fisher Scientific 

15670799 

TWEEN® 20 Sigma Aldrich 

P1379-100ML 

PBS, Phosphate Buffered 

Saline, 10X Solution, Fisher 

BioReagents™ 

Fisher Scientific 

12899712 

Tris buffered saline Sigma Aldrich 
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94158-10TAB 

Deionized water Sigma Aldrich 

38796-1L 

Bovine serum albumin (BSA 

, solid) 

Sigma Aldrich 

A9418 

Bovine serum albumin (BSA 

, liquid, sterile) 

Sigma Aldrich 

A7284-50ML 

Glycine Sigma Aldrich 

G8898 

Goat Serum Donor Herd Sigma Aldrich 

G6767-500ML 

Calprotectin Mouse anti-

human 

Thermo Fisher Scientific 

27E10 

Anti-Mannose Receptor anti-

human antibody  

Abcam 

ab64693 

Goat anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Rhodamine 

Red™-X 

Thermo Fisher Scientific 

R-6393 

Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor™ 

488 

Thermo Fisher Scientific 

A-11008 
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Recombinant Alexa Fluor 

488 Anti-CD68 antibody 

[KP1]  

Abcam 

ab222914 

DAPI (4',6-Diamidino-2-

Phenylindole, 

Dihydrochloride) 

Thermo Fisher Scientific 

D1306 

Human TNF-alpha DuoSet 

ELISA 

R&D Systems 

DY210-05 

Human IL-6 DuoSet ELISA R&D Systems 

DY206-05 

Human CCL18/PARC 

DuoSet ELISA 

R&D Systems 

DY394-05 

Human CCL22/MDC 

DuoSet ELISA 

R&D Systems 

DY336 

Human IL-4 DuoSet ELISA R&D Systems 

DY204-05 

Thermo Scientific™ 1-

Step™ Ultra TMB-ELISA 

Substrate Solution 

Thermo Fisher Scientific 

10647894 

Sulfuric acid Thermo Fisher Scientific 

15644920 

ToxiLight™ 100% Lysis 

Control Set, 200 Test 

Lonza 

LT07-517 
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ToxiLight™ Non-

Destructive Cytotoxicity 

BioAssay Kit, 500 test 

Lonza 

LT07-217 

Antibiotic-Antimycotic 

(100X) 

Thermo Fisher Scientific 

15240096 

Cell Freezing Medium-

DMSO 1× 

Sigma Aldrich 

C6164-50ML 

Water bath protective media 

Aqua Stabil 6 x 100 ML  

Julabo  

BAT5584 

Ethanol, Absolute (200 

Proof), Molecular Biology 

Grade, Fisher 

BioReagents™ 

Fisher Scientific 

16685992 

Tristel™ Distel™ Surface 

Disinfectant 

Fisher Scientific 

12879357 

 

2.2 Methods 

2.2.1 Hydrogel casting and characterisation 

UV-photocrosslinking 

Photoinitiator solutions were prepared in 20mL glass scintillation vials covered 

in aluminium foil to protect from light. Photosensitive chemicals were weighed 

out or pipetted with the nearest overhead light switched off. 0.5% w/v Irgacure-

2959 (2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone) was 

dissolved in phosphate buffered saline (PBS) by heating to 80oC on a hotplate 
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for 20 minutes. The photoinitiator solution was left to stand for 10 minutes to 

equilibrate to room temperature. Acrylate monomers were then dissolved into 

the solution by vortexing. Solutions for lysozyme or BSA in-vitro release 

experiments had the solid protein added as the final ingredient. 

TGF-β1 containing solutions were prepared from a stock solution which was 

reconstituted according to supplier’s instructions. Photoinitiator and acrylates 

were first prepared at 2X the desired concentrations. TGF-β1 stock solution was 

diluted to 2X the desired concentration with PBS containing 1mg/mL BSA. The 

2X photoinitiator and TGF-β1 solutions were mixed 1:1 to produce a final 

solution containing the desired concentration of photoinitiator, acrylates and 

TGF-β1. 

UV photocrosslinking was carried out in a custom made glove box under argon 

atmosphere. Hydrogel precursor solutions, polytetrafluoroethylene (PTFE) 

moulds, well-plates, pipettes and tips were placed into an airtight antechamber. 

Air was purged from the antechamber until a pressure of -90kPa was reached. 

The antechamber was then filled with argon gas until a gauge pressure of 0kPa 

was reached. The gas was then purged and refilled with argon two more times. 

The main glove box chamber was filled with argon gas until an oxygen 

concentration of below 2000ppm was reached. From inside the glove box, the 

inner antechamber door was opened and samples were prepared for 

photocrosslinking. 500μL hydrogels were formed in square PTFE moulds 

measuring 15x15mm and 100μL hydrogels were formed as droplets on a single 

piece of flat PTFE. To initiate the reaction, a 365nm UV lamp was suspended 

10cm above the samples and switched on for 10 minutes (UVP XX-15 Series 

UV Bench Lamp, 15 Watt). Following UV irradiation the lamp was switched 
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off and hydrogels were placed into well-plates for subsequent experimentation. 

All experimental groups used hydrogels in triplicate and a separate pipette tip 

was used for each condition.  

In-vitro hydrogel swelling 

Following photocrosslinking, hydrogels were weighed to obtain the initial gel 

weight. Hydrogels were then immersed in PBS at 37oC and the change in gel 

weight was measured at multiple time points over a 5 day period. 500μL 

hydrogels were incubated in 6mL of PBS and 100μL hydrogels were incubated 

in 5mL. To prevent evaporation, well-plates were sealed with laboratory tape 

during incubation. In each condition the swelling was expressed as the average 

percentage weight increase from the initial hydrogel weight immediately after 

photocrosslinking.  

Hydrogel compressive testing 

Mechanical testing was carried out on swollen hydrogels using a texture 

analyser (Stable bio systems TA.HD plus). A 5kg load cell and 32mm diameter 

cylindrical probe were used as attachments. Load cell force and probe height 

were calibrated at the start of each experiment. Hydrogel dimensions were 

measured using digital callipers and input into the software (Exponent TEE32) 

to calculate stress area. Target mode was set to strain, test speed was set to 

0.1mms-1 and the target position was set to 50% strain. Following material 

compression the stress and strain data was exported to Microsoft Excel and 

plotted as a scatter graph. The compressive modulus was calculated as the 

gradient of the linear section of the stress - strain curve. 

2.2.2 In-vitro protein release from cast hydrogels 
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Direct loading method (Lysozyme, BSA and TGF-β1) 

The protein of interest was loaded into the hydrogel precursor solution and 

exposed to 365nm UV light for photocrosslinking (2.2.1). Protein containing 

hydrogels were then immersed in PBS (6mL for 500μL hydrogels and 5mL for 

100μL hydrogels) and incubated at 37oC with well-plates sealed using 

laboratory tape. At each controlled release time point the entire volume of PBS 

was aspirated and replaced with fresh PBS to re-establish the diffusion gradient. 

For each hydrogel the PBS at every time point was stored in a separate 7mL 

bijou at -20oC until the time for analysis. 

Core-shell method (Gelatin –PEGDA) 

A 6% w/v gelatin solution (Type A from porcine skin 100 bloom) was dissolved 

in PBS at 80oC. Simultaneously, 0.5% w/v Irgacure-2959 ((2-Hydroxy-4′-(2-

hydroxyethoxy)-2-methylpropiophenone) was dissolved at 80oC for 20 minutes 

while protected from light. After equilibrating to room temperature, 10% w/v 

4kDa PEGDA was dissolved into the photoinitiator solution. 400μL of was 

pipetted into custom made square PTFE moulds measuring 15x15mm with a 

raised 5x5x1mm square in the base of each mould so that the raised square was 

covered. 365nm UV light was applied to the moulds for 10 minutes to form 

PEGDA hydrogels (UVP XX-15 Series UV Bench Lamp, 15 Watt). During this 

time the 6% w/v gelatin solution was taken off the hot plate and allowed to cool. 

Once reaching approximately 37oC the gelatin solution was mixed 1:1 with a 

100μg/mL stock solution of TGF-β1 to form a solution containing 3% w/v 

gelatin and 50μg/mL TGF-β1. The 400μL PEGDA hydrogels were removed 

from the moulds and inverted to expose a 5x5x1mm indentation. 20μL of the 



60 

 

combined gelatin and TGF-β1 was pipetted into the indentation and the 

hydrogels were left to incubate at room temperature for 15 minutes followed by 

15 minutes incubation at 4oC. Hydrogels were then placed into square moulds 

measuring 15x15mm with a flat base and 400μL of PEGDA photoinitiator 

solution was applied over the gelatin filled indentation and exposed to 365nm 

UV light for 10 minutes to encapsulate the TGF-β1 loaded gelatin hydrogel 

between two layers of 10% 4kDa PEGDA. Composite gelatin-PEGDA 

hydrogels were then immersed in 5mL PBS for a controlled release study with 

matched time points to the original TGF-β1 release attempt. A control group 

was included with a 3% gelatin core containing no TGF-β1.   

Indirect loading method (Interleukin-4 release into THP-1 culture media) 

100μL hydrogels were formed containing 10% PEGDA (4kDa) and 0%, 1% and 

5% w/v 3-sulfopropyl acrylate using 10 minutes 365nm UV light exposure in a 

custom made glove box with oxygen concentration below 2000 ppm (2.2.1 UV 

photocrosslinking). Hydrogels were each immersed in 5mL PBS for 5 days to 

investigate in-vitro swelling (2.2.1 in-vitro hydrogel swelling).  

Hydrogels were sterilised using 254nm UV light irradiation for 20 minutes 

(Benchmark UV-Clave UltraViolet Chamber) followed by a 30 minute wash in 

antibiotic antimitotic antibody (Sigma Aldrich) in a class 2 biological safety 

cabinet. Hydrogels were then washed three times each in 1mL sterile PBS for 5 

minutes per wash. From this point onwards, hydrogels were only handled with 

sterilised implements (By 70% ethanol wash and UV irradiation) within a class 

2 biological safety cabinet. At the start of each use the cabinet airflow was 

switched on. Once a sufficient air flow was reached to protect the inner 
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environment of the cabinet, the cabinet and all its contents were washed 

thoroughly with 70% ethanol. The vessels containing either hydrogel samples, 

new reagents or consumables were washed with 70% ethanol prior to entering 

the cabinet. Only filtered pipette tips were used within the cabinet and vessels 

containing sterile hydrogels, reagents or consumables were only opened within 

the cleaned cabinet after sufficient air flow was reached to protect the sample 

and the user.   

To load hydrogels with IL4, each gel was immersed in 500μL of a 2.2μg/mL 

sterile solution of IL-4 in a 24-well plate. Hydrogels were incubated at 37oC for 

24 hours in the IL-4 solution before being transferred to a 12-well plate with 

one gel per well. 2mL of THP-1 complete cell culture media (2.2.5 THP-1 

culture conditions) was added to each well to cover each hydrogel for a 

controlled release study. At each time point the entire 2mL of media was 

removed from each gel and replaced with 2mL fresh THP-1 complete media. 

For each hydrogel at every time point, 1mL of the collected media was stored 

in a sterile Eppendorf tube at -20oC for future cell culture experiments. The 

remaining 1mL was stored at -20oC in a separate Eppendorf tube to be assayed 

by ELISA in non-sterile conditions (R&D systems IL-4 Duoset) to quantify the 

IL-4 released at each time point for each hydrogel.  

To estimate the dosage of IL-4 loaded onto each hydrogel a sample of the 

bathing solution after 24 hours incubation with each hydrogel was diluted by 

serial dilution and quantified by ELISA. The difference in IL-4 dosage 

calculated between the initial IL-4 solution and the solution after 24 hours 

incubation with the hydrogel was used as the estimated amount loaded for each 
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gel. A control group was included with 10% 4kDa PEGDA and 5% SPAK and 

was incubated for 24 hours in PBS containing 1mg/mL BSA with no IL-4.   

2.2.3 Protein detection assays 

Bradford assay 

Bradford reagent (Pierce™ Detergent Compatible Bradford Assay Kit) was left 

to equilibrate at room temperature while controlled release samples were 

thawed at 37oC. Bradford assay was carried out in transparent flat-bottom 96-

well assay plates using the micro microplate protocol. Protein standards were 

made for the protein of interest (Lysozyme or BSA as appropriate) by serial 

dilution in PBS to produce standards with the concentrations 25μg/mL, 20 

μg/mL, 15 μg/mL, 10 μg/mL, 5 μg/mL, 2.5 μg/mL, 1.25μg/mL and PBS was 

used as a blank.  

150μL of each standard was pipetted the 96-well assay plate in triplicate using 

a separate pipette tip for each standard. Controlled release samples were assayed 

in duplicate at 150μL. 150μL of Bradford reagent was then added into each well 

using a multichannel pipette, aspirating up and down 5 times to gently mix the 

sample and reagent. Plates were incubated at room temperature for 10 minutes.  

Absorbance was read at 595nm using a plate reader (TECAN infinite 200 PRO) 

and exported to Microsoft Excel (Office 365). As per supplier’s instructions, the 

average absorbance of the blank was subtracted from each well and a standard 

curve was used to calculate the protein concentration of controlled release wells. 

Samples with absorbance below the calculated LOD (3 standard deviations 

above the average blank)352 were assigned a zero value353 and samples with 

absorbance values above 25μg/mL were diluted in PBS and assayed again until 
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they were within the linear dynamic range of the assay. The LOQ was calculated 

as 10 standard deviations above the blank and was considered during 

interpretation of the data354. 

For each hydrogel the average concentration at each time point was multiplied 

by the volume of release buffer to calculate the dosage released. The dosage 

was then expressed as a percentage of the total amount of protein estimated to 

be in the hydrogel. For each condition, cumulative protein release was 

calculated by adding together the percentage release at each time point 

chronologically until the end of the experiment.  

Enzyme-linked immunosorbent assay (ELISA, TGF-β1 in-vitro release) 

TGF-β1 controlled release samples were thawed at 37oC. During this time the 

pre-coated TGF-β1 ELISA plate (PeproTech BGK01137) was thawed at room 

temperature and a 10ng vial of TGF-β1standard was reconstituted in 1mL of 

sample dilutant and left to equilibrate for 10 minutes with gentle agitation.  

A serial dilution was performed on the assay standard to generate TGF-β1 

standards with the concentrations: 1000pg/mL, 500pg/mL, 250pg/mL, 

125pg/mL, 62.5pg/mL, 31.25pg/mL, 15.625pg/mL, and the reagent dilutant 

was used as a blank.  

100μL of each standard or sample was pipetted into each well. Standards were 

assayed in triplicate and protein release samples were assayed in duplicate. The 

plate was sealed and incubated at 37oC for 90 minutes. The seal was removed 

and the plate was inverted over a waste container and agitated by repeated 

flicking to empty the liquid content of the wells. The plate was blotted onto 

laboratory paper towel until all excess liquid was removed.  
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The 100x biotinylated anti-TGF-β1 detection antibody was diluted with 

antibody dilutant and mixed thoroughly. 100μL of biotinylated antibody was 

pipetted into each well using a multichannel pipette. The plate was sealed and 

incubated at 37oC for 60 minutes. The seal was removed and the plate was 

inverted over a waste container and agitated by repeated flicking to empty the 

liquid content of the wells. Wash buffer concentrate was dissolved in 1 litre of 

deionized water and 300μL of wash buffer was pipetted into each well using a 

multichannel pipette. The plate was inverted and agitated over a waste container 

to remove wash buffer. The plate was washed two more times and blotted onto 

paper towel after the final wash. 

The 100x Avidin-Biotin-Peroxidase complex was diluted with the Avidin-

Biotin-Peroxidase dilutant. 100μL was pipetted into each well using a 

multichannel pipette and the plate was sealed and incubated at 37oC for 30 

minutes. The plate was inverted, blotted and washed with wash buffer 5 times. 

After the final wash the plate was blotted with paper towel to remove excess 

wash buffer. 

90μL of colour developing reagent was pipetted into each well with a 

multichannel. The plate was sealed and incubated in the dark for 20-30 minutes. 

During this time the plate was checked at regular intervals for visible colour 

change from colourless to dark blue. At the time when the highest 4 standards 

were visibly dark blue and the lowest standards remained colourless by eye, 

100μL of stop solution was added to each well using a multichannel which 

immediately caused blue wells to yellow. 
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The absorbance at 450nm was immediately read using a platereader (TECAN 

infinite 200 PRO) with reference wavelength set to 570nm. The data was 

exported to Microsoft Excel (Office 365) and the average absorbance of the 

blank was subtracted from each well. A standard curve was used to calculate 

the TGF-β1 concentration of controlled release wells. Samples with absorbance 

below the calculated LOD (3 standard deviations above the average blank) were 

assigned a zero value352,353 and samples with absorbance values above 

1000pg/mL were diluted in reagent dilutant and assayed again until they were 

within the linear dynamic range of the assay. The LOQ was calculated as 10 

standard deviations above the blank and was considered during interpretation of 

the data354. 

For each hydrogel the average concentration at each time point was multiplied 

by the volume of release buffer to calculate the dosage released. The dosage 

was then expressed as a percentage of the total amount of TGF-β1 estimated to 

be in the hydrogel. For each condition, cumulative TGF-β1 release was 

calculated by adding together the percentage release at each time point 

chronologically until the end of the experiment. 

2.2.4 Protein bioactivity assays 

Lysozyme bioactivity assay 

Lysozyme substrate (Micrococcus lysodeikticus) was dissolved in PBS at a 

concentration of 0.15mg/mL. For each lysozyme controlled release time point 

to be tested, a control sample of lysozyme was prepared in PBS with a matched 

concentration to what was determined in the controlled release sample by 

Bradford assay (2.2.2 Direct loading method, 2.2.3 Bradford assay). The 
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number of freeze-thaw cycles was matched between the control samples and 

their corresponding controlled release sample. Lysozyme bioactivity was 

determined using a UV-Vis spectrophotometer (Agilent Cary UV-Vis Multicell 

Peltier). 1.5mL of lysozyme substrate was pipetted into a disposable cuvette 

followed by 100μL of either controlled release sample or control solution. 

Cuvettes were mixed once by immersion and immediately placed into the 

spectrophotometer chamber. The absorbance was read at 450nm and was then 

read again every minute for 5 minutes. Samples were read in triplicate and the 

average decrease in absorbance in 5 minutes for controlled release samples was 

expressed as a percentage of the decrease in absorbance in 5 minutes in its 

corresponding control.     

2.2.5 Cell culture 

THP-1 culture conditions 

Unless otherwise stated, all cell culture experiments were carried out in class 2 

biological safety cabinets with functioning High-Efficiency Particle Absorbing 

(HEPA) filters. At the start of each use the air flow was activated. Once a 

velocity was reached that protected the inner environment and the user, the 

entire cabinet and its contents were thoroughly cleaned with 70% ethanol. All 

vessels containing cells, reagents and consumables were washed with 70% 

ethanol before being placed into the cleaned cabinet. Only sterile reagents, 

filtered pipette tips and serological pipettes were used within the cabinet and all 

consumables were only used once before being discarded. Vessels containing 

sterile reagents, consumables or cells were only opened within the cleaned 
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cabinet. All reagents were warmed to 37oC in a water bath before being applied 

to cells. 

THP-1 cells were purchased from ATCC (ATCC TIB-202). Cryopreserved 

THP-1 cells were thawed in a 37oC water bath for 3 minutes. Thawed cells were 

centrifuged at 350g for 5 minutes and resuspended in THP-1 complete media 

consisting of RPMI-1640 supplemented with 10% foetal bovine serum (FBS), 

1% sodium pyruvate, 1% GlutaMAX, 1% HEPES, 1.25% glucose solution and 

1% penicillin-streptomycin (Thermo Fisher Scientific). All media supplements 

were 0.2μm sterile filtered. THP-1 cells were cultured in the concentration range 

of 200,000 – 1000,000 cells per mL in T25 and T75 flasks as appropriate. 

During culture, T-flasks were stood upright in a humidified 37oC incubator with 

5% CO2.  

Cells were split every 3 days. During this process, cells were aspirated into 

sterile centrifuge tubes and centrifuged at 350g for 5 minutes. The supernatant 

was discarded and the cell pellet was resuspended in 1-5mL of fresh THP-1 

complete media based on the initial volume prior to centrifugation. 50μL of cell 

suspension was pipetted into an Eppendorf tube and mixed 1:1 with Trypan blue 

outside of the cabinet. 10μL was pipetted under the cover slip of a cleaned 

haemocytometer and counted using an automated cell counter (Life 

technologies Countess II FL). For continued culture the cell suspension was 

diluted down to 200,000 cells per mL in new T-flasks or diluted to 500,000 cells 

per mL for seeding in subsequent macrophage polarisation experiments. 

THP-1 cell seeding 
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THP-1 cells were centrifuged at 350g for 5 minutes and then resuspended at 

500,000 cells per mL. 50ng/mL of PMA (Phorbol 12-myristate 13-acetate) was 

added from a stock solution and the cell suspension was mixed gently. THP-1 

cells were then seeded in triplicate in 24-well culture plates with 1mL of cell 

suspension per well. After seeding, each plate was agitated gently and incubated 

at 37oC for 6 hours. Each plate of cells was viewed by Brightfield microscopy 

to confirm cell adhesion and confluency of approximately 70%. PMA 

containing media was aspirated from each well and cells were washed once with 

sterile PBS for 5 minutes. PBS was removed and 1mL of fresh THP-1 complete 

media was added to each well. THP-1 cells were then left to rest for 24 hours at 

37oC with 5% CO2 before subsequent polarisation using either cytokine 

application or incubation with IL-4 releasing hydrogels. 

THP-1 macrophage polarisation (cytokine application) 

Polarisation cocktails were prepared in THP-1 complete media for each 

experimental condition. For experiments investigating the controlled release of 

IL-4, the following control groups were used as examples of M0 and M1 

macrophage polarisations: 

M0: 50ng/mL M-CSF 

M1: 50ng/mL GM-CSF + 20ng/mL IFN-γ 

For experimental groups using “Released IL-4” the 1mL sterile aliquots from 

IL-4 controlled release time points were used as the polarisation stimuli (2.2.2 

indirect loading method). M-CSF was added to each aliquot to a final 

concentration of 50ng/mL. For each experiment, an “M2” control group was 

included with the polarisation cocktail containing 50ng/mL M-CSF and a 
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matched IL-4 concentration to what was estimated in the corresponding 

“Released IL-4” time point. 

THP-1 cells were cultured in polarisation cocktails for 6 days. 50μL of media 

was collected from each well at day 3 for a cell viability timepoint. After 6 days 

the media from each sample was collected in 1.5mL Eppendorf tubes and stored 

at -20oC for subsequent ELISA and viability assays. 

THP-1 macrophage polarisation (hydrogel incubation) 

100μL hydrogels were formed containing 10% 4kDa PEGDA and 5% 3-

sulfopropyl acrylate in a custom glovebox using 10 minutes 365nm UV light 

exposure with oxygen concentration below 2000ppm (as described 2.2.1 UV 

photocrosslinking). Hydrogels were sterilised and loaded with IL-4 by 

overnight immersion in a 2.2μg/mL solution of IL-4 (as described 2.2.2 indirect 

loading method). 

THP-1 cells were seeded at 500,000 cells per mL using 6 hours exposure to 

50ng/mL PMA (as described 2.2.5 THP-1 cell seeding). Well size was increased 

to 12-well with 2mL of seeded cells to match the media volume to what was 

used for IL-4 controlled release. A single IL-4 loaded gel was added to each 

well as appropriate. A control group containing 5% SPAK 10% PEGDA 

hydrogels with no IL-4 loading was included. A control group modelling an IL-

4 bolus injection was included which had a dose of IL-4 matched to what was 

estimated to be released by 5% SPAK 10% PEGDA after 6 days from the 

cumulative release curve (202ng/mL) (2.2.2 Interleukin-4 release into THP-1 

culture media).  
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50μL of media was collected from each well at day 3 for a cell viability 

timepoint. After 6 days 1mL of the media from each sample was collected in 

1.5mL Eppendorf tubes and stored at -20oC for subsequent ELISA and viability 

assays. 

ELISA (THP-1 secreted cytokines, IL-4 controlled release) 

Upon purchase of all R&D Duoset ELISA kits, antibodies and standards were 

reconstituted according to supplier’s instructions and were stored as aliquots at 

-80oC. The general method for each ELISA was the same for each cytokine 

target. ELISA was carried out in non-sterile conditions. 

Capture antibody was appropriately diluted in PBS and 50μL was pipetted into 

each well of a 96-well ELISA plate with a multichannel pipette. The plate was 

agitated gently to ensure full coverage of capture antibody in each well. The 

plate was then sealed and incubated on a rocker at room temperature overnight.  

The plate was inverted over the sink and repeatedly flicked to empty the wells. 

The plate was washed 3 times with wash buffer (0.05% Tween-20 in PBS). 

During each wash 400μL of wash buffer was added to every well, the plate was 

inverted over the sink with repeated flicking and then was blotted onto 

laboratory paper towel to remove excess wash buffer. 300μL of blocking buffer 

(1% w/v BSA in PBS) was pipetted into each well. The plate was sealed and 

incubated on a rocker at room temperature for 1 hour. 

Cytokine standards were prepared by serial dilution using reagent dilutant in the 

specified concentration range of each ELISA kit. Reagent dilutant was used as 

a blank. Samples were thawed to room temperature. The ELISA plate was 

washed 3 times with washing buffer. 50μL of each standard or sample was 
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pipetted into each well. Standards were assayed in triplicate and samples were 

assayed in duplicate. The plate was sealed and incubated on a rocker at room 

temperature for 1 hour. 

The ELISA plate was washed 3 times with washing buffer. 50μL of 

appropriately diluted detection antibody was pipetted into each well with a 

multichannel. The plate was sealed and incubated at room temperature on a 

rocker for 1 hour. 

The ELISA plate was washed 3 times with wash buffer. 50μL of appropriately 

diluted Streptavidin-HRP was pipetted into each well with a multichannel 

pipette. The plate was sealed and incubated at room temperature for 20 minutes 

while being protected from light. 

The ELISA plate was washed 3 times with wash buffer. TMB substrate was 

brought to room temperature. 50μL of TMB substrate was pipetted into each 

well with a multichannel pipette. The plate was sealed and incubated at room 

temperature for 20 minutes while being protected from light. 

25μL of sulfuric acid was pipetted into each well using a multichannel pipette 

as stop solution. The absorbance at 450nm was immediately read on a plate 

reader with 570nm reference wavelength (Promega GloMax explorer). The data 

was exported to Microsoft Excel (Office 365). The average absorbance of the 

blank was subtracted from each well and a standard curve was used to calculate 

the concentration of target cytokine in each sample. Samples with absorbance 

below the calculated LOD (3 standard deviations above the average blank)352 

were assigned a zero value353 and samples with absorbance values above the 

highest standard for a given kit were diluted in reagent dilutant and assayed 
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again until they were within the linear dynamic range of the assay. The LOQ 

was calculated as 10 standard deviations above the blank and was considered 

during interpretation of the data354. 

For IL-4 controlled release, the dosage released at each time point was 

calculated and expressed as a percentage of the total IL-4 estimated to be loaded 

onto each hydrogel for each condition (2.2.2 Interleukin-4 release into THP-1 

culture media). For each condition, cumulative IL-4 release was calculated by 

adding together the percentage release at each time point chronologically until 

the end of the experiment. 

Immunostaining 

THP-1 cells were washed twice with 37oC PBS  using 1mL for 24-well plates 

and 2mL for 12-well plates. The remainder of the immunostaining protocol was 

carried out in non-sterile conditions. Cells were fixed with 4% PFA in PBS for 

15 minutes using 300μL per well for 24-well plates and 600μL per well for 12-

well. 

Cells were washed 3 times with washing buffer (0.2% Tween-20 in PBS). Wells 

were blocked with a solution containing 3% w/v BSA and 1% w/v glycine for 

30 minutes. Cells were washed 3 times with washing buffer and were then 

incubated in 5% goat serum for 30 minutes.  

A primary antibody solution was prepared containing 2μg/mL mouse anti-

human calprotectin (Thermo fisher 27E10) and rabbit anti-human mannose 

receptor/CD-206 (Abcam ab64693) in 5% goat serum. Cells were incubated in 

primary antibody solution overnight at 4oC using 300μL for 24-well plates and 

600μL for 12-well. For CD-68 the primary antibody solution contained 5μg/mL 
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recombinant anti-human CD-68 conjugated to Alex Fluor-488 in 5% goat 

serum. 

Cells were washed 3 times with wash buffer. A secondary antibody solution was 

prepared containing 8μg/mL Rhodamine red x goat anti-mouse IgG (Thermo 

Fisher R-6393) and 8μg/mL Alex Fluor 488 x goat anti-rabbit (Thermo Fisher 

A-11008) antibodies in 5% goat serum. Cells were incubated in secondary 

antibody solution for 1 hour at room temperature while protected from light. 

300μL was used for 24-well plates and 600μL for 12-well. For CD-68 no 

secondary antibody was required. 

Cells were washed twice with wash buffer. 200ng/mL DAPI solution was added 

to each well using 300μL for 24-well plates and 600μL for 12-well plates. The 

plates were incubated at room temperature for 5 minutes while protected from 

light. Cells were washed with PBS 3 times and stored at 4oC with 1mL PBS per 

well while protected from light for future fluorescent imaging. 

Fluorescent cell imaging 

Immunostained cells were imaged using a fluorescent cell imager (ZOE, Bio-

Rad) in the dark. During imaging, equal settings for gain, exposure, LED 

intensity and contrast were used for green and red channels. Merged images 

were generated in ImageJ (Fiji) by merging the blue, green and red channels for 

a given region of interest. 

Viability assay 

Viability was assayed using the ToxiLightTM assay. Adenylate kinase (AK) 

detection reagent was resuspended in 10mL of AK assay buffer per vial. At the 

time of use, AK detection reagent was left to equilibrate at room temperature. 
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10μL of THP-1 polarisation media was pipetted into flat bottom white 96-well 

assay plates in duplicate using a separate pipette tip for each sample. A control 

group was included which contained M0 macrophages seeded at 500,000 cells 

per mL that were lysed on day 6 of culture. The control group was lysed with 

ToxiLightTM 100% lysis reagent by pipetting 500μL of lysis reagent into 1mL 

of culture media in each well. The plate was left to incubate at room temperature 

for 30 minutes with repeated mixing by pipetting at 15 and 30 minutes.  

50μL of AK detection reagent was pipetted into each well using a multichannel 

pipette. The plate was incubated at room temperature for 5 minutes and then the 

luminescence was read using a plate reader (Promega GloMax explorer). The 

data was exported to Microsoft Excel (Office 365). To estimate the percentage 

of dead cells in experimental groups the average magnitude of luminescence for 

each group was divided by the average magnitude of luminescence in the lysed 

control group. The percentage of dead cells was subtracted from 100 to estimate 

the percentage of viable cells for each condition. 

Cryopreservation  

THP-1 cells were centrifuged at 350g for 5 minutes and resuspended in THP-1 

complete media for counting. Cells were counted using Trypan blue and an 

automated cell counter (Life technologies Countess II FL). An appropriate 

amount of freezing medium was prepared containing 10% DMSO and 90% 

FBS. THP-1 cells were centrifuged at 350g for 5 minutes and resuspended in 

freezing medium at 1,000,000 cells per mL. 1mL of cell suspension was pipetted 

into each cryogenic storage vial and all vials were placed into an insulated “Mr 

Frosty” box to allow the freezing process to take place at 1oC per minute. The 
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insulated box was stored at -80oC overnight. The next day each vial was 

transferred to -190oC liquid nitrogen storage. 

2.2.6 Additive manufacturing 

Computer aided design (CAD) 

3D objects were designed at www.Tinkercad.com and were exported as .STL 

files. Object files were sliced in Photon workshop 64 software (Anycubic) to 

generate .pwma files. Photon mono 4k was selected from the machine list. Slice 

parameters were set to 25μm z thickness, 5mm Z lift distance, 4mms-1 Z lift 

speed and 6mms-1 Z retract speed. 

Digital light projection 3D printing 

Photoinitiator solutions were prepared in 20mL scintillation vials covered in 

aluminium foil to protect from light. 0.5% w/v LAP, 10% w/v 575Da PEGDA, 

0%, 2% or 5% w/v 3-sulfopropyl acrylate (SPAK), 0%-1% tartrazine and 

0mg/mL, 2mg/mL or 10mg/mL lysozyme were dissolved into PBS as 

appropriate for each experimental condition. Printing was carried out on a 

Photon Mono 4k printer (Anycubic). Before and after each use the printer vat 

and platform were removed and cleaned with isopropanol.  

In-vitro lysozyme release from 3D printed hydrogels 

Lysozyme containing hydrogels were 3D printed, each immersed in 4mL PBS 

and incubated at 37oC with well-plates sealed using laboratory tape. At each 

controlled release time point the entire volume of PBS was aspirated and 

replaced with fresh PBS to re-establish the diffusion gradient. For each hydrogel 

http://www.tinkercad.com/
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the PBS at every time point was stored in a separate 7mL bijou at -20oC until 

the time for analysis by Bradford assay (2.2.3 Bradford assay). 

Brightfield microscopy 

3D printed hydrogels were gently removed from the printing platform with a 

paint scraper. Hydrogels were gently dried with laboratory tissue to remove 

excess monomer and were then placed onto glass slides for microscopy. 

Hydrogel pores were viewed by Brightfield microscopy at 5X magnification 

and were imaged using an AmScope camera attachment (AmScope MU1403). 

To estimate pore diameter, 5 pores were imaged from 5 separate hydrogels for 

each condition. Pore diameter was measured in AmScope software. A known 

distance of 250 μm was also imaged and measured to establish a pixel to μm 

ratio. For each condition the length in pixels for each pore diameter was 

converted into μm. 

Cryo-scanning electron microscopy (Cryo-SEM) 

5% SPAK 10% PEGDA hydrogels were cut into small sections using a scalpel. 

The sections were then mounted onto an SEM specimen stub using stabilising 

glue (Tissue-Tek O.C.T Compound). The stub was then plunge frozen and 

transferred into the cryo-preparation chamber. The specimen was then 

fractured, sublimed at -90oC for 30 minutes, and sputter coated with platinum 

using a current of 10 mA for 60 seconds. Imaging was performed at 10 kV under 

cryo conditions. Cryogenic scanning electron microscopy was performed on an 

FEI Quanta 200 3D (FEI, Hillsboro  Oregon, USA) electron microscope 

equipped with a Quorum 3010 (Quorum Technologies, Loughton, UK) 

cryogenic stage and preparation stage.  



77 

 

2.2.7 Statistical analysis 

All hydrogel characterisation and controlled release data is presented as mean 

± standard deviation (SD) with each experimental condition tested in triplicate 

(n=3). All cell culture ELISA and viability data is presented as mean ± standard 

error of the mean (SEM) from two independent experiments which each 

contained three experimental repeats per condition (N=2, n=3). Statistical 

analysis was carried out in GraphPad PRISM 9.0. One-way ANOVA was 

performed to determine significant differences between experimental 

conditions when three or more were present on a column graph (α=0.05). 

Tukey’s post hoc multiple comparisons test was performed for pair-wise 

comparisons. Student’s t-test was used to determine significant differences 

between the mean of two experimental groups. Pairs with significant differences 

were labelled as ns P>0.05, * P≤0.05, ** P<0.01, *** P<0.001 and **** 

P<0.0001. In instances with an excessive amount of pairwise comparisons, only 

the ones which were discussed were included in the figure. 
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Chapter 3  - Characterisation of protein 

release from photocrosslinkable affinity 

hydrogels 

3.1 Introduction 

The controlled delivery of biomacromolecules to localised biological systems 

is an attractive approach to modify disease by influencing cell behaviour due to 

the natural potency of growth factors and cytokines. The generation of 

implantable biomaterials which are capable of exhibiting controlled protein 

release has remained a challenging branch of the field for years. Commonly 

encountered issues are: burst release, in which the majority of the protein 

payload is rapidly released followed by little to no further release281. A 

phenomenon likely to lack efficacy due to the short time period of release and 

one which may also be cytotoxic due to cells being exposed to a 

supraphysiological dosage of protein. Incomplete release, occurring when a 

significant amount of the payload is entrapped within the material which may 

lead to drug dumping at the point of material degradation283. Protein 

denaturation occurs when its structural integrity is diminished, often leading to 

a lack of functionality and is caused by damaging environmental 

conditions260,261,263. Taken together, measures must be put in place to minimise 

burst release, avoid incomplete release and maintain the bioactivity of released 

proteins.   
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Affinity based approaches to improve protein release are modelled on the ability 

of heparins to sequester heparin binding proteins by electrostatic attraction355. 

The electrostatic attraction takes place between the negatively charged sulfate 

and carboxyl groups on heparins and the positive surface charge of heparin 

binding proteins as determined by their iso-electric point309,310. The 

sequestration by heparin increases the in-vivo half-life of heparin binding 

proteins which has led to the functionalisation of biomaterial surfaces with 

heparins being a previous strategy to approach controlled protein release in-

vitro356.  

However, heparins do have multiple practical limitations such as batch to batch 

variability in high molecular weight heparin, high cost in the production of low 

molecular weight heparin, and the need for it to be harvested from animal 

tissue315–318. Heparins are also degraded in-vivo by heparinises and heparin 

containing hydrogels have previously been observed to be degraded by the same 

mechanism which would limit their capacity as a long term controlled release 

material320. To this end, so called “Heparin mimics” have been fabricated with 

the aim to utilise the positive attributes of heparins while circumventing their 

limitations357–359. 

A routinely administered anti-inflammatory therapy for osteoarthritis is the 

intra-articular injection of corticosteroids such as cortisone. Corticosteroid 

injections alleviate the symptoms of osteoarthritis for approximately 2 

weeks125,126. Repeated intra-articular injections are painful for patients and can 

damage host tissue at the injection site360. An alternative anti-inflammatory 

therapy utilising controlled protein release would therefore be required to 
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exhibit controlled release for a period of multiple months to be a significant 

improvement over what is currently administered in the clinic.  

Macrophages are cells of the innate immune system that are considered to be a 

main orchestrator of immune cell signalling during inflammation. Macrophages 

exist on a polarisation spectrum in which M1 promotes pro-inflammatory 

signalling and M2 promotes anti-inflammatory signalling44. Macrophages 

become polarised in response to environmental stimuli and M2 polarisation has 

historically been subdivided into M2a, M2b, M2c, and M2d based on the 

stimulus used203. In the pathobiology of osteoarthritis, pro-inflammatory 

signalling is a key driver of disease progression and is the product of an M1:M2 

macrophage imbalance that favours M145,361. A therapeutic approach that aims 

to prevent osteoarthritis progression using controlled protein release should 

therefore use cytokines that promote the anti-inflammatory M2a polarisation 

using either Interleukin-4 (IL-4) or Interleukin-13 (IL-13), or promote immune 

suppressive M2c function using Transforming growth factor beta 1 (TGF-β1) 

or Interleukin-10 (IL-10)204,205,217. 

This chapter aims to investigate protein release from Poly (ethylene glycol) 

diacrylate (PEGDA) hydrogels containing acrylate monomers with charged 

chemical groups in order to elicit electrostatic attraction to proteins similarly to 

heparin, with the goal of achieving controlled release. Ideally, controlled release 

of the anti-inflammatory cytokines associated with M2 macrophage polarisation 

will be observed for a period of multiple months in order to show potential 

benefit over currently administered injectable corticosteroids that have 

approximately 2 weeks efficacy.  
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Acrylate monomers typically have low cost and may be easily integrated into 

PEGDA hydrogels during ultraviolet (UV) photocrosslinking287. Acrylate 

monomers are often 3D printable which would allow the possible large scale 

manufacturing of protein release products in the future. The fine control over 

hydrogel architecture by additive manufacturing has been previously explored 

as a controlled drug release parameter in small molecule drug release from 

tablets345, an approach which has not been significantly explored in controlled 

protein release but may be a valuable tool for future applications.    

3.2 Chapter specific Methods 

Detailed materials and methods can be found in Chapter 2. Chapter specific 

methods are briefly outlined below for convenience with experimental design 

schematics where appropriate. 

3.2.1 Hydrogel UV photocrosslinking 

As described (2.2.1 UV photocrosslinking). Briefly, hydrogel precursor 

solutions were prepared in Phosphate buffered saline (PBS) while protected 

from light. Hydrogels were formed by 10 minutes 365nm UV light exposure 

under argon with oxygen concentration below 2000ppm. 500μL hydrogels were 

cast in 15x15mm square Poly (tetrafluoro ethylene) (PTFE) moulds and 100μL 

hydrogels were formed as droplets on a flat piece of PTFE. 

3.2.2 In-vitro hydrogel swelling 

As described (2.2.1 In-vitro hydrogel swelling). Briefly, hydrogels were 

immersed in PBS and weighed multiple times over a 5 day period. The swollen 
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weight was expressed as a percentage increase from the initial hydrogel weight 

after UV photocrosslinking. 

3.2.3 Hydrogel compressive testing 

As described (2.2.1 hydrogel compressive testing). Briefly, compressive 

modulus was characterised by compressing swollen hydrogels using a texture 

analyser with a 5kg load cell. The compressive modulus was calculated as the 

gradient of the linear section from the stress-strain curve.  

3.2.4 In-vitro protein release (direct loading method) 

As described (2.2.2 Direct loading method). A schematic of the experimental 

design has been included for convenience (Figure 3.1). Briefly, the protein of 

interest was dissolved into the hydrogel precursor solution as the final 

ingredient. Following UV photocrosslinking, hydrogels were immersed in PBS 

for in-vitro protein release experiments. At each time point the PBS was 

completely aspirated and an equal volume of fresh PBS was applied to each gel. 

PBS collected from each time point was stored at -20oC until the appropriate 

time for analysis by Bradford assay for lysozyme and BSA, or ELISA for TGF- 

β1 and IL-4. 

 

Figure 3.1: Schematic of direct loading protein release method. The protein 

of interest was dissolved into the photoinitiator solution. Hydrogels were cast 
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under argon and immersed in PBS for in-vitro protein release. Controlled 

release samples were quantified using Bradford assay or ELISA as appropriate. 

Image created at www.BioRender.com 

3.2.5 In-vitro protein release (core-shell method) 

As described (2.2.2 core-shell method). A schematic of the loading method has 

been included for convenience (Figure 3.2). Briefly, custom PTFE moulds were 

used to position a 3% gelatin hydrogel loaded with TGF-β1 in between two 

layers of 10% 4kDa PEGDA. Core-shell gels were then immersed in PBS for 

in-vitro TGF- β1 release. 

 

Figure 3.2: Schematic of core-shell protein loading method. A 20μL core 

hydrogel was used that contained 3% gelatin and a matched TGF- β1 dosage to 

the initial experiment using 10μg/mL TGF- β1 from 10% 4kDa PEGDA. The 

core was placed in between two 400μL layers of 10% 4kDa PEGDA. Image 

created at www.BioRender.com 

3.2.6 Bradford assay 

As described (2.2.3 Bradford assay). Briefly, standards of the protein of interest 

were prepared in PBS from 25μg/mL to 1.25μg/mL. Controlled release samples 

were thawed at 37oC and Bradford reagent was left to equilibrate to room 
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temperature. In a 96-well plate, 150μL of either standard or sample was mixed 

with 150μL of Bradford reagent. After 10 minutes incubation at room 

temperature the absorbance at 595nm was read using a plate reader. A standard 

curve was used to calculate the dosage of protein released at each time point. 

Each standard curve assayed standards in triplicate and each experimental 

repeat was assayed in duplicate. 

3.2.7 Enzyme linked immunosorbent assay (ELISA) 

TGF-β1 ELISA was carried out as described (2.2.3 TGF-β1 in-vitro release), 

IL-4 ELISA was carried out as described (2.2.5 THP-1 secreted cytokines, IL-

4 controlled release). Each standard was assayed in triplicate and each 

experimental repeat was assayed in duplicate. 

3.2.8 Lysozyme bioactivity assay 

As described (2.2.4 lysozyme bioactivity assay). 100μL of controlled release 

sample was added to 1.5mL of Micrococcus lysodeikticus and mixed by 

inversion. The decrease in absorbance at 450nm was measured once per minute 

for 5 minutes using a UV-Vis spectrophotometer. For each sample, a control 

was run simultaneously which was prepared from stock lysozyme with a 

matched concentration. The decrease in absorbance of controlled release 

samples was expressed as a percentage of the decrease in absorbance measured 

in its matched control. 

3.2.9 Statistical analysis 

All numerical data is presented as mean ± standard deviation from 3 repeats per 

experimental condition. When quantifying protein release from hydrogels the 

Limit of detection (LOD) and Limit of quantification (LOQ) were calculated as 
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3 and 10 standard deviations above the average blank standard 

respectably352,354. One-way ANOVA with Tukey’s post hoc multiple 

comparisons test (α=0.05) was used to determine significant differences 

between experimental groups where three or more are present on a column 

graph. Student’s t-test was used to determine significant differences between 

the means of two groups of data. Pairs with significant differences were labelled 

as * P≤0.05, ** P<0.01, *** P<0.001 and **** P<0.0001. 

3.3 Results 

3.3.1 Swelling and compressive characterisation of PEGDA hydrogels 

containing 3-sulfopropyl acrylate 

500μL hydrogels were cast in 15mm x 15mm PTFE moulds using UV 

photocrosslinking containing 10% w/v 575Da PEGDA and 0%, 5%, 10%, and 

15% w/v 3-sulfopropyl acrylate (SPAK, 232.3Da). SPAK was selected as a 

negatively charged acrylate to electrostatically attract the candidate proteins of 

interest for M2 macrophage polarisation IL-4, IL-10 and TGF- β1 which have 

iso-electric points of 9.2336, 8.3362 and 9.51363 respectively.  

The in-vitro swelling behaviour of SPAK containing PEGDA hydrogels was 

investigated over 5 days and showed approximately a dose dependent increase 

of hydrogel weight increase with increasing SPAK concentration Figure (3.3 

A). The increase in water absorption is likely due to the negatively charged SO3
- 

groups attracting bipolar water molecules. 0% SPAK 10% PEGDA showed a 

decrease in hydrogel weight at all swelling time points after initial weighing 

(Figure 3.3 A). The decrease in hydrogel weight seen in 0% SPAK 10% PEGDA 

is likely indicative of residual PEGDA monomer diffusing out of the gel. 
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Compressive testing on swollen hydrogels showed all groups to have a modulus 

in the low kPa range with a general increasing trend as SPAK concentration 

increased. A significantly higher modulus was measured at 15% SPAK 10% 

PEGDA compared to 0% SPAK 10% PEGDA when analysed with 1 way 

ANOVA with Tukey’s post hoc multiple comparisons test (Figure 3.3 B). The 

increasing trend seen with increasing SPAK concentration is likely due to 

increasing overall hydrogel concentration. 
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Figure 3.3: Swelling and compressive characterisation of SPAK PEGDA 

hydrogels cast by UV photocrosslinking. A) 5 day in-vitro swelling of 10% 

575Da PEGDA hydrogels containing 0-15% SPAK. B) Compressive modulus 

of 10% 575Da PEGDA hydrogels containing 0-15% SPAK. Values presented 

as mean ± standard deviation (n=3). * denotes a statistical difference with 
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P≤0.05 determined by 1 way ANOVA with Tukey’s post hoc multiple 

comparisons. 

3.3.2 Characterisation of lysozyme release from cast SPAK PEGDA hydrogels 

Initial protein release experiments used lysozyme from chicken egg whites as a 

low cost model protein. Lysozyme was chosen because its iso-electric point of 

11.35364,365 means it has a net positive charge at neutral pH and would be 

electrostatically attracted to SPAK to model the estimated interaction of SPAK 

with the M2 promoting cytokines IL-4, IL-10 and TGF- β1. Lysozyme was also 

chosen because its molecular weight of 14-15kDa364 is similar to that of the 

aforementioned M2 promoting cytokines which are 15kDa, 18kDa and 13kDa 

respectively366–368. 

10mg/mL lysozyme was dissolved into hydrogel precursor solutions containing 

10% w/v 575Da PEGDA and 0%, 5%, 10% and 15% w/v SPAK. 500μL 

hydrogels were cast using UV photocrosslinking and hydrogels were each 

immersed in PBS for a 70 day in-vitro protein release study. During analysis, 

seven standard curves for the Bradford assay were averaged to generate a master 

standard cure (Supplementary Figure S.1 Appendix 1) with a calculated LOD 

and LOQ of 1.46μg/mL and 4.94μg/mL respectively. Cumulative lysozyme 

release (Figure 3.4 A, B) and the lysozyme concentration released at each time 

point (Figure 3.4 C) were considered. 

0% SPAK 10% PEGDA exhibited rapid burst release with a measured 

percentage release of 100% after 3 days and 110% after 13 days (Figure 3.4 A 

blue line). The first 7 days of time points were diluted to fit the assay 

concentration range (Figure 3.4 C blue line). There was then a plateau until day 
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70 at in which the majority of time points were below the LOD with a final 

percentage release at 111% (Figure 3.4 A, C blue lines). The cumulative release 

reaching over 100% may be explained by the total loading dosage being an 

estimate based off the hydrogel volume, and that the first 7 days of time points 

had to be diluted for quantification by Bradford assay. 

The addition of SPAK had a potent effect in reducing the burst release of 

lysozyme from 10% PEGDA and groups 5%, 10% and 15% SPAK showed a 

dose dependent decrease in the release rate of lysozyme which demonstrates 

control over lysozyme release rate using electrostatic affinity (Figure 3.4 A red, 

green and purple lines).  

5% SPAK 10% PEGDA had an approximately zero order release trend for the 

first 31 days followed by a slight decrease in release rate until day 70 at which 

31% of lysozyme had been released (Figure 3.4 B red line). The lysozyme 

concentration released was below LOQ until day 2 of release and was then 

above LOQ at every time point until day 64, after which it fell slightly below 

LOQ until day 70 (Figure 3.4 C red line). 

10% SPAK 10% PEGDA had a linear release trend reaching 14% release at day 

70. The released lysozyme concentration was below LOQ until day 13 and was 

then above LOQ until day 28. After this time point the released concentration 

was between LOD and LOQ until day 70 (Figure 3.4 C green line). 

Lysozyme release from 15% SPAK 10% PEGDA was below LOD until day 13, 

followed by an increased release rate that reached 5% release at day 70 (Figure 

3.4 B purple line) with remaining time points having concentrations between 

LOD and LOQ (Figure 3.4 C purple line).  



90 

 

A control group containing 15% SPAK 10% PEGDA with no lysozyme loading 

was included. This group had no response above the LOD at any time point 

which demonstrates no cross reactivity of any species such as residual monomer 

or hydrogel degradation products with the Bradford assay (Figure 3.4 A, B, C 

orange line). 
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Figure 3.4: Lysozyme release from SPAK PEGDA affinity hydrogels. A) 

Effect of SPAK on lysozyme release from 500μL, 10% 575Da PEGDA 

hydrogels loaded with 10mg/mL lysozyme. B) Effect of SPAK on lysozyme 

release showing only 5-15% SPAK experimental groups. C) Concentration of 
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lysozyme at each in-vitro release time point. Lysozyme was quantified using 

Bradford assay, the first 7 time points from 0% SPAK 10% PEGDA were 

diluted to fit the assay range. Values presented as mean ± standard deviation, 

where error bars cannot be seen they are smaller than the marker at each plotted 

point (N=2, n=3). 

3.3.3 Investigating the bioactivity of lysozyme released from SPAK PEGDA 

hydrogels 

The bioactivity of lysozyme released from 5% SPAK 10% PEGDA was 

measured at days 2, 10, 31 and 61 of release and showed a reduction in 

comparison to controls across all groups with approximately 37% bioactivity at 

day 2 and between 52-62% for days 10, 31 and 61 (Figure 3.5 A). To investigate 

the effect of UV exposure on lysozyme bioactivity, the bioactivity of a 10μg/mL 

sample that had been exposed to 365nm UV for 10 minutes was compared to a 

10μg/mL control sample. The bioactivity of the UV irradiated sample was found 

to be 96 ± 1.52% of the 10μg/mL control sample (Figure 3.5 B). A 2 tailed, 

unpaired Student’s t-test found there to be no statistical difference between the 

mean bioactivity of UV irradiated lysozyme and the 10μg/mL control 

(P=0.3817). This result suggests that the UV dosage used in the experimental 

design of this experiment was not the main reason for reduced bioactivity. 

The reduced bioactivity of lysozyme released from 5% SPAK 10% PEGDA at 

days 2, 10, 31 and 61 (Figure 3.5 A) indicates that protein structure is damaged 

during the UV photocrosslinking reaction. Interestingly, the bioactivity did not 

decrease further at the later time points tested (days 31 and 61). The electrostatic 

sequestration of lysozyme by SPAK may be the reason why bioactivity is 
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maintained at an estimated 55%, 57% and 56% at days 10, 31 and 61 

respectively, with no deterioration at later time points. The reduction in 

bioactivity in comparison to stock lysozyme may be due to free radicals 

produced from UV activation of Irgacure-2959. Free radicals have previously 

been reported to damage biologics including proteins. This effect may be 

reduced in future experiments by using an alternative photoinitiator, by 

reducing photoinitiator concentration, or by modifying the protein loading 

method. 

 



94 

 

 

Figure 3.5: Bioactivity of lysozyme released from 5% SPAK 10% PEGDA. 

A) Calculated bioactivity of lysozyme released from 5% SPAK 10% PEGDA 

at 4 time points during a 70 day controlled release experiment. At each time 

point tested the bioactivity was compared to a stock solution of lysozyme with 

a matched concentration to what was quantified in the controlled release time 

point by Bradford assay. B) Bioactivity of 10μg/mL lysozyme after exposure to 

365nm UV light for 10 minutes in comparison to a stock 10μg/mL lysozyme 

solution. Values presented as mean ± standard deviation (N=3, n=3). 
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3.3.4 Investigating protein loading and mesh size parameters 

Following the initial characterisation of lysozyme release from SPAK PEGDA 

hydrogels loaded with 10mg/mL lysozyme, experimental parameters pertaining 

to protein loading conditions and PEGDA mesh size were investigated.  

To investigate protein loading parameters, protein loading concentration was 

decreased from 10mg/mL to 1mg/mL. 500μL hydrogels were cast containing 

10% 575Da PEGDA with 1mg/mL lysozyme or 1mg/mL bovine serum albumin 

(BSA). In-vitro protein release was compared between the two proteins in a 10 

day study. It was observed that after 10 days the lysozyme group had reached 

approximately 50% cumulative release and the BSA group had reached a 

plateau at 9% (Figure 3.6 A). The low cumulative release of BSA is likely due 

to its large molecular weight of 66kDa369 in comparison the considerably 

smaller lysozyme which is 15kDa364. The larger protein size would be expected 

to hinder its diffusion through the PEGDA polymer mesh.  

PEGDA mesh size was previously reported to be dependent on the molecular 

weight of the PEGDA macromer in which larger molecular weights produce a 

larger mesh to enable increased protein diffusion296. In effort to increase 

lysozyme cumulative release, PEGDA molecular weight was increased to from 

575Da to 4kDa to increase polymer mesh size. Cumulative release from 10% 

4kDa PEGDA hydrogels increased to approximately 100% after 10 days (Figure 

3.6 B).  

PEGDA mesh size is also reported to be dependent on concentration295. To 

further investigate mesh size parameters, a 5% 4kDa PEGDA group was 
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included which showed increased percentage release at each time point and 

reached an estimated 100% cumulative release at day 6 (Figure 3.6 C).  

 

Figure 3.6: Characterisation of protein release parameters pertaining to 

mesh size. 500μL hydrogels were loaded with 1mg/mL of the protein of 
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interest. A) Comparison of BSA and lysozyme release from PEGDA. B) Effect 

of PEGDA molecular weight on lysozyme release rate. C) Effect of PEGDA 

concentration on lysozyme release rate from 4kDa PEGDA. Values presented 

as mean ± standard deviation (N=2, n=3). 

3.3.5 TGF-β1 release from 10% 4kDa PEGDA hydrogels 

The method was adapted in attempt to release the M2 promoting anti-

inflammatory cytokine TGF-β1. To conserve experimental costs when using 

TGF-β1 cytokine, hydrogel volume was decreased from 500μL to 100μL. A 

TGF-β1 loading concentration of 10μg/mL was chosen with the intention of 

releasing TGF-β1 in the ng/mL concentration range that is relevant for 

biological growth factor action. The molecular weight of PEGDA selected was 

4kDa because of its observed improvement seen in lysozyme release (Figure 

3.6 B).   

100μL hydrogels were cast by UV photocrosslinking containing 10% 4kDa 

PEGDA with 10μg/mL TGF-β1 and a 5 day in-vitro protein release experiment 

was carried out in PBS. The TGF-β1 concentration at each time point was 

quantified using ELISA. After 5 days the cumulative release of TGF-β1 was 

less than 0.1% (Figure 3.7 A) and at day 5 the TGF-β1 concentration released 

became lower than the calculated LOQ of 12.5pg/mL (Figure 3.7 B). This result 

suggested that the majority of loaded TGF-β1 is entrapped within 10% PEGDA 

and is unable to be released by diffusion after 5 days. 
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Figure 3.7: TGF-β1 release from 10% 4kDa PEGDA hydrogels. Hydrogel 

volumes were 100μL and were loaded with 10μg/mL TGF-β1. A) Cumulative 

release of TGF-β1. B) TGF-β1 concentration released at each time point. Values 

presented as mean ± standard deviation (N=2, n=3). 

3.3.6 Optimisation of TGF-β1release parameters 

In attempt to improve TGF-β1 release, experimental parameters were modified. 

The data from lysozyme release experiments (Figures 3.4 and 3.6) was used to 

aid decision making for the optimisation of TGF-β1 release parameters. Due to 

the increase in PEGDA molecular weight from 575Da to 4kDa improving 

lysozyme cumulative release (Figure 3.6 B), the molecular weight of PEGDA 
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was further increased in TGF-β1 release experiments in effort to improve 

cumulative release.  

PEGDA molecular weight was increased from 4kDa to 6kDa, and then to 20kDa 

to increase polymer mesh size. For 20kDa hydrogels the volume of PBS release 

buffer was increased to 30mL to accommodate the large in-vitro swelling 

exhibited by the hydrogels (Supplementary Figure S.2, Appendix 1). Increasing 

PEGDA molecular weight improved TGF-β1 cumulative release but the release 

from 6kDa PEGDA only reached 1.5% after 5 days and 20kDa PEGDA 

plateaued at 8.5% after 9 days (Figure 3.8 A). This indicated that parameters 

other than mesh size needed to be considered in order to optimise TGF-β1 

cumulative release enough for biological applications or for SPAK to be 

reintroduced. 

In sections 3.3.2 and 3.3.4, the cumulative lysozyme release exhibited from 10% 

575Da PEGDA had greater percentage release when loaded with 10mg/mL 

lysozyme in comparison to 1mg/mL lysozyme (Figure 3.4 A 0% SPAK, and 

Figure 3.6 A lysozyme). This showed that protein loading concentration 

considerably influenced release rate. With this previous result considered, TGF-

β1 loading concentration was increased from 10μg/mL to 50μg/mL and the in-

vitro release was compared. Cumulative release of TGF-β1 was increased at 

every time point but after 13 days the total percentage release was still less than 

2% (Figure 3.8 B). The increased TGF-β1 release rate in relation to protein 

loading dosage is consistent with lysozyme data but the lower overall 

percentage release suggests that a dosage of TGF-β1 remains entrapped within 

the hydrogel and this phenomenon is particularly noticeable at lower loading 

concentrations because it represents a larger proportion of the total loading dose.  
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To investigate if low percentage release was specific to TGF-β1, 10% 4kDa 

PEGDA hydrogels were loaded with 50μg/mL IL-4 and the percentage release 

was compared over 5 days. IL-4 percentage release was greater than TGF-β1 at 

every time point but after 5 days the cumulative release was still less than 1% 

(Figure 3.8 C). This suggests that the low percentage release observed at 

50μg/mL cytokine loading is not specific to TGF-β1. 
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Figure 3.8: Modification of TGF-β1 release parameters to improve 

percentage release. A) Increasing PEGDA molecular weight. B) Increasing 

TGF-β1 loading concentration. C) Comparison of TGF-β1 and IL-4 loaded with 
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equal concentrations in 10% 4kDa PEGDA. Values presented as mean ± 

standard deviation (N=2, n=3). 

3.3.7 Trouble shooting low TGF-β1 cumulative release from 10% 4kDa 

PEGDA 

A series of trouble shooting experiments were carried out to determine the cause 

of low TGF-β1 cumulative release from PEGDA.  

To determine if low TGF-β1 cumulative release was due to inaccurate loading, 

the 100μg/mL stock solution used for in-vitro release experiments was diluted 

to 1ng/mL using a 3 step serial dilution. Standards with concentrations matching 

the ELISA kit standards were then prepared from the 1ng/mL solution by serial 

dilution. TGF-β1 standards diluted from the stock were then assayed on the 

same plate as the ELISA kit standards and the standard curves were compared. 

The standard curve generated from the stock derived solution had 

approximately half the ELISA response compared to the curve generated using 

standards supplied with the kit (Figure 3.9 A). The gradient of the two curves 

were approximately the same when viewed by eye (Figure 3.9 A). The 

discrepancy in ELISA absorbance values between the stock standards and the 

kit standards is likely due to the large dilution factor required to dilute the 

100μg/mL stock TGF-β1 solution down to 1ng/mL to fit the assay range. 

To investigate whether UV photocrosslinking conditions were decreasing the 

quantification of TGF-β1 by ELISA, a set of TGF-β1 standards was exposed to 

365nm UV light for 10 minutes and its standard curve was compared to normal 

standards. A second experimental condition was included with TGF-β1 

standards which contained 0.5% w/v Irgacure-2959 (I2959) that were also 
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exposed to 365nm UV for 10 minutes. Following UV irradiation, standards 

containing I2959 had a noticeable colour change from transparent to white, 

which was not observed in other conditions (Figure 3.9 B). At the final stage of 

ELISA, no colour change was observed in photoinitiator containing standards 

(Figure 3.9 C iii). Standard curves from the control group and UV irradiated 

standards were approximately the same, but absorbance values from the 

photoinitiator containing group were all below the LOD (Figure 3.9 D). This 

result indicates that TGF-β1 is denatured by the free radicals from the activated 

photoinitiator, and the change in its structure renders it unquantified by ELISA. 

This would occur if the epitope recognised by ELISA capture antibodies is 

covered by the change in TGF-β1 structure. The white colour change observed 

in photoinitiator containing standards may be indicative of aggregates formed 

by photocrosslinking between proteins. This possibility was considered further 

in the discussion section of this chapter (3.4 Discussion). Following this result, 

the experimental approach was then modified to reduce protein exposure to 

photoinitiator.  



104 

 

 

Figure 3.9: Troubleshooting low TGF-β1 percentage release. A) 

Comparison of ELISA detection of kit standards with standards diluted from 

the TGF-β1 stock solution used for in-vitro release. B) Visible colour change of 

UV irradiated TGF-β1 standards containing 0.5% w/v Irgacure-2959 (I2959). 

C) No visible colour change in UV irradiated I2959 containing standards at the 
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final stage of ELISA detection. In rows B-H, standards were input from low-to-

high in Ci and high-to-low in Cii. D) UV irradiated I2959 containing standards 

were all below the ELISA LOD. Values presented as mean ± standard deviation 

(n=3). 

3.3.8 Generation of core-shell PEGDA-Gelatin hydrogels for TGF-β1 release 

After observing diminished TGF-β1 ELISA quantification in the presence of 

activated photoinitiator, the protein loading method was modified to separate 

TGF-β1 from Irgacure-2959 using a core-shell hydrogel in which TGF-β1 was 

loaded into a gelatin core that is surrounded by a 10% 4kDa PEGDA shell. A 

schematic of the core-shell fabrication concept is included for convenience in 

the methods section of this chapter (Figure 3.2 section 3.2.5). 

1μg of TGF-β1 was loaded into a 3% gelatin core to give an equal total dosage 

to the initial TGF-β1 in-vitro release experiment using (Figure 3.7). The gelatin 

core was encapsulated between two sheets of 10% 4kDa PEGDA using custom 

made PTFE moulds with a raised 5x5x1mm square at the base of each 15x15mm 

square mould (Figure 3.10 A).  

Following fabrication, the 20μL gelatin core was visible within the hydrogel 

and the thickness of core-shell hydrogels was approximately 5mm (Figure 3.10 

B). A TGF-β1 release in-vitro experiment was performed for 5 days using core-

shell hydrogels, no detectable TGF-β1 was released at any time point (Figure 

3.10 C). The 5mm total thickness of the hydrogel is likely the reason for no 

TGF-β1 release. The large distance between the gelatin core and the periphery 

of the PEGDA shell means TGF-β1 is more likely to be entrapped by 
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mechanisms such as intermolecular forces of attraction between the PEGDA 

network and TGF-β1339.  

 

Figure 3.10: TGF-β1 release from core-shell gelatin-PEGDA hydrogels. A) 

Custom made PTFE moulds were used to generate core-shell hydrogels. A 

schematic of the core-shell fabrication method is included in section 3.2.5 B) 

Macroscopic images of core-shell hydrogels from front and side view. C) 

Cumulative TGF-β1 release from core-shell hydrogels. Values presented as 

mean ± standard deviation (N=2, n=3). 
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3.4 Discussion 

The aims of this chapter were to generate affinity hydrogels for the purpose of 

controlled protein release that were synthetic, low cost and had a high 

manufacturing capacity. A clinical application for controlled protein release 

from biomaterials is immunomodulation in osteoarthritis by the promotion of 

M2 macrophage polarisation to reduce the inflammation associated with disease 

progression. With this in mind, a controlled release period of multiple months 

was assigned as a goal in order to be clinically relevant in comparison to 

clinically administered anti-inflammatory drug therapies that have an efficacy 

period of multiple weeks.  

Within this study, lysozyme was selected as a model protein based on its iso-

electric point and molecular weight. The initial characterisation of lysozyme 

release from 5% SPAK 10% PEGDA hydrogels saw a linear release trend for 

70 days (Figure 3.4 A, B, C). This controlled release data has superior controlled 

release period and release trend to previous affinity based methods using 

heparin functionalised materials and sulfated alginate hydrogels which report 

protein release for days to weeks range312–314,322,323,356,370. 

The 70 day controlled protein release is comparable to reports with the longest 

periods of sustained release. Such reports have used controlled material 

degradation and have and have been limited by often not presented bioactivity 

data and have often not considered how simple biodegradation in simple in-

vitro conditions may be translatable to complex in-vivo conditions 298–300. 

Taken together, the lysozyme release data has shown promising potential for 

SPAK PEGDA hydrogels as an affinity protein release material. The data set in 
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this chapter may be further improved with the optimisation of experimental 

parameters. The 56% bioactivity of lysozyme released after 61 days could be 

increased by optimising photocrosslinking conditions including photoinitiator 

type, concentration, and UV photocrosslinking time (Figure 3.5 A). Increasing 

PEGDA molecular weight from 575Da may allow a higher percentage release 

to be achieved before plateau (Figure 3.4 A, B).  

Compressive testing showed the modulus of SPAK PEGDA hydrogels to all be 

in the low kPa range (Figure 3.3 B) which is within reported range for PEGDA 

hydrogels371. Material stiffness in the kPa range is much lower than the MPa 

range reported in osteochondral tissue372. This difference must be considered if 

future studies intend to administer controlled release hydrogels as scaffolds into 

osteoarthritic defect sites. Future studies that use SPAK PEGDA hydrogels for 

tissue engineering purposes may use a stiffer scaffold as a supporting material 

for the hydrogel such as a 3D printed polycaprolactone lattice to generate a 

composite biomaterial with a more in-keeping modulus to surrounding 

osteochondral tissue. 

A limitation of this experimental design is that released lysozyme was in the 

μg/mL range which is an order of magnitude above the therapeutic 

concentration of most cytokines and growth factors that are typically in the low 

ng/mL range. The release of protein far above the therapeutic dose into 

biological systems is expected to cause undesirable effects such as cytotoxicity 

and has previously caused ectopic bone formation when an uncontrolled release 

of BMP-2 occurred in clinical trials for intervertebral disc implants373.  
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A second limitation is that lysozyme was used as a model protein instead of an 

actual M2 associated cytokine. Lysozyme has the benefit of being a low cost 

protein with a molecular weight and iso-electric point that is reasonably close 

to IL-4, IL-10, and TGF- β1 but its iso-electric point of 11.35 is still the highest 

out of the group which means the controlled release effect of SPAK may not be 

as potent when using an actual M2 promoting cytokine. To load hydrogels with 

an equal dosage of any of the three aforementioned cytokines to what was used 

in this experiment would cost thousands British sterling per gel which makes 

direct comparison using the same parameters logistically challenging.  

Finally, the 500μL hydrogel volume used in this experiment is larger than what 

would be expected in a biomaterial that is implanted into a synovial joint. The 

implantation of a 500μL hydrogel into the knee joint would require invasive 

surgery and an early osteoarthritic controlled release therapy would need to be 

smaller and ideally injectable for minimal invasiveness. 

The identified limitations were the rationale for scaling down protein loading 

concentration to 10μg/mL and hydrogel volume to 100μL for subsequent TGF-

β1 release experiments. Following initial experimentation with lysozyme it was 

assumed that the primary mechanism for protein release was based on 

electrostatic charge and that with decreased protein loading concentration the 

release behaviour would remain similar from uncharged PEGDA hydrogels. It 

was therefore unexpected to see the extremely low percentage release of TGF-

β1 from 10% 4kDa PEGDA (Figure 3.7 A). This finding highlights the 

difficulty and in extrapolating data collected from systems using cost effective 

model proteins to systems using low concentrations of biologically relevant 

cytokines and growth factors.  
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With previous literature on protein diffusion from polymers often focusing on 

the relationship between protein size and the mesh size of the network as the 

main factor governing release, this phenomenon was explored in this chapter 

when characterising lysozyme release parameters and when attempting to 

improve TGF-β1 release. Indeed, BSA appeared to be entrapped in 10% 575Da 

PEGDA with 10% release at the first time point followed by a plateau for 10 

days whereas the smaller lysozyme showed 50% cumulative release over 10 

days (Figure 3.6 A). Similarly, increasing PEGDA molecular weight from 

575Da to 4kDa improved lysozyme cumulative release which indicates that 

increasing mesh size can improve diffusion of protein out of the polymer 

(Figure 3.6 B). While PEGDA concentration is also reported to affect mesh size, 

reducing 4kDa PEGDA from 10% to 5% did not have as potent as an effect as 

the increase of molecular weight from 575Da to 4kDa did (Figure 3.6 C). 

Increasing PEGDA molecular weight did improve TGF-β1 percentage release 

but by a lower magnitude than expected which indicates that simple entrapment 

due to size is not the main reason for low percentage release (Figure 3.8 A). 

When investigating low TGF-β1 release the UV irradiated standards containing 

photoinitiator had a visible colour change to white and became opaque which 

indicates photocrosslinking occurred between proteins (Figure 3.9 B). The 

appearance was the same for all wells despite containing different 

concentrations of TGF-β1, however; each standard contained 1mg/mL BSA as 

dilutant for the ELISA kit. If a finite amount of protein is photocrosslinked into 

the PEGDA network it would offer an explanation as to why PEGDA hydrogels 

loaded with lower initial dosages of protein exhibit reduced fractional release 

before reaching plateau.  
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When considering the chemical groups present on BSA, TGF-β1, and PEGDA 

it is possible thiol-ene reaction took place during UV photocrosslinking to 

covalently bond the proteins to the PEGDA network. Thiol-ene reaction occurs 

between a thiol containing molecule and an alkene in the presence of a 

photoinitiator and results in the thiol becoming covalently bonded to the carbon 

atom from the vinyl group348. In the UV photocrosslinking reaction thiol-ene 

may occur between the vinyl groups on the acrylate terminals of PEGDA and 

thiol groups present on cysteine amino acids in the structure of proteins. The 

thiol side chain of cysteine amino acids usually form disulfide bonds during 

protein folding and cysteines are therefore usually internal374. However, BSA is 

reported to have a free cysteine group on its surface which means it could take 

part in thiol-ene375,376. BSA crosslinked into PEGDA may then have a 

sequestering effect on TGF-β1 to render it trapped within the hydrogel. BSA 

has an iso-electric point of 4.7377 which would make it electrostatically attracted 

to TGF-β1 at neutral pH such as in the PBS used for photocrosslinking of 

PEGDA.  

While TGF-β1 doesn’t have a surface cysteine, the TGF-β1 homodimer used 

for protein release experiments is connected together by a disulfide bond378,379. 

If the dimer were to detach it would leave free thiol groups available for thiol-

ene integration into the PEGDA network. For this to occur the disulfide bond 

would need to be broken by either 365nm UV light irradiation for 10 minutes 

or by the free radicals generated from activated Irgacure-2959. Previously the 

disulfide bond has been reported to be broken by 266nm UV light irradiation380. 

If TGF-β1 is significantly denatured it is likely that cysteines which were 

originally internal could be exposed on the surface and then take part in thiol-
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ene. Evidence that TGF-β1 is denatured was the lack of ELISA detection for all 

standards that were UV irradiated in the presence of photoinitiator (Figure 3.9 

C, D). Changes to folding due to denaturation would prevent detection by 

ELISA if the epitopes required for antibody recognition are covered.  

When comparing different protein loading concentrations in 10% PEGDA for 

both lysozyme (10mg/mL and 1mg/mL Figure 3.4 A and 3.6 A) and TGF-β1 

(Figure 3.8 B) there was a decrease in both release rate and the percentage 

release in the lower loading concentrations. In consideration of the suspected 

interaction between protein and photoinitiator, hydrogels loaded with a higher 

protein concentration have a greater protein to photoinitiator ratio and it is likely 

that after 10 minutes UV irradiation a significant proportion of protein remains 

unreacted with the photoinitiator and is therefore unaffected. This would 

explain why at 10mg/mL lysozyme loading there was no noticeable effect from 

the photoinitiator in the release trend (Figure 3.4 A 0% SPAK). At lower protein 

loading concentrations almost all of the protein is likely to be affected by the 

photoinitiator which would explain why less than 0.1% of TGF-β1 was released 

after 5 days when loading at 10μg/mL whereas at 50μg/mL almost 1% was 

released after 5 days with a continued linear release trend up to nearly 2% after 

13 days (Figure 3.8 B). 

Reduced percentage release due to photocrosslinking by thiol-ene would also 

offer an alternative explanation as to why increasing PEGDA molecular weight 

from 4kDa to 6kDa and 20kDa increased TGF-β1 cumulative release (Figure 

3.8 A). In 10% w/v of PEGDA there is a higher molar concentration for lower 

molecular weight PEGDAs which means there are more acrylate groups free to 

react with proteins during photocrosslinking. Increasing the molecular weight 



113 

 

would then reduce the amount of acrylate groups present and would leave a 

larger proportion of protein unreacted and free to diffuse out of the hydrogel. 

Few publications have focused on photoinitiator interaction with proteins in 

controlled protein release. Lin et al. also reported reduced lysozyme bioactivity 

and fractional release from PEGDA. They found changing from Irgacure-2959 

to the more hydrophobic Irgacure-651 increased lysozyme percentage release 

and bioactivity337. They hypothesized that in the gel precursor solution Irgacure-

651 localises to the hydrophobic acrylate groups whereas Irgacure-2959 

localises to the more hydrophilic environment and is in close proximity to 

lysozyme and the PEG chains. The same research group also reported 

incomplete release of BSA from PEGDA and showed that the addition of a BSA 

binding ligand, iminodiacetic acid, improved cumulative release and that this 

effect was further enhanced in the presence of copper338. At the time of 

publication the molecular mechanism for this effect remained unknown. When 

considering thiol-ene, the binding ligand could interact with or cover the free 

thiol group and reduce its availability for thiol-ene conjugation to PEGDA. 

Copper (I) ions have been reported to bind strongly to thiol when interacting 

with cysteine381 which would offer an explanation as to why BSA release was 

further improved when copper was added to iminodiacetic acid. 

The core-shell gelatin-PEGDA hydrogels generated in effort to separate 

photocrosslinking from TGF-β1 loading exhibited no detectable TGF-β1 

release (Figure 3.10 C). This is likely due to the limitations of the PTFE moulds 

used because the resulting hydrogel had approximately 5mm total thickness but 

had a small core and large shell (Figure 3.10 B). A considerably thick shell 

component would mean TGF-β1 has to diffuse through a large distance of 
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PEGDA to be released from the hydrogel and during this time, intermolecular 

forces of attraction between TGF-β1 and PEGDA likely prevent TGF-β1 form 

being released. Future attempts at generating core-shell hydrogels for this 

purpose should use more sophisticated approaches to generate constructs with 

a larger core to shell ratio in which the bulk of the material cross section is the 

cytokine loaded core with a relatively thin PEGDA shell to act as a filter for 

diffusion that could then be charged by addition of SPAK once a high 

percentage release is observed from PEGDA alone. Such approaches may 

utilize co-axial extrusion 3D printing which has previously been shown to 

generate core-shell hydrogels where an IgG loaded Gel-MA core was printed 

with an alginate and PEGDA shell382.  

Future studies utilising the direct loading method should optimise the 

photoinitiator type used, the concentration of photoinitiator and the UV 

exposure time to minimise protein entrapment within the hydrogel. It is likely 

that when using this approach cytokine loading concentrations will have to be 

in the mg/mL or high μg/mL range to get predictable protein release which 

could then be controlled by the addition of charged acrylates such as SPAK. If 

optimised, this approach could produce in-situ forming control release 

hydrogels for minimally invasive administration into the knee joint in 

osteoarthritis.  

Protein damage and entrapment during UV photocrosslinking may also be 

avoided if hydrogels are loaded by immersion in cytokine containing solution 

after fabrication and processing. This approach would expose proteins to the 

least amount of possibly damaging environmental conditions possible but 

would have the drawbacks of high cost due to requiring a bath of cytokine to 
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immerse each material into and there would also be less control over the dosage 

of cytokine loaded onto each hydrogel. 

Once in-vitro cytokine release data is obtained with sustained release close to 

the therapeutic range of growth factor action, in-vitro experiments should be 

carried out to model immunomodulation in osteoarthritis to transition simple in-

vitro protein release data into more clinically relevant scenarios. 

3.5 Conclusion 

In summary, this chapter has shown: 

Incorporation of SPAK into 10% 575Da PEGDA hydrogels resulted in the 

controlled release of lysozyme for 70 days with linear trends in all experimental 

groups loaded with SPAK and 10mg/mL lysozyme. 

The bioactivity of lysozyme released from 5% SPAK 10% PEGDA at 2 days, 

10 days, 31 days and 61 days was decreased compared to controls but was still 

estimated at 56% at day 61 of in-vitro release. 

The scaling down of hydrogel volume and loading concentration for TGF-β1 

release from 10% 4kDa PEGDA resulted in an extremely low percentage 

release. 

Attempted optimisation by increasing PEGDA molecular weight and TGF-β1 

loading concentration did increase percentage release but by a lower magnitude 

than expected. 

Investigation into how UV photocrosslinking conditions may affect 

encapsulated proteins found that UV exposure had no effect but that activated 

photoinitiator diminished ELISA quantification. It was suspected that thiol-ene 
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reaction was responsible for protein entrapment within PEGDA and that this 

was less noticeable at higher protein loading concentrations. 

A core-shell hydrogel was fabricated in effort to separate TGF-β1 loading from 

the photocrosslinking reaction but it failed to improve percentage release. The 

limitations of the approach were discussed along with recommendations for 

future work. 
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Chapter 4  - Promotion of M2 macrophage 

polarisation using sustained IL-4 release 

from affinity hydrogels 

4.1 Introduction 

Osteoarthritis (OA) is a debilitating disease that is characterised by the 

irreversible degradation of articular cartilage, synovial inflammation, 

subchondral bone remodelling, and osteophyte formation3,5–7,145. OA is a 

leading cause of disability and affects over 500 million people globally12. There 

is a lack of disease modifying osteoarthritic drugs (DMAODs) which means 

that existing therapeutics options are limited to pain and symptom 

management23,24,26. Pro-inflammatory signalling is present in the early stages of 

osteoarthritis and is a key driver of OA pathobiology40,41. Promoting M2 

polarisation to restore M1 and M2 macrophage balance may be a possible 

approach to prevent further progression of OA by stopping the cycle of pro-

inflammatory signalling.  

Interleukin-4 (IL-4) promotes M2a polarisation which has surface markers 

CD206 and CD163204,213, and has secreted markers including IL-10, TGF-β1, 

CCL-18 and CCL-22207–209. Previously, repeated IL-4 injection has shown 

beneficial effects in OA animal models in-vivo. Daily intra-articular injection 

of IL-4 has been shown to elicit a chondroprotective effect in a murine model 

of OA and it was attributed to the reduction of nitric oxide synthesis by 

chondrocytes at the time324. Similarly, another study showed that weekly 
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injection of an IL-4 and IL-10 fusion protein into the knee of OA model mice 

for 10 weeks significantly reduced cartilage degradation326.  

Data from Chapter 3 of this thesis showed hydrogels containing 3-sulfopropyl 

acrylate potassium salt (SPAK) and poly (ethylene glycol) diacrylate (PEGDA) 

to control the release of lysozyme for 70 days with a linear release trend and 

over 50% lysozyme bioactivity after 61 days. This showed promising potential 

for SPAK PEGDA hydrogels as a synthetic, low cost controlled release material 

with a slow biodegradation rate and a high manufacturing capacity294,343,344. The 

scaling down of hydrogel volume and loading concentration for TGF-β1 and 

IL-4 release was met with extremely low percentage release (Chapter 3 figure 

7). After a series of optimisation and troubleshooting experiments, it was found 

that the activated photoinitiator was likely causing photocrosslinking between 

cytokines and the polymer network to cause incomplete release from PEGDA 

(Chapter 3 figures 8 and 9).   

This chapter aims to modify the protein release method to fully decouple protein 

loading from Ultraviolet (UV)-photocrosslinking using material loading by 

immersion in order to achieve the controlled release of IL-4.  

This method will separate the conditions of the UV photocrosslinking reaction 

from protein loading and also avoid protein exposure to the sterilisation steps 

required for aseptic cell culture work. The bioactivity of released IL-4 will be 

investigated by using it to promote M2-like polarisation of THP-1 macrophages 

to model immunomodulation in osteoarthritis.  

THP-1 is an immortalised human monocyte derived from a 1 year old patient 

with acute myeloid leukaemia. THP-1 monocytes can be differentiated using 
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phorbol 12-myristate 13-acetate (PMA) into macrophage-like cells. THP-1 are 

a popular choice for in-vitro models of immunomodulation because they share 

many key functional properties of peripheral blood monocyte derived 

macrophages255,383,384.  

4.2 Chapter specific methods 

Detailed materials and methods can be found in Chapter 2. Chapter specific 

methods are briefly outlined below for convenience with experimental design 

schematics where appropriate. 

4.2.1 UV-photocrosslinking 

As described (2.2.1 UV photocrosslinking). Briefly, hydrogel precursor 

solutions were prepared in Phosphate buffered saline (PBS) while protected 

from light. Hydrogels were formed by 10 minutes 365nm UV light exposure 

under argon with oxygen concentration below 2000ppm. 100μL hydrogels were 

formed as droplets on a flat piece of polytetrafluoroethylene (PTFE). 

4.2.2 In-vitro hydrogel swelling 

As described (2.2.1 In-vitro hydrogel swelling). Briefly, hydrogels were 

immersed in PBS and weighed multiple times over a 5 day period. The swollen 

weight was expressed as a percentage increase from the initial hydrogel weight 

after UV photocrosslinking. 

4.2.3 Hydrogel compressive testing 

As described (2.2.1 hydrogel compressive testing). Briefly, the compressive 

modulus was characterised by compressing swollen hydrogels using a texture 
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analyser with a 5kg load cell. The compressive modulus was calculated as the 

gradient of the linear section from the stress-strain curve. 

4.2.4 In-vitro IL-4 release 

As described (2.2.2 indirect loading method). A schematic of the loading 

method has been included for convenience (Figure 4.1). Briefly, 100μL 

hydrogels were cast by UV photocrosslinking containing 10% w/v 4kDa 

PEGDA with 0%, 1% and 5% w/v SPAK.  

Hydrogels were swelled in 5mL PBS for 5 days and then sterilized for cell 

culture using 20 minutes 254nm UV irradiation and a 30 minute wash with 

antibiotic-antimitotic antibody followed by 3 washes with sterile PBS. Each 

hydrogel was immersed in 500μL of a 2.2μg/mL IL-4 solution for 24 hours at 

37oC.  

For in-vitro IL-4 release, each hydrogel was immersed in 2mL of THP-1 

complete culture media. At each time point the entire 2mL of media was 

collected and replaced. This was done to re-establish the diffusion gradient for 

IL-4 release to mimic the short half-life of IL-4 in-vivo. 1mL of the collected 

media was stored at -20oC for quantification by ELISA and the remaining 1mL 

was stored at -20oC as a sterile aliquot to investigate bioactivity by in-vitro THP-

1 macrophage polarisation.  
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Figure 4.1: Schematic of indirect IL-4 loading method. IL-4 was loaded by 

immersion after UV photocrosslinking and hydrogel sterilization. IL-4 loaded 

hydrogels were immersed in 2mL of THP-1 complete culture media for a 73 

day controlled release experiment. Image created at www.BioRender.com. 

4.2.5 THP-1 culture conditions 

THP-1 monocytes were cultured in RPMI-1640 media supplemented with 10% 

Foetal bovine serum (FBS), 1% GlutaMAX, 1% Sodium pyruvate, 1% HEPES 

buffer, 1.25% glucose solution and 1% penicillin-streptomycin. THP-1 cells 

were cultured in the concentration range of 200,000-1,000,000 cells per mL at 

37oC with 5% CO2. 

4.2.6 THP-1 seeding 

THP-1 cells were seeded at 500,000 cells per mL and differentiated into 

macrophages by exposure to 50ng/mL PMA for 6 hours. THP-1 macrophages 

were then washed with PBS and incubated in THP-1 complete media for 24 
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hours. Cells were then polarised with cytokine containing cocktails, IL-4 

controlled release media or by incubation with IL-4 releasing hydrogels. 

4.2.7 THP-1 polarisation (IL-4 controlled release media) 

As described (2.2.5 THP-1 macrophage polarisation (cytokine application)). 

Sterile aliquots of SPAK IL-4 controlled release media were thawed and 

warmed to 37oC. Following THP-1 seeding, 1mL of controlled release media 

was used to polarise THP-1 macrophages towards M2a for 6 days. For each IL-

4 release time point that was tested, an “M2” control group was included with 

a matched IL-4 concentration to directly compare the polarisation effect of IL-

4 released from SPAK PEGDA hydrogels with a matched dose of stock IL-4. 

M2 polarisation using Released IL-4 and control IL-4 included 50ng/mL 

macrophage colony stimulating factor (M-CSF). Control groups were included 

as examples quiescent and conventionally activated polarisation states. “M0” 

contained 50ng/mL M-CSF, and “M1” contained 50ng/mL granulocyte 

macrophage colony stimulating factor (GM-CSF) and 20ng/mL Interferon 

gamma (IFN-γ). After 6 days culture in polarisation media, cells were fixed for 

immunostaining and culture media was stored at -20oC for future analysis.  

4.2.8 THP-1 polarisation (Incubation with IL-4 releasing hydrogel) 

As described (2.2.5 THP-1 macrophage polarisation (hydrogel incubation)). 

Briefly, 5% SPAK 10% PEGDA hydrogels were fabricated, sterilized and 

loaded with IL-4 with the same method as IL-4 in-vitro release. THP-1 cells 

were seeded at 500,000 cells per mL with 2mL per well in a 12-well plate to 

match the media volume used for IL-4 in-vitro release. IL-4 loaded 5% SPAK 

10% PEGDA hydrogels were placed in the appropriate wells for 6 days. To 
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compare repeated IL-4 delivery to a single large IL-4 injection, a control group 

named “IL-4 bolus” was included which contained the IL-4 dose estimated to 

be released from 5% SPAK 10% PEGDA in 6 days (404ng). Following 6 days 

polarisation the viability and secreted markers were compared between the IL-

4 bolus and IL-4 releasing hydrogel groups when applied to M0 cells and in the 

presence of an M1 stimulus. 

4.2.9 Enzyme linked immunosorbent assay (ELISA) 

As described (2.2.5 ELISA (THP-1 secreted cytokines, IL-4 controlled 

release)). Briefly, ELISA plates were coated with capture antibody overnight on 

a rocker at room temperature (RT). ELISA plates were washed and blocked with 

1% w/v BSA for 1 hour at RT. Media samples from THP-1 macrophage 

polarisation or IL-4 in-vitro release were thawed and brought to room 

temperature. Plates were washed and incubated with sample media for 1 hour 

on a rocker at room temperature. Plates were washed and incubated with 

appropriately diluted detection antibody for 1 hour on a rocker at room 

temperature. Plates were washed and incubated with appropriately diluted 

streptavidin-HRP for 20 minutes while protected from light. Plates were washed 

and incubated with TMB substrate for 20 minutes while protected from light. 

Sulfuric acid was added as stop solution and absorbance was read at 450nm with 

570nm reference wavelength. The cytokine concentration in sample media from 

macrophage polarisation or IL-4 in-vitro release was quantified using a standard 

curve. 

4.2.10 Immunostaining 
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As described (2.2.5 Immunostaining). Briefly, Cells were washed twice with 

PBS and then fixed with 4% PFA in PBS for 15 minutes. Cells were washed 3 

times with wash buffer and were then blocked with a solution containing 3% 

BSA and 1% glycine in PBS for 30 minutes. Cells were washed 3 times and 

blocked a second time with 5% goat serum for 30 minutes. Cells were incubated 

with appropriately diluted primary antibody overnight at 4oC. Cells were 

washed 3 times and incubated with appropriately diluted secondary antibody for 

1 hour at RT while protected from light. Cells were washed twice and were then 

incubated with appropriately diluted DAPI solution for 5 minutes at RT while 

protected from light. Cells were washed twice and viewed using a fluorescent 

cell imager. For CD-68, the conjugated primary antibody was incubated for 1 

hour at RT while protected from light followed by DAPI staining. 

4.2.11 Viability assay 

As described (2.2.5 Viability assay). Briefly, viability was measured at days 3 

and 6 of culture in polarisation media by the ToxiLightTM viability assay. Media 

collected at days 3 and 6 were mixed with adenylate kinase detection reagent 

and luminescence was read after 5 minutes on a plate reader. For each 

experiment a control group of M0 cells seeded at 500,000 cells per mL was 

cultured in parallel to other experimental groups. After 6 days the control group 

was lysed with ToxiLightTM lysis reagent and luminescence generated from 

analysing this group was treated as the value for 100% cell death. 

4.2.12 Statistical analysis 

For hydrogel characterisation and IL-4 in-vitro release all numerical data is 

presented as mean ± standard deviation from 3 repeats per experimental 
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condition. When quantifying IL-4 release from SPAK PEGDA hydrogels the 

limit of detection (LOD) and limit of quantification (LOQ) of ELISA were 

calculated as 3 and 10 standard deviations above the average blank standard 

respectably352,354. In THP-1 macrophage polarisation experiments, ELISA and 

viability data is presented as mean ± standard error of the mean from 2 

biological repeats (N=2), which each contained 3 replicates per experimental 

condition (n=3). One-way ANOVA with Tukey’s post hoc multiple 

comparisons test (α=0.05) was used to determine significant differences 

between experimental groups where three or more are present on a column 

graph. Pairs with significant differences were labelled as * P≤0.05, ** P<0.01, 

*** P<0.001 and **** P<0.0001. In instances with many pairwise comparisons 

on a single graph, only ones that are discussed are presented. 

4.3 Results 

4.3.1 Swelling and compressive characterisation of SPAK PEGDA hydrogels 

100μL hydrogels were cast by UV photocrosslinking that contained 10% w/v 

4kDa PEGDA and 0%, 1% and 5% w/v SPAK. 5% w/v was selected as the 

highest concentration of SPAK due to the potent effect of it seen in controlling 

the release rate of lysozyme in Chapter 3 when 5%, 10%, and 15% were 

compared (Chapter 3 Figure 4). 4kDa PEGDA molecular weight was selected 

to keep consistent with IL-4 release data from Chapter 3. 

The in-vitro swelling of SPAK PEGDA hydrogels was characterised in PBS for 

5 days. At day 5, the increase in hydrogels weights from the initial weight after 

photocrosslinking for 0% SPAK, 1% SPAK and 5% SPAK were 5.1 ± 4.1%, 

8.5 ± 2.4% and 58.2 ± 1.5% respectively (Figure 4.2 A). The increased swelling 
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exhibited by 5% SPAK 10% PEGDA may be explained by the charged sulfate 

groups attracting bipolar water molecules.  

Three extra replicates for each condition were included for compressive testing. 

Compressive testing was performed on swollen hydrogels following 5 days in-

vitro swelling. 0% SPAK, 1% SPAK and 5% SPAK had average modulus 

values of 8.5 ± 1.1kPa, 11.9 ± 3.0kPa and 10.9 ± 0.6kPa respectably. One-way 

ANOVA and Tukey’s post hoc multiple comparisons test finding no significant 

difference between the groups (Figure 4.2 B). 
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Figure 4.2: Swelling and compressive characterisation of SPAK containing 

10% 4kDa PEGDA hydrogels. A) 5 day in-vitro swelling of 10% 4kDa 

PEGDA hydrogels containing 0%, 1% and 5% SPAK. B) Compressive modulus 

of 100μL 10% 4kDa PEGDA hydrogels containing 0%, 1% and 5% SPAK. No 

statistical difference was observed between modulus values for 0%, 1% and 5% 

SPAK when tested using one-way ANVOA with Tukey’s post hoc multiple 

comparisons test. Values presented as mean ± standard deviation (n=3). 

4.3.2 Sustained Intelreukin-4 release from SPAK PEGDA hydrogels 



128 

 

Following in-vitro swelling and material sterilization, hydrogels were loaded 

with IL-4 by 24 hour immersion in a 2.2μg/mL IL-4 solution at 37oC. 2.2μg/mL 

was selected as the concentration for the loading solution as it was intended to 

release IL-4 in the low ng/mL range that is appropriate for the biological action 

of cytokines.   

IL-4 loading dosage was estimated as the difference between the IL-4 dose in 

the starting solution and the dosage in the solution after 24 hour incubation with 

the hydrogel as determined by ELISA. 5% SPAK 10% PEGDA had an 

estimated 0.91 ± 0.02μg load which was significantly higher than 0% SPAK 

10% PEGDA and 1% SPAK 10% PEGDA which had IL-4 loads of 0.37 ± 

0.03μg and 0.37 ± 0.06μg respectively (Figure 4.3 A). IL-4 loading dosage was 

normalised to the swollen hydrogel weight after 5 days of in-vitro swelling. The 

normalised loading dose for 0% SPAK, 1% SPAK, and 5% SPAK were 4.2 ± 

0.45μg/g, 3.9 ± 0.52μg/g, and 6.6 ± 0.26μg/g. 

Increased IL-4 loading in 5% SPAK 10% PEGDA hydrogels can be explained 

by the increased electrostatic attraction between the negative charge of SPAK 

and the positive net charge of IL-4, and the increased volume from the swelling 

of 5% SPAK 10% PEGDA hydrogels. 
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Figure 4.3: Estimated IL-4 loading dosage. A) The loading dosage for each 

gel estimated as the difference between the IL-4 dose before and after 

incubation with the hydrogel. B) Estimated IL-4 loading dosage normalised to 

swollen hydrogel weight on day 5 of in-vitro swelling. Values presented as 
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mean ± standard deviation (N=2, n=3). Pairs with significant differences were 

labelled as * P≤0.05, ** P<0.01, *** P<0.001 and **** P<0.0001 

IL-4 loaded hydrogels were immersed in THP-1 complete culture media for a 

73 day controlled release experiment. Each hydrogel was immersed in 2mL of 

fully supplemented culture media. 2mL was selected as the volume of release 

media as it is the approximate volume of synovial fluid in the knee.  

At each controlled release time point the entire 2mL was collected and replaced 

with 2mL of fresh media to re-establish the diffusion gradient for IL-4 release. 

On the first day the time points were 2 hours, 4 hours, and 6 hours. The media 

was then changed every day until day 5, every two days until day 9, every three 

days until day 33, and then every 5 days until day 73. 

The IL-4 dose released at each time point was calculated by ELISA and 

expressed as a percentage of the estimated total load in each condition. The 

cumulative release was then calculated over the duration of the experiment.  

0% SPAK 10% PEGDA reached 55% cumulative release after 2 days, 66% after 

15 days and 69% at day 73 (Figure 4.4 A blue line). 1% SPAK 10% PEGDA 

reached 60% cumulative release after 2 days, 72% after 15 days and 76% at day 

73 (Figure 4.4 A red line). 5% SPAK 10% PEGDA reached 28% cumulative 

release after 2 days, 48% after 15 days and 61% at day 73 (Figure 4.4 A green 

line).  

The concentration of IL-4 released at each time point was considered in relation 

to in-vitro M2a macrophage polarisation. Commonly used IL-4 concentrations 

used for in-vitro macrophage polarisation are 20ng/mL248,385 and 

10ng/mL386,387. 
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0% SPAK 10% PEGDA released 68ng/mL after 2 hours, after 2 days the 

released concentration was 12ng/mL and after 24 days the released IL-4 

concentration fell below 1ng/mL for all remaining time points (Figure 4.4 B 

blue line). 1% SPAK 10% PEGDA released 65ng/mL after 2 hours, after 2 days 

the concentration released was 14ng/mL and after 27 days the concentration fell 

below 1ng/mL in all remaining time points (Figure 4.4 B red line). 5% SPAK 

10% PEGDA released 32ng/mL after 2 hours, 30ng/mL after 2 days, after 18 

days the concentration released fell below 10ng/mL and after 53 days the 

released concentration fell below 5ng/mL. After 73 days the final concentration 

released was 1ng/mL (Figure 4.4 B green line).  

The average limit of detection (LOD) and limit of quantification (LOQ) from 5 

standard curves were 31.1pg/mL and 127.4pg/mL respectively (Supplementary 

Figure S.3 Appendix 1). These values were not visible on the ng/mL scale for 

IL-4 concentration released per time point (Figure 4.4 B). Samples testing above 

the highest ELISA standard of 2000pg/mL were diluted and re assayed as 

appropriate.  

A control group containing 5% SPAK 10% PEGDA with no IL-4 loading was 

included and had no detectable response at any time point which demonstrated 

that there were no interfering substances present in the release media from FBS 

(Figure 4.4 A, B Purple line). The sustained release trend exhibited by 5% 

SPAK is likely due to the increased electrostatic attraction between SPAK and 

IL-4, and due to the higher total IL-4 loading dosage which is a limitation of the 

loading method. 
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Figure 4.4: IL-4 release from SPAK containing PEGDA hydrogels. A) 

Cumulative IL-4 release expressed as a percentage of the IL-4 estimated to be 

loaded in each condition. B) IL-4 concentration released at each time point over 

73 days. The entire 2mL of media was collected and replaced at each time point. 

Highly cited IL-4 concentrations for in-vitro macrophage polarisation are 

20ng/mL and 10ng/mL. Values presented as mean ± standard deviation (N=2, 

n=3). 

4.3.3 Characterisation of THP-1 macrophages 
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PMA differentiation of THP-1 monocytes into macrophage-like cells was 

characterised using immunostaining for the pan macrophage marker CD68388 at 

three time points (Figure 4.5).  

The Day 0 timepoint was immediately after PMA removal in which the cells 

were aggregated with a small morphology and low CD68 staining (Figure 4.5 

Day 0). The second time point was after PMA removal, 24 hours rest in THP-1 

complete media and 3 days culture in M0 promoting media containing 50ng/mL 

M-CSF. The cells were more evenly distributed, had a larger morphology and 

showed a small increase in CD68 staining (Figure 4.5 Day 3). The third time 

point was after PMA removal, 24 hours rest and 6 days culture in M0 promoting 

media containing 50ng/mL M-CSF. The highest amount of CD68 staining was 

visibly present, indicating a macrophage-like phenotype (Figure 4.5 Day 6).  

Prior to fixing and staining confluency was approximately 80% at day 6 but it 

was noticed that more cells became detached during the washing steps of 

immunostaining than at other time points (Figure 4.5 Day 6). Detachment of 

cells is likely due to dedifferentiation from a macrophage-like phenotype to a 

less adherent monocytic phenotype following PMA withdrawal. This 

phenomenon has previously been reported in THP-1 cells in which 

dedifferentiation was seen following 7 days of PMA removal389. 
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Figure 4.5: CD68 immunostaining of PMA differentiated THP-1 cells. 

THP-1 cells were exposed to 50ng/mL PMA for 6 hours and were then fixed 

and stained for the surface marker CD68 at three time points of subsequent 

culture. The time points chosen were immediately after PMA removal (Day 0), 

after 24 hours of rest with a following 3 and 6 days of culture in 50ng/mL M-

CSF which are labelled as Day 3 and Day 6. Scale bar = 40μm.    

4.3.4 Macrophage polarisation using IL-4 from 5% SPAK 10% PEGDA 

controlled release time points 

To investigate the bioactivity of IL-4 released from SPAK PEGDA hydrogels, 

media from IL-4 controlled release time points was used to promote M2a 

polarisation of THP-1 macrophages in monolayer culture. Samples from 5% 

SPAK 10% PEGDA release were selected because it had the most time points 

within the reported 10-20ng/mL range248,385–387 and was the only experimental 

group to remain in the ng/mL range at time points later than one month (Figure 

4.4 B).  
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The bioactivity of released IL-4 was investigated at multiple time points in the 

long term sustained release experiment to investigate if bioactivity reduced over 

time or was maintained in later stages of the experiment. The time points 

selected were split into three groups which were Early (Days 1 and 2), Medium 

(Days 12 and 15), and Late (Days 48 and 43).   

At each time point tested, the macrophage response to “Released IL-4” was 

compared to an equal concentration of stock IL-4. Due to the concentration of 

IL-4 in controlled release time points decreasing over the course of the 

experiment, separate controls with matched concentrations of IL-4 to the 

corresponding controlled release time points were included as the “M2” control. 

50ng/mL M-CSF was included in “Released IL-4” and “M2” groups because it 

is frequently used in conjunction with IL-4 to promote M2 polarisation in-vitro. 

Control groups of M0 (50ng/mL M-CSF) and M1 50ng/mL (GM-CSF + 

20ng/mL IFN-γ) polarisation were also included.  

To investigate the bioactivity of released IL-4 at early time points, controlled 

release media from days 1 and 2 from 5% SPAK 10% PEGDA were used to 

promote M2 polarisation of THP-1 macrophages. Independent experiments 

were carried out using controlled release media from day 1 and day 2 which 

both contained 20ng/mL IL-4.  

The secretion of four polarisation markers was quantified by ELISA following 

six days of culture in polarisation media. TNF-α and IL-6 were selected as M1 

markers, CCL-18 and CCL-22 were selected as M2 markers. Preliminary 

investigations used IL-10 as a secreted M2 marker but its secretion was not 

observed in response to 20ng/mL IL-4 + 50ng/mL M-CSF (Supplementary 
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Figures S.9 and S.10), which is consistent with previous reports comparing the 

secreted markers between THP-1 macrophages and macrophages derived from 

primary peripheral blood monocytes255,390,391.  

The values from independent experiments using day 1 and day 2 controlled 

release samples were averaged. Statistical analysis was performed using one-

way ANOVA with Tukey’s multiple comparisons post hoc test. THP-1 

macrophages polarised by “Released IL-4 20ng/mL” had significantly lower 

secretion of TNF-α and IL-6 in comparison to the “M1” control (Figure 4.6 A, 

B), and a significantly higher secretion of CCL-18 and CCL-22 in comparison 

to “M0” and “M1” (Figure 4.6 C, D). All four secretion markers were 

statistically the same between “Released IL-4 20ng/mL” and the “M2 20ng/mL” 

control group (Figure 4.6 A-D). This indicates that IL-4 released from 5% 

SPAK 10% PEGDA was bioactive at days 1 and 2 of in-vitro release and that 

media conditioned by SPAK PEGDA hydrogels did not elicit a pro-

inflammatory response.  
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Figure 4.6: Secreted polarisation markers of THP-1 macrophages 

polarised with IL-4 released from 5% SPAK 10% PEGDA at days 1 and 2 

of in-vitro release. TNF-α and IL-6 were selected as M1 markers (A + B). CCL-

18 and CCL-22 were selected as M2 markers (C + D). Secreted markers were 

compared between released IL-4 and stock IL-4 at a concentration of 20ng/mL. 

Control groups of M0 and M1 polarisation were included. Data presented as 

mean ± standard error of the mean from two independent experiments which 
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used media samples from day 1 and day 2 of controlled release respectively. 

(N=2, n=3). Following one-way ANOVA and Tukey’s post hoc multiple 

comparisons test, pairs with significant differences were labelled as * P≤0.05, 

** P<0.01, *** P<0.001 and **** P<0.0001. 

To further investigate polarisation, THP-1 macrophages polarised by day 2 

controlled IL-4 release media were fixed and stained for M1 and M2 surface 

markers after 6 days of culture. Calprotectin was selected as an M1 surface 

marker and mannose receptor (CD206) was selected as an M2 surface marker.  

The “M0” group had very low staining for both mannose receptor and 

calprotectin (Figure 4.7 row one). The “M1” group had high staining for 

calprotectin (Figure 4.7 row 2). Both the “M2 20ng/mL” and “Released IL-4” 

had low calprotectin staining and lower mannose receptor staining than 

expected (Figure 4.7 rows 3 and 4). This is consistent with previous reports 

showing no CD206 expression in THP-1 macrophages392,393 and CD206 

expression to be lower in THP-1 macrophages than in PBMC derived 

macrophages255. 

During the immunostaining process fewer cells became detached during wash 

steps in the M1 experimental group. This can be explained by M1 macrophages 

having stronger adherence to tissue culture plastic than other groups. Previous 

reports found M1 cells to be less motile than M0 and M2 which could indicate 

stronger adherence394. 
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Figure 4.7: Immunostaining for M1 and M2 surface markers on THP-1 

macrophages polarised by 20ng/mL IL-4 released from 5% SPAK 10% 

PEGDA on day 2 of in-vitro release. CD206 / Mannose receptor was chosen 

as an M2 surface marker, Calprotectin was chosen as an M1 surface marker. 

DAPI was used as a nuclear stain. Scale bar = 40μm. 

During polarisation with 20ng/mL released IL-4 the viability of cells was tested 

on days 3 and 6 by ToxiLightTM bioassay. The ToxiLightTM assay measures 

adenylate kinase that is released from dying cells, the adenylate kinase detected 

in experimental groups is then expressed as a percentage of a control group that 

is 100% lysed to calculate the percentage of dead cells.  

At day 3, it was observed that M0, M2 (20ng/mL) and Released IL-4 (20ng/mL) 

had viability values of 96.1%, 96.3% and 96.0% respectably with no significant 

difference between groups (Figure 4.8). The M1 control had significantly 

reduced viability at 93% (Figure 4.8) which is consistent with reports showing 

pro-inflammatory cytokines to lower cell viability395,396.  
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At day 6, all groups had viability values in the range of 82%-86% with no 

significant difference between groups as determined by one-way ANOVA. The 

decrease in viability from day 3 to day 6 can be explained by nutrients in the 

media becoming exhausted. This shows media conditioned by 5% SPAK 10% 

PEGDA hydrogels was not cytotoxic to THP-1 cells, which indicates that 

residual monomer was sufficiently washed away during the PBS washes prior 

to IL-4 loading (Figure 4.8).  
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Figure 4.8: Viability of THP-1 macrophages polarised with 20ng/mL IL-4 

released from 5% SPAK 10% PEGDA on days 1 and 2 of in-vitro release. 

Viability was tested using ToxiLightTM viability assay on days 3 and 6 of 

culture. Data presented as mean ± standard error of the mean from two 

independent experiments which each had three experimental repeats per 

conditions (N=2, n=3). Following one-way ANOVA and Tukey’s post hoc 
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multiple comparisons test, pairs with significant differences were labelled as * 

P≤0.05, ** P<0.01, *** P<0.001 and **** P<0.0001. 

To investigate the bioactivity of released IL-4 at medium time points, controlled 

release media from days 12 and 15 from 5% SPAK 10% PEGDA were used to 

promote M2 polarisation of THP-1 macrophages. Independent experiments 

were carried out using controlled release media from day 12 and day 15 which 

both contained 12ng/mL IL-4. “Released IL-4 12ng/mL” had significantly 

lower secretion of TNF-α and IL-6 in comparison to the “M1” control (Figure 

4.9 A, B) and significantly higher secretion of CCL-18 and CCL-12 in 

comparison to “M0” and “M1” controls. “Released IL-4 12ng/mL” had CCL-

18 secretion that was statistically the same as and “M2 12ng/mL” (Figure 4.9 

C) and CCL-22 secretion that was statistically higher than “M2 12ng/mL” 

(Figure 4.9 D). This result indicates that IL-4 released from 5% SPAK 10% 

PEGDA is still bioactive at 12 and 15 days of in-vitro release. 
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Figure 4.9: Secreted macrophage polarisation markers of THP-1 cells 

polarised with IL-4 released from 5% SPAK 10% PEGDA at days 12 and 

15. TNF-α and IL-6 were selected as M1 markers (A + B). CCL-18 and CCL-

22 were selected as M2 markers (C + D). Secreted markers were compared 

between released IL-4 and stock IL-4 at a concentration of 12ng/mL. Control 

groups of M0 and M1 polarisation were included. Data presented as mean ± 
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standard error of the mean from two independent experiments which used media 

samples from day 12 and day 15 of controlled release respectively (N=2, n=3). 

Following one-way ANOVA and Tukey’s post hoc multiple comparisons test, 

pairs with significant differences were labelled as * P≤0.05, ** P<0.01, *** 

P<0.001 and **** P<0.0001. 

To further investigate polarisation, THP-1 cells were stained for M1 and M2 

surface markers after 6 days of culture. M0 cells had very low staining for both 

CD206 / mannose receptor and calprotectin. M1 cells showed high staining for 

calprotectin. Both “M2 12ng/mL” and “Released IL-4 12ng/mL” also had low 

staining for CD206 / mannose receptor (Figure 4.10) which is consistent with 

the immunostaining data from day 2 (Figure 4.7). 

 

Figure 4.10: Immunostaining for M1 and M2 surface markers on THP-1 

macrophages polarised by IL-4 released from 5% SPAK on day 15. CD206 

/ mannose receptor was chosen as an M2 surface marker, Calprotectin was 
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chosen as an M1 surface marker. DAPI was used as a nuclear stain. Scale bar = 

40μm. 

During polarisation with 12ng/mL released IL-4 the viability of cells was tested 

on days 3 and 6 by ToxiLightTM bioassay. At day 3 there was no significant 

difference between all groups, with M0, M1, M2 (12ng/mL) and Released IL-4 

(12ng/mL) having 96%, 93%, 96% and 95% viability respectably (Figure 4.11). 

At day 6 there was no significant difference between all groups, with M0, M1, 

M2 (12ng/mL) and Released IL-4 (12ng/mL) having 76%, 83%, 80% and 80% 

viability respectably (Figure 4.11). 
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Figure 4.11: Viability of THP-1 macrophages polarised with 12ng/mL IL-

4 released from 5% SPAK on days 12 and 15 of in-vitro release. Viability 

was tested using ToxiLightTM viability assay on days 3 and 6 of culture. Data 

presented as mean ± standard error of the mean from two independent 

experiments which each had three experimental repeats per condition (N=2, 

n=3). 
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To investigate IL-4 bioactivity at late time points, 5% SPAK 10% release 

samples from days 48 and 53 were used to polarise THP-1 macrophages.  

The IL-4 concentration was 4ng/mL at both time points and independent 

experiments were carried out using media from day 48 and day 53 time points. 

THP-1 macrophages polarised by “Released IL-4 4ng/mL” had significantly 

lower secretion of TNF-α and IL-6 in comparison to “M1” (Figure 4.12 A, B), 

and a significantly increased secretion of CCL-18 and CCL-22 in comparison 

to “M0” and “M1” (Figure 4.12 C, D). “Released IL-4 4ng/mL” had CCL-22 

secretion that was statistically the same between “M2 4ng/mL” (Figure 4.12, D) 

and CCL-18 secretion that was slightly lower (Figure 4.12, C, 0.01<P<0.05). 

This indicates that IL-4 is still bioactive at days 48 and 53 of in-vitro release.  
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Figure 4.12: Secreted macrophage polarisation markers of THP-1 cells 

polarised with IL-4 released from 5% SPAK 10% PEGDA at days 48 and 

53. TNF-α and IL-6 were selected as M1 markers (A + B). CCL-18 and CCL-

22 were selected as M2 markers (C + D). Secreted markers were compared 

between released IL-4 and stock IL-4 at a concentration of 4ng/mL. Control 

groups of M0 and M1 polarisation were included. Data presented as mean ± 

standard error of the mean from two independent experiments which used media 

samples from day 48 and day 53 of controlled release respectively. (N=2, n=3). 
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Following one-way ANOVA and Tukey’s post hoc multiple comparisons test, 

pairs with significant differences were labelled as * P≤0.05, ** P<0.01, *** 

P<0.001 and **** P<0.0001. 

To further investigate polarisation using day 53 IL-4 controlled release media, 

THP-1 cells were stained for M1 and M2 surface markers after 6 days of culture 

in polarisation media. “M0” cells had very low staining for both CD206 and 

calprotectin. “M1” cells showed high staining for calprotectin. Both “M2 

4ng/mL” and “Released IL-4 4ng/mL” had visibly raised CD206 staining 

compared to “M0” and “M1” controls (Figure 4.13). High staining for CD206 

and low staining for calprotectin indicates an M2-like polarisation and shows 

IL-4 was still bioactive at day 53 of in-vitro release.  

 

Figure 4.13: Immunostaining for M1 and M2 surface markers on THP-1 

macrophages polarised by IL-4 released from 5% SPAK on day 53. CD206 

was chosen as an M2 surface marker, Calprotectin was chosen as an M1 surface 

marker. DAPI was used as a nuclear stain. Scale bar = 40μm. 
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During polarisation with 4ng/mL released IL-4 the viability of cells was tested 

on days 3 and 6 by ToxiLightTM bioassay. At day 3 there was no significant 

difference between all groups, with M0, M1, M2 (4ng/mL) and Released IL-4 

(4ng/mL) having 96%, 93%, 95% and 94% viability respectably (Figure 4.14). 

At day 6 there was no significant difference between all groups, with M0, M1, 

M2 (4ng/mL) and Released IL-4 (4ng/mL) having 82%, 83%, 84% and 82% 

viability respectably (Figure 4.14). This indicates that any degradation products 

that may be present in the conditioned media at days 48 and 53 of in-vitro 

release are not cytotoxic. 
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Figure 4.14: Viability of THP-1 macrophages polarised with 4ng/mL IL-4 

released from 5% SPAK on days 48 and 53 of in-vitro release. Viability was 

tested using ToxiLightTM viability assay on days 3 and 6 of culture. Data 

presented as mean ± standard error of the mean from two independent 

experiments which each contained three experimental repeats per condition 

(N=2, n=3). 
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4.3.5 Investigating sustained IL-4 delivery to THP-1 macrophages from 5% 

SPAK 10% PEGDA Vs a large bolus IL-4 dose 

Due to controlled drug release from biomaterials being a possible alternative to 

high dose bolus drug injection, an experiment was designed to compare IL-4 

sustained delivery to THP-1 macrophages from SPAK PEGDA hydrogels with 

a single large IL-4 dose to model a bolus injection. 

To investigate if the sustained delivery of IL-4 from 5% SPAK 10% PEGDA 

was more beneficial than a single large IL-4 injection, IL-4 loaded hydrogels 

were incubated directly with THP-1 cells for 6 days. The well size was scaled 

up to 6-well with one million cells seeded at 500,000 cells per mL to match the 

2mL volume used for IL-4 in-vitro release. Following 6 hours exposure to 

50ng/mL PMA and 24 hours rest in THP-1 complete media, IL-4 loaded 5% 

SPAK 10% PEGDA hydrogels were placed in the well with THP-1 

macrophages. 100μL SPAK PEGDA hydrogels were hemispherical in shape 

and were placed upside-down with the apex in contact with monolayer cells so 

that minimal hydrogel area was in contact with monolayer cells (Supplementary 

Figure S.11 Appendix 1). 

An IL-4 bolus group was included with a matched total IL-4 dosage to what was 

estimated to be released from 5% SPAK 10% PEGDA in 6 days (404ng). 

Secreted polarisation markers and cell viability were compared between IL-4 

releasing 5% SPAK 10% PEGDA hydrogels (IL4 Gel) and the 404ng bolus dose 

of IL-4 (IL4 bolus). IL-4 Gel and the IL-4 bolus were compared in the presence 

of an M0 promoting stimulus (50ng/mL M-CSF) to investigate the delivery 

methods in benign conditions.  



150 

 

The IL-4 delivery methods were also compared in presence of an M1 promoting 

stimulus (20ng/mL IFN-γ + 50ng/mL GM-CSF) to model IL-4 delivery to 

macrophages in hostile environments such as the pro-inflammatory 

osteoarthritic joint (IL-4 gel + M1, IL-4 bolus + M1). 

A control group was included that contained 5% SPAK 10% PEGDA hydrogels 

without any IL-4 loading and was cultured with THP-1 macrophages with 

50ng/mL M-CSF (Control gel).  

Control groups containing “M0” (50ng/mL M-CSF) and “M1” (20ng/mL IFN-

γ + 50ng/mL GM-CSF) in monolayer were included as comparisons to typical 

culture conditions. 

“Control gel” had low secretion of all markers which was expected (Figure 4.15 

A-D). When cultured with 50ng/mL M-CSF, IL-4 releasing SPAK PEGDA 

hydrogels (IL-4 Gel) elicited a small but non-significant increase in CCL-18 

secretion compared to the “Control gel” group (Figure 4.15 C). In the presence 

of 20ng/mL IFN-γ + 50ng/mL GM-CSF, IL-4 releasing hydrogels (IL-4 Gel) 

elicited statistically higher secretion of CCL-18, TNF-α and IL-6 in comparison 

to “Control Gel” (Figure 4.15 A, B, C).  

When cultured with 50ng/mL M-CSF, the “IL-4 bolus + M0” group had 

increased CCL-18 and CCL-22 secretion that was significantly than the “IL-4 

gel + M0” group (Figure 4.15 C, D). In the presence of 20ng/mL IFN-γ + 

50ng/mL GM-CSF, the “IL-4 bolus + M1” group had increased secretion of all 

4 markers (Figure 4.15 A-D), IL-6 and CCL-18 were significantly lower than 

the “IL-4 gel + M1” group and CCL-22 was significantly higher in bolus groups 

than all others (Figure 4.15 C, D). The “IL-4 gel + M1” condition showed 
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enhanced TNF-α and IL-6 secretion in comparison to the M1 control condition 

as well as high CCL-18 secretion (Figure 4.15 A, B, C). 

This result indicates that neither IL-4 delivery method was able to reduce the 

M1 promoting stimulus. This experimental design was limited by the finite 

amount of time THP-1 macrophages can be cultured in-vitro which then limited 

the dosage of the comparative IL-4 bolus model. (Limitations discussed further 

in section 4.4)  

 

Figure 4.15: Secreted macrophage polarisation markers of THP-1 cells 

polarised by direct incubation with an IL-4 releasing 5% SPAK 10% 
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PEGDA hydrogel and with a large IL-4 bolus injection model. TNF-α and 

IL-6 were selected as M1 markers (A +B). CCL-18 and CCL-22 were selected 

as M2 markers (C + D). Control groups of M0 and M1 in monolayer were 

included. A 5% SPAK 10% PEGDA with no IL-4 loading condition was 

included as “Control Gel” group. Sustained IL-4 delivery from 5% SPAK 10% 

PEGDA hydrogels was compared to a single large IL-4 bolus dose with a 

matched total dose of 404ng in its ability to promote M2 polarisation when 

applied to THP-1 macrophages. IL-4 delivery methods were compared in the 

presence of M0 (50ng/mL M-CSF) and M1 (20ng/mL IFN-γ + 50ng/mL GM-

CSF) promoting conditions. Data presented as mean ± standard error of the 

mean from two independent experiments (N=2, n=3). Pairs with significant 

differences using one-way ANOVA with Tukey’s post hoc multiple 

comparisons test were labelled as ns P>0.05, * P≤0.05, ** P<0.01, *** P<0.001 

and **** P<0.0001. 

On day 1 of polarisation cells were viewed by brightfield microscopy. It was 

observed that cells culturing under the hydrogel apex had a flattened 

morphology (Figure 4.16 C, centre of image) in comparison to typical 

monolayer which highlights a limitation of this experimental method (Figure 

4.16 A, B). At the periphery of the area of contact between hydrogel apex and 

monolayer cells, detached cells could be seen (Figure 4.16 D, bottom left 

corner). This observation was considered when interpreting the viability data. 
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Figure 4.16: Characterisation of THP-1 cell morphology in culture beneath 

5% SPAK hydrogels. Cells were viewed on day 1 of polarisation. Scale bar = 

100μm. 

During polarisation with 5% SPAK hydrogels and IL-4 bolus models, the 

viability of cells was tested on days 3 and 6 by ToxiLightTM bioassay. At day 3 

there was significantly reduced viability in M1, IL-4 Gel + M1, and IL-4 bolus 

+ M1 groups which had 93%, 92% and 92% viability in comparison to M0, 

Control Gel, IL-4 Gel + M0, and IL-4 bolus + M0 groups which had 96%, 96%, 

97% and 97% viability respectably (Figure 4.17 A). At Day 6 there was no 

significant difference between any experimental groups (Figure 4.17 B). The 

scaling up of well size for hydrogel incubation experiments meant that one 

million cells were present in each well, the population of cells seen to be 

flattened under SPAK PEGDA hydrogels was likely a statistically insignificant 

amount out of the total population in the well. 
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Figure 4.17: Viability of THP-1 cells polarised by incubation with IL-4 

releasing 5% SPAK and IL-4 bolus injection models. Viability was tested 

using ToxiLightTM viability assay on days 3 and 6 of culture. Data presented as 

mean ± standard error of the mean from two independent experiments (N=2, 

n=3). Pairs with significant differences were labelled as * P≤0.05, ** P<0.01, 

*** P<0.001 and **** P<0.0001. 
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4.4 Discussion 

This chapter aimed to modify the protein loading method for SPAK PEGDA 

hydrogels in order to separate cytokine loading from photoinitiator with the goal 

of achieving controlled release of IL-4 for multiple months in the ng/mL 

concentration range that is used for in-vitro macrophage polarisation. IL-4 was 

selected as the cytokine for controlled release because previous reports in OA 

animal models showed repeated injection of IL-4, or an IL-4 IL-10 fusion 

protein to elicit chondroprotective effects324,326, suggesting that its controlled 

delivery to the osteoarthritic joint may delay progression of the disease as a 

possible DMAOD. Hydrogels containing SPAK and PEGDA were selected as 

the material of choice for IL-4 release because data from chapter 3 of this thesis 

showed the material combination to give a potent effect in controlling the 

release rate of lysozyme based on electrostatic affinity between SPAK and the 

net charge of lysozyme (Chapter 3 Figure 4).  

Following IL-4 loading by hydrogel immersion, a non-linear release trend was 

observed from 5% SPAK 10% PEGDA which is consistent with previous 

reports that did not achieve a zero order release for IL-4. The IL-4 release from 

5% SPAK 10% PEGDA was sustained in the ng/mL range for 73 days. This 

period of quantifiable release is considerably longer than previously affinity 

based cytokine and growth factor release methods using heparins and sulfated 

alginates which have typically shown release for 1-3 weeks312–314,322,323,356,397.  

73 days is less time than the longest reports for in-vitro protein release. In 

particular, the longest time period reported for in-vitro protein controlled release 

is 8 months by Lau et al. in 2021 which used controlled material degradation300. 
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A major limitation of the aforementioned study and most other protein release 

studies is that the protein concentration released at each time point is far above 

the ng/mL therapeutic range for biological function. Long term protein release 

studies often use time points that are multiple days apart, given that the in vivo 

half-life of IL-4 is reported to be 19 minutes following systemic injection311 and 

45 minutes following injection into the knee398, it is likely the dosage released 

from a hydrogel would be different in vivo due to the altered differentiation 

kinetics which makes extrapolating in-vitro data collected under simple 

conditions to in-vivo applications challenging. Release rate may have to be 

matched more closely to the in-vivo half-life and it may be the case that a higher 

release rate is needed to maintain the IL-4 concentration within the therapeutic 

range in the synovial fluid than would be estimated from simple in-vitro data.  

The release trend was expected to be linear based off of the preliminary data in 

Chapter 3 showing SPAK to have a potent effect in controlling the release of 

lysozyme (Chapter 3 Figure 4). However, a biphasic release trend was observed 

with initial burst release followed by a moderately linear phase (Figure 4.4 A). 

A previous report by Weber et al. 2009 used a similar protein loading method 

and saw a burst release trend in PEGDA discs of 0.4mm thickness that were 

loaded by immersion339. The 100μL hydrogels used in this chapter are thicker 

than the discs used by Weber et al. which means it is likely that the IL-4 did not 

penetrate to the core of the hydrogels during loading. If the IL-4 was mostly 

near the surface then it would explain why the release trend was not as linear as 

expected because not all of the 5% w/v of SPAK present in the hydrogels would 

have come into contact with free IL-4 to sequester, whereas in the original 

loading method used in Chapter 3 it is likely all of the encapsulated protein had 
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come into contact with SPAK during the mixing and vortexing of the gel 

precursor solution.  

When considering the IL-4 release from SPAK PEGDA hydrogels, the major 

limitation in the method used in this study was the reduced control over IL-4 

loading onto 0%, 1% and 5% SPAK in which 5% had approximately triple the 

IL-4 dosage (Figure 4.3). Despite being incubated in identical IL-4 solutions for 

loading, the increased loading of 5% SPAK can be explained by multiple 

mechanisms. The increase in hydrogel weight of 58.2% by 5% SPAK 10% 

PEGDA during in-vitro swelling is expected to result in a larger surface area for 

IL-4 to diffuse through the swollen network of 5% SPAK 10% PEGDA would 

also have a larger mesh size to allow IL-4 to diffuse further into the core of the 

gel in comparison to 0% and 1% SPAK. Finally, IL-4 has an iso-electric point 

of 9.4 meaning it would be electrostatically attracted to the negatively charged 

chemical groups of SPAK in the 5% SPAK group. Future studies utilizing this 

method could achieve equal IL-4 loading in each condition by altering the 

concentration of IL-4 each group is incubated in. 

The experimental parameters used in this chapter for IL-4 release should be 

optimised in the future in order to improve the IL-4 release trend. The IL-4 

concentration used in the loading solution could be further optimised by using 

higher concentrations than the 2.2μg/mL used in this study. The incubation time 

for IL-4 loading could be increased from 24 hours to time periods of multiple 

days to further increase IL-4 loading. It is likely that a linear controlled release 

trend and a longer period of sustained release will be achieved with the 

combination of increased IL-4 loading paired with increased SPAK 

concentration to control the release rate. This optimisation process would be 
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financially expensive in preparing high concentration solutions of IL-4 with 

sufficient volumes to immerse each hydrogel in a separate bathing solution for 

loading, especially considering the number of different experimental groups if 

using multiple SPAK concentrations, IL-4 concentrations, and IL-4 loading 

times for full process optimisation. This process would also be time consuming 

because to determine if each experimental group had improved controlled 

release it would take multiple weeks or months before the release trend of each 

condition could clearly be seen. The repeated use of ELISA to quantify released 

IL-4 at each time point is time consuming, financially expensive and could be 

automated in the future if optimisation is pursued. 

3D printing of SPAK PEGDA hydrogels could further improve IL-4 loading in 

comparison to the casting method used in this study. Hydrogels printed with 

macroporous architectures would allow more efficient penetration of IL-4 into 

the core of the hydrogel and the increased surface area to volume ratio would 

provide a larger area for IL-4 to diffuse into the hydrogel during loading. In the 

context of delivering IL-4 releasing hydrogels to patients with early 

osteoarthritis, 3D printing could also be utilised to generate microscale 

hydrogels containing SPAK and PEGDA that could be loaded with IL-4 and 

injected into the joint space with minimal invasiveness. 

IL-4 released from 5% SPAK 10% PEGDA was shown to be bioactive for more 

than 50 days as evidenced by the secretion of M2a markers CCL-18 and CCL-

22 by THP-1 macrophages polarised with “Released IL-4”, which were 

significantly higher than M0 and M1 controls in all six time points tested (Figure 

4.12 C, D). Immunostaining showed CD206 / mannose receptor staining to be 

visibly raised in “Released IL-4” at the day 53 time point and in its matched 
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“M2 4ng/mL” control. However, Mannose receptor staining was lower than 

expected in Released IL-4 and M2 controls at the other time points tested 

(Figures 4.7, 4.10) which suggests it may not be a reliable marker in this cell 

line used in this study. Consistent with this, THP-1 have previously been 

reported to have low CD206 / mannose receptor expression392,393 which 

indicates that an alternative M2 surface marker could be used for this cell line 

in the future such as CD-163.  

The absence of IL-6 or TNF-α in the media of “Released IL-4” experimental 

groups indicates that degradation products from 5% SPAK 10% PEGDA 

hydrogels that may be in the conditioned media do not elicit a pro-inflammatory 

response (Figures 4.6, 4.9 and 4.12). The viability of THP-1 cells in “Released 

IL-4” experimental groups was not significantly reduced in comparison to 

corresponding M2 controls which suggests any gel degradation products that 

could be in controlled release conditioned media is not cytotoxic (Figures 4.8, 

4.11 and 4.13). 

THP-1 is a cell line originating from a single acute myeloid leukaemia patient 

which means sub populations are expected to have minimal batch to batch 

variation. Despite polarisation studies showing key similarities between THP-1 

and peripheral blood monocyte differentiated macrophages (PBMCs)255,390,391, 

there is also evidence showing differences including cytokine production in 

response to lipopolysaccharide256. Hence, data that is more clinically 

representative could be obtained using PBMCs isolated from multiple donors. 

However, a well-known drawback to this approach is the donor to donor 

variability in PBMCs which can make it challenging to obtain in-vitro data that 

shows statistical significance. A reason for this difficulty is the anonymisation 
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of donor blood samples that are available for research, given that OA is known 

to be age related, that immune cell signalling varies based on patient age, and 

that sex dependent differences in immune responses have been observed, it 

means the difference in cell response between biological repeats may be vastly 

different due to unknown variety in donor demographics.  

In-vitro experiments using controlled release conditioned media could be 

modified to better model immunomodulation in osteoarthritis. Macrophages 

could be polarised with controlled release conditioned media and then be co-

cultured with chondrocytes that have been primed with a pro-inflammatory 

stimulus. Secreted markers from inflammatory chondrocytes that are associated 

with the progression of OA, such as MMP-13399 could be quantified in the 

media by ELISA to determine if the secretome of macrophages polarised by 

controlled release can significantly reduce the secretion of OA related factors 

such as MMP-13 from chondrocytes to model the avoidance of cartilage 

degradation in OA. 

The direct incubation of IL-4 releasing SPAK PEGDA hydrogels with THP-1 

macrophages in the presence of an M1 promoting stimulus resulted in enhanced 

secretion of TNF-α, IL-6 and CCL-18 in comparison to the M1 control (Figure 

4.15). Presence of both M1 and M2 markers indicates that there is a 

heterogeneous population of THP-1 macrophages in which some macrophages 

are polarised towards M1 and others towards M2. In 2021, single cell RNA 

sequencing of murine bone marrow derived macrophages showed unique 

transcriptional states when treated with a combined M1 and M2 stimulus in 

comparison to either of the stimuli separately400 which offers an alternative 

explanation. 
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This experimental approach had multiple limitations that could be reduced in 

the future by modifying the experimental design. Despite the direct contact of 

SPAK PEGDA hydrogels not significantly reducing the viability (Figure 4.18 

B), this phenomenon could be easily avoided in the future by using a transwell 

insert to separate the IL-4 releasing hydrogel from a monolayer of macrophages 

beneath.  

The IL-4 bolus injection model used in this experiment was more than ten times 

the reference concentration (202ng/mL) and was expected to significantly lower 

the viability of THP-1 macrophages but it was not observed. Due to being a 

cancer cell line, it is likely THP-1 cells are more resilient to high doses of 

cytokine than primary PBMCs. To confirm this, future experiments exploring 

macrophage polarisation from cytokine releasing hydrogels should use primary 

PBMCs and determine if sustained IL-4 delivery from controlled release 

maintains macrophage viability in comparison to a large bolus dosage.  

The bolus dosage was chosen as a match  the estimated cumulative dose released 

from 5% SPAK 10% PEGDA in six days because suspected dedifferentiation 

of THP-1 macrophages into non-adherent monocytes was observed if culture 

exceeded 6 days. This observation is consistent with a previous report that 

observed THP-1 dedifferentiation after 7 days389. Ideally the in-vitro 

comparison of sustained IL-4 delivery from a biomaterial to a bolus IL-4 

injection would run for significantly longer than 6 days but it will always be 

limited by the in-vitro lifespan of macrophages. A comparison over a longer 

period of time would more likely see the difference between a single large bolus 

dose of IL-4 and the sustained delivery of IL-4 from a biomaterial in the 

therapeutic concentration range.  
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Immunomodulation should be studied in vivo by implanting IL-4 releasing 

SPAK PEGDA hydrogels subcutaneously in rats. Foreign body response can be 

investigated from IL-4 releasing hydrogels compared to unloaded controls 

containing no IL-4. While not directly related to treating early osteoarthritis, a 

significant reduction in the thickness of the fibrotic capsule surrounding 

hydrogels following foreign body response would demonstrate that released IL-

4 from SPAK PEGDA has shifted macrophage polarisation towards M2 in-vivo 

which would be the first step in translating in-vitro data into more biologically 

relevant systems. 

In-vivo osteoarthritis models usually use surgical joint destabilisation to initiate 

rapid onset of OA which may make studying early OA difficult. Model 

organisms that are genetically predisposed to OA may be more useful in 

modelling early intervention therapies such as injection with M2 inducing 

controlled release biomaterials into affected joints. 

Future controlled release experimentation should also consider the release of 

multiple drugs that promote M2 polarisation as it is likely to be more potent in 

vivo than IL-4 alone. Multiple cytokine combinations such as IL-4, IL-10 and 

TGF-β1 may have greater potency in reducing the inflammation in OA than 

each one individually. The release of other types of M2 promoting drugs such 

as dexamethasone may be combined with cytokine release to increase potency 

in reducing inflammation in the knee and preventing OA progression.  

4.5 Conclusion 

In summary, this chapter has shown: 
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The loading of IL-4 onto 5% SPAK 10% PEGDA hydrogels by 24 hour 

immersion resulted in the sustained release of IL-4 in the ng/mL concentration 

range for 73 days. 

When controlled release samples were applied to THP-1 macrophages it was 

observed that released IL-4 from as late as the day 53 time point was bioactive, 

as evidenced by increased secretion of the M2 markers CCL-18 and CCL-22, 

and increased surface expression of mannose receptor. 

In the presence of an M1 stimulus, direct incubation of IL-4 releasing 5% SPAK 

10% PEGDA hydrogels with THP-1 macrophages resulted in enhanced 

secretion of CCL-18, TNF-α and IL-6 in comparison to the M1 control which 

indicated the presence of a heterogeneous population of pro-inflammatory and 

anti-inflammatory macrophages.  

When comparing IL-4 delivery from 5% SPAK 10% PEGDA hydrogels to a 

bolus injection model containing more than 10 times the reference concentration 

of IL-4, the bolus model did not significantly reduce the viability of THP-1 

macrophages. 

The limitations of the experimental approaches chosen were discussed and 

recommendations for future work were made. 
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Chapter 5  - Additive manufacturing of 

affinity hydrogels for controlled protein 

release 

5.1 Introduction 

Additive manufacturing technology enables the fabrication of materials with 

complex architectures that would be difficult or impossible to produce with 

traditional casting and moulding methods162. Three-dimensional (3D) printing 

technologies have gained much interest in the field of regenerative medicine for 

purposes such as generating scaffolds with interconnected pore networks that 

facilitate cell invasion into the scaffold core163, printing topographic 

architecture and pores to influence cell attachment and differentiation164,165, and 

to print patient specific implants with geometries matching anatomical defect 

sites166.  

In the field of controlled release, 3D printing has been used to produce tablets 

containing small molecule drugs including ibuprofen and dexamethasone343,344. 

3D printing of geometries with varying surface area to volume ratios has been 

explored briefly as a mechanism to influence paracetamol elution rate from 

poly(ethylene glycol) diacrylate (PEGDA). The controlled release of 

biomacromolecules such as cytokines and growth factors from biomaterials 

remains challenging due to their requirement for structural integrity and the 

propensity of the structure to become denatured in damaging environmental 

conditions. Digital light projection (DLP) is a vat polymerisation technique that 
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is capable of 3D printing photocrosslinkable materials with microscale 

resolution342. Few publications have studied protein release from DLP 3D 

printed hydrogels and the reported data is limited. Gong et al. reported rapid 

burst release of Interleukin-4 (IL-4) from DLP printed gelatin methacrylate 

(Gel-MA)332. Wang et al. produced a DLP printed hydrogel using thiolated 

heparin and glycidyl methacrylate conjugated hyaluronic acid for the purpose 

of vascular-endothelial growth factor (VEGF) and platelet derived growth 

factor (PDGF) to model the stimulation of angiogenesis346. They reported an 

approximately linear release trend for 28 days but did not collect any bioactivity 

data or consider how their model may be clinically translatable.  

Data from chapter 3 of this thesis showed potential for 3-sulfopropyl acrylate 

(SPAK) to control the release of lysozyme from 10% PEGDA hydrogels and 

data in chapter 4 showed IL-4 released from 5% SPAK 10% PEGDA hydrogels 

to be bioactive after more than 50 days of in-vitro release. Previously, hydrogels 

were formed by simple moulding and casting which has limited control over 

hydrogel architecture. The use of 3D printing to generate hydrogels complex 

architecture may be a useful tool to overcome challenges encountered in 

controlled release. For example, 3D printing hydrogels with increased surface 

area to volume ratio may avoid undesirable incomplete release that is often seen 

in protein and other drug release attempts283–285 by providing increased total 

surface area for diffusion to take place out of the hydrogel. 

This chapter aims to 3D print SPAK containing PEGDA hydrogels using digital 

light projection and investigate if the geometry of 3D printed hydrogels may be 

used to fine tune the release rate of lysozyme.   
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5.2 Chapter specific methods 

Detailed materials and methods can be found in Chapter 2. Chapter specific 

methods are briefly outlined below for convenience. 

5.2.1 Computer aided design (CAD) 

3D objects were designed at www.Tinkercad.com and were exported as .STL 

files. Object files were sliced using Photon workshop 64 software (Anycubic) 

to generate .pwma files. Photon mono 4k was selected from the machine list. 

Slice parameters were set to 25μm z thickness, 5mm Z lift distance, 4mms-1 Z 

lift speed and 6mms-1 Z retract speed. 

5.2.2 Digital light projection 3D printing 

Photoinitiator solutions were prepared in Phosphate buffer saline (PBS) using 

20mL glass scintillation vials covered in aluminium foil to protect from light. 

3D printing solutions contained 0.5% w/v Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) as photoinitiator, 10% w/v 575Da 

Poly(ethylene glycol) diacrylate (PEGDA), 2% or 5% w/v 3-sulfopropyl 

acrylate (SPAK) as appropriate, 0.0255% w/v tartrazine as photoabsorber. For 

protein release experiments, lysozyme was added at 0mg/mL, 2mg/mL and 

10mg/mL as appropriate. Printing was carried out on a Photon Mono 4k printer 

(Anycubic). Before and after each use the printer vat and build platform were 

removed and cleaned with isopropanol.  

5.2.3 Brightfield microscopy 

3D printed hydrogels were gently removed from the printing platform with a 

paint scraper. Hydrogels were gently dried with laboratory tissue paper to 

http://www.tinkercad.com/
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remove excess monomer and placed onto glass slides for microscopy. Hydrogel 

pores were viewed by brightfield microscopy at 5X magnification and imaged 

using an AmScope camera attachment (AmScope MU1403). To estimate pore 

diameter, 5 pores were imaged from 5 separate hydrogels for each condition. 

Pore diameter was measured in AmScope software. A known distance of 250 

μm was also imaged and measured to establish a pixel to μm ratio. For each 

condition the length in pixels for each pore diameter was converted into μm. 

5.2.4 In-vitro hydrogel swelling 

As described (2.2.1 In-vitro hydrogel swelling). Briefly, hydrogels were 

immersed in PBS and weighed multiple times over a 5 day period. The swollen 

weight was expressed as a percentage increase from the initial hydrogel weight 

after UV photocrosslinking. 

5.2.5 Hydrogel compressive testing 

As described (2.2.1 hydrogel compressive testing). Briefly, compressive 

modulus was characterised by compressing swollen hydrogels using a texture 

analyser with a 5kg load cell. The compressive modulus was calculated as the 

gradient of the linear section from the stress-strain curve. 

5.2.5 Cryo-Scanning electron microscopy (Cryo-SEM) 

As described (2.2.6 Cryo-SEM). Briefly, 5% SPAK 10% PEGDA hydrogels 

were cut into small sections using a scalpel. Samples were mounted onto SEM 

stubs and were then plunge frozen and transferred into the cryo-preparation 

chamber and fractured, sublimed at -90 oC for 30 minutes. Samples were sputter 

coated with platinum using a current of 10 mA for 60 seconds. Imaging was 

performed at 10 kV under cryo conditions.  
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5.2.6 In-vitro lysozyme release from 3D printed hydrogels 

Lysozyme containing hydrogels were 3D printed, each immersed in 4mL PBS 

and incubated at 37oC with well-plates sealed using laboratory tape. At each 

controlled release time point the entire volume of PBS was aspirated and 

replaced with fresh PBS to re-establish the diffusion gradient. For each hydrogel 

the PBS at every time point was stored in a separate 7mL bijou at -20oC until 

the time for analysis by Bradford assay (2.2.3 Bradford assay). 

5.2.7 Lysozyme bioactivity assay 

As described (2.2.4 lysozyme bioactivity assay). 100μL of controlled release 

sample was added to 1.5mL of Micrococcus lysodeikticus and mixed by 

inversion. The decrease in absorbance at 450nm was measured once per minute 

for 5 minutes using a UV-Vis spectrophotometer. For each sample, a control 

was run simultaneously which was prepared from stock lysozyme with a 

matched concentration. The decrease in absorbance of each controlled release 

sample was expressed as a percentage of the decrease measured in its matched 

control. 

5.2.8 Statistical analysis 

All numerical data is presented as mean ± standard deviation from 3 repeats per 

experimental condition. When quantifying protein release from hydrogels the 

limit of detection (LOD) and limit of quantification (LOQ) were calculated as 

3 and 10 standard deviations above the average blank standard 

respectably352,354. One-way ANOVA with Tukey’s post hoc multiple 

comparisons test (α=0.05) was used to determine significant differences 

between experimental groups where three or more are present on a column 
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graph. Student’s t-test was used to compare the means between two 

experimental groups. Pairs with significant differences were labelled as * 

P≤0.05, ** P<0.01, *** P<0.001 and **** P<0.0001. 

5.3 Results 

5.3.1 Computer aided design 

To investigate the effect of hydrogel geometry on protein release, porous and 

non-porous 3D object designs were created at www.TinkerCAD.com that had 

high and low surface area to volume ratios respectively. The porous design was 

a cuboidal prism measuring 11mm x 11mm x 0.6mm that contained 25 pores 

measuring 1mm x 1mm x 0.6mm in a 5 by 5 grid (Figure 5.1 A). Each pore was 

spaced 1mm apart and 1mm from the periphery of the hydrogel. The non-porous 

design was a cuboidal prism measuring 9.79mm x 9.79mm x 0.6mm (Figure 5.1 

B). The two designs have approximately equal volumes (57.60mm3 and 

57.51mm3), but the increased surface area of the porous design meant that its 

surface area to volume ratio is approximately 1.35 times larger than the non-

porous. 3D printing was carried out with 0.025mm layer height, a 30 second 

exposure for the bottom two layers was used to generate adhesion to the build 

platform. A 4 second exposure time was used for remaining layers. Default 

settings for build platform movement were used which were 5mm Z lift 

distance, 4mms-1 Z lift speed, and 6mms-1 Z retract speed (Figure 5.1 C). 

Parameters were chosen after initial process optimisation (Supplementary Table 

S.1 Appendix 1) 

http://www.tinkercad.com/
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Figure 5.1: 3D object designs were created using Tinker CAD to investigate 

the effect of surface area to volume ratio on protein release from SPAK 

PEGDA hydrogels. A) Porous design containing twenty five macropores each 

measuring 1mm x 1mm x 0.6mm in a 11mm x 11mm x 0.6mm cuboidal prism. 
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B) Non-porous design measuring 9.79mm x 9.79mm x 0.6mm. C) Parameters 

for digital light projection 3D printing. 

5.3.2 3D printed SPAK PEGDA hydrogel characterisation 

Hydrogels were printed with tartrazine (0.0255% w/v) to increase print fidelity 

(Figure 5.2 A). Tartrazine was used as a photoabsorber to prevent overexposure 

and improve print fidelity (Supplementary Table S.1, Appendix 1). Following 

24 hours incubation in PBS, tartrazine had diffused out of SPAK PEGDA 

hydrogels as indicated by the visible colour change from yellow to transparent 

(Figure 5.2 A). Immediately after printing, hydrogel pores were viewed by 

Brightfield microscopy at 5X magnification (Figure 5.2 B). To estimate the 

average pore diameter, images of 5 pores from 5 separate hydrogels were taken 

and measured using AMscope software. Hydrogels containing 2% SPAK 10% 

PEGDA had a measured pore diameter of 1110.7 ± 36.3µm and 5% SPAK 10% 

PEGDA had a measured pore diameter of  1115.7 ± 35.4µm (Figure 5.2 C). This 

indicates that the material combination of SPAK and PEGDA is compatible 

with DLP 3D printing but that the printing parameters and material composition 

may be further optimised to increase the fidelity of printed architecture. 
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Figure 5.2: 3D printed SPAK PEGDA hydrogels. A) Macroscopic images of 

a porous 2% SPAK 10% PEGDA hydrogel immediately after printing, and after 

24 hours incubation in PBS. B) Brightfield microscopy images showing 

representative pores from 2% SPAK 10% PEGDA and 5% SPAK 10% PEGDA 
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hydrogels. C) Average pore diameter estimated from measuring 5 pores from 5 

separate hydrogels expressed as mean ± standard deviation (N=5 n=5). 

In-vitro hydrogel swelling was characterised over 5 days in PBS. After 5 days, 

2% SPAK 10% PEGDA hydrogels with porous and non-porous designs 

exhibited weight increases of 26.5 ± 10.4% and 28.6 ± 4.9% from the initial 

weight respectively. 5% SPAK 10% PEGDA hydrogels had weight increases of 

51.4 ± 10.1% and 37.1 ± 9.7% for porous and non-porous designs respectively. 

The increase in swelling seen by 5% SPAK hydrogels can be attributed to there 

being a higher concentration of hydrophilic charged groups present in the 

polymer network. 
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Figure 5.3: 5 day in-vitro swelling of 3D printed hydrogels. A) 2% SPAK 

5% PEGDA. B) 5% SPAK 10% PEGDA. Values presented as mean ± standard 

deviation (n=3). 

The thickness of SPAK PEGDA hydrogels was measured with digital callipers. 

It was determined that 2% SPAK 10% PEGDA hydrogels with porous and non-

porous designs had average thicknesses of 0.577 ±0.02mm and 0.580 ± 0.01mm 

respectively. 5% SPAK 10% PEGDA hydrogels with porous and non-porous 

designs had average thicknesses of 0.590 ± 0.03 and 0.583 ± 0.02mm 
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respectively (Figure 5.4 A). A macroscopic image of a porous 5% SPAK 10% 

PEGDA hydrogel being measured from a side view is included for convenience 

(Figure 5.4 A). These results indicate complete printing of the 3D design, the 

slight decrease in the measured values in comparison to the 0.6mm value in the 

CAD design may be explained by the limitations of the measuring method. It’s 

possible that the gels were pinched slightly while trying to delicately measure 

them using the callipers. After 5 day swelling in PBS, the compressive modulus 

of 3D printed hydrogels was characterised using a texture analyser. It was found 

that 2% SPAK 10% PEGDA hydrogels with porous and non-porous designs had 

average modulus values of and 2.63 ± 0.15 kPa and 3.2 ± 0.10 kPa respectively. 

5% SPAK 10% PEGDA hydrogels with porous and non-porous designs had 

average modulus values of 2.77 ± 0.31 kPa and 4.3 ± 0.4 kPa respectively 

(Figure 5.4 B). The significantly increased modulus seen from the non-porous 

5% SPAK 10% PEGDA may be explained by the difference in geometry.  
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Figure 5.4: Mechanical characterisation of 3D printed SPAK PEGDA 

hydrogels. A) Average measured thickness of 3D printed hydrogels. B) 

Compressive modulus of SPAK PEGDA hydrogels with porous and non-porous 

designs. Following 1-way ANOVA and Tukey’s post hoc test, pairs with 

significant differences were labelled as * P≤0.05, ** P<0.01, *** P<0.001 and 

**** P<0.0001. Values presented as mean ± standard deviation (n=3). 
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The surface and cross section of a porous 5% SPAK 10% PEGDA hydrogel was 

characterised using cryo-SEM (Figure 5.5 A, B). The surface and cross section 

had microporous architecture which is consistent with previous reports of the 

PEGDA polymer network formed by chain growth295 (Figure 5.5 A, B). When 

viewed by eye, the porosity of the network was approximately consistent 

throughout the Z plane of the hydrogel which indicates consistent crosslinking 

in each 3D printed layer (Figure 5.5 B).  
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Figure 5.5: Cryo-SEM micrographs of 5% SPAK 10% PEGDA 3D printed 

hydrogels. A) 5% SPAK 10% PEGDA surface characterisation. B) 5% SPAK 

10% PEGDA cross section view. 
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5.3.3 Lysozyme release from 3D printed SPAK PEGDA hydrogels 

To investigate protein release from 3D printed hydrogels, lysozyme was loaded 

into the photoinitiator solution for 2% SPAK 10% PEGDA and 5% SPAK 10% 

PEGDA at 10mg/mL and 2mg/mL. Direct loading into the hydrogel precursor 

solution was chosen so that there was approximately even protein loading 

between experimental groups. Hydrogels were printed with the porous design 

and a 15 day lysozyme release experiment was conducted in PBS.  

In 10mg/mL lysozyme groups, 2% SPAK 10% PEGDA had 60% release on day 

1, 100% after 4 days and had an estimated 115% cumulative release after 15 

days (Figure 5.6 A). 5% SPAK 10% PEGDA had 21% release after day 1, 64% 

release at day 4 and had 95% cumulative release after day 15 (Figure 5.6 A). 

The decreased release rate in 5% SPAK 10% PEGDA can be attributed to 

increased electrostatic attraction between lysozyme and the sulfate groups of 

SPAK. The 2% SPAK group reaching a cumulative release value of more than 

100% may be explained by the loading dose being an estimate based on the 3D 

CAD design.  

In 2mg/mL lysozyme groups, 2% SPAK 10% PEGDA had 55% release after 

day 1, 59% at day 7 and then plateaued until day 15 (Figure 5.6 B). 5% SPAK 

10% PEGDA had 21% release after 1 day, 51% at day 7 and then plateaued at 

52% from days 9 to 15 (Figure 5.6 B). Similarly to 10mg/mL groups, the 

decreased lysozyme release rate in 5% SPAK hydrogels may be attributed to 

electrostatic attraction. The plateau of cumulative released seen in 2mg/mL 

hydrogels indicates that a significant proportion of the loaded lysozyme is 
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entrapped within the gel or that the Bradford assay was not sensitive enough to 

quantify smaller dosages that could have been released at later time points.  

The bioactivity of released lysozyme was investigated at the day 3 time point 

for 10mg/mL experimental groups. 5% SPAK 10% PEGDA had 34.8 ± 5.0% 

lysozyme bioactivity and 2% SPAK 10% PEGDA had 13.8 ± 2.3%. An 

unpaired Student’s t-test determined this difference as significant (P<0.01). The 

decrease in bioactivity compared to stock lysozyme indicates that the conditions 

during DLP 3D printing have a damaging effect on lysozyme (Figure 5.6 C).  

The increase in bioactivity seen by 5% SPAK compared to 2% may be explained 

by SPAK exhibiting a protective effect on lysozyme by binding to it in the 

hydrogel precursor solution.  

The bioactivity of lysozyme from 2mg/mL experimental groups was determined 

at day 1. 5% SPAK 10% PEGDA had 15.8 ± 3.5% and 2% SPAK 10% PEGDA 

had 9.72 ± 2.2%  respectively. The reduced bioactivity in 2mg/mL experimental 

groups in comparison to the corresponding 10mg/mL condition may be 

explained by there being a higher photoinitiator to protein ratio in 2mg/mL in 

comparison to 10mg/mL, meaning that a larger proportion of the loaded protein 

is likely to come into contact with activated photoinitiator. 
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Figure 5.6: Lysozyme release from porous 3D printed SPAK PEGDA 

hydrogels. A) 15 day cumulative lysozyme release from 2% SPAK and 5% 

SPAK containing 10% PEGDA and 10mg/mL lysozyme. B) 15 day cumulative 

lysozyme release from 2% SPAK and 5% SPAK containing 10% PEGDA and 

2mg/mL lysozyme. C) Bioactivity of lysozyme released on day 3 from 
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10mg/mL experimental groups. D) Bioactivity of lysozyme released on day 1 

from 2mg/mL experimental groups. Values presented as mean ± standard 

deviation. Significant differences as determined by Student’s t-test are labelled 

as * P≤0.05, ** P<0.01, *** P<0.001 and **** P<0.0001. Three hydrogels were 

used per experimental condition, Bradford assay was carried out in duplicate 

(N=2, n=3) and lysozyme bioactivity assay was carried out in triplicate (N=3, 

n=3). 

To investigate the effect of hydrogel geometry on lysozyme release, porous and 

non-porous designs were printed with 10mg/mL lysozyme. Direct loading into 

the hydrogel precursor solution was chosen so that each design would contain 

an approximately even dosage of lysozyme. Lysozyme release was 

characterised for 15 days in PBS.  

In 5% SPAK 10% PEGDA hydrogels, lysozyme release from the porous design 

reached 56% at day 3, 80% at day 7 and had 97% at day 15 (Figure 5.7 A). 

Lysozyme release from the non-porous design reached 32% at day 3, 57% at 

day 7, and had 80% at day 15 (Figure 5.7 A). The increased release rate from 

the porous 5% SPAK 10% PEGDA hydrogels is likely due to the increase in 

surface area to volume ratio from the 3D printed design, which would give a 

larger total surface area for diffusion out of the hydrogel to take place. 

In 2% SPAK 10% PEGDA hydrogels, there was no observable difference in 

lysozyme release rate between porous and non-porous designs (Figure 5.7 B). 

This may be an indication that at lower concentrations of SPAK, the reduced 

electrostatic attraction between the polymer network and the protein means that 

a burst release trend due to diffusion occurs regardless of hydrogel geometry. 
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Figure 5.7: Effect of 3D printed hydrogel geometry on lysozyme release 

from SPAK PEGDA hydrogels containing 10mg/mL lysozyme. A) 

Lysozyme release from porous and non-porous 5% SPAK 10% PEGDA. B) 

Lysozyme release from porous and non-porous 2% SPAK 10% PEGDA. Values 

presented as mean ± standard deviation. Where error bars cannot be seen they 

are smaller than the marker of each plotted point. Three hydrogels were used 

per experimental condition, Bradford assay was carried out in duplicate (N=2, 

n=3). 

Lysozyme release was compared from 3D printed 5% SPAK 10% PEGDA 

hydrogels and the cast 5% SPAK 10% PEGDA hydrogels from chapter 3 of this 
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thesis (Figure 5.8 A). In cast hydrogels, cumulative lysozyme release reached 

1.9% after 2 days, 6.2% at day 7 and was 10.0% at day 13. Release from 3D 

printed hydrogels reached 19.4% after 3 days, 56.7% at day 7 and was 76.8% at 

day 13. The difference in lysozyme release rate may be due to the different 

photoinitiator and manufacturing method used. These possibilities were 

considered further in the discussion section of this chapter. The bioactivity of 

lysozyme released from each group was compared from day 2 of release for cast 

hydrogels and day 3 of release from 3D printed hydrogels. The bioactivity was 

37.3 ± 4.7% for cast hydrogels and 34.7 ± 5.0% for 3D printed hydrogels (Figure 

5.8 B). 
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Figure 5.8: Lysozyme release from cast and 3D printed 5% SPAK 10% 

PEGDA. Hydrogels were loaded with 10mg/mL lysozyme. A) Cumulative 

lysozyme release. B) Lysozyme bioactivity tested at day 2 of release in cast 

hydrogels and day 3 of release for 3D printed hydrogels. Values presented as 

mean ± standard deviation. Where error bars cannot be seen they are smaller 

than the marker of each plotted point. Three hydrogels were used per 

experimental condition, Bradford assay was carried out in duplicate (N=2, n=3). 
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5.4 Discussion 

Data in chapters 3 and 4 of this thesis showed evidence that hydrogels formed 

from SPAK and PEGDA are a promising material choice for affinity based 

controlled protein release. Data in chapters 3 and 4 was collected using 

hydrogels that were fabricated with traditional casting and moulding, this 

chapter sought to generate SPAK PEGDA hydrogels using additive 

manufacturing as proof of concept and investigate if 3D hydrogel geometry may 

be used as a tool to further optimise protein release. Previous literature has 

studied the effect of surface area to volume ratio of 3D printed PEGDA in the 

elution of small molecule drugs345, but there is exceptionally limited literature 

on protein release from 3D printed materials and controlled protein release 

remains a challenging goal in the field overall. 

In this work, digital light projection 3D printing was used to manufacture multi-

layered, macroporous hydrogels containing 10% w/v PEGDA and 2% or 5% 

w/v SPAK for the purpose of controlled protein release (Figure 5.2 A). 

Consistent with data from chapter 3, increasing SPAK concentration 

decelerated the release rate of lysozyme which indicates protein release is 

governed by electrostatic affinity (Figure 5.6 A, B). The release period of 15 

days is comparable to many protein release reports328–330 but is sub optimal 

when considering therapeutic application in osteoarthritis. 3D printed 5% SPAK 

10% PEGDA loaded with 10mg/mL lysozyme exhibited markedly different 

lysozyme release rate in comparison to the identical material composition from 

cast hydrogels in chapter 3 (Figure 5.8 A). The multiple months of controlled 

release observed in 5% SPAK 10% PEGDA from cast hydrogels in chapter 3 
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was not reproduced in the 3D printed counterparts. The difference in fabrication 

techniques may be responsible for the discrepancy in lysozyme release. 3D 

printing was performed under atmospheric air whereas hydrogel casting was 

performed under argon with oxygen < 2000ppm which may man there was 

lower crosslinking efficiency in 3D printed hydrogels290. Lower crosslinking 

efficiency would then mean more SPAK monomers remain uncrosslinked and 

diffuse out of the polymer, resulting in less electrostatic affinity towards 

lysozyme to control protein release and an increased release rate in comparison 

to SPAK PEGDA hydrogels formed by casting under argon. The normal 

exposure time of 4 seconds per layer chosen for 3D printing was selected based 

on visible scaffold fidelity during process optimisation, it is also possible that 

this UV dose resulted in less crosslinking efficiency throughout the bulk of the 

hydrogel in comparison to the 10 minutes of UV used during the initial hydrogel 

casting experiments in Chapter 3. The difference in crosslinking efficiency 

between the two techniques may be confirmed in the future by quantifying 

residual monomer from hydrogels with equal volume and approximately 

identical 3D geometries.  

When comparing the bioactivity of lysozyme released from 3D printed 

hydrogels to cast hydrogels in 5% SPAK 10% PEGDA loaded with 10mg/mL 

lysozyme, the bioactivity at day 3 release from 3D printed gels was 34.5% and 

was 37.3% at day 2 release from cast gels (Figure 5.8 B). These values are 

comparable and were not significantly different when tested by Student’s t-test, 

and further indicate that the photocrosslinking process is damaging to proteins. 

The later time points tested up to 2 months of release in cast gels were all above 

50% bioactivity, but it was not possible to characterise the release from 3D 
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printed hydrogels up to this time due to the lack of optimisation in parameters 

and the time constraints of the experiment.  

The comparison of lysozyme release from 5% SPAK 10% PEGDA saw 

evidence of material geometry affecting release rate in hydrogels loaded with 

10mg/mL lysozyme in which the high SA:V design had increased release rate 

(Figure 5.7 A). Only simple 3D designs were printed in this chapter in attempt 

to show proof of concept, future experimentation in this line of research should 

print more complex designs with greater differences in surface area to volume 

ratio to investigate the magnitude of its influence over controlled lysozyme 

release. 

The experimental approach used in this chapter had multiple other limitations. 

Firstly, direct protein loading into the hydrogel precursor solution was used to 

achieve approximately equal lysozyme loading into gels with varying SPAK 

concentration and different geometries. Loading post fabrication by immersion 

would have made it difficult to compare the release rate from porous and 

cuboidal hydrogels as it is likely a different amount of lysozyme would have 

been loaded onto the hydrogels due to the difference in surface area. As 

discussed in chapter 3, direct loading into the hydrogel precursor solution gave 

promising results when loaded with 10mg/mL lysozyme but loading at lower 

concentrations gave very limited protein release results due to the permanent 

entrapment of a significant amount of the loaded protein due to methods such 

as thiol-ene crosslinking of the protein into the polymer network (Chapter 3 

discussion), a phenomenon which was also seen in the data from this chapter in 

2mg/mL loaded hydrogels (Figure 5.6 B).  
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A second limitation is that the photoinitiator had to be change from Irgacure-

2959 to LAP in order to be compatible with the wavelength of available 3D 

printers. It may be possible that the change in photoinitiator influenced 

lysozyme release rate or lysozyme bioactivity. Similarly, a third limitation is 

that the lysozyme release data collected from SPAK PEGDA cast hydrogels in 

chapter 3 used a 500µL total volume which was considerably larger than the 

total volume of 3D printed hydrogels and the resulting difference in total dosage 

when loaded at 10mg/mL. The difference in total volume makes comparing data 

from chapter 3 to chapter 5 difficult and arose due to the optimisation of 3D 

printing parameters being focused to achieving pore fidelity. At taller 3D 

printed heights there was a loss of pore fidelity in the lower layers due to 

overexposure and the optimisation of parameters to circumvent this issue was 

limited by time which restricted the maximum printable height of SPAK 

PEGDA hydrogels (Supplementary Table S.1 Appendix 1).  

To confirm this, future experimental work on this topic should compare protein 

release from cast and 3D printed SPAK PEGDA hydrogels both using LAP and 

an approximately identical geometry to determine if the multiple months of 

controlled release observed in chapter 3 of this thesis in cast hydrogels is 

reproducible in ones that are DLP 3D printed.  

3D printing parameters should be further optimised to achieve high fidelity of 

microscale architecture in SPAK PEGDA printed designs. Parameters such as 

exposure time, SPAK concentration, PEGDA concentration, photoabsorber 

concentration, and photoinitiator concentration will likely need to be modified 

to achieve this goal. It is also likely that the optimal material composition for 
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3D printing will not be the optimal composition for controlled release and a 

compromise may have to be made. 

The work in this chapter used an Anycubic 4K Photon Mono 3D printer with a 

250mL vat size. Future work related to this topic should aim to utilise DLP 

printers with micro vats to reduce the minimum volume of hydrogel precursor 

solution required for printing and conserve experimental costs.   

3D printing of SPAK PEGDA hydrogels should be used to optimise the IL-4 

release data obtained in Chapter 4 of this thesis. Increasing the surface area to 

volume ratio of the hydrogels may give increased IL-4 loading dosage and lead 

to improved controlled release rate and an improved time period of sustained 

release. 

The work in this chapter used hydrogels that were in the millimetre scale in size 

and had two simplistic designs to show proof of concept. When considering the 

clinical translatability of a controlled protein release therapy for 

immunomodulation in early osteoarthritis, minimal invasiveness would be 

required such as a single injection into the knee. Clinical administration of 

corticosteroids via injection into the osteoarthritic knee uses medical syringes 

that have a 25 gauge needle with a 260µm inner diameter340,341. The microscale 

resolution of DLP 3D printing may be used to manufacture SPAK PEGDA 

microparticles with a diameter small enough for injectable administration 

through a 25 gauge needle. A previously reported issue with microparticle 

injection is particle aggregation which causes needle blockage350. Microparticle 

shape has been associated with injectability351, therefore 3D printing could be 
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used to optimise microparticle geometry to maximise injectability to increase 

the efficiency of administration. 

Following fabrication, the effect microparticles with multiple diameters on the 

in-vitro viability of chondrocytes and macrophages should be investigated. A 

particle diameter should then be chosen which has low cytotoxicity but is an 

appropriate size for high efficiency injection but that avoids rapid clearance 

from the synovial fluid. Protein release for a cytokine such as IL-4 should then 

be characterised and optimised from the microparticles. In-vivo testing should 

be done to investigate if injection of IL-4 releasing SPAK PEGDA 3D printed 

microparticles can significantly prevent the progression of osteoarthritis in large 

animal models.  

The generation of a clinically translatable controlled protein release biomaterial 

remains challenging. Hydrogels formed from SPAK and PEGDA have shown 

promise as candidate materials for controlled protein release using electrostatic 

affinity and the utilisation of 3D printing may play a pivotal role in improving 

both the controlled release and clinical translatability of such a material in the 

future. An injectable controlled protein release therapy targeting M2 

macrophage polarisation may be a viable therapy for early osteoarthritis in the 

future. 

5.5 Conclusion 

In conclusion, this chapter has shown 

SPAK PEGDA hydrogels were successfully 3D printed using digital light 

projection 3D printing.  
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When comparing Lysozyme release rate from 2% and 5% SPAK hydrogels 

loaded with 10mg/mL lysozyme, the release rate of lysozyme was decreased 

with increasing SPAK concentration which is consistent with the original data 

collected using cast hydrogels in Chapter 3. 

When comparing simple porous and non-porous hydrogel designs with differing 

surface area to volume ratio, increased lysozyme release rate was observed in 

porous scaffolds containing 5% SPAK hydrogels 10% PEGDA and 10mg/mL 

lysozyme. 

The limitations of the current methodology were addressed and 

recommendations for future work in this line of experimentation 
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Chapter 6  – Conclusion and future work 

recommendations 

6.1 Conclusion 

The biological potency of growth factors and cytokines makes them attractive 

drug candidates for influencing cell behaviour in-vivo for purposes such as 

immunomodulation and directing cell fate in tissue engineering191,324–327. The 

ability to mass produce recombinant proteins has led to the expansion of the 

biopharmaceutical industry with 380 drugs and drug variants that are peptides, 

proteins or antibodies gaining FDA approval by 2017268. The most common 

methods of administration for these drugs is intravenous injection, subcutaneous 

injection, intramuscular injection, and oral administration. The short in-vivo 

half-life of proteins means frequent injections would be required for long term 

effect279,280. This has the negative impacts of repeatedly causing patient 

discomfort, causing tissue damage at injection sites360, and systemic 

administration methods having undesirable off target effects such as the 

cytotoxicity seen when IFN-α and IL-2 were systemically administered in 

clinical trials as a cancer treatment277.  

The controlled release of protein drugs from biomaterials to therapeutically 

target cells in a localised biological niche has therefore been a goal in the field 

for decades but remains challenging due to the multiple difficulties commonly 

faced in the field such as burst release, incomplete release, and the release of 

denatured protein263,281–283. When inadequate consideration was given to the 

release of BMP-2 from collagen sponges during clinical trials for spinal cord 
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regeneration, severe adverse effects including ectopic bone formation and 

swelling around airways were observed269–272 which highlights the need for 

control of release dosage over time so that cells are exposed to therapeutic 

concentrations of growth factors. A clinical application for a long term 

controlled protein release therapy is immunomodulation in early osteoarthritis 

by promoting M2 macrophage polarisation to reduce the pro-inflammatory 

signalling associated with progression of the disease45,361. Osteoarthritis has 

limited treatment options and regenerative medicine approaches are not 

clinically translatable at the current stage of the field91,95,96,109. Modification of 

the disease pathobiology at the early stages of osteoarthritis may retain articular 

cartilage tissue that would otherwise be irreversibly lost149–151. 

The work in this thesis has focused on achieving controlled protein release from 

photocrosslinkable affinity hydrogels, the promotion of M2-like macrophage 

polarisation using Interleukin-4 (IL-4) released from affinity hydrogels, and the 

additive manufacturing of affinity hydrogels used for controlled release. A 

material composition including Poly (ethylene glycol) diacrylate (PEGDA) and 

3-sulfopropyl acrylate potassium salt (SPAK) was chosen as a synthetic 

alternative to heparin which has the advantages of having a slow biodegradation 

rate294, low material cost, and increased manufacturing capacity344,345 and also 

circumvents the limitations of heparin such as enzymatic degradation in-vivo, 

batch variability, and being derived from animal tissue315–320.  

In Chapter 3, the initial characterisation of protein release used lysozyme as a 

model protein because of its isoelectric point and molecular weight. 500µL 

hydrogels were formed using casting and moulding under argon containing 

10mg/mL lysozyme. In-vitro release into Phosphate buffered saline (PBS) saw 
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rapid burst release from 10% PEGDA and a linear release trend from 5% SPAK 

10% PEGDA for 70 days with quantifiable lysozyme release in the µg/mL range 

at every time point. Increasing SPAK concentration to 10% and 15% gave a 

dose dependent reduction in lysozyme release rate which demonstrated 

electrostatic control over protein release. The bioactivity of released lysozyme 

was tested at 4 time points from 5% SPAK 10% PEGDA and was still more 

than 50% after 2 months of in-vitro release when compared to stock lysozyme 

with a matched concentration.  

With promising initial data, lysozyme was switched with the anti-inflammatory 

cytokine TGF-β1. To conserve experimental costs, hydrogel volume was 

reduced to 100µL and the loading concentration used for TGF-β1 was 10µg/mL. 

Extremely low cumulative percentage release of TGF-β1 was observed. A series 

of optimisation experiments were performed which increased TGF-β1 loading 

concentration and PEGDA molecular weight, which both saw an improvement 

in cumulative release but the total percentage release was still low. IL-4 was 

compared to TGF-β1 to investigate if determine if the low percentage release 

was specific to TGF-β1 but the results were similar. When investigating if UV 

photocrosslinking conditions could have affected TGF-β1 quantification, it was 

found that UV exposure in the presence of photoinitiator severely diminished 

TGF-β1 quantification by ELISA.  

To separate TGF-β1 from photoinitiator, a core-shell hydrogel was fabricated 

using custom made Poly (tetrafluoro ethylene) (PTFE) moulds in which a TGF-

β1 loaded gelatin core was encapsulated within 10% 4kDa PEGDA. No 

quantifiable TGF-β1 was released from core-shell hydrogels and it was 

concluded that this approach was too limited to continue with. 
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In Chapter 4, the protein release method was modified to completely separate 

protein loading from photocrosslinking conditions. Following 

photocrosslinking and sterilisation, 100µL SPAK PEGDA hydrogels were 

immersed in IL-4 solutions overnight for subsequent in-vitro release into 

complete THP-1 cell culture media. 5% SPAK 10% PEGDA hydrogels 

exhibited sustained release in the ng/mL range for 73 days. The bioactivity of 

released IL-4 was investigated at multiple controlled release time points by 

using it to promote M2-like polarisation of THP-1 macrophages. It was 

determined that IL-4 released up to the day 53 release time point was bioactive 

as evidenced by the secretion of M2 markers CCL-18 and CCL-22, and 

increased expression of mannose receptor seen by immunostaining. Media 

conditioned by IL-4 releasing SPAK PEGDA hydrogels gave no decrease in 

cell viability in comparison to monolayer controls generated using standard 

cytokine application. When comparing sustained IL-4 delivery from 5% SPAK 

10% PEGDA hydrogels to a single large IL-4 dose to model bolus injection, no 

significant difference in cell viability was observed. When IL-4 delivery from 

5% SPAK 10% PEGDA hydrogels was co-administered with an M1 promoting 

stimulus, increased secretion of TNF-α, IL-6 and CCL-18 was observed which 

indicated a heterogeneous macrophage population and that IL-4 delivery alone 

could not overpower the M1 stimulus applied. 

In Chapter 5, SPAK PEGDA hydrogels were 3D printed using digital light 

projection additive manufacturing. 2% SPAK 10% PEGDA and 5% SPAK 10% 

PEGDA hydrogels were 3D printed with a porous design containing 10mg/mL 

lysozyme and protein release was characterised for 15 days. Lysozyme release 

rate was decreased in 5% SPAK in comparison to 2% SPAK which was 
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consistent with data collected from cast hydrogels in chapter 3. The release trend 

of 5% SPAK 10% PEGDA was not the same as it was for cast hydrogels with 

matched concentration in chapter 3. Hydrogels loaded with 2mg/mL lysozyme 

had noticeable incomplete release and plateaued after 1 week of release which 

indicates protein entrapment within the hydrogel. Lysozyme release was 

compared between 3D printed hydrogels with porous and non-porous designs 

to investigate if hydrogel geometry may be used to fine tune release behaviour. 

In 5% SPAK 10% PEGDA, lysozyme release rate was increased in porous 

hydrogels in comparison to non-porous which showed proof of concept towards 

using surface area to volume ratio to control protein release from hydrogels. 

The limitations of the research in this thesis are as follows:  

In-vitro cytokine release parameters were not fully optimised, the use of higher 

cytokine loading concentrations and optimisation of SPAK and PEGDA 

concentrations would yield the controlled release of M2 macrophage promoting 

cytokines for a period of at least 6 months which was the original goal of this 

project. Sustained release was only achieved with IL-4 when a combination of 

anti-inflammatory cytokines is likely to have greater efficacy in-vivo. 

Macrophage polarisation data was collected using an immortal cell line which 

has limited clinical relevance, the use of primary PBMC derived macrophages 

will yield more clinically relevant results and the age of donors could be 

matched to the average age of onset for OA. More complex in-vitro models of 

immunomodulation in OA may then be used with chondrocytes, macrophages, 

and cytokine releasing affinity hydrogels that utilise transwell inserts instead of 

the method used in Chapter 5 of this thesis. 



198 

 

3D printing of SPAK PEGDA hydrogels was only briefly explored as proof of 

concept, ideally this fabrication method would have been used for an extended 

period of time to obtain optimised 3D print fidelity and cytokine release from 

microscale hydrogels to then be used for in-vitro immunomodulation 

experiments. 

The biodegradation of SPAK PEGDA hydrogels was not characterised, the 

ideal system for clinical delivery would exhibit controlled material 

biodegradation after 6 months of sustained cytokine release. The incorporation 

of biodegradable co-monomers should be pursued in the future to match 

biodegradation rate with affinity based cytokine release and the release of 

cytokines due to degradation as a separate mechanism for release must be 

considered. 

In summary, hydrogels containing PEGDA and SPAK have been shown to be 

promising carrier materials for controlled protein release applications. The 

generation of biomaterials that exhibit long-term controlled release of 

biologically active proteins would have multiple clinical applications such as 

immunomodulation in osteoarthritis. Additive manufacturing technology is a 

useful tool for the future generation of materials with optimised geometries for 

controlled protein release, hydrogel injectability, and for related applications in 

regenerative medicine. 

6.2 Future work recommendations 

Future studies should optimise the parameters used for IL-4 release in chapter 

4 of this thesis so that a linear release trend is observed in-vitro for a period of 

more than 3 months with IL-4 concentration in the ng/mL range at each time 
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point. Parameters including the IL-4 concentration used for hydrogel 

immersion, hydrogel immersion time, SPAK and PEGDA concentrations, and 

PEGDA molecular weight will need to be considered for full optimisation. 3D 

printing should be used to increase the efficiency of IL-4 loading onto hydrogels 

by printing designs with high surface area to volume ratios in comparison to the 

simple hemispherical hydrogels used in chapter 5. The release of multiple 

immunomodulatory drugs should also be considered as a long term goal. It is 

likely that IL-4 release in combination with IL-10, TGF-β1, or dexamethasone 

will prove more efficacious in overcoming hostile pro-inflammatory signalling 

in-vivo in comparison to IL-4 alone. 

The work in this thesis used THP-1 cells were used to model M2-like 

macrophage polarisation in-vitro which have limited clinical relevance. Future 

studies should use macrophages derived from peripheral blood mononuclear 

cells for in-vitro macrophage polarisation using controlled release. Primary cells 

isolated from three donors should be used to generate data with a greater level 

of clinical relevance255. 

The parameters of digital light projection 3D printing should be optimised to 

print SPAK PEGDA hydrogels with high fidelity microscale architecture. 

Parameters including exposure time, photoinitiator concentration, 

photoabsorber concentration, SPAK concentration, PEGDA molecular weight, 

and PEGDA concentration will need to be considered to achieve maximum print 

fidelity. The use of alternative UV 3D printing systems with smaller vat sizes 

and higher resolution printing capabilities should also be considered. Following 

optimisation, SPAK PEGDA microparticles should be 3D printed with 

diameters small enough for injection through needles used to clinically 
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administer drugs into the osteoarthritic knee joint349. 3D printing should then be 

used to generate microparticles with geometries that maximise injectability with 

minimal blocking and particle wastage within the needle350,351. 3D printed 

control over microparticle architecture should also be investigated to optimise 

the loading and release of anti-inflammatory drugs such as IL-4. 

In-vivo studies should be carried out using the implantation of IL-4 releasing 

SPAK PEGDA hydrogels into large osteoarthritis model organisms. The type 

of organism chosen and method of osteoarthritis induction should be considered 

to model the human disease as much as possible. Animals with high anatomical 

joint similarity to humans such as primates and animals that are prone to 

naturally occurring osteoarthritis may give data that is more representative of 

the human disease in comparison to surgically induced small animal models196–

198.  
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Appendix 1 – Supplementary data 
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Figure S.1: Average Bradford assay standard curve. Values presented as 

mean ± standard deviation (N=7, n=3). 
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Figure S.2: Percentage weight increase of 10% 20kDa PEGDA hydrogels 

following 24 hours incubation in PBS at 37oC. Values presented as mean ± 

standard deviation (n=3). 
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Figure S.3: Average IL-4 ELISA standard curve. Values presented as mean 

± standard deviation (N=5, n=3). 
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Figure S.4: TGF-β1 ELISA standard curve. Values presented as mean ± 

standard deviation (n=3). 
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Figure S.5: TNF-α ELISA standard curve. Values presented as mean ± 

standard deviation (n=3). 
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Figure S.6: IL-6 ELISA standard curve. Values presented as mean ± 

standard deviation (n=3). 
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Figure S.7: CCL-18 ELISA standard curve. Values presented as mean ± 

standard deviation (n=3). 
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Figure S.8: CCL-22 ELISA standard curve. Values presented as mean ± 

standard deviation (n=3). 
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Figure S.9: IL-10 ELISA standard curve. Values presented as mean ± 

standard deviation (n=3). 
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Figure S.10: IL-10 secretion from THP-1 macrophages following 6 days of 

culture. M0 was polarised with 50ng/mL M-CSF, M1 was polarised with 

50ng/mL GM-CSF + 20ng/mL IFN-γ, M2 was polarised with 50ng/mL M-CSF 

+ 20ng/mL IL-4. Values presented as mean ± standard deviation (n=3). 
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Figure S.11: Macroscopic image of a 5% SPAK 10% PEGDA hydrogel in 

a 12-well tissue culture plate. This is a visual representation of the set-up for 

THP-1 macrophage polarisation using direct incubation with IL-4 releasing 

hydrogels. 

 

Table S.1: 3D printing parameter optimisation for DLP printing of SPAK 

PEGDA hydrogels 


