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ABSTRACT 

 
Recent advances in tissue engineering (TE) focus on finding more biocompatible, 

biodegradable and non-toxic biomaterials with an ability to mimic the natural physiological 

environment. Appropriate physical and chemical properties are sought that could provide enhanced cell-

material interaction, inviting the ever-growing and ever-evolving need for suitable novel biomaterials. 

 

In this study, caseins obtained from commercially available β-casein rich skim milk (A2-casein) 

and casein-containing dairy industry waste (DAF-casein), were used as bioactive additives. Two types 

of methacrylated casein (CasMA) were chemically modified using methacrylic anhydride (MA) and 

combined with biocompatible polymers like polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) 

to develop two types of porous scaffolds (CasMA/PVA/PVP). The effects of both types of scaffolds 

from two different sources of casein were investigated chemically and physically at high and low MA 

concentrations in terms of their swelling ratio, dissolution profiles, morphological appearance and 

rheological properties. Furthermore, biological properties of both biomaterials was comparatively 

studied using human keratinocytes (HaCats) and primary cardiac progenitor cells (CPCs). 

 

The main findings of this study were based on the biomaterial characteristics attained by casein 

modification and its development into scaffolds. The scaffolds presented unique patterned 

microstructures with good porosity and swelling capacity. The analysis of the scaffolds in vitro using 

HaCats and CPCs demonstrated that the unique physical properties were conducive for cell adhesion 

and proliferation. The study showed a possible mechanism of casein methacrylation and its potential 

application as an injectable gel, surgical adhesive or cardiac/skin patch for tissue replacement. 

 

This study highlights the importance of chemical modification in tissue engineering and also 

the need for developing value-added products from the dairy industry wastes predominantly affecting 

the environment in New Zealand. 
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1. INTRODUCTION 

 
The multidisciplinary field of tissue engineering (TE) involves the design, construction and 

maintenance of enhanced functional tissue substitutes. TE mimics and restores the structure and 

physiology of natural tissues that are malfunctioning or damaged, using principles of engineering, cell 

and molecular biology, life sciences and material sciences (Buttery and Bishop 2005). Development of 

TE in the past decade has evolved greatly, with the ever-increasing knowledge of materials, stem cells, 

cell signaling, genomics, bioreactor designs, etc. The essential components involved in bioengineering 

for tissue regeneration are appropriate scaffold support, cells for tissue repair and bioactive molecules 

like growth factors to support cell growth. 

 
 Soft Tissue Engineering 

Soft tissues include blood vessels, nerves, skin, tendons, cartilages, muscles and ligaments, which 

often support organ structures (e.g. skin) or themselves form a specialised connective tissue (e.g. cardiac 

muscle). Soft tissue engineering (Soft TE) has advanced to repair and restoration of the damaged soft 

tissues with the help of materials that are mechanically soft but durable, withstanding the everyday 

biochemical and biophysical wear and tear. Hence it is important that the materials used for engineering 

such tissues have the ability to stimulate a controlled biological response (Janmohammadi and 

Nourbakhsh 2019). With the revolutionary introduction of biomaterials, new therapeutic solutions 

emerged with numerous approaches for treatments. As the name suggests, biomaterials are capable of 

interacting favourably with biological systems. Thus, it is imperative to consider the physical, chemical 

and mechanical characteristics of the biomaterials in that they can amplify and guide the natural repair 

mechanisms of the body (Rodrigues et al. 2020). However, researchers have been trying to resolve the 

unmet challenges that come with developing an appropriate biomaterial and growing and/or engineering 

cells onto the biomaterial along with understanding their safety and suitability (Buttery and Bishop 

2005). This chapter discusses the development of biodegradable biomaterials for Soft TE, especially 

for skin and cardiac tissue engineering (CTE). 

 Skin 

Innumerable people globally suffer wounds of both acute and chronic nature every year, the 

majority of which are burn wounds (Ishihara et al. 2002). Critical damage to the skin; the largest organ 

in the human body, can dramatically present early and late complications, which consequently can lead 

to mortality (Ishihara et al. 2002). The massive global economic impact of wounds is due to the highly 

frequent incidences amongst the older age groups. Around 120 per 100,000 people within the age groups 

of 45 to 65 years were affected with chronic wounds and around 800 per 100,000 people in the age 

group of more than 75 years, mainly due to venous ulcers and diabetic complications (Velnar, Bailey, 
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and Smrkolj 2009). The biomedical advances in skin tissue engineering (STE) producing artificial skin 

have also led to the development of patient-specific therapeutic skin substitutes (Yu et al. 2019). The 

process involves a coordinated cascade of events that require orchestration of various biochemical 

responses that occur simultaneously. The process involves bleeding, coagulation, inflammation, 

regeneration, proliferation of cells into tissues including the genesis of extracellular matrix for the 

formation and development of new tissue. Wound healing naturally involves the mediation of local as 

well as migratory cells and other mediators along with growth factors that govern cellular signaling 

entailing cell proliferation, migration and differentiation. Different types of cells and tissues require 

different healing pathways and healing durations. Some critical wounds that do not heal or take a year 

or more to heal tend to deteriorate into more complications or even death (Velnar, Bailey, and Smrkolj 

2009). With the knowledge of the factors involved in wound pathophysiology, it has become possible 

to accelerate the wound healing process. For this, biodegradable biomaterials have been used with the 

capability of carrying and controlling drug release to provide a sustained delivery at the target site for 

a prolonged period of time. Injectable hydrogels and patches with controlled drug release have been 

developed in the past. However, the challenges that still persist involve development a biodegradable 

scaffold that has the capability of supporting vascularisation has mechanical strength, is capable of 

systemic integration without immune rejection and does not develop scarring (Vig et al. 2017). 

 Cardiac Muscle Tissue 

Myocardial infarction (MI); an ischemic event, commonly known as a ‘heart attack’, has 

maintained the number one position as a leading cause of death globally for more than 2 decades, as 

per the annual report from the American Heart Association (Benjamin et al. 2017). According to the 

World Health Organization (WHO) fact sheet, cardiovascular disease (CVD) is the ‘world’s biggest 

killer’ accounting for 17.9 million deaths in 2016, which was 31% of the world population in 2017. The 

numbers have risen dramatically over the years wherein 85% of all CVD associated deaths are due to 

heart attacks (WHO 2017b). The numbers are expected to rise to 23.6 million CVD-related deaths by 

2030, remaining the leading cause of death (WHO 2017a). MI hinders blood flow to the MI affected 

area of the heart muscle tissue that consequently may cause cell death due to the deficiency of oxygen. 

Severe MI causes remodeling, fibrosis, necrosis or heart failure which can cause the heart to become 

partially or completely dysfunctional (Fiona et al. 2005). The affected area undergoes structural 

remodeling and forms scar tissue, that renders its underpinning function to be altered (Jayasinghe, 

Clowsley, de Langen, et al. 2018). The muscle tissue surrounding this area experiences hypertrophy 

and a downward spiral ensues weakening of ventricular walls causing inadequate contractions, along 

with further enlargement of the chamber, ultimately leading to heart failure. Researchers recently have 

been able to understand the phenomenon at a molecular-level by means of advanced microscopic 

techniques (e.g.: Super-resolution microscopy), that has helped to better understand these cascading 

events at nanoscale resolution. The major effect occurs on the spatial arrangement of proteins (e.g.: 
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Ryanodine receptors (RyRs)) within the transverse tubules in the cardiac tissue. The main function of 

these proteins is to facilitate calcium transport within and between cardiac cells thereby governing the 

passage of electric pulse waves throughout the tissue. When the protein positions are disturbed due to 

cardiac remodelling, it leads to disturbances in the calcium signalling thus impairing the electric 

conduction and finally rendering the tissue dysfunctional (Jayasinghe, Clowsley, Lin, et al. 2018). This 

complexity is one of the many reasons why it is a difficult feat to create ideal scaffolds for CTE. It was 

a theory for decades that the heart cells had no capacity to regenerate after birth (Anversa et al. 2002). 

Only in 2010 however, it was proven by Bergmann et al. that cardiomyocytes possess a limited capacity 

to regenerate with the help of cardiac stem cells which are limited in number (Wang and Guan 2010). 

The numbers of these stem cells are limited, with ~1% cells regenerating per year until the age of 20, 

falling to <0.3% by the age of 75 (Bergmann et al. 2009). This limited regenerative capacity of 

mammalian cardiac cells has constrained tremendous efforts to repair the tissue synthetically (Doppler 

et al. 2017). At present, heart transplantation is still the best option for end-stage patients (Fuchs et al. 

2019). However, various regenerative medicines have been used for treatment in recent times such as 

cardiac patches, coronary stents made of biomaterials, etc. (Xin, Olson, and Bassel-Duby 2013, Qin, 

Han, and Wu 2019). Despite the current advances, CTE is not thoroughly prepared for regular clinical 

application routines due to the complexity of biological processes required during integration in vivo. 

Therefore, the current research engineering innovative in the field of TE is not only revealing the cardiac 

repair mechanism but also improving our understanding of cardiac functioning providing insights for 

novel therapy mechanisms. 

 

 Conventional Treatment Strategies in the Skin and Heart Tissue 

Attempts to regenerate skin tissue and develop an improved biomaterial scaffold are not new. 

There is a persistent need for a better complex functional tissue that integrates well into the natural 

environment. Deeper wounds often need skin grafting. Autografts have been used traditionally, where 

a thin section of skin including both dermal and epidermal layers are shaved from the inner thighs or 

buttocks and transferred to the wound area leaving two wounds (Akan et al. 2003). The thicker the 

dermal layer, the faster the healing because of the presence of blood vessels and capillaries. Autografts 

also have a low risk of rejection since they are harvested from the patients themselves. However, this 

technique is invasive in nature as the donor sites become thin and regenerate slower each time that they 

are re-harvested (Janeway et al. 1999). Skin allografts are another type of grafting used to overcome 

the limitations of autografting because the donor tissue is obtained from cadavers. Allografts are used 

worldwide from frozen and stored cadavers as well as from living donors on a wide scale for extensive 

and intense burn wounds (Bello, Falabella, and Eaglstein 2001). Revascularisation, recruitment of 

growth factors and cytokines from human skin help to temporarily guard the wound tissue while the 

new tissue is formed, providing somewhat adequate wound healing (Cardinal et al. 2009). Another type 
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of skin graft often used for burn care are xenografts, where tissues are surgically obtained from one 

species and transferred to another species. The exogenic collagen in xenografts provides a temporary 

coverage for human wounds serving regeneration (e.g.: porcine skin) (Halim, Khoo, and Yussof 2010). 

Burn wounds are also traditionally treated with amnion collected from the placenta as effective 

substitutes for wounds. Amnion contains large amounts of collagen, growth factors and anti-

inflammatory properties, which accelerate the healing process (Halim, Khoo, and Yussof 2010, 

Eskandarlou et al. 2016). However, the usage of biomaterials has improved the treatments by avoiding 

the invasive harvesting procedures and risks of immunogenicity. For example, hydrogels that have a 

huge water content, are capable of mimicking the natural ECM of the skin and possess a similar 

structure to it, representing a better chance for tissue regeneration (Geckil et al. 2010). Though there 

has been an extensive improvement in STE, researchers have been striving to further improve the 

properties and performance of natural biomaterials for biologically, cosmetically and aesthetically 

enhancing the quality of wound treatment along with making it more affordable for the wider population 

(Chen and Liu 2016). 

 

For end-stage heart failure, the only currently available treatment is heart transplantation, which 

is highly complex in nature due to a very limited organ donor supply, risk of organ rejection and high 

costs (Alcon, Bozkulak, and Qyang 2012). This emphasizes the towering need for innovative strategies 

to regenerate cardiac tissues. Metal-based (Gurunathan and Kim 2016, Zou et al. 2017), carbon-based 

(Peña et al. 2017), bioceramic-based (Kiefer et al. 2016, Miguez-Pacheco, Hench, and Boccaccini 

2015) and hybrid (Ravichandran et al. 2014) macro/microsystems have been engineered for 

applications in CTE. Even in recent times, artificial metal-based implants to assist the ventricular 

contractions and provide mechanical support have been developed and are still being advanced further 

until eventually, we may have a definitive close-to-natural solution (Bonacchi et al. 2015, Chiu et al. 

2017). However, these implants are metal-based and may turn pathogenic causing numerous serious 

complications such as blood clotting, infection, limited lifespan and complete rejection, corrosion of 

materials, poor vascularization, poor cell attachment, toxic by-product formation upon degradation 

overtime, etc.  (Vunjak-Novakovic et al. 2010, Rigatelli, Santini, and Faggian 2012, Kormos et al. 

2017). Conventionally used, cellular cardiomyoplasty is invasive and lacks cell retention and survival 

(Laflamme and Murry 2005, Reffelmann and Kloner 2003). An alternative approach of directly 

injecting cells has been developed to deliver cardiac stem cells of various types into the infarcted cardiac 

tissue with both in vitro and in vivo strategies (Amado et al. 2005, Singelyn et al. 2009, Chavakis, 

Koyanagi, and Dimmeler 2010, Ziegler et al. 2019). But in the majority of cases, there are high chances 

of inadequate cell adhesion, cell differentiation and post-treatment complications arising during the 

transition from in vitro to in vivo, due to the lack of an appropriate biomimetic and bio-interactive 

environment or extracellular matrix (ECM). This includes suitable mechanical characteristics and an 

increase in biological properties and vascular micro-architecture, which is fundamental for the success 
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of the regenerative processes (Farhat et al. 2018). The dearth of a biomimetic, elastic and oxygen-rich 

ECM leads to insufficient nutrients’ exchange, oxygen deficiency and inadequate mechanical support 

for cell adhesion, thus ensuing cell death (Choe et al. 2019). 

 

 Modern Tissue Engineering Approaches 

Inspired from conventional practices, natural, synthetic and hybrid biomaterials have become 

standard practice and have found a strong footing in STE as well as CTE owing to the myriad of 

favourable conditions and outcomes that these materials offer. (Mir et al. 2018, Ulery, Nair, and 

Laurencin 2011, Huyer et al. 2015). The development of artificial skin scaffolds needs innovative 

strategies for biomaterial synthesis and fabrication. With several types of biomaterials approved by the 

Food and Drug Administration (FDA) there is scope for realising novel combinations and chemical 

modifications with enhanced synergistic properties and outcomes benefitting biological systems (Kim, 

Baez, and Atala 2000). The numerous challenges in TE stress over the importance of engineering 

biomaterials will address the specific need of improvement in growth, migration and proliferation of 

cells for regeneration. For example, an appropriate ECM can be created by implanting a 3D-scaffold 

fulfilling all the requirements of the native tissue. The cells when seeded onto it, will further secrete 

their own ECM inherently (Teo et al. 2016). The growth and proliferation of cardiomyocytes require a 

balanced combination of biomaterials and active biomolecule components (e.g.: growth factors), to 

acquire a functional framework as a self-sufficient system for the possibility of application in vivo (Song 

et al. 2018). 

 

Employment of biomaterials with an emphasis on the chemical modification for skin tissue 

regeneration has been improving their functionality more and more, over the years. For example, 

Ishihara et al. showed how a natural polymer like chitosan could be used to create a photo-crosslinkable 

hydrogel possessing cell adhesion properties due to modification of chitosan amino groups with azide 

(Ishihara et al. 2002). More recently, Suvarnapathaki et al. described the problem of high oxygen 

demand and low supply due to poor vascularisation in artificially created tissues that caused the clinical 

translations to fail. The success of vascularisation depends on the design of interconnecting porosity 

and biocompatibility of biomaterial scaffolds (Suvarnapathaki et al. 2019). A recent study that 

addressed this issue, demonstrated a two-step modification of chitosan with methacrylate groups and 

fluorine groups to form a photo-crosslinked oxygenating hydrogel dressing that assisted wound healing 

(Patil et al. 2016). Similar advanced techniques are being applied in drug delivery (Boateng et al. 2008, 

Peppas et al. 2006, Peppas et al. 2000) as well as gene therapy (Liechty et al. 1999, Margolis, 

Crombleholme, and Herlyn 2000, Ailawadi et al. 2002) for wound healing. Further advancements are 

still required in improving the currently available biomaterials and in innovating novel smart 

biomaterials for aesthetically and functionally better skin regeneration. 
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Recent CTE strategies involving polymeric biomaterials-based scaffolds and gels have been 

successful to quite an extent in regenerating fully mature beating cardiomyocytes both in vitro and in 

vivo (Huyer et al. 2015, Hasan et al. 2016, Clarkin et al. 2019). Particularly for CTE, biomaterials have 

been tuned by means of surface functionalisation to attain desired properties suitable for cardiomyocyte 

growth, development and function (Kaiser and Coulombe 2015, Hu et al. 2019). Though the heart has 

some regenerative capacity, it is not enough to repair severe MI mediated damages to the cardiac tissue. 

Therefore, CTE approaches aim to enhance this potential to regenerate by using drugs, patches and 

other novel directions. This requires a befitting modification or functionalisation strategy, which not 

only allows biomaterials to blend or crosslink together but also remain structurally and functionally 

similar to their native individual selves. 

 

Hydrogels and fibrous scaffolds constructed from various natural or synthetic polymers, with an 

emphasis on the employment of naturally derived biomaterials. These materials have specific functions 

that are highly tunable for application with any desired tissue type and its development (Hasan et al. 

2016, Domenech et al. 2016, Clarkin et al. 2019). In particular, natural and/or synthetic polymers in 

combination or individually with different application strategies, are advantageous to obtain the unique 

mechanical properties necessary for TE (Kaiser and Coulombe 2015, Hu et al. 2019, Wang et al. 2010). 

They offer specific functionality with extensive possibilities for design and development. In STE as 

well as CTE, a porous and permeable scaffold is required to provide support for tissue generation after 

seeding cells. These scaffolds present a framework structure for cells to attach and proliferate to further 

create an ECM (Dhandayuthapani et al. 2011). Tissue damage repairing technologies have evolved over 

time with the usage of injectable polymers, biomaterial scaffolds, the addition of growth factors and the 

transplantation of cells. 

 

 Modification of Biomaterials and their Significance 

Biomaterials are either physically or chemically modified as per the requirement of the type of 

application. Physical aspects determine the suitability of the biomaterial initially but chemical 

properties govern the choice of biomaterials as their biocompatibility is of paramount importance. 

Favourable chemical or photochemical modifications have become a standard norm recently that has 

set the potential of biomaterials higher (Bose, Robertson, and Bandyopadhyay 2018). 

 

Crosslinking is a chemical modification that helps to increase the functionality of a biomaterial 

and allows fabrication of a wider range of hydrogels and scaffolds serving as templates for TE 

(Dhandayuthapani et al. 2011, Ciardelli et al. 2005). Some natural polymers; though being highly 

biocompatible, have a limited number of naturally available functional sites for crosslinking (Hoch et 

al. 2012, Te Lin et al. 2014). While some synthetic polymers; although easily to be chemically modified, 
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have complications with biocompatibility and biodegradability (Boffito, Sartori, and Ciardelli 2014, 

Guo and Ma 2014). These inadequacies are improved by chemical crosslinking via covalent bond 

formations resulting in mechanically stable polymer networks (Pettinelli et al. 2019). Such chemical 

modification not only stabilises but increases the functionality of polymer surfaces for further 

immobilization of biomolecules (monomers or polymers like collagen, heparin, alginate) with specific 

functional groups (E.g.: -OH groups) (Rudolph et al. 2015). 

 

Methacrylation is one such chemical modification strategy that permits crosslinking of 

biomaterials to an extent to form mechanically stable and biodegradable hydrogels or scaffolds 

(Loessner et al. 2016). Up until now, methacrylation has been widely used in skin as well as cardiac 

regeneration (Gaudet and Shreiber 2012a, Fujimoto et al. 2009, Cohen et al. 2014, Ma et al. 2010). 

Methacrylates (e.g.: methyl methacrylate (MMA) and poly (methyl methacrylate) (PMMA)) are esters 

derived from their precursor methacrylic acids and categorised as acid anhydrides. Methacrylates bind 

covalently with the functional groups present on the polymers in the presence of suitable crosslinking 

agents. Being highly reactive in nature, methacrylate monomers are used to covalently crosslink 

polymers to undergo polymerisation more readily, owing to the double bonds on carbon atoms present 

in the methacrylate monomer that split to connect with carbon atoms of other molecules during 

polymerisation. This allows the formation of end-products that remain water-soluble. The amount of 

methacrylic acid added corresponds to the number of methacrylamide (>90%) or methacrylate groups 

introduced. The methacryl groups that substitute with amino residues are methacrylamide groups 

whereas, the methacryl groups that substitute with hydroxyl residues are termed methacrylate groups. 

Together, they have been suggested to be termed as methacryloyl groups by Loessner et al. (Loessner 

et al. 2016). Mechanical properties of biomaterials can be tuned by the varying amount of methacrylate 

added. Thus, the Degree of Methacrylation (DM) or ‘Degree of Substitution’ is determined based on 

the nucleophilic attack of amines of the polymeric biomaterial on the carbonyl groups of acid 

anhydrides, replacing the amine groups with methacryloyl monomers leaving behind the amides. 

Similarly, hydroxyl groups attack the carbonyl groups of acid anhydrides to replace the hydroxyl groups 

with methacryloyl monomers leaving behind carboxyl groups. Varying the amount of methacrylate 

allows a varied DM i.e. varying levels of crosslinking and pore size (Figure 1), thus changing the 

biomaterial behaviour (Figure 2). The varied DM can be calculated to understand and change the extent 

of mechanical strength as required for the final product, which is an attractive feature for TE 

applications (Loessner et al. 2016, Bencherif et al. 2008). 

 

A typical course of action for a methacrylate-based modification is the synthesis of a synthetic 

or natural biomaterial as the primary component with further processes (e.g.: polymerisation) carried 

out by the addition of other natural or synthetic secondary components to acquire an appropriate 



 8 

candidate biomaterial f or the desired application. Secondary components (e.g.: polymers like Poly vinyl 

chloride (PVC), poly vinyl alcohol (PVA), polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), 

etc.) with chemical crosslinking agents (e.g.: glutaraldehyde (Nguyen et al. 2015), genipin (Muzzarelli 

et al. 2015, Zahari, Idrus, and Chowdhury 2017), transglutaminase (Zhou et al. 2019)) or free radical 

initiators (e.g.: Irgacure 2959) can be added for photo-crosslinking. Addition of these initiators and/or 

crosslinkers, breaks open the polymers into monomers to react with each monomer and form a new 

polymer chain, which is called polymerisation. These initiators may be induced to start the reaction via 

heat, pH change or irradiation (e.g.: gamma radiation (Bessho et al. 2005, Zhang et al. 2012), infrared 

light (Passos et al. 2019), visible light or ultraviolet (UV) light) (Pereira and Bártolo 2015) with UV 

exposure being the most common. Methacrylic acids present radical polymerisation; in that the 

polymerisation characteristics depend on the type of photo-initiator used (Liu et al. 2015, Nistor et al. 

2012, Chen et al. 2015, Liu et al. 2013, Prabhakaran et al. 2011). 

 

 

Figure 1: Scanning electron microscopy image of methacrylated natural protein. 

A) The varying pore size of methacrylated kappa-carrageenan with low, medium and high DM. B) Significant 

decrease in pore size with increase in methacrylation (Reproduced with permission from (Mihaila et al. 2013)) 
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Figure 2: Schematic representation of chemical modification of a polymer for cardiac patch 

application. 

The natural and synthetic polymers may be combined together for incorporation into the heart as a cardiac patch. 

 

The unique advantages of chemical modification (Refer to Figure 2) allows for customisation of 

the biomaterial through end-group chemistries, whilst enabling the cells to function differently as 

desired in tissue engineering. Employment of natural materials for modification allows for more facile 

chemistries. For example, interactive mechanism (e.g.: self-assembly of molecules) between the 

biological and biomaterial environment improves biocompatibility. Since biocompatible behaviour 

largely relies on this interaction, it is closely related to cell adhesion (Kankala et al. 2018, Robertus, 

Browne, and Feringa 2010, Rudolph et al. 2015, Kuraitis et al. 2019). Recent studies have shown that 

when the polymeric material surfaces for cardiac surgeries were chemically modified and deposited 

with biomolecules (e.g.: growth factors), the cardiac repair was promoted by the improved chemical, 

mechanical and cellular organisational responses (Bertuoli et al. 2019, Ravi, Qu, and Chaikof 2009, 

Ricklefs et al. 2017). 
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Table 1: Advantages and challenges of chemical modification of polymeric biomaterials for tissue 

engineering. 

Advantages Challenges 

- enhanced stability 

- better biocompatibility 

- improved controllable mechanical properties 

- promotes cell adhesion, differentiation and 

migration 

- consistent chemical and physical properties 

- easy polymerisation 

- tunable properties 

- choice of biomaterials 

- cell-biomaterial interaction 

- safety of degradation products (synthetic) 

- gradual rate of degradation 

- toxicity of by-products (synthetic or semi-

synthetic biomaterials) 

-crosslinking strategies (avoiding UV radiation) 

- in vivo studies 

 

Thus, methacrylation plays an important role in overcoming some of the limitations of the 

biomaterials like gelling capacity and stability. Befitting the required material characteristics, extensive 

research has been established using methacrylic acids to obtain good performance of polymeric 

biomaterials. Some significant examples in the area of soft TE are gelatin methacrylate (GelMA), CMA, 

HA-MA, Poly‐2‐hydroxyethyl methacrylate (pHEMA), methacrylated gellan gum (MeGG), 

methacrylated tropoelastin (MeTro) and others along with their fabrication techniques are discussed 

below. 

 Characteristic Requirements of Biomaterials for Skin and Cardiac Tissue 

Engineering 

The rigorous criteria for biomaterial selection, combination, design (scaffolds, hydrogels or 

nanocarriers) and their implantation determine the success rate of functional tissue regeneration 

(Bhutani et al. 2017, Shevach et al. 2014). The mechanical, biodegradation and biocompatibility 

properties are listed below. 

 

 Mechanical Properties 

The architecture of the scaffold or the pore size of a hydrogel dictates the rate of nutrient transfer 

within the cells, the nature of cell migration, proliferation, the health of the individual cells and overall 

development of tissues. The surface chemistries and mechanical properties of biomaterials used, also 

determine the extent of cell attachment, proliferation, migration and differentiation (Chen and Liu 

2016). The design criteria of biomaterial scaffolds for CTE are more stringent because of its better 

influence over cardiac cell growth and proliferation as compared with STE. Both for STE and CTE, it 
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is particularly challenging to design a scaffold construct that has specific characteristics and 

functionality of the damaged tissue site. Though the design and pattern may be specifically unique for 

each different cell type or tissue, the definitive goal is to serve as a suitable framework for cell growth 

and proliferation. For example, biomaterials facilitate ECM production creating a complex nutrient-rich 

network carrying growth factors and other bioactive molecules for cell proliferation and differentiation 

(Mewhort et al. 2017). For STE, the design approach focuses on attaining a functional and closely 

mimicking the multi-layered ECM (Augustine 2018). For CTE, there are three design approaches. The 

first approach involves the use of polymeric heart valves in order to restore the impaired valve leaflets 

causing heart failure. The second approach is engineering the cardiac tissues for application in vitro for 

later implantation in vivo. Lastly, introduction and growth of the cells is supported inside the scaffold 

for in-situ transplantation into the myocardium (Bu, Bei, and Wang 2019). Methacrylate mediated 

crosslinking facilitates the development of a tunable design by varying the DM, thereby rendering the 

biomaterial mechanically stronger and stiffer with an increase in DM and softer with decreased DM. 

Thus, the biomaterials turn out mechanically and chemically stable with high possibilities of structural 

and chemical adjustments. 

 

 Biodegradability 

Another huge challenge is the removal of biomaterial implants if they are not biodegradable. The 

purpose behind tissue engineering is to mimic the natural tissue and provide minimally invasive 

treatment solutions. The biomaterial implants must be biodegradable to allow support for cell 

regeneration for a required period of time, or to growth into a tissue (Rodrigues et al. 2018). 

Furthermore, the biodegradability of a material is closely related to its biocompatibility and mechanical 

strength. A higher DM and hence a stronger material that has either a high density or a higher level of 

crosslinking will have a slower rate of degradation and vice versa (Bencherif et al. 2008). The by-

products obtained after degradation govern the level of cytotoxicity. Thus, the materials used must be 

carefully chosen, to avoid the risk of cytotoxicity for in vivo studies. Methacrylate-based polymers until 

now have shown negligible cytotoxicity levels and have had no adverse effects on cell growth and 

proliferation or biomarker expression (Engineer, Parikh, and Raval 2011, Wang et al. 2013). Although 

good at controlling the degradation characteristics, swelling properties and mechanical attributes, 

kappa-carrageenan (k-CA) obtained from red edible seaweed, that was previously only used as a food 

and cosmetic additive was deemed insufficient in cardiac physiological conditions. Consequently, 

Mihaila et al. tried to achieve control over its crosslinking by using dual-crosslinking mechanism with 

methacrylic anhydride and potassium ions. They observed that the methacrylated kappa carrageenan 

remained highly stable with no dissolution in the first 7 days, after which even the hydrogels with higher 

DM were affected less compared to the low DM gels (Mihaila et al. 2013). Zhao et al. demonstrated 

that the physical and biological properties of the photocrosslinked GelMA could be adjusted as per the 
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requirements of epidermis formation. GelMA allowed stratified epidermis formation that possessed 

electrical resistance and water retention capacity (Zhao et al. 2016). Thus, the DM plays a crucial role 

in integration of methacrylated biomaterials with the advantage of tunability. 

 

 Biocompatibility 

Another major challenge is that the tissue constructs lack cell-material interaction. In an ideal 

situation, the biomaterial matrix constructs must mechanically and biologically support the cell 

adhesion, cell-material interaction and tissue formation (Chi et al. 2013). Researchers have investigated 

the maintenance of the biological function of a biomaterial while using methacrylation, as a way to 

manipulate the crosslinking density of polymers. The skin is a complex multi-layered tissue that has 

distinct functions, mechanical properties and cellular components. The outermost layer of the skin i.e. 

the epidermis, that requires differentiation of cells into keratinised stratified squamous epithelium to act 

as the first barrier was regenerated successfully using GelMA (Zhao et al. 2016). Nylon and silicone 

composites coated with biomolecules have been used before. However, natural biomaterials like gelatin, 

collagen, chitosan have become more popular as they provide naturally available protein binding sites 

that are conducive for adhesion of fibroblasts and keratinocytes to produce dermis and epidermis 

respectively (Yu et al. 2019). 

 

The cardiac tissue being so complex, demands similarity of the biomaterial scaffold to the native 

tissue. The heart is bioelectric in nature and requires assistance with synchronized electrical signal 

propagation throughout the scaffold (Lister, Rayner, and Suuronen 2016). The biomaterial must 

facilitate simultaneous electrophysiological gradients as well as the electrical stimulation responses 

from cardiomyocytes. Conductive polymers with optimum hydrophilicity are conducive for this 

requirement (Annabi et al. 2013, Shin et al. 2012, Navaei et al. 2019). Therefore, appropriate 

biomaterial selection and fabrication is imperative for an enhanced cellular communication leading to 

an ideal protein organization and better calcium handling for accurate electrical signalling (Lister, 

Rayner, and Suuronen 2016, Soeller and Jayasinghe 2018). Recent development in polymer 

modification for CTE has presented new ways to enhance hydrophilicity, biocompatibility, 

vascularization and also increasing the number of functional groups for the immobilisation of 

biomolecules responsible for cardiac tissue repair (Tallawi et al. 2015, Pacelli et al. 2016, Sengupta and 

Prasad 2018). The cardiomyocytes not only need the material to mimic the cardiovascular ECM 

biologically but also require the material to be functionally suitable i.e. be flexible enough for the cells 

to be able to expand and contract upon receiving electrical signals (Kaiser and Coulombe 2015). 

Ravichandran et al. functionalized collagen type I by methacrylation, maintaining the native structure 

and function of collagen. They further thiolated the CMA to crosslink orthogonally, that can then be 

altered mechanically, structurally and enzymatically. This rendered the material open to a wide range 
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of applications to form injectable hydrogels or implantable scaffolds for better cell encapsulation as 

well as targeted delivery of cardiac stem cells (Ravichandran et al. 2014). The structural characteristics 

and cellular organisation with cellular interaction cascades are also dependent on cell adhesion. For the 

tissue repair of the MI affected sites to be effective, the agreement between polymers and cells is 

imperative (Sun 2016, Spaans et al. 2019). For example, Annabi et al. used the photocrosslinking 

chemistry to functionalise tropoelastin by addition of methacrylate moieties that increased the control 

over gelation, polymer assembly and elasticity stabilizing it mechanically (Annabi et al. 2013). Thus, 

methacrylate-based crosslinking of biomaterials has provided excellent qualities by blending together 

different polymers while allowing them to retain their inherent properties. 

 

 Methacrylated Biomaterials and Tissue Repair 

 Synthetic Methacrylated Biomaterials 

Synthetic biomaterials offer extensive possibilities in tissue engineering, having the ability to 

readily modulate specific properties. However, the intrinsic nature of synthetic polymers presents 

challenges for appropriate cell-ECM interactions, biodegradability and biocompatibility, which are 

essential attributes for tissue regeneration. Polymers like poly (glycolic acid) (PGA), poly (lactic acid) 

(PLA), polycaprolactone (PCL), PVP, PVA, PEG have garnered a lot of interest over recent years. 

 

PEG with alginate and elastin was used by Chandy et al. to improve the biocompatibility for cell 

immobilization and growth. PEG can also override protein immunogenicity while preserving the 

inherent biological properties. However, the ultrastructural pore size obtained was 60-75 micron which 

was found to be closely related to lesser water uptake and higher degradation rate (Chandy et al. 2003). 

Though synthetic polymers can be manipulated to acquire desired properties, the choice of polymer 

combinations or parameters like temperature that increase mechanical properties may become critical 

for the polymer’s tunability and/or may also present a requirement for the addition of more components 

to compensate. According to literature, with methacrylation however, it is possible to modulate the 

extent of rigidity and decrease the rate of degradation alongside the preservation of the biological 

properties (Burdick et al. 2005). Because of the DM that dictates the gel stiffness, methacrylation is 

more promising for 3D printing of specifically shaped scaffolds and manipulating cell differentiation 

(Engler et al. 2006, Billiet et al. 2014). Recently, PEG was combined with a dimethacrylate and PLA 

to achieve long-term mechanical stability with the dimethacrylate component and biodegradability with 

the PLA addition. This was accomplished by Hinderer et al. that engineered heart valve replacements 

to withstand the permanent exposure to wear and tear, and the high hydrostatic pressure, using valvular 

interstitial cells (VICs) and valvular endothelial cells. The valve leaflets with only PLA showed similar 

stiffness to that of native valve leaflets and exhibited higher expansibility but lower water storage 

capacity because of the hydrophobicity of PLA. However, when PEG with dimethacrylate (PEGDMA) 
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was combined with PLA in an optimum concentration, the enhanced crosslinking not only increased its 

hydrophilicity with five-fold increased water uptake capacity and increased biomimetic behaviour but 

also produced thinner fibres that morphologically agreed with native leaflets (Hinderer et al. 2014). 

Haryanto et al. developed crosslinked PEGDMA/PEO (poly ethyleneoxide) hydrogel films that 

demonstrated high biocompatibility and better mechanical strength when compared to PEO films alone. 

In fact, when the concentration of PEDGMA was increased, the mechanical strength and water retention 

capacity of the hydrogels also increased, which is better for maintaining the wound dressings for a 

longer duration (Haryanto, Fani, and Mahardian 2018). Martin et al. also made beads from methacrylic 

acid for diabetic wound repair and found that the beads significantly promoted neovascularisation 

significantly leading to enhanced cell migration of the epithelial cells that facilitated rapid wound 

closure (Martin, Semple, and Sefton 2010).  

 

Cezar et al. addressed the importance of methacrylic anhydride (MA) by modifying the hydroxyl 

groups of pHEMA with MA creating p(HEMA-co-MA) and further adding collagen to develop an 

elastic hydrogel. Hydrogels are considered to have weaker forces active on their surface due to high 

hydrophilicity and hence require surface modification for optimum cell adhesion. Thus, this work used 

MA additionally, to create increased pendant carboxyl groups for better protein immobilization and 

improved cell adhesion (Cezar, Mortisen, and Ratner 2007). The mechanical testing showed that 

collagen immobilisation showed a relatively small effect on the Young’s modulus of p(HEMA-co-MA) 

compared to pHEMA that was unmodified, proving that the mechanical behaviour rendered via MA is 

not dependent on benefits from other polymers. Thus, the addition of MA in this study was done to 

enhance the material’s mechanical and biological performance. Another instance where PMMA beads 

with a polycarbonate/PMMA optical fibre shell was used to create a template or mould to print out a 

bimodal scaffold composed of p(HEMA-co-MA), having parallel channels via the polymer fibre 

templating method while possessing spherical pores interconnecting the channels. The study achieved 

self-aggregation of the cardiomyocytes resulting in dense tissue constructs that allowed efficient cell 

differentiation because of the controllable and interconnected optimal pore sizes (Madden et al. 2010).  

The generation of such tunable architectures may be linked to the presence of excellent molecular 

interactions between the polymeric monomers via the methacrylates.  

 

In another study, Fujimoto et al. produced a novel thermoresponsive biodegradable hydrogel 

(Figure 3) by co-polymerizing N-isopropylacrylamide (NIPAAm), acrylic acid (AAc) and hydroxyethyl 

methacrylate-poly (trimethylene carbonate) (HEMAPTMC) to get poly (NIPAAm-co-AAc-co-

HEMAPTMC) which in particular ratios at room temperature, turned into a hydrogel (Figure 3). The 

group was able to bulk up the ventricular wall of a chronically infarcted rat heart model, along with 

gaining vasculature, the prevention of ventricular dilation and better contractility. The degradation in 
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vitro was observed to be quite slow with hydrolytic cleavage showing a lack of degraded product related 

toxicity, which is a desirable feature (Fujimoto et al. 2009). 

 

Figure 3: Elastic biomaterials for cardiac tissue engineering. 

A) and B) shows the elasticity of synthetic biomaterial made of poly (NIPAAm-co-AAc-co-HEMAPTMC). The 

white arrowheads in C) shows aneurysm affected apex of the heart and in D) the area surrounded with blue 

arrowheads shows the boundaries of injected hydrogel. The aneurysm affected area of the heart seen in E) (black 

arrow) is visibly repaired in F) after 8 weeks. (Reproduced with permission from (Fujimoto et al. 2009)) 

 

PCL is one of the many polymers that has been used extensively for soft tissue engineering. 

Although its high stiffness and hydrophobic nature are not desirable for cell adhesion and proliferation, 

it is biocompatible and biodegradable which are good qualities for CTE. (Baheiraei et al. 2015, Pok et 

al. 2013, Yeong et al. 2010, Sant et al. 2011). This is the reason why sometimes PCL has to be modified 

with polymers that would compensate for its inadequacies of some properties like hydrophilicity and 

elasticity for softer tissues like cardiac tissues. Reddy et al. focused on PCL modification with the 

oligomer hydrogel, Bisphenol A ethoxylated dimethacrylate (BPAEDMA) to produce nanofibers, 

which are beneficial for CTE because their small diameter is similar to ECM fibers and the larger 

surface area helps with cardiomyocyte attachment and loading of bioactive molecules like growth 

factors. They also facilitate cellular self-orientation and alignment. The PCL/BPAEDMA maintained 

good viability of rabbit cardiac cells and allowed the expression of cardiac proteins. An increase in 

amount of methacrylated BPAEDMA, resulted in an increase in cell adhesion and proliferation 

(Srinivasa Reddy et al. 2014). Kang et al. focused on stem cell-based material biofunctionality, for 

which they immobilized fibronectin seeded with umbilical-cord-blood-derived mesenchymal stem cells 

(UCB-MSC), onto PCL to create nanofibers. The nanofibers were further coated with poly (glycidyl 
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methacrylate) (PGMA) that helped to inhibit tissue remodelling in the left ventricle of a rat MI heart 

model (Kang et al. 2014). Another example was where MA had been used in combination with acrylic 

acid (AAc) and grafted onto the poly (ethylene-co-tetrafluoroethylene) (PETFE) strip surface, which 

was further immobilized with heparin. The AAc and MA monomer-based grafts on the strip presented 

carboxylic groups and enabled better protein adsorption (platelet adhesion) thus improving blood 

compatibility and reduced thrombogenicity. The copoly(AAc/MMA)-grafted-PETFE) can possibly 

serve as prosthetic heart valves since the material is not only biocompatible and mechanically stable 

but has an edge over other materials in the market due to its thrombus preventive properties (Ahmed 

and Zakaria 2014). 

 

Table 2: Synthetic methacrylated biomaterials for tissue engineering. 

Methacry-

lated 

Polymers 

Natural/ 

Synthetic 

Product 

type 
Application Advantages Reference 

PEGDMa-

PLA 
Synthetic Fibers 

Heart valve 

leaflet 

Better 

hydrophilicity, cell 

adhesion, stiff but 

elastic, biomimetic, 

long-term stability 

(Hinderer et 

al. 2014) 

PEGDMA-

PEO 
Synthetic 

Hydrogel 

films 
Wound dressing 

Biocompatible, 

high mechanical 

strength, controlled 

water retention 

(Haryanto, 

Fani, and 

Mahardian 

2018) 

Methacrylic 

acid 
Synthetic beads 

Rapid wound 

closure 

Neovascularisation, 

mechanical strength 

(Martin, 

Semple, 

and Sefton 

2010) 

pHEMA-co-

MA 

 

Synthetic 

Bimodal 

porous 

channel 

walled 

scaffold 

Cardiac grafts 

for controlled 

tissue 

regeneration, 

angiogenesis 

and minimizing 

fibrosis 

Cardiomyocyte 

differentiation & 

self-aggregation, 

angiogenesis, 

biocompatible, 

biomimetic, 

mechanically sound 

(Madden et 

al. 2010) 
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Poly 

(NIPAAm-

co-AAc-co-

HEMAPTM

C) 

Synthetic Hydrogel 

Cardiac grafts 

for chronic 

remodelled 

ventricles 

Biomimetic, 

promoted cell 

proliferation, 

hydrolytic 

degradation 

(Fujimoto 

et al. 2009) 

PCL-

BPAEDMA 
Synthetic Fibers 

Improved 

cardiac tissue 

functioning 

Biocompatible, 

promoted cell 

adhesion and 

proliferation, 

cardiac protein 

expression 

(Srinivasa 

Reddy et al. 

2014) 

PCL-PGMA Synthetic Fibers 

UCB-MSC 

transplanta-tion 

for treating MI 

by preventing 

left ventricular 

remodelling 

Biocompatible, 

protein expression, 

cell adhesion and 

differentiation 

(Kang et al. 

2014) 

Copoly 

(AAc/MMA)

-grafted-

PETFE) 

Synthetic Grafts 
Prosthetic heart 

valves 

Biocompatibility, 

protein adsorption, 

reduced 

thrombogenicity 

(Ahmed 

and Zakaria 

2014) 

 

 Natural Methacrylated Biomaterials 

Regenerative medicine has been employing naturally derived biomaterials for decades since as 

implants they present several advantages like biodegradability and biocompatibility necessary for tissue 

engineering compared to synthetic biomaterials. However, chemical modifications and dissolution of 

naturally derived polymers with more complex structures compared to synthetic polymers are 

sometimes more difficult due to a higher rate of degradation. A greater extent of modifications may 

change the inherent properties of the polymers, which can become a significant concern for tissue 

engineering. (Franz et al. 2011, Tian et al. 2012, Langer and Tirrell 2004). For both STE and CTE, 

biomaterials selection is critical since a number of criteria, must be considered for an optimal tissue 

formation and function. These also include the structural and mechanical properties, rate of degradation, 

conductivity and immune response (Reis et al. 2016). Below, we will discuss some examples of 

methacrylated natural polymers that proved to be more beneficial when crosslinked with a methacrylate 
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component rather than being used as an individual component. The natural methacrylated biomaterials 

are categorised into protein-based and polysaccharide-based.  

 

 Protein-based 

Collagen is the most abundantly and commonly used polymer that has been studied for decades 

and has an established footing in tissue engineering since it is present in all connective tissue ECM. It 

is rich in amino acids and depending on the structural changes, collagen is classified into types I, II, III, 

V and XI, all of which create collagen fibres (Parenteau-Bareil, Gauvin, and Berthod 2010). Brinkman 

et al. for the first time effectively photo-crosslinked type I collagen with methacrylic anhydride in the 

presence of visible light to get collagen methacrylamide (CMA), while maintaining the native collagen 

structure and properties. Their study clearly stated that the mechanical properties of collagen and cell 

proliferation improved significantly after the crosslinking reaction that also gave a good spatial and 

temporal control in presence as well as the absence of cells (Brinkman et al. 2003). CMA has been used 

to create a hydrogel that showed a varied DM by methacrylamide groups giving a varied Young’s 

modulus and a dynamic control over the degradation rates and mechanical properties via the application 

of light. The native fibrillar structure and properties were well retained and the material resulted into a 

customisable hydrogel for soft tissue engineering (Gaudet and Shreiber 2012b). In 2016, CMA was 

studied as a versatile injectable hydrogel to study murine cardiac progenitor cells as well as human 

corneal epithelial cells. Their study used CMA as a building block for creating multifunctional scaffolds 

wherein 85-87% DM was obtained by de-protonation of amine groups leading to nucleophilic attack by 

collagen amine groups onto the anhydride part of MA. Still, the structural integrity of collagen was 

retained in the form of a hydrogel and maintained high cell viability and facilitated cell elongation 

(Ravichandran et al. 2016). Tytgat et al., proposed an alternative to animal derived gelatin that may 

cause pathogen transmittance and used collagen type I based recombinant peptide RCPhC1 and 

methacrylated it in presence of UV light (Pawelec and Kluijtmans 2017, Olsen et al. 2003). The 

methacrylated material had better mechanical properties and biocompatibility compared to Gelatin 

methacryloyl (GelMA), becoming an exception that is naturally derived but also synthetic with 

applications in a wide range of tissue engineering applications including STE and CTE (Tytgat et al. 

2019). For wound healing, GelMA has been used since decades. GelMA-based fibrous scaffolds with 

70% methacryloyl modification were studied with dermal fibroblasts for effective wound healing and 

also to create skin substitutes (Zhao et al. 2017). 

 

Annabi et al. developed MeTro that produced an elastic material that was not only functionally 

suitable because it enabled cell contractility, promoted cell orientation, conformation and growth similar 

to the native tissue but also promoted cell attachment, provided material resilience and opened new 

ways to mimic the dynamics of electrically conductive native tissue (Annabi et al. 2013). Gelatin is 
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another protein most commonly used, that was designed for use in CTE when combined with MAA 

containing methacrylate. This was proven to have an efficient mechanical tunability with DM being 

much more suitable for soft tissue engineering and vasculature around highly proliferative endothelial 

colony‐forming cells as well as mesenchymal stem cells displaying the versatility of the material (Chen 

et al. 2012). 

 

 Polysaccharide-based 

The usage of an anti-coagulant-like heparin in hydrogels has been found to benefit the biological 

activity of the material. It has been recently stated that this phenotype of VICs can be preserved by the 

type of the gel formulation method chosen (Durst et al. 2011). Methacrylating heparin has retained the 

bioactivity and has enabled heparin to remain bonded to other components in a hydrogel setting. This 

was initially seen where cell-seeded hydrogels were studied for their flexural properties for tissue 

engineering of heat valves (TEHVs) and demonstrated that the flexural stiffness of polyethylene 

(glycol) diacrylate (PEGDA) gels decreased when heparin methacrylate (Hep-MA) was immobilized 

onto the gels. When the PEGDA concentration was low, the Hep-MA modified PEGDA gels were 

suitable for using VICs making it a desirable biomaterial for TEHVs (Durst et al. 2011). Another 

methacrylated natural protein polymer is HA-MA which was encapsulated with VICs. The hydrogel 

formed, demonstrated a four-fold rise in ECM production and a two-fold increase in the production of 

elastin. The material turned out to have a facile fabrication capacity, able to be designed into complex 

shapes, like a heart valve in this case, along with being physically tunable owing to variable DM and 

co-polymerisation with other polymer components (Masters et al. 2005). Mihaila et al. methacrylated 

k-CA obtained from red edible seaweed, that was previously only used as a food and cosmetic additive 

(Necas and Bartosikova 2013). The inherent ability of the natural polymer to form strong brittle 

hydrogels was investigated in this study by modifying k-CA with MA. The dual crosslinking with MA 

and K+ ions, helped to achieve MA-k-CA that was highly stable, viscoelastic, micro-patternable, porous 

and thus highly modifiable hydrogels with applications in engineering other tissues like skin, as well as 

in CTE (Mihaila et al. 2013). For deep wound healing, the methacrylate component in biomaterials has 

proven to increase the overall performance. For example, dextran-isocyanatoethyl methacrylate-

ethylamine proved to have better biocompatibility when the acrylate group was replaced with 

methacrylate at higher as well as lower concentrations. One of the highlights of this study was that Dex-

IEME supported higher production and proliferation of M2 macrophages which is beneficial for 

promoting constructive tissue remodelling and to help skin tissue regeneration (Sun 2017). Another 

study for wound healing application, modified HA‐MA and alginate (AA‐MA) with methacrylate and 

further crosslinked them to produce hydrogels for wound healing and other soft tissues (Smeds and 

Grinstaff 2001). 
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Chitosan is a widely used polysaccharide for tissue engineering, which is inherently soluble only 

in acidic conditions in an unmodified state which is not very conducive for tissue engineering when 

used alone (Khor and Lim 2003). However, when modified with methacrylic anhydride and lactic acid 

(chitosan-MA-LA i.e. CML), as done by Hong et al., it enhanced the crosslinking ability, solubility at 

neutral pH, thus making gelation possible (Hong et al. 2006). Hu et al. also studied the physical, 

chemical and mechanical characteristics of CML, which showed that CML with a higher DM required 

a shorter gelation time, the gel swelling lessened when the crosslinking density was higher, the higher 

DM made the gel more stiff and the injectable chitosan hydrogel displayed low cytotoxicity (Hu and 

Gao 2008). Shanthi et al. chemically coupled chitosan with glutaraldehyde crosslinking pericardial 

tissue using poly (GMA–BA) [poly (glycidyl methacrylate (GMA)–butyl acrylate (BA)] for application 

in bioprosthetic heart valves. The modification with methacrylate containing poly (GMA–BA) allowed 

for the coupling of low molecular weight chitosan in optimum conditions using amino groups in it. The 

coupling of chitosan was necessary to prevent calcification of the pericardial tissue and to impart 

biocompatibility (Shanthi and Panduranga Rao 2001). Recently, chitin methacrylate hydrogel (CM-

hydrogel) was prepared by reacting it with methacrylic acid to get a novel photo-crosslinkable product 

without the need of external crosslinking agents. The resulting product was a water-soluble hydrogel 

that was studied using human fibroblasts and osteoblasts along with mouse fibroblasts, exhibiting the 

versatile applications of the hydrogel (Khor et al. 2011). It contained a low molecular weight chitin and 

with a lower DM, it can also be a potential candidate for wound healing as well as CTE. Though chitosan 

is generally not preferred over other polymers for soft tissue engineering, it has been shown to be 

beneficial when used with other polymers like GelMA or even modified and used at lower molecular 

weights. Chitosan’s properties including biocompatibility is beneficial for growth factor delivery, its 

ease of synthesis and slow degradation was combined with GelMA’s tunability and photo-crosslinking 

ability. Chitosan-GelMA nanoparticles were synthesised and used for promoting cell proliferation and 

vasculature via the delivery of growth factors important for any type of tissue engineering (Modaresifar, 

Hadjizadeh, and Niknejad 2018). A recent report states that such injectable chitosan scaffolds are very 

promising for TE but have not yet been studied widely as the sole material for CTE, although some 

have started to gain attention for the same in hybrid biomaterials (Mekhail and Tabrizian 2014). Thus, 

the use of naturally derived polymers is limited, up until now and needs to be explored further using the 

advantages provided by methacrylates. 
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Table 3: Natural methacrylated biomaterials for tissue engineering. 

Methacry-

lated 

Polymers 

Natural/ 

Synthetic 

Product 

type 
Application Advantages Reference 

CMA Natural Hydrogel 
Alternative 

for GelMA 

Highly biocompatible, 

High cell proliferation, 

Low immunogenicity, 

biodegradability and 

no cytotoxicity 

(Tytgat et 

al. 2019) 

Dex-IEME Natural Hydrogel 
Deep wound 

healing 

Attenuation of scar 

formation, M2 

macrophage 

proliferation, good 

potential as a carrier of 

genes or cytokines for 

stimuli manipulation.  

(Sun 2017). 

CM-hydrogel Natural Hydrogel 
Wound 

dressing 

Versatile for different 

tissue engineering 

applications, potential 

for drug delivery 

applications 

(Khor et al. 

2011) 

GelMA Natural 

3D 

Fibrous 

scaffolds 

Skin 

substitutes 

and wound 

dressings 

Biocompatibility, 

tunability, mechanical 

stability, good cell 

viability, patient 

specific 

(Zhao et al. 

2017) 

MeTro Natural 

Micro-

patterned 

hydrogel 

Regeneration 

of functional 

cardiac tissue 

Elastic and 

biocompatible, 

promoted cardiac cell 

contractility, desired 

parallel orientation, 

cell attachment and 

growth, biodegradable 

(Annabi et 

al. 2013) 
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GelMA Natural Hydrogel 

Can be used 

for CTE and 

other TE 

applications 

Functional vasculature 

in 3D, Biocompatible, 

biodegradable, cell 

adhesion and growth, 

biomimetic, highly 

tunable mechanical 

properties 

(Chen et al. 

2012) 

Hep-MA Natural 
Hydrogel 

strips 

Improved 

flexural 

properties of 

TEHV 

scaffolds 

Better physical and 

mechanical properties, 

biocompatible and 

biodegradable at a 

good rate 

(Durst et al. 

2011) 

HA-MA Natural Hydrogel 
TEHV 

development 

Biomimetic, tunable 

physical properties, 

co-polymerizable, 

facile fabrication 

capacity, 

biodegradable 

(Masters et 

al. 2005) 

MA-K-CA Natural Hydrogel 

Can be used 

for CTE and 

other TE 

applications 

Mechanically tunable, 

micro-patternable, 

biodegradable, 

biocompatible, cell 

adhesion and 

proliferation 

(Mihaila et 

al. 2013) 

Chitosan- poly 

(GMA–BA) 
Natural 

Biopoly-

meric 

graft 

Bioprosthetic 

heart valves 

Photo-crosslinking, 

NO need of 

crosslinking agent, 

biocompatibility, 

biodegradability 

(Shanthi 

and 

Panduranga 

Rao 2001) 

AA‐MA and 

HA‐MA 
Natural Hydrogel 

Wound 

healing and 

soft tissue re-

construction 

Conforms to the 

wound site, rapid 

synthesis, 

biocompatible, 

mechanically resilient 

(Smeds and 

Grinstaff 

2001) 
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 Hybrid Methacrylated Biomaterials 
Currently, the most popular materials for tissue engineering are hybrid or composite biomaterials 

since they bring together the intrinsic beneficial qualities of synthetic and natural polymers. The innate 

bioactivity of naturally derived materials was controlled along with the physical and chemical control 

of synthetic materials (Goor et al. 2017). These advantages have led to the employment of 

biodegradable, biocompatible, photo-polymerizable, easily synthesisable and highly modifiable hybrid 

biomaterials in CTE as well as STE (Chaudhuri et al. 2017). With a high scope of modification and 

possibilities of creating complex structures to mimic the native tissues as much as possible and to 

efficiently crosslink several polymers together while keeping them stable and retaining their original 

structures, methacrylation has been playing a major role for hybrid biomaterials in soft tissue 

engineering. 

 

GelMA was combined with silk fibroin (SF) by Xiao et al., which imparted its microfabrication 

compatibility and hydrophilicity to the hydrophobic domains of SF because of the high DM variability 

of GelMA (Zhu et al. 2019, Yue et al. 2015). Because of the highly tunable properties of both 

biomaterials, it was possible to develop interpenetrating polymer network hydrogels where the 

properties of both materials are effectively synergised for a strengthened hydrogel system that has 

applications in other types of tissue engineering (Xiao et al. 2011). GelMA has been used in GelMA-

HAMA and further modified with CD34 antibodies helped to selectively trap endothelial progenitor 

cells (EPCs). GelMA helped the spreading and elongation of EPCs on hydrogel surface owing to the 

cell-binding sites of GelMA to finally achieve a potential application in artificial heart valves (Camci-

Unal et al. 2010). Shin et al. coated carbon nanotubes with GelMA in several formulations and were 

able to create a conductive hydrogel that improved the cell retention and propagation capacity of GelMA 

for CTE (Shin et al. 2012). They later constructed cardiac tissue patches by the fabrication of CNT-

GelMA nanofiber scaffolds using neonatal rat cardiomyocytes. The resultant promotion of 

electrophysiological functions, cardiomyocyte organization and maturation were due to the highly 

porous nature of the scaffold meshwork (Shin et al. 2013). Very recently, Navaei et al. studied the 

effects of conductive gold nanorods incorporated GelMA hydrogels which increased cardiomyocyte 

adhesion, maturation and electrophysiological activity (Navaei et al. 2019). This shows the versatility 

and ease of use of GelMA as a hybrid biomaterial. 

 

SF modification with methacrylation using glycidyl methacrylate (GMA) produced a GMA-Sil-

MA bioink. The work made natural material the hero of their study and showed the tunability of the 

material governed by the Sil-MA content and adaptability to be designed into complex 3-D tissue 

structures via digital light processing based bioprinting (Kim et al. 2018). Coutinho et al. for the first 

time reported a combination of electrostatic interactions using chitosan and MeGG polymers for 

polyelectrolyte-complex (PEC) hydrogel by controlling the degree of complexation at a molecular level 
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using UV crosslinking and taking the advantage of carboxylic groups in MeGG for the electrostatic 

interactions with chitosan. The material was assessed for biocompatibility, biodegradability, 

cytotoxicity using encapsulated rat cardiac fibroblast cells  (Coutinho et al. 2012). MeGG has also been 

combined with GelMA and azides focusing on the interaction between material’s mechanical properties 

and cellular biological responses to mechanical stimuli. The study was able to demonstrate 

cardiomyocyte attachment, maturation, spreading and migration along with cell beating activity 

(Koivisto et al. 2019). Another protein like fibrin, used as a substrate in combination with HEMA via 

free radical polymerisation developed grafts with a higher shelf life, biocompatibility and hydrophilicity 

as good as collagen for rapid wound healing of burn victims (Sathian et al. 2003). Collagen has been 

used with p(HEMA) coated onto a silicon surface (Si-g-P(HEMA)-collagen) to form a hybrid. Cell 

attachment and growth was found to be unfavourable on Si-g-P(HEMA) alone, whereas, when 

combined with collagen the cells proliferated abundantly for wound healing (Xu et al. 2005). This 

shows that hybrid biomaterials options are more beneficial. Another study combining naturally derived 

biomaterials developed a composite material film using human hair keratin combined with collagen and 

pHEMA (HHK-collagen sponge-pHEMA/PD). The elastic and porous composite sponge film was able 

to significantly increase the wound healing rate and also could be used for drug delivery (Chen et al. 

2007). 

Table 4: Methacrylated hybrid biomaterials for tissue engineering. 

Methacry-

lated 

Polymers 

Natural/ 

Synthetic 

Product 

type 
Application Advantages Reference 

Chitosan-

GelMA 
Hybrid 

Nano-

particles 

Angiogenesis 

and growth 

factor delivery 

Biocompatibility, 

biodegradability, cell 

attachment and 

proliferation, 

promoted vasculature 

(Modaresif

ar, 

Hadjizadeh, 

and 

Niknejad 

2018) 

Si-g-

P(HEMA)-

collagen 

Hybrid 
Surface 

coating 

Implantable 

nanodevices 

for tissue 

engineering 

Cell adhesion, 

biocompatibility, 

potential as silicon-

based implantable 

device 

(Xu et al. 

2005) 

pHEMA-co-

MA 

+ 

Hybrid 

 
Hydrogel 

Cardiac grafts 

for cardio-

Elastic but strong gel, 

high biocompatibility 

(Cezar, 

Mortisen, 
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collagen myocyte 

regeneration 

and protein 

immobilization 

and Ratner 

2007) 

GelMA-SF 
Hybrid 

 
Hydrogel 

Hydrogel with 

interpenetratin

g polymer 

networks 

Better mechanical 

strength and tunability, 

microfabrication 

compatibility, cell 

adhesion and growth, 

wide scope of 

application 

(Xiao et al. 

2011) 

GMA-Sil-MA Hybrid 

3D- 

printable 

bioink/ 

hydrogel 

Bioprinting 3D 

tissue 

structures 

tensile strength and 

breaking elongation, 

tunable mechanical 

properties, 

bioprintable bioink 

(Kim et al. 

2018) 

MeGG-CHT Hybrid 
PEC 

hydrogel 

Regeneration 

of functional 

cardiac tissue 

biocompatibility, 

biodegradability, no 

cytotoxicity, tunable 

mechanical properties 

(Coutinho 

et al. 2012) 

Fib‐g‐

p[HEMA] 
Hybrid 

Fibrous 

grafts 

Wound 

healing 

higher shelf life, 

biocompatibility, 

hydrophilicity 

(Sathian et 

al. 2003) 

HHK-collagen 

sponge-

PHEMA/PD 

Hybrid 
Sponge 

film 

Wound 

healing 

Higher rate of wound 

healing, sustained 

release 

(Chen et al. 

2007) 

 

 Conclusion 

The progress in the field of soft tissue engineering with the evolution of synthetic materials has 

been developing over time along with the manner in which they are being employed for STE and CTE. 

However, further studies are imperative for designing biomaterials holding appropriate properties for 

specific applications. The current limitations majorly consist of the lack of certain desirable properties 

like elasticity, biodegradability, biocompatibility necessary for soft tissue engineering, when synthetic 

and natural polymers are used individually. This highlights the importance of new fabrication 

approaches and new blends of polymers. However, in recent decade hybrid polymeric biomaterials have 

been boosting the tissue engineering scenario.  
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The strategy of methacrylation has been used widely for other tissues engineered but has become 

more popular for STE and CTE. The need for increasing design complexity of scaffolds requires 

efficient polymerisation while allowing retention of original properties of polymers and enhancing 

biocompatibility. Natural polymers like collagen, tropoelastin and gelatin that are inherently needed for 

cardiac cells for elasticity but lack mechanical stability can benefit from methacrylation alone or in 

combination with other biomaterials. But the desirable slow degradation and long-term stability have 

been difficult to achieve. This has been overcome to a great extent with methacrylation polymerisation 

strategies. Among numerous other polymers, methacrylates are gaining more and more importance 

when the goal is to achieve tunable mechanical properties. 

 

Though in vivo studies have seen some progress and success in the recent times with the 

regeneration of cardiac cells in decellularized heart scaffolds, heart transplant is still a major concern 

since it needs to be implanted surgically at great expenses. Skin substitutes and wound dressings have 

been developed extensively over the years, however more improvements with the biomaterial 

development are needed to attain cosmetically and aesthetically enhanced products at lower costs. 

Major developments are required in the polymeric scaffold fabrication area which would expand 

treatment to a wider population than an expensive heart or skin transplant. Employing natural 

biopolymers has become an attractive feature now that we know how to effectively overcome their 

limitations. 
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2 THE CURRENT PROJECT 

 
 Methacrylation of Novel Milk-protein based Biomaterial for Tissue Regeneration 

The current project was designed to provide a proof of concept that the methacrylated milk 

protein-based biomaterial has the potential to be a versatile material for usage in soft tissue engineering. 

This project focuses on skin and cardiac applications in particular. The milk protein (casein) was 

obtained from two sources; commercial (A2 milk company, NZ) rich in β-casein and dissolved air 

flotation (DAF) waste (Callaghan Innovations, NZ). The A2 milk is designed by the company in a way 

that it is free from A1 variant of casein protein that has been considered responsible for gastrointestinal 

problems (Brooke-Taylor et al. 2017). This is why the A2 milk is easier to digest still having all the 

benefits of cow’s milk. The DAF mediated casein generated from dairy plant milk residues provides a 

high amount of casein-rich waste sludge that has the potential to be developed into value-added 

biomaterials (Ryder et al. 2017). The characteristics of the synthesised biomaterials obtained from both 

the sources were compared for their potential for soft tissue engineering applications.  

 

The two novel biomaterial scaffolds synthesised were; a) methacrylated casein from A2 milk 

combined with PVA/PVP and b) methacrylated casein from DAF waste combined with PVA/PVP. The 

biologically derived natural compound casein phosphoprotein was chosen for this study as a bioactive 

additive to the hydrophilic polymer PVP. The polymeric scaffolds synthesised using both types of 

methacrylated caseins, included PVP for its water solubility, non-toxicity, chemically inert nature, 

temperature resistance and pH stability. PVA was used as an added binding factor for increased 

viscosity needed for the scaffolds to hold an intact structure. Moreover, both PVA and PVP have been 

widely established as highly biocompatible polymers. The current project was carried out as a 

preliminary study to demonstrate the potential of methacrylated natural biomaterials for tissue 

engineering. This study not only explored the combination of methacrylated casein with PVA/PVP but 

also investigated the versatility of the biomaterial in vitro for suitability with skin using HaCat cell line 

(keratinocytes derived from human skin tissue) as well as CTE using primary cardiac progenitor cells 

(CPCs) derived from left ventricle of human heart). For this project, HaCats were chosen as one of the 

cell types to demonstrate that the material can be used for skin tissue engineering (e.g: wound healing 

applications). The HaCats are immortalised human keratinocytes widely used for their short culture 

life-span, high capacity of differentiation and proliferation in vitro (Seo et al. 2012). They were used 

for this study mainly as screening tool for the biomaterial formulations to test the biocompatibility. On 

the other hand, CPCs were used to demonstrate cardiac tissue regeneration applications (e.g: 

regenerative cardiac patches). CPCs are stem cells that have the ability to differentiate into cells of 

cardiac lineage and have been shown to have a potential to restore cardiac function to an extent (Le and 

Chong 2016, Amini et al. 2017). CPCs were aimed at studying the effectiveness and versatility of the 
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selected biomaterial formulations, not only in terms of versatility and biocompatibility but also to check 

whether the results agreed with screening test with HaCats. Additionally, it was interesting to 

understand if the morphology of the biomaterials as seen in SEM had any effect on the CPCs structural 

growth. 

 

  Milk-protein in Biomaterials 

The dairy industry in New Zealand is the world’s largest dairy exporter, with 95% of the products 

being exported. That accounts for one third of the international dairy trade. The large volume of 

proteinaceous by-products and wastewater generated from the dairy industries has become a 

considerable environmental concern (Douphrate et al. 2013). There is a need to find new ways to 

combat this issue by employing practices like dissolved air flotation (DAF) technologies which 

concentrate the wastes and help dispose it by turning the wastes into composts or landfills or using it 

for gas production (Nagappan, Phinney, and Heldman 2018). However, instead of these expensive 

processes, new avenues have been investigated to turn these products into highly valued biomaterials 

for biomedical applications (Ryder et al. 2018). 

 

Casein is a giant thermally stable phosphoprotein that makes up 75-80% of the total milk protein 

content. The remaining part consists of whey or serum proteins. The casein proteins are colloidal in the 

form of micelles and their main function is to solubilise calcium and phosphates. Casein is composed 

of several types of proteins, mainly αS1‐, αS2‐, β‐, and k‐casein that have few differences in their amino 

acid sequences. These protein components contribute to the hydrophobic interactions, hydrogen 

bonding and electrostatic forces that provide stability to casein. The major protein in casein is αS1‐

casein at 38%, β‐casein at 36%, k‐casein at 13% and αS2‐casein at 10% (Bhat, Dar, and Singh 2016). 

The commercially available A2 skim milk contains the A2 variant of β‐casein in abundance and not the 

A1 variant which has been studied to avoid some symptoms of lactose intolerance (A2 milk , Jianqin et 

al. 2016). The A1 and A2 variants of β‐casein differ in their amino acid sequences, in that the A1 variant 

has a histidine at the 67th position whereas the variant A2 has proline at that position. This difference 

has led to the A1 variant being associated with gastrointestinal problems whereas the A2 variant has 

been considered safer for everyone including lactose intolerant population (Farrell Jr et al. 2004, Ho et 

al. 2014). The A2 variant also forms smaller micellar structures which is beneficial for this study to 

synthesise a biomaterial with hydrophilic properties (Raynes et al. 2015). These benefits were 

considered when choosing this locally available product. DAF-sludge was processed further by 

Callaghan Innovations for the production of DAF powder rich in casein using their proprietary 

technology (not disclosed). This material has a moisture content of 5%, total protein content of 62.8% 

including fats and improved stability giving way for possibilities of developing new products. DAF-

casein has been extensively characterised and has proven record of its usage as a biomaterial (Ryder et 
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al. 2018, Ryder et al. 2017). Both A2- casein and DAF-casein contain amino acids in a large amount 

and thus have a large number of functional groups or amino groups (-NH2) as bioactive sites for 

functionalisation. This also provides remarkable cell-material interaction with excellent adhesion, 

survival, migration and proliferation properties to the biomaterial that would otherwise have a much 

lower activity on these lines. Though the hydrophobic nature of casein leads to poor solubility, its 

methacrylation allows for not only better solubility but also enables formation of a homogenous solution 

at a suitable pH, which is conducive for biomaterial synthesis. 

 

In tissue engineering, casein has previously been used as the bioactive additive with some 

polymers, since it is inexpensive, non-toxic, favourably stable and easily available (Wang et al. 2009). 

It has been used in the form of microspheres as a drug delivery carrier (Latha et al. 1995). Casein has 

also been demonstrated its ability to be developed into biodegradable surface-patterned micro/nano-

devices for potential applications as orthopaedic implants (Hashemi et al. 2015). Also, there have been 

extensive reports of its usage in bioplastic development for sustainable packaging (Pellá et al. 2020, 

Picchio et al. 2018). 

 

 Polymers for Biomaterial Development 

PVA is a synthetic polymer that is biocompatible, non-toxic and readily soluble in water. In the 

field of tissue engineering it has been extensively used since decades, for its high bio-adhesion 

properties. It has good mechanical properties that help with increasing certain qualities of biomaterials 

like tensile strength, viscosity and swelling properties (Teodorescu, Bercea, and Morariu 2019). PVA 

is an FDA approved (Chong, Smith, and Zelikin 2013) material used mostly for soft tissue engineering 

as it has a high water retention capacity, and can form excellent porous hydrogels that are able to 

resemble the natural soft and elastic texture of natural tissues (Teodorescu, Bercea, and Morariu 2018a). 

In this study, we use PVA in order to improve the biocompatibility of methacrylated caseins. However, 

it has been observed that just PVA-based biomaterials reveal some limitations. For example, PVA being 

highly hydrophilic in nature, lacks good stability, elasticity and the ability to maintain an intact 

structure, which are required for wound dressings (Kamoun et al. 2015). These qualities are even more 

imperative and are needed to be further enhanced performance-wise for CTE (Kaiser and Coulombe 

2015). It has been seen that these limitations can be overcome when PVA is blended with PVP. PVP is 

a highly biocompatible, non-toxic, chemically and thermally stable and water soluble. It has good 

affinity to both hydrophobic and hydrophilic compounds. It is FDA approved and has been used 

extensively in biomedical and pharmaceutical fields. However, when used by itself, it has been shown 

to have poor mechanical strength (Teodorescu and Bercea 2015). When used together, PVA and PVP 

have hydrogen interactions between hydroxyl groups of PVA and carbonyl groups of PVP, leading to 
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good blend formation. This leads to an excellent amalgamation of all the desirable properties of both 

the parent polymers (Teodorescu, Bercea, and Morariu 2019). 

 

 Aim and Objectives 

The aim of the project was to synthesise a novel milk-protein based biomaterial with chemical 

modification and blend with PVA/PVP to develop into a scaffold for potential application in skin and 

cardiac tissue regeneration. 

The objectives to fulfil this were as follows; 

1. Synthesis and optimisation of formulations to develop novel chemically modified milk 

proteins; methacrylated casein from A2 milk and DAF waste. 

2. Development and optimisation of formulations of the novel biomaterial scaffolds; 

methacrylated casein from A2 milk and DAF waste with PVA/PVP. 

3. Characterisation and comparison of the chemical and physical properties of the two 

biomaterials. 

4. In vitro evaluation and comparison of biocompatibility of the two biomaterials, using mouse 

skin model and human heart model. 

 

 
Figure 4: Overview of the study design. 

Chemical modification of casein for potential application in skin and cardiac TE. The red dots represent CPCs 

and black represents HaCats.) 
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3 MATERIALS AND METHODS 

 Materials 

 Chemicals and Reagents 

All chemicals and reagents used were of analytical grade and used as received unless mentioned 

otherwise. All the solutions mentioned below, were prepared in de-ionised water (DIW) unless 

mentioned otherwise. Skim milk powder (A2-casein) rich in A2 β-casein was purchased from a local 

New Zealand supermarket, supplied by The A2 milk company (New Zealand). Casein-rich dissolved 

air flotation (DAF-casein) wastewater-based powder was obtained from Callaghan Innovation (Lower 

Hutt, New Zealand). Methacrylic anhydride (MA) (276685), Phosphate buffer saline tablets (PBS) - pH 

7.4 (P4417) and sodium hydroxide (NaOH) (S5881) were purchased from Sigma Aldrich (Castle Hill, 

New Zealand).  Hydrochloric acid (HCl) was purchased from Emsure, Merck (100317) (Dunedin, New 

Zealand). Acetic acid was purchased from Univar, Ajax Finechem (New Zealand). Deuterium oxide 

(D2O) was purchased from Cambridge Isotope Laboratories (Australia). Propidium iodide (1mg/ml in 

water) (2015554) and CellTrace™ Calcein Green, AM (C34852) were purchased from Molecular 

Probes, Invitrogen, Thermo Fischer Scientific. For cell viability, MTT [3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide)] was purchased from Sigma Aldrich. 

 

 For skin model cell culture studies, HaCat cells (HEK001) (ATCC® CRL-2404™), an 

immortalised cell line derived from human skin tissue were used. The media used for HaCats cell culture 

consisted of Dulbecco's Modified Eagle Medium (DMEM) supplemented with 2 mM L-glutamine was 

supplied by Gibco, New Zealand. The 100 units/ml penicillin-streptomycin and 10% Fetal Bovine 

Serum (FBS) were purchased from Sigma-Aldrich, USA. All the components along with penicillin-

streptomycin have been referred to as complete media (cDMEM). 

 

For cardiac cell culture studies, endogenous primary cardiac progenitor cells (CPCs) derived 

from the left ventricle of a human heart (obtained from Dunedin Public Hospital), isolated and 

generously provided by the Department of Physiology, University of Otago. The media used for CPCs 

was Ham’s F12 nutrient mix (media) (11765054), containing 100X Antibiotic-Antimycotic (15240062) 

(Life Technologies, Thermo Fisher Scientific, New Zealand), 10 ng/ml human fibroblast growth factor-

2 (SRP4037-50UG), 0.005 u/ml human erythropoietin (EPO) (E5546-50UG) and 10% Fetal Bovine 

Serum. All the components together have been referred to as complete Ham’s F12 media (cHam’s F12). 

 

 Laboratory Equipment 

Nuclear Magnetic Resonance (NMR) (Model - Varian 400 MR Spectrometer) from Agilent 

Technologies - USA; fitted with 5mm OneNMR probe was used for proton-based NMR 
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characterisation. The Software used was VNMRJ Version 4.2 Version A for analysis of NMR spectra. 

Fourier Transform Infrared Spectroscopy (ATR-FTIR) (Alpha-P_01 IR) from USA was used for FTIR-

based chemical analysis. Haake rotational rheometer (RS1) - thermo-controller DC30 with a cone-plate 

geometry (C60/1°Ti) from Thermo Fisher Scientific (Waltham, MA, USA) was used to study the 

physical characterisation. The rheology data was analysed by softwares Rheowin 3 Job manager and 

Rheowin 3 data manager. The morphology of material was analysed by scanning electron microscope 

(SEM) Tabletop Microscope TM3030 (Hitachi, Japan) with an accelerating voltage of 5kV/15 KV. For 

SEM analysis, the samples were sputter coated with 5nm gold palladium using a Q150T sputter coater 

(Quorum Technologies Ltd, East Sussex, UK). The 32mm dialysis tubing (12400 MWCO) from Sigma 

Aldrich (D0530) was used for dialysis to purify samples and remove reactant molecules. The freeze 

dryer from Labconco, Freezone 12plus, USA was used for freeze drying the samples. The pH meter 

was from Hanna Instruments, New Zealand. The centrifuge 5702 (22331 Hamburg) from Eppendorf, 

Germany. The portable hand-held Scepter™ 2.0 cell counter was from Millipore, Sigma Aldrich, New 

Zealand. Olympus BX51 fluorescence microscope (Spach Optics Inc. Rochester, NY) was used for 

imaging both HaCats and CPCs for the live/dead assay. The software used for imaging live/dead assay 

cells was CellSens Dimensions, Olympus Lifesciences. The Live/Dead assay Kit was bought from 

Invitrogen (USA). For MTT assay, the plate reader SpectraMax i3x Multi-Mode Detection Platform 

was purchased from Molecular Devices, San Jose, USA. For CPCs, an inverted microscope Olympus 

CKX41, New Zealand fitted with Infinity1-1M 1.3 Megapixel Microscopy Camera CMOS was used 

(Lumenera corporation, Canada). The cell images were captured on the software Infinity Analyse 6.5. 

 

 Methods 

In order to synthesise a novel biomaterial two types of casein-containing materials were used; 

A2-casein and DAF-casein powders. All the synthesis and production procedures (section 3.3.1 to 

3.3.3), were exactly the same for both A2-casein and DAF-casein, unless otherwise stated. In this 

document, a further mentioned of the word ‘casein’ will be used for both A2-casein and DAF-casein to 

avoid confusion, unless otherwise stated. An overview of the methodology is given below (Figure 5) 

that briefly points stepwise experimentation followed for this project. 
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Figure 5: Overview of methods step by step. 

 
 Development of Biomaterial 

 Extraction of Casein 

Casein protein extraction was performed (Figure 6) using a simple precipitation method 

(Maruddin, Malaka, and Prahesti 2019). For extraction of casein, firstly, one litre solution of each 

material type; A2-casein and DAF-casein with 10% concentration were separately made in DIW pre-

warmed at 40°C. The 10% acetic acid (0.1M) with pH 4.6 pre-warmed at 40°C, was added dropwise to 

the solutions, while stirring the solutions slowly and this leads to precipitation. The precipitated casein 

from both the samples was removed and collected separately in glass beakers. The extracted casein 

from A2 (ExA2) and DAF (ExDAF) was washed with DIW once. A second wash was performed with 

1:1 ethanol and diethyl ether. A third wash was done using DIW. ExA2 and ExDAF were separately 

collected and kept for drying overnight at room temperature (RT). 
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Figure 6: Schematic for casein extraction. 

 Synthesis of Methacrylated Casein 

Firstly, one litre of 10% (w/v) and 20% (w/v) casein solutions were prepared from ExA2 and 

ExDAF with pre-warmed (40°C) PBS (1X / 0.01M) (Figure 7) and stirred for at least 30 mins at 500 

rpm. As casein is difficult to dissolve, we added PBS solvent at two steps. First the casein powder was 

dissolved in 150ml pre-warmed PBS and later another 50ml warm PBS was added to it to make up the 

final volume of up to 200ml. It took 35-40 mins to dissolve casein completely at 40°C. A few drops of 

1M NaOH were added to help with the dissolution of casein. 

 

 

Figure 7: Separate casein solutions at two different concentrations. 

To synthesise chemically crosslinked methacrylated casein (CasMA) similar to GelMA synthesis 

by methacrylation (Kirsch et al. 2019, Yue et al. 2015), 10% of ExA2 and ExDAF solutions were mixed 

with MA in different concentrations (Table 5) dropwise from the sides, while stirring continuously and 

vigorously at around 600-700 rpm at 50°C for 3 hours with pH adjustments. MA was added in 10% 

(w/v) casein solutions, at a rate of 0.5 ml/min with concentrations ranging from 0.1 to 0.9% (v/v) (Table 

2 and Figure 8). One sample without MA was used as a control. The samples were named in a way that 

they conveyed the formulation information. The pH was monitored every 10-15 mins. For pH 

adjustments, 1M NaOH solution and 1M HCl solution were used. The pH kept falling and was adjusted 

back to pH 8.0 every time with NaOH, till it stabilised at pH 7.0. When the reaction stopped, pH was 

adjusted to 7.4 to maintain casein homogeneity and avoid bigger micelle formation which would lead 
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to less MA attachment. The final product formed was named as CasMA, which represents both 

methacrylated ExA2 (ExA2MA) and methacrylated ExDAF (ExDAFMA). The per ml concentration of 

MA in the casein solution determined the MA concentration needed to stabilise casein.  

After the optimisation and chemical characterisation, only 0.1% and 0.6% concentrations of MA 

were chosen to proceed for further experiments with an increased casein concentration of 20% (w/v) 

(Figure 8). Only the 0.1% and 0.6% MA were added to 20% ExA2 and ExDAF separately, to determine 

the influence of increase in the amount of casein on CasMA formation (Table 5). For further biomaterial 

development, only 10% ExA2 and ExDAF were chosen, since 20% caseins did not undergo 

methacrylation as per chemical characterisation mentioned further. 

The information of the additional experiments (Appendix A), helped to confirm the MA 

concentrations range of 0.1% to 0.9% after optimisations with 1% and 2% MA reacted with 10% (w/v) 

solutions of ExA2 and ExDAF. This was done to check the effect of increase in MA concentration. 

Table 5: Concentrations of MA for CasMA synthesis 

Sample names ExA2 (w/v %) ExDAF (w/v %) MA (v/v % ) 

ExA2 control 10 - 0 

10-A2MA-0.1 10 - 0.1 

10-A2MA-0.3 10 - 0.3 

10-A2MA-0.6 10 - 0.6 

10-A2MA-0.9 10 - 0.9 

20-A2MA-0.1 20 - 0.1 

20-A2MA-0.6 20 - 0.6 

ExDAF control - 10 0 

10-DAFMA-0.1 - 10 0.1 

10-DAFMA-0.3 - 10 0.3 

10-DAFMA-0.6 - 10 0.6 

10-DAFMA-0.9 - 10 0.9 

20-DAFMA-0.1 - 20 0.1 

20-DAFMA-0.6 - 20 0.6 

 

To remove excess MA content, all the MA-modified samples were dialysed at 40°C against DIW 

for 4 days and water was changed twice a day. A timeframe of 4 days was optimised for dialysis after 

performing dialysis from 3 days to one week long. After dialysis the samples were frozen at -20°C 

overnight. The frozen samples were lyophilised for 2 days in a freeze dryer with a vacuum of 0.090 
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mBar at -87°C until they looked completely dried and turned into a solid powder. The obtained dry 

CasMA was stored at -20°C until further use.  

 
Figure 8: Schematic for CasMA synthesis formulations 

 Generation of Scaffolds 
In order to prepare the scaffolds (CasMA/PVA/PVP) and attain a suitable viscosity, a mixture of 

10% PVA and 10% PVP in different ratios (table 6) was added to 0.1% and 0.6% CasMA powder 

obtained from 10% ExA2 and 10% ExDAF. For this, firstly the CasMA powder was dissolved in PBS 

pre-warmed at 40°C in 10%, 20% and 28% (w/v) concentrations. The mixture of PVA and PVP in equal 

percentage were added to these solutions. This mixture of PVA and PVP was uniformly blended with 

the homogenously dissolved CasMA solution in different ratios. Based on the rheological data, only the 

blends of CasMA in PVA/PVP with higher viscosity were chosen for further experiments. The chosen 

viscous CasMA in PVA/PVP blends were then freeze dried to obtain CasMA/PVA/PVP scaffolds. 

 

Table 6: Concentrations of CasMA in PVA/PVP 

All the blends were made for each of ExA2MA 0.1%, ExA2MA 0.6%, ExDAFMA 0.1% and 

ExDAFMA 0.6% at 10%, 20% and 28%. 

Samples 

 

ExA2MA 

0.1 

(%) 

ExA2MA 

0.6 

(%) 

ExDAFMA 

0.1 

(%) 

ExDAFMA 

0.6 

(%) 

10% 

PVA 

(%) 

10% 

PVP 

(%) 

Ratio 

(%) 

A2-0.1-1 100 28% - - - 0 0 100:0 

A2-0.1-2 75 28% - - - 12.5 12.5 75:25 

A2-0.1-3 50 28% - - - 25 25 50:50 

A2-0.1-4 25 28% - - - 37.5 37.5 25:75 

A2-0.1-5 100 20% - - - 0 0 100:0 

A2-0.1-6 75 20% - - - 12.5 12.5 75:25 

A2-0.1-7 50 20% - - - 25 25 50:50 

A2-0.1-8 25 20% - - - 37.5 37.5 25:75 
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A2-0.1-9 100 10% - - - 0 0 100:0 

A2-0.1-10 75 10% - - - 12.5 12.5 75:25 

A2-0.1-11 50 10% - - - 25 25 50:50 

A2-0.1-12 25 10% - - - 37.5 37.5 25:75 

 

A2-0.6-1 - 100 28% - - 0 0 100:0 

A2-0.6-2 - 75 28% - - 12.5 12.5 75:25 

A2-0.6-3 - 50 28% - - 25 25 50:50 

A2-0.6-4 - 25 28% - - 37.5 37.5 25:75 

A2-0.6-5 - 100 20% - - 0 0 100:0 

A2-0.6-6 - 75 20% - - 12.5 12.5 75:25 

A2-0.6-7 - 50 20% - - 25 25 50:50 

A2-0.6-8 - 25 20% - - 37.5 37.5 25:75 

A2-0.6-9 - 100 10% - - 0 0 100:0 

A2-0.6-10 - 75 10% - - 12.5 12.5 75:25 

A2-0.6-11 - 50 10% - - 25 25 50:50 

A2-0.6-12 - 25 10% - - 37.5 37.5 25:75 

 

D-0.1-1 - - 100 28% - 0 0 100:0 

D-0.1-2 - - 75 28% - 12.5 12.5 75:25 

D-0.1-3 - - 50 28% - 25 25 50:50 

D-0.1-4 - - 25 28% - 37.5 37.5 25:75 

D-0.1-5 - - 100 20% - 0 0 100:0 

D-0.1-6 - - 75 20% - 12.5 12.5 75:25 

D-0.1-7 - - 50 20% - 25 25 50:50 

D-0.1-8 - - 25 20% - 37.5 37.5 25:75 

D-0.1-9 - - 100 10% - 0 0 100:0 

D-0.1-10 - - 75 10% - 12.5 12.5 75:25 

D-0.1-11 - - 50 10% - 25 25 50:50 

D-0.1-12 - - 25 10% - 37.5 37.5 25:75 

 

D-0.6-1 - - - 100 28% 0 0 100:0 

D-0.6-2 - - - 75 28% 12.5 12.5 75:25 

D-0.6-3 - - - 50 28% 25 25 50:50 

D-0.6-4 - - - 25 28% 37.5 37.5 25:75 
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D-0.6-5 - - - 100 20% 0 0 100:0 

D-0.6-6 - - - 75 20% 12.5 12.5 75:25 

D-0.6-7 - - - 50 20% 25 25 50:50 

D-0.6-8 - - - 25 20% 37.5 37.5 25:75 

D-0.6-9 - - - 100 10% 0 0 100:0 

D-0.6-10 - - - 75 10% 12.5 12.5 75:25 

D-0.6-11 - - - 50 10% 25 25 50:50 

D-0.6-12 - - - 25 10% 37.5 37.5 25:75 
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Figure 9: Summarised procedure for scaffold synthesis 

A) and B) represent A2-based and DAF-based extracted caseins respectively. Casein was dissolved to react with 

MA to form C) 0.1% and 0.6% A2MA and D) 0.1% DAFMA and 0.6% DAFMA (left to right). The CasMA 
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solutions were then dialysed as represented in E) and F) for A2MA and DAFMA respectively. Dialysed CasMA 

solutions were further freeze dried to get G) 0.1% A2MA, H) 0.6% A2MA, I) 0.1% DAFMA and J) 0.6% 

DAFMA. Lastly upon addition of PVA/PVP to CasMA the scaffolds were freeze dried to get K) 0.1% A2MA, L) 

0.6% A2MA, M) 0.1% DAFMA and N) 0.6% DAFMA. 

 

 Characterisation of Scaffolds 

 Chemical Characterisation 

 Proton Nuclear Magnetic Resonance Spectroscopy of methacrylated casein 

The conjugation of methacryl groups to casein molecules was confirmed by the 1H NMR spectra. 

The functionalisation of casein to form casein methacrylamide was assessed using the spectral shifts of 

the functional groups. The H-NMR spectra were collected in deuterated dimethyl sulfoxide d6 (d6-

DMSO) at RT at a frequency of 400 MHz on a Varian INOVA NMR spectrometer. All the spectra were 

analysed using MestreNOVA software. Phase correction was applied to attain accurate absorption peak 

positions and baseline correction was applied to get the correct intensity values. The chemical shifts 

obtained were normalised against the protons of the methyl groups of casein peaks used as reference. 

 

 Attenuated total reflection-Fourier transform infrared spectroscopy of 

methacrylated casein and methacrylated casein with polymers 

ATR-FTIR spectra was used to identify chemical compositions and detect the presence of all 

each component in just CasMA and also the final formulations of CasMA/PVA/PVP. Their distinctive 

presence and chemical interactions based on different ratios highlighted the changes in their chemical 

properties. For analysis the samples were calibrated to the background spectra. They were measured in 

the wavelength ranging from 500 to 4000 cm-1 with a resolution of 4 cm-1 and a mean of 20 scans per 

sample. The data was analyzed from the OPUS software (Bruker Optik, Ettlingen, Germany). 

 Physical Characterisation 

 Rheology of Methacrylated Casein with Polymers’ Blends 

The rheological analysis was carried out to understand the influence of different MA 

concentrations on biomaterial viscosity, when blended with PVA/PVP in different ratios. All the blends 

(table 3) were subjected to rheological analysis. The rheological data was obtained using a cone and 

plate geometry made of Titanium (Ti) with a 60mm diameter, 1° angle and 0.052 mm gap (C60/1°Ti) 

for both less and highly viscous biomaterial blends. Around 2ml of the blended samples were placed 

on the plate bearing a temperature of around 20°C. We let the sample undisturbed over the cone for 30 

seconds  to settle completely leaving no gaps or bubbles. It was made sure that all the blends were 

handled with consistent operating procedures and conditions to minimise errors. The samples were 
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measured for viscosity (η) as a function of shear stress (τ) using the Rheowin 3 Job manager (measuring) 

and Rheowin 3 Job editor (evaluation) softwares on the RS1 Rheometer from HAAKE™ with a DC30 

Thermocontroller (ThermoFisher Scientific, Waltham, USA). No changes were observed in the samples 

like drying or dehydration, during the measurement period of approximately 4  mins for each sample. 

Preliminarily, the steady state flow behaviour was found by applying a shear stress from 0.1 Pa to 10 

Pa and viscosity was recorded at 10 data points. The flow behaviour of the solutions was determined 

by the dynamic oscillatory measurements with a frequency sweep in the range of 0.1 to 1 Hz and shear 

stress in the range of 0.1 to 50 Hz. At first shear stress (τ) was set between 0.01Pa to 50Pa on the plane 

with sample solution at a frequency (f) of 1 Hz and 20°C temperature (t). A strain sweep of 0.1 to 10Pa 

was performed at f = 0.1 where a viscosity modulus (G") was plotted against τ to relate the changes in 

strain occurring over time when the stress applied is removed. This helped find a linear viscoelastic 

region which was 0.1Pa to 10Pa at 1Hz. The viscosity (η) for all the samples was consistently considered 

at τ = 1Pa. 

 

 Scaffold Microstructure 

SEM images of the most suitable concentrations (28% CasMA:PVA/PVP as per Table 3 selected 

from the rheology data were taken. Morphologies of freeze-dried scaffolds were observed with SEM to 

check their pore sizes and crosslinking networks. Cross-sections of the freeze dried CasMA/PVA/PVP 

were carefully cut and placed on carbon tape. The samples were then sputter coated with gold in a low-

vacuum chamber to increase their conductivity before SEM analysis. The SEM analysis was performed 

using a Table-top Microscope TM3030 (Hitachi, Japan) with 15kV of voltage applied at different 

magnifications of X180, X300, X500, X600. The pore sizes were measured using ImageJ software. The 

following table is made to put the selected samples from table 3 into better perspective. The SEM 

images have been presented in Chapter 4 – Results (Figure 21). The pore sizes were calculated by 

measuring the Feret’s diameter with an average of the pore sizes (Table 8). 
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Table 7: Samples selected for scanning electron microscopy. 

The scaffold samples highlighted in bold are the only samples selected for further experiments as they 

showed the best morphologies. 

Formula-

tions 

 

ExA2MA 

0.1 

(%) 

ExA2MA 

0.6 

(%) 

ExDAFMA 

0.1 

(%) 

ExDAFMA 

0.6 

(%) 

10% 

PVA 

(%) 

10% PVP 

(%) 

A2-0.1-1 100 28% - - - 0 0 

A2-0.1-2 75 28% - - - 12.5 12.5 

A2-0.1-3 50 28% - - - 25 25 

A2-0.1-4 25 28% - - - 37.5 37.5 

 

A2-0.6-1 - 100 28% - - 0 0 

A2-0.6-2 - 75 28% - - 12.5 12.5 

A2-0.6-3 - 50 28% - - 25 25 

A2-0.6-4 - 25 28% - - 37.5 37.5 

 

D-0.1-1 - - 100 28% - 0 0 

D-0.1-2 - - 75 28% - 12.5 12.5 

D-0.1-3 - - 50 28% - 25 25 

D-0.1-4 - - 25 28% - 37.5 37.5 

 

D-0.6-1 - - - 100 28% 0 0 

D-0.6-2 - - - 75 28% 12.5 12.5 

D-0.6-3 - - - 50 28% 25 25 

D-0.6-4 - - - 25 28% 37.5 37.5 
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 Swelling Properties 

The CasMA/PVA/PVP scaffolds chosen from the rheological and SEM data were A2-0.1-2, A2-

0.6-3, D-0.1-2, D-0.6-2 (as per table 7). The samples were cut into approximately 10 x 10 x 5mm 

weighed (W 0hr) and then placed in 3ml of PBS at 20°C (Figure 10). After 24 hours the PBS was 

carefully absorbed away using lint free tissue paper and also the samples were carefully blotted to 

remove excess PBS. These samples were weighed again (W 24hr).  

Most of the studies that were referred to used less than 3ml solution (for example: even milk-

protein based samples as big as 200 mm x 200 mm sheets were kept in 2ml DI water (Hewitt et al. 

2019)). Flat surfaced glass plates were used for this experiment to have the 10 x 10 x 5 mm samples 

‘immersed’ well in PBS as prescribed in various literatures. Therefore, 3ml of PBS was used, which 

also helped in minimising experimental errors. Also, in comparison with literature, the 3ml PBS volume 

was more which was considered best as it would provide maximum opportunity for the samples to swell 

to their maximum capacity. The percentage of swelling ratio (S) was calculated using the equation 1 

below, 

𝑆	(%) =
𝑊	24ℎ𝑟 −𝑊	0ℎ𝑟

𝑊	0ℎ𝑟
	𝑥	100 

Equation 1: Swelling ratio (%) was calculated by the percentage of weight of samples at zero hour (W 

0hr) i.e. before swelling and weight of samples at 24th hour (W 24hr) i.e. after  swelling. 

 

 
Figure 10: Experimental set-up for the swelling test. 

 
 Biodegradation Kinetics 

The chosen scaffold samples (A2-0.1-2, A2-0.6-3, D-0.1-2, D-0.6-2) were cut into approximately 

10 x 10 x 5mm weighed (W 0hr) and then placed in 1ml of PBS in separate watch glasses to degrade 

for a one week (Figure 11). The glass plates were sealed with parafilm to avoid any disturbances to the 

sample. The samples were placed in an incubator at 37°C to facilitate the physiological environment. 

The temperature was checked and maintained at 37°C regularly to ensure that degradation occurred at 

the physiological temperature. At different time periods of 0 hr, 1 hr, 6 hrs, 12 hrs, 24 hrs, 48 hrs, 72 

hrs, 96 hrs and 120 hrs the samples were moved into an oven maintained at 50°C. The samples were 
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dried completely for at least 24 hours and then weighed (W (t)). The final weights of all the samples 

determined the % loss of mass (D) which was calculated by the following equation; 

𝐷	(%) =
𝑊	0ℎ𝑟 −𝑊(𝑡)

𝑊	0ℎ𝑟
	𝑥	100 

As we know, normally the solution should be enough to cover the sample (Zhang, Thomas, and Vohra 

2009). For biodegradation, concave watch glass plates were used to allow the sample to remain in a 

stationary position at the bottom. Therefore, only 1ml PBS was needed to completely immerse the same 

sample with size 10 x 10 x 5 mm. Also, because the temperature for biodegradation was 37°C and the 

watch glasses with samples were well covered with parafilm, the evaporation of the water content was 

extremely low, which is why 1ml of solution was enough. 

 

Equation 2: Biodegradation kinetics (%) was calculated at every time point by the calculating the 

percentage of weight of samples at zero hour (W 0hr) i.e. before degradation begins and weight of 

samples at every time point (W (t)) i.e. after degradation throughout the different time points. 

 

 
Figure 11: Experimental set-up for biodegradation studies. 

 
 Biological Characterisation of Scaffolds in vitro 

 Cell Revival and Passaging 

Frozen HaCat and CPC cell stocks were removed from liquid nitrogen and warmed in 37°C water 

bath and thawed for a few seconds. They were then transferred into their respective complete media 

(cDMEM for HaCats and cHam’s F12 for CPCs) in T-75 flasks. All cell culture work was performed 

in aseptic conditions in a laminar flow hood (Herasafe 2030i Class II Biosafety cabinet, Thermo 

Scientific, Germany) where before every usage 30 mins of exposure to UV sterilisation. For all 

experiments on HaCats the cell culture flasks and plates with cells in them were maintained and stored 

at 37°C with 5% CO2 atmosphere in a HeraCell vios 160i incubator and the CPCs were maintained and 

stored at the same conditions in a Smart cell incubator from Heal Force, China.  

HaCats were passaged after 24 hours of incubation at 37°C at 70-80% confluency. This was done twice 

before starting the experiments. CPCs were received frozen at passage 7 and after 48 hours they were 

taken to passage 8 when the experiments were started. Fresh complete media was provided every 2 days 
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for HaCats and every 3 days for CPCs to maintain the nutrient and growth conditions. For passaging, 

first the complete media was removed carefully with a glass pipette attached to a vacuum aspirator. The 

cells were given a wash with 3ml PBS (Gibco) twice to remove the serum, which was aspirated out in 

the same way. Next, the cells were treated with pre-warmed trypsin (0.25%) 

and ethylenediaminetetraacetic acid (EDTA) solution (Gibco); a cell dissociating reagent for 3 mins 

(HaCats) and 5 mins (CPCs)). The EDTA is already added to the trypsin solution as a chelating agent 

that neutralizes calcium and magnesium ions that hide the peptide bonds on which trypsin acts. 

Removing these ions increases the enzymatic activity of the solution. Therefore, it is probably 

considered safe for cells at 0.25% concentration. This was followed by a 5 min incubation period at 

37°C to dissociate the cells from flask surface. The cell suspensions were added with double the volume 

of trypsin (2:1 of Media:Trypsin) to inhibit the action of trypsin by neutralising it. The cell suspensions 

were transferred carefully by pipetting on the side walls of a 15ml falcon tubes. These cell suspensions 

were then centrifuged for 5 mins at 200 RCF for HaCats and 300 RCF for CPCs to get cell pellets. The 

supernatants were aspirated carefully and the pellets were then re-suspended in 1ml of fresh pre-warmed 

complete media. The suspensions were pipetted in and out slowly to break cell clumps if any. Cell were 

counted with the portable hand-held cell counter and sub-cultured at 80 x 103 cells/ml in complete media 

in T-75 flasks. The remaining cells were cryopreserved to ensure that the stock of healthy cells was 

available from a minimum passage number closer to the original vial. The cells were aliquoted into 

sterile cryotubes in appropriate numbers as per required to seed into a T-75 flask. For this, cells were 

first frozen down in freezing media consisting of the respective media along with 10% 

DMSO (D2650, Sigma-Aldrich. St Louis, MO, USA). DMSO helps with cryoprotecting the cells from 

any side effects of freezing like damage from ice crystals. The cryotubes with cells were cooled at 

around -1°C per minute in the Mr. Frosty™ Freezing Container (Thermo Fischer Scientific) containing 

isopropanol. The cryotubes were then stored until further use into liquid nitrogen. 

 

 Cell Seeding into CasMA/PVA/PVP Foams 

The samples (A2-0.1-2, A2-0.6-3, D-0.1-2, D-0.6-2) were studied further for their biocompatibility. 

Each of the CasMA/PVA/PVP formulation foam was tested in varied quantities. Each of the foams 

were cut and weighed in four different amounts 5mg, 10mg, 20mg and 40mg. For example, A2-0.1-2 

was separately weighed at 5mg, 10mg, 20mg and 40mg and placed in separate wells (Corning Transwell 

Inserts, Corning, USA) in triplicates. These triplicates were taken in 24hr, 48 hr and 72 hr plates 

separately. A total density of 5 x 103 cells/ml were seeded per well. On an average, 5000 cells/well is a 

good number to start with (Yoon, Ahn, and Kim 2009). This is because for cell viability assay, it is 

undesirable to have cells to be too confluent so that it is easier to count individual cells. Whereas in cell 

proliferation assay, the cell number needed to be high enough to obtain reasonable cell proliferation but 

at the same time not becoming over-confluent. Therefore, the average number of 5000 cells/well was 
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chosen keeping it consistent throughout the in vitro studies. The foams were further subjected to 

biological assessment tests. 

 

 Cell Response to Scaffolds (methacrylated casein with polymers) 

 Cell viability Assay 
The methacrylated scaffolds with PVA and PVP were analysed for cytotoxicity and 

biocompatibility using Live/Dead® cell viability/cytotoxicity assay (Invitrogen Life Technologies). The 

scaffold samples were studied for 24, 48 and 72 hrs (n = 3 per time point) by assessing the number of 

live and dead cells on each sample. The test was reproduced three times with three different samples. 

Three separate flasks were used to maintain the n of three. An average of these triplicates was used for 

further analysis. An investigation of the effect of A2-0.1-2 and A2-0.6-3 in different amounts (5mg, 

10mg, 20mg and 40mg) was studied to compare with unmodified ExA2, ExA2MA 0.1 without 

PVA/PVP and ExA2MA 0.6 without PVA/PVP (Figure 26A for HaCats and Figure 29A for CPCs). 

Similarly the effect of D-0.1-2 and D-0.6-2 was investigated and compared with unmodified ExDAF, 

ExDAFMA 0.1 without PVA/PVP and ExDAFMA 0.6 without PVA/PVP (Figure 26B for HaCats and 

Figure 29B for CPCs). 

The samples with PVA/PVP were placed on top of cover slips in all the wells in 24 well plates 

for this assay. In each of the well containing 5 x 103 cells, 500ul of pre-warmed complete media was 

added and all the plates were transferred into incubator at 37°C. After 24 hours, the 24 hr well plates 

were taken out and the media was aspirated out from each well carefully from the sides. Each cover slip 

was carefully lifted and placed upside down (cell side down) onto glass slides. Each cover slip with 

cells underneath, was subjected to the assay solution containing calcein AM (18ul) and Propidium 

Iodide (PI) (18ul) in 12ml dPBS. After a period of about 4-5 mins, the samples were visualised (both 

HaCats and CPCs at x10 lens objective) under the Olympus BX51 microscope, using the imaging 

software CellSens Dimensions. The living cells can be identified because they are able to enzymatically 

convert the non-fluorescent calcein AM dye into fluorescent calcein by intracellular esterase activity in 

living cells . The fluorescent calcein is retained in living cells that is emitted as a green colour (dye 

excitation 500 nm, emission 532 nm) (Uggeri et al. 2000). Whereas because the membrane 

impermeable PI cannot penetrate into living cells with intact membranes. When PI penetrates the 

damaged membranes of dead cells, it is able to bind to the double stranded DNA by intercalating 

between the base pairs and emit a strong red fluorescence (excitation 528 nm, emission 617 nm) 

revealing dead cells (Crowley et al. 2016). The quantification of the number of live and dead cells was 

done for all the triplicates. Cell viability for each image was calculated according to the following 

equation; 
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𝐶𝑒𝑙𝑙	𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑖𝑣𝑒	𝐶𝑒𝑙𝑙𝑠
𝑇𝑜𝑡𝑎𝑙	𝐶𝑒𝑙𝑙	𝑁𝑢𝑚𝑏𝑒𝑟

	𝑥	100 

Equation 3: Percent cell viability was calculated using the number of live cells counted in each sample 

(n=3) subtracted from the total number of cells including both live and dead cells per sample. 

 

 Cell proliferation Assay 

This assay was performed at 24hrs, 48hrs and 72 hrs for colorimetric measurement of the 

metabolic activity of cells based on the reduction of MTT. The viable cells containing NAD(P)H-

dependent oxidoreductase enzymes cause reduction of MTT reagent into formazan crystals, which are 

insoluble and deep purple in colour. These formazan crystals can be used as a function of the number 

of cells alive partaking in reduction of MTT (Gomez et al. 1997). MTT thus helps to confirm the data 

more reliably by quantifying the absorbance values of MTT treated cells on a plate reading 

spectrometer. 

 

In the cell viability assay, there can be cell counting errors, poor dispersion of cells, cell loss 

during cell dispersion or inaccurate dilution of cells. The cell proliferation assay was performed in order 

to confirm the cell viability more accurately. This assay was performed using standard curve method. 

This method gives a linear relationship between production of formazan and cell number. Therefore, 

the cell number can be found with reference to the standard curve. A standard curve of 80, 60, 40, 20, 

10, 50 and 2.5 x 103 cells/ml was allotted for each of the 24hr, 48hr and 72hr time point to maintain 

efficiency. A blank well with only media and control wells with and without cells were made for better 

analysis. 

 

A total of 5 x 103 cells/ml were seeded per well in a 96 well plate with CasMA/PVA/PVP foams 

cut out, weighed at 5mg, 10mg, 20mg and 40mg (n = 3 per time point) and UV sterilised without cover 

slips. The test was reproduced three times with three different samples. Three separate flasks were used 

to maintain the n of three. An average of these triplicates was used for further analysis.To the cell 

suspension, 200 ul of pre-warmed complete media was added. All the 24hr, 48hr and 72 hrs plates were 

moved into the incubator at 37°C. MTT stock was prepared using 5mg/ml of sterile PBS which is stored 

at 4°C in the dark. Using the MTT stock, MTT solution (MTS) was prepared by adding MTT stock at 

a ratio of 20 ul per 100 ul of phenol red free media (DMEM F12). Fresh MTS was prepared every time. 

After 24 hrs, 200 ul of fresh MTS solution was added to the 24 hrs well plates. This was followed by 4 

hrs of incubation at 37°C for formation of formazan crystals. After 4 hrs, 100ul of acidified SDS (50ul 

of 1M HCl to 5ml of 10% SDS) was added in each well to dissolve the formazan crystals. The 24hr 

well plates were then incubated overnight at 37°C in a humidified chamber. Next day, the wells were 
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mixed thoroughly with pipette tip and subjected to absorbance measurement at 570 nm for both HaCats 

and CPCs. 

 

As seen in the Appendix B, for HaCats, a linear standard curve (R square = 0.9900) was obtained 

at an absorbance of 570 nm for a range of cell number from 80,000 to 2500 cells/well from the 48 hrs 

time point. The standard curve with known number of cells at specific absorbance values was used to 

find the number of cells in the sample concentrations at 24, 48 and 72 hrs based on their absorbance 

values at the same wavelength. 

 

As seen in Appendix C for CPCs, a linear standard curve (R square = 0.9677) was obtained at an 

absorbance of 570 nm for a range of cell number from 80 to 2.5 x 103 cells/well from the 48 hrs time 

point. The standard curve with known number of cells at specific absorbance values was used to find 

the number of cells in the sample concentrations at 24, 48 and 72 hrs based on their absorbance values 

at the same wavelength. 

 

 Statistical Data 

All the in vitro studies were statistically analysed and expressed as mean ± standard error of the 

mean (SM). For cell viability assay, the differences between samples treatments were measured using 

One-way ANOVA and Tukey’s multiple comparison test for post hoc comparisons. This is because 

there were more than two sample groups to be compared for one factor (sample dosage) For cell 

proliferation assay, the differences between samples treatments were measured at different time points 

using Two-way ANOVA and Tukey’s multiple comparison test for the post hoc comparisons. This is 

because there were more than two samples groups to be compared with two factors (sample dosages at 

different time points). The statistical significance was set at P <0.05. The software Prism 8 was used 

for statistical tests (GraphPad Prism 8 software, San Diego, USA). 
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4 RESULTS 

 Synthesis of Biomaterial 

 Extraction and Dissolution of Casein 

A2-milk powder and DAF powder were dissolved in 1L DIW at 10% (w/v) concentration. 

Addition of acetic acid helped with precipitation of casein started at around pH of 4.6 to 4.8. It was 

found that when pH was taken higher than 4.6, casein started to dissolve. Thus, for extraction, the pH 

was maintained at around pH 4.6. The percent yield of casein extraction from 1L solutions after both 

washing steps and drying, was 68g of ExA2 and 46g of ExDAF. The ExA2 and ExDAF were dissolved 

at 50°C and at 10% and 20% (w/v) concentrations in 1L of 0.01M PBS by adjusting the pH between 

7.0 and 8.0 using 1M NaOH and 1M HCl. Both ExA2 and ExDAF did not dissolve very well on their 

own. However, upon addition of NaOH the solutions became homogenous. The extracted casein from 

A2 skim milk (Figure 12A) and DAF-waste (Figure 12B) is shown below. 

 
Figure 12: Extracted casein powder. 

A) Extracted casein from A2 skim milk powder. B) Extracted casein from DAF waste power. 

 

 Synthesis of methacrylated casein 

MA was added in different concentrations in the dissolved casein solutions while continuously 

stirring at 50°C. MA was added dropwise at concentrations 0.1%, 0.3%, 0.6% and 0.9% in both ExA2 

and ExDAF solutions of 10% concentration. MA was added dropwise gradually to avoid agglomeration 

of proteins leading to insufficient modification. MA reacts exothermically; hence, the reaction 

temperature was maintained and monitored at 50°C. The pH was maintained between at 7-8; higher 

than the isoelectric point (IEP) of casein (pH 4.6) during the reaction. The pH had to be maintained 

stringently as such because casein is more stable at around pH 7.0-8.0 in a dissolved state. All CasMA 

solutions appeared to become more and more viscous as the pH dropped again and again due to the 

acidity of MA. The aim was to allow the methacrylate groups of MA to bind with the amine groups on 

casein. Thus, for methacrylation to happen, it was important that the reaction occurred between pH 7.0-
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8.0 at 50°C as casein must be completely dissolved and well dispersed to provide maximum amino sites 

for MA binding. This also helped to avoid any micelle formation or casein aggregation, which occurs 

in acidic conditions below a pH of 5.5 (Sinaga, Bansal, and Bhandari 2017). Another observation was 

that by the end of the reaction duration, 10-A2MA-0.6 turned a little more translucent than all the other 

CasMA solutions (Figure 13A showing A2 0.6 beaker on the right). 

 

 
Figure 13: Synthesis of methacrylated casein. 

CasMA was synthesised from extracted A2 casein and extracted DAF casein powder dissolved in PBS and reacted 

with 0.1% and 0.6% MA. 

 

The CasMA solutions were dialysed against DIW (Figure 14) to remove excess MA that may not 

have bound to the amine groups. Initially the CasMA solutions were opaque but it was observed that 

around 4th day, the solutions turned translucent. The ExA2 based CasMA turned more translucent 

compared to ExDAF based CasMA. Next, when the solutions of ExA2 and ExDAF controls, 10-A2MA-

0.1, 10-A2MA-0.3, 10-A2MA-0.9, 20-A2MA-0.1, 20-A2MA-0.6, 10-DAFMA-0.1, 10-DAFMA-0.3, 

10-DAFMA-0.9, 20-A2MA-0.1 and 20-A2MA-0.6 were freeze-dried (Figure 15), the resultant products 

were foamy light-weight powders. However, in case of 10-A2MA-0.6, 10-DAFMA-0.6, and, the 

resultant products were intact and porous light-weight foamy blocks. 

 
Figure 14: Dialysis of CasMA. 

A) and B) representing the set up for dialysis of A2 milk based CasMA and DAF based CasMA. 
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Figure 15: Freeze dried CasMA. 

Freeze dried A2 milk based CasMA with A) 0.1% and B) 0.6% MA. Freeze dried DAF based CasMA with C) 

0.1% and D) 0.6% MA. 

 

 Generation of Scaffolds (methacrylated casein with polymers) 

The formulations 10-A2MA-0.1, 10-A2MA-0.6, 10-DAFMA-0.1, 10-DAFMA-0.6 were further 

blended in different ratios with a combination of PVA and PVP blend (in equal amount). The blend 

formulations with these polymers were prepared not only to increase the viscosity of all the CasMA 

samples but also to increase their biocompatibility, owing to the proven biocompatible characteristics 

of PVA and PVP. After optimisation and physical characterisation of all the blend formulations at 10%, 

20% and 28% concentrations, four ratios were chosen for biological characterisations viz. A2-0.1-2, 

A2-0.6-3, D-0.1-2 and D-0.6-2 (Table 6 and 7). These blends were developed into scaffolds by freeze 

drying (Figure 16). 

 
Figure 16: Freeze dried scaffolds of CasMA/PVA/PVP blends. 

A2 milk based CasMA/PVA/PVP scaffolds with A) 0.1% and B) 0.6% MA. DAF based CasMA/PVA/PVP 

scaffolds with C) 0.1% and D) 0.6% MA.  

 

 Summary of Biomaterial synthesis and development 

• Caseins dissolve well around a pH level between 7.0 and 8.0, higher than their IEP (pH 4.6). 

• Methacrylation of caseins can occur only at higher pH than casein’s IEP, as it is stable in a 

dissolved state, providing maximum binding amino sites for MA. 
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• Methacrylation of both ExA2 and ExDAF is highly dependent on pH adjustment and 

temperature maintenance because for methacrylate to be able to bind to casein, it requires casein 

to be in a dissolved form as a homogenous phase for uniform binding. 

• Pure ExA2 as well as ExDAF are not easily soluble in PBS. However, after the chemical 

modification, CasMA was readily soluble in PBS. 

• The novel CasMA by itself could only form a powder in most concentrations. However, MA 

0.1% and 0.6% for both ExA2 and ExDAF developed into foams with intact structures 

• CasMA by itself in the form of foams easily collapsed in aqueous medium, and hence were 

added with PVA/PVP to develop into scaffolds with more structural fidelity. 

 

 Characterisation of Scaffolds 

 Chemical Characterisation 

 Proton Nuclear Magnetic Resonance based spectroscopy of methacrylated casein 

The H-NMR spectra of all the 10% and 20% concentrations of CasMA samples at with different 

MA concentrations were taken. The samples were attempted to be dissolved in D2O. However, the 

samples did not dissolve completely leading to broad and inconsistent peaks (data not shown). 

Therefore, the samples were thus dissolved in d6-DMSO. CasMA dissolved completely in  d6-DMSO. 

DMSO is known to rapidly absorb the surrounding moisture in the air as it is hygroscopic in nature. 

The d6-DMSO peak was correctly present in all spectra at 2.5 ppm accompanied by a peak representing 

water appearing around 3.33 ppm (all spectra in Figure 17), which differs in intensity according to the 

level of water content (Bergana et al. 2019).  

 

Methacrylated casein exhibited substitution of its amine groups with methacryl groups termed as 

methacrylamide (Claaßen et al. 2018). The extent of methacrylation differs as per the volume of MA 

added to the reaction. H-NMR spectroscopy of modified casein confirmed its methacrylation by 

exhibiting the presence of two acrylic protons (2H) of methacrylamide showing double peaks of vinyl 

groups (=CH2) in the double bond region between 5.0-6.5 ppm (Figure 17 B and D) (Shirahama et al. 

2016a, Claaßen et al. 2018). Also, one peak representing the 3 methyl protons (3H) (-CH3) of 

methacrylamide is seen around 1.9 ppm (Figure 17 B and D) (Shirahama et al. 2016a). The peaks in the 

region between 0.5-3 ppm represents the aliphatic amine groups of casein, whereas the peaks in region 

between 6.5-7.5 ppm (Figure 17 A and C) represent the aromatic amine groups of casein (Figure 17 A 

and C) (Bikmullin et al.). These significant peaks related to methacrylation were not seen in casein 

control and unmodified casein samples (Figure 17 E and F). 
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Figure 17: H-NMR spectra representing methacrylation of casein. 

A) & C) show the extracted A2 (ExA2) and extracted DAF (ExDAF) controls.  

B) shows 10% CasMA, modification of 10-A2MA-0.1, 10-A2MA-0.3, 10-A2MA-0.6, 10-A2MA-0.9 and 
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D) 10-DAFMA-0.1, 10-DAFMA-0.3, 10-DAFMA-0.6 and 10-DAFMA-0.9 showing double vinyl group peaks 

between 5.0-6.5 ppm and one methyl group peak (-CH3) of methacrylamide around 1.9 ppm.  

E) & F) show methacrylation specific peaks were absent indicating no methacrylation took place in 20% CasMA 

samples. 

 

 Attenuated total reflection-Fourier transform infrared spectroscopy of 

methacrylated casein and methacrylated casein with polymers 

The analysis of FTIR spectra was helpful to confirm the composition of the newly synthesised 

biomaterials. ATR accessorised FTIR for this this project was ideal for studying multi-layered, solid 

and thick samples such as CasMA/PVA/PVP. ATR-FTIR was also instrumental in investigating the 

nature of chemical interactions between the components of synthesised biomaterials in terms of CasMA 

formation as well as CasMA/PVA/PVP formation. The data helped to relate these chemical interactions 

with the physical and chemical properties of the biomaterials and also helped relate with the biomaterial 

behaviour in vitro. For FTIR, the samples were first calibrated to the background spectra over a range 

of wavelength 300 to 4500 cm-1 with 20 scans per sample at a resolution of 4 cm-1. The transmittance 

spectra were obtained using OPUS software (Bruker Optik, Germany). The biomaterial CasMA 

composition and the biomaterial blend of CasMA/PVA/PVP was confirmed with FTIR spectra. 

 

Casein controls 

In ExA2 control (figure 18A), the broad strong peak at 3263.55 cm-1 represents the stretching of 

primary or secondary amines (OH and N-H groups) (Calamari et al. 2007). The peak at 3084.19 cm-1 

represents SP2 hybridised C-H stretch at a slightly lower frequency and the peak at 2931.63 cm-1 

represents SP3 hybridised C-H stretch at a slightly higher frequency . The SP2 hybridised carbonyl 

groups are present above 3000 cm-1 and SP3 hybridised groups are present below 3000 cm-1 (Cook 

1958). However, the C-H stretching of the carbonyl groups, occurs due to the oxygen atom of the same 

carbonyl group causing weakening of the forces between C-H bond by an inductive effect caused due 

to unequal sharing of electrons (Cook 1958). The most distinct vibrational peaks appearing at 1628.68 

cm-1, 1521.48 cm-1 and 1439.01 cm-1 correspond to the vibrations of amide I (C=O stretching), amide II 

(N-H bending) and amide III (C-N stretching and N-H bending). The region between 1700 to 2700 cm-

1 represents the aromatic overtones (C=C stretch) of aldehyde groups (Calamari et al. 2007).  

In ExDAF control (figure 18B), the broad peak at 3273.86 cm-1 denotes the stretching of primary 

or secondary amines (OH and NH groups). The peaks at 2915.14 cm-1 and 2853.29 cm-1 denote C-H 

stretching. The peak at 1626.72 cm-1 represents vibrations of amide I (C=O stretching), 1519.42 cm-1 

represents amide II (N-H bending) and 1447.26 cm-1 represents amide III (C-N stretching and N-H 

bending). The peaks at 1028.75 cm-1 in ExA2 and 1065.86 cm-1 in ExDAF represent the presence of 
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remnants of ethers which may have been stayed behind in traces when the samples were immediately 

subjected to FTIR after washing step. 

 

Methacrylated casein 

In ExA2MA (figure 18A), the shifts in broad peaks 3277.99 cm-1 (10-A2MA-0.1) and 3280.05 

cm-1 (10-A2MA-0.6) from 3263.55 cm-1 show that there was an increase in the number of hydrogen 

bonds (Nie, Stutzman, and Xie 2005) owing to addition of MA and that the hydrogen bonds were more 

in 0.6% sample compared to 0.1% sample. These broad peaks denote stretching of hydroxyl groups (C-

O-H) of MA. The significant double peak at 2927.51 cm-1 represents methyl C-H asymmetric stretching 

in the methacrylated samples (Figure 18A) 10-A2MA 0.1% and 0.6%. The same peak is not present in 

the ExA2 control (Figure 18A). The peaks in modified samples of 0.1% and 0.6% at 1236.97 cm-1 show 

presence of C-O bonds of acyl from MA. 

 

In ExDAFMA (Figure 18B), the broad strong peaks exhibited a red shift from 3273.86 cm-1 to 

3284.17 cm-1 in 0.1% MA sample and 3280.05 cm-1 in 0.6% MA sample. This means that the number 

of hydrogen bonds was higher in 10-DAFMA-0.6 than 10-DAFMA-0.1, confirming the influence of 

methacrylation (Nie, Stutzman, and Xie 2005). The more MA binds to casein, the more deprotonation 

of casein occurs leading to more hydrogen forming bonds at the casein nitrogen molecule. This is the 

reason for more hydrogen bond formations upon methacrylation. The doublet peaks at 2855.92 cm-1 

(10-DAFMA-0.1) and 2840.35 cm-1 (10-DAFMA-0.6) denote alkyl (C-H stretch of methylene group) 

presence, which was found more in 10-DAFMA-0.6 indicating more methylene groups (Figure 18B). 
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Figure 18: FTIR spectra of CasMA. 

A) 10% ExA2MA at MA concentrations of 0.1%, 0.3%, 0.6% and 0.9% with control ExA2. B) 10% ExDAFMA 

at MA concentrations of 0.1%, 0.3%, 0.6% and 0.9% with control ExDAF. 
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Polymers 

PVA (seen in both Figure 19 A and B for comparison) shows a broad peak covering the region 

between 3200 to 3500 cm-1 indicating the presence of O-H stretching vibrations. The peaks at 2904.83 

and 2911.02 cm-1 denote asymmetric C-H stretch of methylene groups. The peak 1416.33 cm-1 denotes 

symmetric bending of CH2 and the peak at 1321.50 cm-1 denotes CH and OH bending. A significant 

peak at 1090.60 cm-1 represents C-O stretching vibration. Lastly, the peak at 837.02 cm-1 shows C-C 

stretching vibrations. In PVP (seen in both Figure 19 A and B for comparison), the broad peak at 

3449.72 cm-1 represents OH stretching whereas 2944.88 cm-1 peak represents CH2 symmetric 

stretching. The biggest and intense peak at 1649.95 shows C=O stretching. The two other significant 

peaks at 1420.11 cm-1 and 1270.80 cm-1 denote CH2 scissoring and twisting vibrations respectively. The 

peak at 1370.86 denotes bending of CH2 (Zidan et al. 2019). 

 

Methacrylated casein with polymers 

The CasMA samples A2-0.1-2 and A2-0.6-3 (Figure 19 A) showed significant difference with 

respect to intensity of peaks and shifts in the wavenumbers. The peak at 3269.74 cm-1 shows O-H 

stretching of PVA and is clearly seen at higher intensity in both the CasMA samples. The peaks 2931.63 

cm-1 of casein shifted to 2956.37 cm-1 in A2-0.1-2 and 2933.69 cm-1 in A2-0.6-3 indicating presence of 

MA and PVA with increase in the peak intensities in both the samples. Furthermore, the peaks 

corresponding to 1632.93 cm-1 in A2-0.1-2 and 1636.31 cm-1 (representing MA) in A2-0.6-3 have high 

intensities owing to the presence of higher number of amide I, II and III along with N-H and C-N bonds 

from methacrylation and C=O from PVP.  

 

Both the CasMA samples D-0.1-2 and D-0.6-2 (Figure 19 B) showed broad peaks at 3269.74 

indicating the presence of O-H stretching from PVA. The peaks at 2917.20 cm-1 in D-0.1-2 and 2919.26 

cm-1 in D-0.6-2 show that the stronger short length bond formations (SP3 C-H stretch from methyl 

group) occurred more in D-0.6-2 compared to D-0.1-2. The peaks at 2908.95 represent the C-H stretch 

of methylene group from PVA. The peaks at amide I, II and II peaks are more intense in D-0.6-2 

compared to D-0.1-2 due to the contribution of N-H and C-N bonds from methacrylation and C=O 

stretching from PVP. The peaks in the range of 1403.96 cm-1 to 1498.20 cm-1 denote CH2 stretching and 

bending of CH and OH corresponding to PVA. The peaks at 1239.20cm-1 in D-0.1-2 and 1224.60cm-1 

in D-0.6-2 denote presence of CH2 groups as well presence of C-O bonds of acyl from MA. 
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Figure 19: FTIR spectra of CasMA/PVA/PVP scaffolds. 

A) FTIR of A2-0.1-2 and A2-0.6-3 compared with ExA2, 10% PVA and 10% PVP. B) FTIR of DAF-0.1-2 and 

DAF-0.6-2 compared with ExDAF), 10% PVA and 10% PVP. 
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 Summary of Chemical Characteristics of methacrylated casein 

• H-NMR confirmed the successful methacrylation of ExA2 as well as ExDAF. 

• Substitution of acyl group of MA with the amide groups of casein was confirmed by H-NMR 

data clearly exhibiting the vinyl and methyl groups. 

• Successful substitution occurred in the ExA2 as well as ExDAF based samples with 0.1% and 

0.6% MA concentration. 

• The product CasMA dissolved better in d60DMSO compared to D2O and hence the H-NMR 

peaks were better resolved. 

• ATR-FTIR confirmed the presence of functional groups in CasMA/PVA/PVP. 

• The peak patterns in ExA2 based CasMA/PVA/PVP scaffolds were consistent with that of 

ExDAF based scaffolds. 

• The peak intensities in of all the samples with 0.1% MA concentration were less and peak 

intensities of all the samples with 0.1% MA concentration were more potentially indicating a 

greater number of bonds when other components were included. 

 

 Physical Characterisation 

 Rheology of Methacrylated Casein with Polymers’ Blends 

Rheology data showed the influence that the different ratios of CasMA to polymers had on 

viscosity of CasMA/PVA/PVP blends. The data also demonstrates a strong influence of the viscous 

properties on the formation of porous scaffolds as seen in SEM images (Fig 19). The chosen CasMA 

formulations with 0.1% and 0.6% MA were made in 10%, 20% and 28% (w/v) concentrations. Each of 

these three CasMA concentrations were further added with a blend of PVA and PVP in different ratios 

(Table 6). 

 

In figure 20, the behaviour of 28% CasMA with 25:75 (CasMA:PVA/PVP) formulation (A2-0.1-

4, D-0.1-4, D-0.6-4) showed lower viscosity in a range of η = 100-200 Pa.s, compared to all the other 

ratios in the 28% CasMA. However, the 25:75 formulation (A2-0.6-4) of 28% ExA2MA 0.6 showed 

much higher viscosity of η = 1000 Pa.s. When both CasMA and PVA/PVP were taken in a reverse ratio 

of 75:25, the samples (A2-0.1-2, D-0.1-2 and D-0.6-2) showed high viscosity in the range of 400-800 

Pa.s, however the viscosity of A2-0.6-3 was highest at a ratio of 50:50. The 28% CasMA by itself at 

100:0 ratio in ExA2MA 0.1, ExDAFMA 0.1 and EXDAFMA 0.6 was found to have better viscosity 

compared to when added with PVA/PVP at 50% and more. However, the opposite was observed in the 

28% ExA2MA 0.6, in which, though 100:0 CasMA was little more viscous than 25:75, it was still much 

higher compared to its other counterparts (ExA2MA 0.1, ExDAFMA 0.1 and ExDAFMA 0.6) at η = 

14000 Pa.s. All the ratios of ExA2MA 0.6 presented higher viscosity in comparison to all other samples. 
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This could be due to a combination of influences of higher level of methacrylation and the type of casein 

sample. 

 

At the lower CasMA concentration of 20% and 10% (Figure 20), ExA2MA 0.6, ExDAFMA 0.1 

and ExDAFMA 0.6 showed a similar pattern of decreasing viscosity when the polymers were added at 

50% and more. The range of high viscosity of sample was in the range of 400-800 Pa.s, which was quite 

similar to some of the 28% CasMA samples. However, in ExA2MA 0.1, the overall viscosity was found 

to be much lower in a range of 0.1-0.5 Pa.s, compared to its counterparts at 20% and 28%. Also, a 

reverse trend was found where the viscosity kept increasing upon addition of PVA/PVP. Similarly, in 

10% CasMA, the viscosity increased with an increase in the polymer volume in the ratios but the 

viscosity was very low in the range of 0.01 to less than 0.3 Pa.s. 
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Figure 20: Graphical comparison of viscosity of different ratios of CasMA:PVA/PVP 

(ExA2MA 0.1, ExA2MA 0.6, ExDAFMA 0.1 and ExDAFMA 0.6 at 10%, 20% and 28% (w/v) blended with 10% 

PVA + 10% PVP in ratios 100:0, 75:25, 50:50 and 25:75 (CasMA:PVA/PVP)). The black dotted line box 

highlights the blends that were tested further in SEM. The red dotted line box highlights the samples with best 

viscosity. 
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 Scaffold Microstructure 

The morphology of 28% CasMA/PVA/PVP scaffolds were characterized using SEM. Distinct 

differences in the morphologies of scaffolds with different PVA/PVP and MA concentrations were seen 

at a scale of 500μm. 

 

In figure 22, the cross-section of the 28% scaffolds A2-0.1-2, D-0.1-2 and D-0.6-2 with 75:25 

CasMA:PVA/PVP (as per Figure 20) i.e. highest amount of CasMA (75%) and lowest amount of 

PVA/PVP (25%) (mentioned in figure 20) showed a pattern of long columnar hollow tube-like 

structures with column heights smaller than that of A2-0.6-3. All the scaffold samples showed a visibly 

distinct pattern of parallel rows of columnar structures. The sample A2-0.6-3 had CasMA and PVA/PVP 

in 50:50 ratio. The data was expressed as mean ± standard deviation. The mean and standard deviation 

of the structure measurements of the samples A2-0.1-2 and D-0.1-2 were still close enough (Table 8). 

The structures of D-0.6-2 measured were the smallest and that of A2-0.6-3 were biggest (166.874 ± 

46.687) in comparison to all the counterparts. Furthermore, the cross-sections of the columns in A2-

0.6-3 not only showed columnar hollow structures like other samples but also as an add-on showed 

intercalations within the column voids; highly resembling the vertically half-cut section of a hollow 

bamboo stem (Figure 21). This could favourably create an extremely conducive environment for the 

elongated, cylindrical intercalated cardiac cells. The height of the columnar structures in A2-0.6-3 

(Table 8A) was significantly higher compared to A2-0.1-2 (p = 0.0001), however, its hole diameter size 

(Table 8B) was significantly smaller than A2-0.1-2 (p = 0.0312). The cross-sections of the scaffolds 

with measurements of the tube pore diameters (table 8B) showed a similar pattern. The cross-sectional 

image of A2-0.6-3 showed larger internal diameters of the columns (76.516 ± 20.259) compared to 

other samples. The tube pore diameters of the structures in D-0.6-2 were the smallest. The samples with 

low viscosity A2-0.1-1 with CasMA alone showed large pores that would present low structural 

integrity and the samples A2-0.1-3, A2-0.1-4 failed to present any specific structures (Figure 22). Also 

the scaffolds with higher PVA/PVP ratio presented uneven or highly dense areas (for example A2-0.6-

4 with 25% CasMA and 75% PVA/PVP) (Figure 22). 
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Figure 21: The morphology of the cross-section of A2-0.6-3 scaffold 

Microstructures resembling the vertically half-cut section of a hollow bamboo stems. 
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Figure 22: SEM images of CasMA 0.1% and 0.6% in different ratios with PVA/PVP. 

All the samples were measured at a scale of 500μm and at a magnification of x180. The inset images for the four 

samples A2-0.1-2, A2-0.6-3, D-0.1-2 and D-0.6-2 (sample names highlighted in red) with significant 

morphologies were taken at x800 (scale=100μm), x300 (scale=300μm), x800 (scale=100μm) and x1200 

(scale=50μm). (These magnifications selected differ on the basis of different level of visibility of structures for 

different samples.) 
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Table 8: Mean and Standard Deviation of SEM Structure Measurements. 

A) Mean and standard deviation of columnar tube-like structure measurements and B) columnar tube 

hole diameter measurements for CasMA/PVA/PVP scaffolds. The measurements were made using 

ImageJ software and data was expressed as mean ± standard deviation. 

 

Formulation 
Mean 

(tube height) 
Min (μm) Max (μm) 

A2-0.1-2 41.443 ± 39.822 26.325 59.265 

A2-0.6-3 166.874 ± 46.687 82.031 254.982 

D-0.1-2 41.771 ± 11.643 26.68 64.723 

D-0.6-2 23.868 ± 6.535 14.084 34.338 

 

Formulation 
Mean 

(tube pore diameter) 
Min (μm) Max (μm) 

A2-0.1-2 2.187 ± 0.555 1.551 3.049 

A2-0.6-3 76.516 ± 20.259 36.088 103.682 

D-0.1-2 9.777 ± 1.953 6.854 13.799 

D-0.6-2 13.191 ± 4.573 7.361 19.837 

 

 Swelling Properties 

Swelling test of the four formulations with 28% CasMA (A2-0.1-2, A2-0.6-3, D-0.1-2, D-0.6-2) 

was performed for a period of 24 hours. The results of the swelling studies presented the differences 

between the water uptake capabilities of the CasMA/PVA/PVP scaffolds (Figure 23). The sample A2-

0.1-2 could not be plotted on the graph as most of the sample dissolved in PBS within 12 hours and the 

remaining sample could not be weighed. The swelling ratio of A2-0.6-3 (74.01 ± 2.03%) was 

significantly different to D-0.1-2 (54.81 ± 1.91%) (p = 0.0016) and D-0.6-2 (64.06 ± 2.06%) (p = 

0.0358). The observed high water intake capacity upon submerging in aqueous medium, indicated a 

high affinity to water. This indicated that there are a high number of hydrophilic groups present in the 

biomaterials. This could be credited to usage of natural material like casein. The sample A2-0.6-3 

having the highest capability of swelling compared to the DAF-based samples indicated higher 

methacrylation interaction which was seen in the H-NMR (Figure 17 D) and FTIR data (Figure 18 B). 

The morphology of A2-0.6-3 was larger compared to D-0.1-2 and D-0.6-2, which could also be the 

reason that the DAF-based samples were more rigid and had less space to accommodate fluid intake.  

B) 

A) 
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Figure 23: Percentage of swelling ratio of 28% CasMA 

Swelling test was performed for a period of 24hrs in aqueous medium. 

 

 Biodegradation Kinetics 

The biodegradation kinetics were studied (n=3) over a period of 5 days in PBS. Initially the 

samples were studied over 1hr, 6hrs and 12hrs, after which they were studied every 24hrs until 5 days. 

The sample A2-0.1-2 had a distinctly faster mass loss compared to the other samples (Figure 24 and 

25A). Biodegradation of A2-0.1-2 lasted only until 12hrs when the mass loss was (98.38 ± 5.63%) 

compared to A2-0.6-3 (26.72 ± 0.21%) at 12 hrs, D-0.1-2 (64.17 ± 11.06%) and D-0.6-2 (44.04 ± 

7.68%) (p = 0.0002 for A2-0.6-3). As per rheological data, the viscosity of both the samples A2-0.1-2 

(η = 586.97 Pa.s) and D-0.1-2 (η = 674.1 Pa.s) was less compared to the other two samples. Also these 

two samples with the lower amount of MA (0.1%) appeared less dense in the SEM analysis. This 

information could be related to the faster mass loss.  

 

The sample D-0.6-2 (η = 860 Pa.s) showed a little more resistance to degradation (Figure 24 and 

Figure 25B), in that the mass loss up to the 4th day. Contrary to the lower MA concentrations of 0.1%, 

D-0.6-2 had higher viscosity, higher MA concentration of 0.6% and a denser morphology as seen in 

SEM, thus explaining a slower degradation behaviour. The sample A2-0.6-3 (η = 14,035.3 Pa.s) 

comparatively resisted degradation the most. Not only does this sample have a higher MA concentration 

of 0.6% and a higher viscosity but also appeared most denser in SEM analysis compared to the other 

three formulations, thus explaining its slower degradation behaviour. The biodegradation results show 

good potential for development of cardiac cells as they have a growth period of around a week, the that 

is a little more than time as A2-0.6-3 took to degrade. 
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Figure 24: Biodegradation kinetics (%) of 28% CasMA/PVA/PVP formulations. 

The test was performed until 5 days when the samples completely lost their mass. 
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A)           0 hr 12 hrs 24 hrs 48 hrs 
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Figure 25: Biodegradation behaviour of methacrylated CasMA/PVA/PVP scaffold. 

A) The scaffold A2-0.6-3 demonstrated biodegradation kinetics over a period of 5 days and B) D-0.6-2 over a 

period of 4 days. 
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 Summary of Physical Characteristics of the Scaffolds 

• The viscosity of the samples were studied at different concentrations of methacrylated caseins 

(ExA2MA and ExDAFMA at 10%, 20% and 28%) at 0.1 and 0.6% MA. 

• The 10% concentrations of ExA2MA 0.1%, ExA2MA 0.6%, ExDAFMA 0.1% and ExDAFMA 

0.65 with PVA/PVP blend in different ratios presented similar behaviour of low viscosity. 

• The 28% concentrations of ExA2MA 0.1%, ExA2MA 0.6%, ExDAFMA 0.1% and ExDAFMA 

0.65 with PVA/PVP blend in different ratios presented similar behaviour of high viscosity. 

• Among all the samples, ExA2MA 0.6% presented highest viscosity at the ratio of 50:50 

(CasMA:PVA/PVP) 

• The most significant results were the sample morphologies observed in SEM. 

• The samples chosen from rheology data were A2-0.1-2, A2-0.6-3, D-0.1-2 and D-0.6-2 which 

all showed a pattern of long columnar hollow tube-like structures. 

• Especially, the sample A2-0.6-3 highly resembling the vertically half-cut section of a hollow 

bamboo stem. The structure shows good potential for the development of cardiac cells which 

are similar in structure. 

• The swelling test of the four selected formulations A2-0.1-2, A2-0.6-3, D-0.1-2, D-0.6-2 

showed good swelling properties with A2-0.6-3 having the highest capacity to swell at 74.5%. 

• This also shows the hydrophilic nature of the biomaterials owing to usage of casein which is a 

natural material. 

• The biodegradation kinetics data agreed with the other data showing that A2-0.6-3 was able to 

withstand the its mass in aqueous medium until the 5th day, which was better compared to other 

samples. The sample D-0.6-2 lasted for 4 days. 

• The biodegradation data indicated that among 0.1% and 0.6% methacrylation, the latter with 

higher concentration could have played a role in stronger physical characteristics of the 

biomaterials. 

 

 Biological Characterisation of Biomaterials in vitro 

All the four 28% CasMA/PVA/PVP scaffolds were investigated for their biological activity and 

suitability for tissue engineering. It was important to check if the cells (HaCats and CPCs) were able to 

survive and  grow in the different formulations (A2-0.1-2, A2-0.6-3, D-0.1-2, D-0.6-2) at different 

concentrations from 24 hrs to 3 days. To study this, preliminary test like cell viability or live/dead assay 

was performed to evaluate the percentage ratio of live v/s dead cells at different time points for both 

type of cells. Additionally, MTT assay was also performed to confirm the results with more accuracy 

based on the growth and metabolic activity of both type of cells. 

 



 75 

 Cell viability Assay 

The main aim of this assay was to investigate the cytotoxicity effect of methacrylated casein 

scaffolds with PVA and PVP on cell viability. The viability of cells was evaluated at different amounts 

of scaffolds in a dosage-dependent manner. There were some significant differences between the 

controls and some of the scaffolds for both cell types as described below. The green colour represents 

live cells and the red colour represents dead cells. 

 

 Human Keratinocyes 

In A2-0.1-2, at 24 hrs (Figure 26A) the viability of HaCat cells in 0.1% methacrylated casein 

ExA2MA 0.1 was 84.87 ± 1.85% and ExA2 alone was 67.69 ± 2.64%. The scaffold sample A2-0.1-2 

with CasMA and PVA/PVP at 40mg (98.62 ± 1.33%) showed a significant increase in live cell number 

compared to both the controls (p = <0.0001 and p = 0.024 for ExA2 and ExA2MA respectively). The 

scaffolds weighed at 5mg (95.53 ± 4.09%), 10mg (87.67 ± 4.66%) and 20mg (94 ± 1.20%) showed 

similar number of live cells compared to A2MA 0.1 but significantly more when compared to ExA2 

alone (p = 0.0002, p = 0.0005 and p = <0.0001 for 5, 10 and 20 respectively in comparison with ExA2).  

 

In A2-0.1-2, at 48 hrs (Figure 26A), there was an increase in live cell number observed in 40 

(100.68 ± 2.33%) which increased further at 72 hrs (101.71 ± 0.33%). The samples 5, 10 and 20 showed 

a similar trend of increasing live cells until the 3rd day. However, at 72 hrs, the samples 5 (83.65 ± 

10.73%) and 10 (85.34 ± 2.72%) showed a decrease in live cells compared to 40 (101.71 ± 0.33%). The 

40mg sample showed no significance compared to the cells only (97.58 ± 1.33%). 

 

A similar effect was seen in the sample A2-0.6-3 (Figure 26A) containing a higher degree of 

0.6% methacrylation of casein with PVA/PVP. It showed a trend of dose-dependent increase in cell 

viability. The highest amount of sample 40mg at 24 hrs started with 97.46 ± 6.5% cell viability and 

increased to 106.15 ± 0.33% by 72 hrs. The live cell percentage of 40 at both 24 hrs and 72 hrs was 

significantly higher compared to that of ExA2 with casein alone at 24hrs (67.13 ± 2.46%) as well as 72 

hrs (70.45 ± 2.40%) (p = 0.0003 and p = 0.0001 for ExA2 and 40 respectively at 24 hrs; p = 0.0002 and 

p = <0.0001 for ExA2 and 40 at 72 hrs). However, the cell viability of 40mg sample at 72 hrs was not 

significant compared to that of the control A2MA 0.6 without PVA/PVP (98.15 ± 1%) at 72 hrs. The 

40mg sample (106.15 ± 0.33%) at 72 hrs showed no significance compared to the cells only (97.58 ± 

1.33%). 

 

A different effect was observed in the sample D-0.1-2 (Figure 26B). At 24 hrs, the cell viability 

significantly increased in response to the lowest amount of 5mg sample (98.62 ± 2.18%) compared to 

the controls ExDAF with DAF-casein alone (49.14 ± 2.64%) and ExDAFMA 0.1 with 0.1% MA (51.16 
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± 9.49%) (p = 0.0005 and p = 0.0009 for ExDAF and ExDAFMA respectively). The cell viability in 

response to 40mg samples (91.06 ± 2.33%) was not significantly different compared to the 5mg sample 

(98.62 ± 2.18%) but significantly higher compared with the controls ExDAF and ExDAFMA 0.1 (p = 

0.0001, p = 0.0008 and p = for ExDAF, ExDAFMA 0.1 and 5 respectively). However, at 48 hrs, the 

cell viability decreased significantly in samples with higher amounts 20mg (66.32 ± 12.12%) and 40mg 

(67.69 ± 6.88%), where no significance was seen compared to the controls ExDAF and ExDAFMA 0.1 

with low cell viability (20mg p = 0.658 and p = 0.710 for ExDAF and ExDAFMA 0.1 respectively; 

40mg p = 0.586 and p = 0.671 for ExDAF and ExDAFMA respectively). At 72 hrs, the cell viability 

significantly reduced further in response to 5 (84.87 ± 9.26%), 10 (64.51 ± 2.96%), 20 (58.41 ± 14.81%) 

and 40 (49.48 ± 4.16%) having no significance with the controls ExDAF (46.12 ± 2.40%) and 

ExDAFMA 0.1. The 40mg sample (49.48 ± 4.16%) at 72 hrs showed significant decrease compared to 

the cells only (97.58 ± 1.33%) (p = 0.0025) and also compared to ExDAFMA 0.1 (69.34 ± 3.45%) (p = 

0.0345). 

 

There was a significant decrease in cell viability in D-0.6-2 (Figure 26B) in a dose-dependent 

manner. At 24 hrs, The control ExDAF with DAF-casein alone (49.14 ± 2.64%) and ExDAF 0.6 with 

0.6% MA (50.14 ± 9.49%) showed a decreased cell viability. However, the cell viability in response to 

5 (87.45 ± 3.75%), 10 (90.86 ± 4.91%), 20 (98.65 ± 2.18%) and 40 (83.69 ± 13.15%) was high compared 

to the controls ExDAF (p = 0.0101, p = 0.0227, p = 0.0591, p = 0.1192 for 5, 10, 20 and 40 respectively) 

and ExDAFMA 0.6 (p = 0.0332, p = 0.0511, p = 0.0866, p = 0.1134 for 5, 10, 20 and 40 respectively). 

Further at 48 hrs, the cells at 40mg (40.94 ± 12.98) showed significantly lower viability compared to 

10 (89.56 ± 1.33%) (p = 0.0074) and 20 (92.12 ± 0.88%) (p = 0.0081) but higher compared to the 

controls ExDAF (49.48 ± 2%) (p = 0.1656) and not significant to ExDAFMA 0.6 (54 ± 11.68%). At 72 

hrs (Figure 26B) in D-0.6-2, the cell viability exponentially decreased in a dose dependent manner in 

response to 5 (74.27 ± 9.35%), 10 (61.95 ± 10.99%), 20 (48.91 ± 9.07%) and 40 (21.01 ± 10.41%) 

compared to the controls ExDAF (46.12 ± 2.40%) (p = 0.0767, p = 0.4774, p = 0.9032 and p = 0.9614 

for 5, 10, 20 and 40 respectively) and ExDAFMA 0.6 (68.05 ± 12.77%) (p = 0.0135, p = 0.0324, p = 

0.0411, p = 0.0679). However, interestingly 40mg sample (21.01 ± 10.41%) showed distinctly 

decreased viability compared to both cells only (97.58 ± 1.33%) (p = 0.0327) and ExDAFMA 0.6 (68.05 

± 12.77%) (p = 0.0679). 
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Figure 26: Cell viability of HaCat cells by live/dead assay 

A) 0.1% and 0.6% ExA2MA/PVA/PVP and B) 0.1% and 0.6% ExDAFMA/PVA/PVP. 

 

A) 

B) 
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Figure 27: Cells only controls (HaCats) without any scaffolds. 

It can be seen that these controls are similar to the A2-0.6-3 at all time points in figure 28 below. (Scale bar 

represents 200 μm). 
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Figure 28: Fluorescent images of HaCat cells in presence of scaffolds. 

Live cells (green) are stained with calcein AM and dead cells (red) are stained with propidium iodide images 

under a fluorescence microscope at x10 lens objective. (Scale bar represents 200 μm). The sample names (A2-

0.6-3) written in red represent them showing the best cell viability results. 

 

 Cardiac Progenitor Cells 

At 24 hrs, the scaffold sample A2-0.1-2 (Figure 29A) showed no significance in cell viability at 

the highest dose of 40mg (98.74 ± 4.16%) compared with the cells only control (91.14 ± 3.28%), ExA2 

control with unmodified casein alone (83.02 ± 3.52%) and ExA2MA 0.1 with 0.1% methacrylation 

without PVA/PVP (84.56 ± 1.56%). At 48 hrs, there was no significance seen between 40 (88.06 ± 

3.05%) and controls ExA2 (81.23 ± 4.70%), ExA2MA 0.1 (86.12 ± 1.89%). However, lower dosages 

of sample 5 (79.18 ± 13.59%) showed a low significance of decreased cell viability compared to 40 

(88.06 ± 3.05%). At 72 hrs, there was no significance observed between all the dosages and all the 

controls. At 72 hrs, the sample at 40 (89.12 ± 6.64%) showed similar cell viability to cells only (91.14 

± 8.76%) and ExA2MA 0.1 (88.16 ± 1.44%). 
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At 24 hrs, the scaffold sample A2-0.6-3 (Figure 29A) showed significantly low number of viable 

cells in 40 (78.16 ± 3.52%) compared to 5 (100.12 ± 1.20%) (p = 0.0126) and 10 (96.59 ± 1.45%) (p = 

0.0378). There was no significant difference between 40 and ExA2MA 0.6 with 0.6% methacrylation 

but without PVA/PVP (78.44 ± 3.52%). At 48 hrs, the cell viability increased in 40 (96.25 ± 4.16%) 

and there was no significance between the cells only (97.66 ± 3.48%) and ExA2MA 0.6 (94.23 ± 2.34%) 

(p = 0.9998 and p = 0.9997 for cells only and ExA2MA 0.6 respectively). However, the live cell number 

in ExA2 alone (81.23 ± 4.70%) showed a slight decrease compared to all the samples and controls. At 

72 hrs, there was no significant difference between 40 (96.59 ± 2.96%) and ExA2MA 0.6 (96.66 ± 

2.12%). 

In the sample D-0.1-2 (Figure 29B), at 24 hrs the sample 40 (93.86 ± 3.18%) exhibited a high 

cell viability compared to the controls ExDAF with DAF-casein alone (65.12 ± 2.31%) (p = 0.0702) 

and ExDAFMA 0.1 with 0.1% methacrylation without PVA/PVP (68.56 ± 1.23%). At 48 hrs the cell 

viability increased in ExDAFMA 0.1 (71.62 ± 2.22%) compared to ExDAF (51.23 ± 4.91%) but was 

still significantly low compared to 40 (98.30 ± 2.30%) (p = 0.0490). There was no significant difference 

between the rest of the dosages and controls. At 72 hrs, 40 (95.56 ± 3.52%) showed significantly higher 

viability compared to ExDAF (44.37 ± 10.14%) (p = 0.0046) and showed a similarity to cells only 

(91.14 ± 8.76%). Additionally, 5 (83.96 ± 11.06%) had significantly higher cell viability compared to 

ExDAF (p = 0.028) but was similar to ExDAFMA 0.1 (83.12 ± 2.32%). 

In the sample D-0.6-2 (Figure 29B), at 24 hrs, there was no significance seen between cells only 

control (91.36 ± 3.28%) and all the dosages; 5 (90.44 ± 0.33%), 10 (86.69 ± 10.93), 20 (91.47 ± 3.84%) 

and 40 (85.33 ± 8.98%). The controls ExDAF (68.23 ± 7.31%) and ExDAFMA 0.6 (75.18 ± 1.22%) 

were lower than the dosage samples but not significantly. At 48 hrs, the trend in cell viability number 

was similar and no significance was observed. However, at 72 hrs, the cell viability in the control 

ExDAF (47.37 ± 10.14%) was much lower compared to 5 (87.03 ± 7.63%), 10 (88.40 ± 4.91%), 20 

(90.10 ± 7.2%) and 40 (80.55 ± 5.89%) (p = 0.0214, p = 0.0174, p = 0.0134, p = 0.0575 for 5 10, 20 

and 40 respectively). Interestingly, the significance between ExDAFMA 0.6 (92.12 ± 2.34%) and 40 

reduced greatly to an almost similar level as to the cells only (91.36 ± 8.76%). 
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Figure 29: Cell viability of CPC cells by live/dead assay. 

A) 0.1% and 0.6% ExA2MA/PVA/PVP and B) 0.1% and 0.6% ExDAFMA/PVA/PVP. 

 

 

A) 

B) 
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Cells only control (CPCs) without any scaffolds 

24 hrs  

  
48 hrs 

  
72 hrs 

  
 

Figure 30: Cells only controls (CPCs)without any scaffolds. 

It can be seen that cell viability is reducing in the controls (cells only) in contrast to the A2-0.6-3 at all time points 

where the cell viability can be seen growing (Figure 31 below) (Scale bar represents 100 μm). 
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Figure 31: Fluorescence images of CPC cells in presence of scaffolds. 

Live cells (green) are stained with calcein AM and dead cells (red) are stained with propidium iodide images 

under a fluorescence microscope at x10 lens objective. (Scale bar represents 100 μm). The sample names (A2-

0.6-3) written in red represent them showing the best cell viability results. 

 

It was decided that after the dosage dependent analysis of scaffolds with live/dead assay, it would 

be valuable to confirm the accuracy of the analysis based on the cell growth/metabolic activity using 

MTT assay described further. 

 

 Cell proliferation Assay 

MTT was used to determine the cell viability based on the metabolic activity of live cells. This 

time the  comparison was made between higher and lower sample dosages as well as their effect at 
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different time points. The significances between samples is shown in the graphs whereas the 

significances between time points are given in the Appendix B - table 2 to avoid complexity. 

 

 Human Keratinocytes 

The HaCat cells seeded onto scaffolds at a density of 5 x 103 cells/well showed distinct 

mitochondrial activity of the in response to detection by the colorimetric assay. Formation of formazan 

crystals that are purple in colour was distinctly observed (Figure 32). The intensities of this colour 

development was used for colorimetric absorbance of wavelength to determine cell numbers. 

 

 
 

Figure 32: Formation of formazan crystals in HaCats. 

The formazan crystals (right) formed after 4 hrs of exposure to MTT solution in HaCats as seen at the onset of 4 

hrs (left) (x10 lens objective) under an inverted phase contrast microscope. (Scale bar represents 200 μm). 

 

The absorbance data of triplicates of each sample was turned into cell numbers using a standard 

curve (see Appendix, Figure 2) specifically made for the all the cell number data of HaCats. A two-way 

ANOVA for these comparisons determined the effect of the two factors. Factor one was cell response 

affected by different dosages of samples and factor two was cell response to samples at different time 

points. The two-way ANOVA helped to also evaluate a relation between the two factors. In this assay 

the two-way ANOVA was used to determine the effects of methacrylated ExA2 (Figure 33A) and 

ExDAF by itself (Figure 33B). Additionally, the effect of addition of PVA/PVP was studied within 

methacrylated ExA2 casein based scaffolds (Figure 34) and within methacrylated ExDAF casein based 

scaffolds (Figure 35). Furthermore, the two-way ANOVA was also used to compare the cell responses 

between A2-0.1-2, A2-0.6-3, D-0.1-2 and D-0.6-2 (Figure 36). 
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 Effect of Methacrylated ExA2 and ExDAF Controls 

The two-way ANOVA analysis of the effect of methacrylated ExA2 (ExA2MA 0.1 and ExA2MA 

0.6) revealed a significant effect of sample dosage F (3, 8) = 17.07, p = 0.0008) and time F (6, 16) = 

4.09), indicating that both the factors had influence on the cell growth (Figure 33 A). The two-way 

ANOVA analysis of the effect of methacrylated DAF-casein (ExDAFMA 0.1 and ExDAFMA 0.6) 

revealed a significant effect F (3, 8) = 36.81, p = < 0.0001) and time F (6, 16) = 7.80), indicating that 

both the factors had influence on the cell growth (Figure 33 B). 

 

 
Figure 33: Effect of methacrylated ExA2 and ExDAF controls on HaCats. 

The comparison is sample dosage dependent as well as time dependent. 

A) 

B) 



 92 

 Cell Response to Methacrylated ExA2-based Scaffolds with Polymers 

The two-way ANOVA analysis of the effect of A2-0.1-2 revealed a significant effect of sample 

dosage F (6, 14) = 12.42, p = <0.0001) and time F (12, 28) = 2.69), indicating that both the factors had 

influence on the cell growth (Figure 34 A). The two-way ANOVA analysis of the effect of A2-0.6-3 

revealed a significant effect of sample dosage F (6, 14) = 14.85, p = <0.0001) and time F (12, 28) = 

4.43), indicating that both the factors had high influence on the cell growth (Figure 34 B).  

 

  

 
Figure 34: Cell response to A2-0.1-2 (A) and A2-0.6-3 (B) on HaCats. 

A) The sample has A2 casein alone and 0.1% methacrylated ExA2 (ExA2MA 0.1) as controls and A2-0.1-2 with 

PVA/PVP in different dosage treatment (5mg, 10mg, 20mg, 40mg). B) The sample has ExA2 alone and 0.6% 

methacrylated ExA2 (ExA2MA 0.6) as controls and A2-0.6-3 with PVA/PVP in different dosage treatment (5mg, 

10mg, 20mg, 40mg). The comparison is sample dosage dependent as well as time dependent. 

A) 

B) 
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 Cell Response to Methacrylated ExDAF-based Scaffolds with Polymers 

The two-way ANOVA analysis of the effect of D-0.1-2 showed a significant effect of sample 

dosage F (6, 14) = 25.82, p = <0.0001) and time F (12, 28) = 10.27), indicating that both the factors had 

influence on the cell growth (Figure 35 A). The two-way ANOVA analysis of the effect of D-0.6-2 

revealed a significant effect of sample dosage F (6, 14) = 21.95, p = <0.0001) and time F (12, 28) = 

14.47), indicating that both the factors had more influence on the cell growth (Figure 35 B). 

 

 

 
Figure 35: Cell response to D-0.1-2 (A) and D-0.6-2 (B) on HaCats. 

A) The sample has DAF casein alone and 0.1% methacrylated DAF-casein (ExDAFMA 0.1) as controls and D-

0.1-2 with PVA/PVP in different dosage treatment (5mg, 10mg, 20mg, 40mg). B) The sample has DAF casein 

alone and 0.6% methacrylated DAF-casein (ExDAFMA 0.6) as controls and D-0.6-2 with PVA/PVP in different 

dosage treatment (5mg, 10mg, 20mg, 40mg). The comparison is sample dosage dependent as well as time 

dependent. 

 

A) 

B) 
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 Comparison Between Cell Response to ExA2 and ExDAF based Scaffolds with 

Polymers 

The two-way ANOVA based comparison between effects of highest dosages (40mg) of A2-0.1, 

A2-0.3, D-0.1-2 and D-0.6-2  revealed a significant effect of sample dosage F (4, 10) = 26.07, p = 

<0.0001) and time F (8, 20) = 12.23), indicating that both the factors had a varying influence on the cell 

growth as per the sample type (Figure 36). The sample A2-0.6-3 presented the best cell viability by the 

3rd day (99.61 ± 2.26%), which was not significantly different to the cells only control (103.46 ± 8.86%) 

(p = 0.9986). 

 

 
Figure 36: Comparison between cell responses to A2-0.1-2, A2-0.6-3, D-0.1-2 and D-0.6-2 on 

HaCats. 

The samples were compared at highest dosages of 40mg. The comparison is sample dosage dependent as well as 

time dependent. 

 

 Cardiac Progenitor Cells 

The cells seeded onto scaffolds at a density of 5 x 103 cells/well showed distinct mitochondrial 

activity of the in response to detection by the MTT assay. Formation of formazan crystals was distinctly 

observed (Figure 37C). The absorbance data of triplicates of each sample was turned into cell number 

using a standard curve (see Appendix, Figure 3) specifically made for all the cell number data of CPCs.  

 

A two-way ANOVA was used to determine the effect of the two factors; a) different dosages of 

samples and b) cell response to samples at different time points. The two-way ANOVA helped to also 
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evaluate a relation between the two factors. In this assay the two-way ANOVA was used to determine 

the effects of methacrylated ExA2 and ExDAF by itself (Figure 38 A and B respectively). Additionally, 

the effect of addition of PVA/PVP was studied within methacrylated A2-based scaffolds (Figure 39) 

and within methacrylated-DAF based scaffolds (Figure 41). Furthermore, the two-way ANOVA was 

also used to compare the cell responses between A2-0.1-2, A2-0.6-3, D-0.1-2 and D-0.6-2 (Figure 42). 

 

 
Figure 37: CPCs observed under microscope. 

Images of CPCs at A) x4 lens objective (Scale bar represents 400 μm) and B) x10 lens objective on Olympus 

CKX41. The formation of formazan crystals was observed after 4 hours of MTT solution treatment (x10 objective) 

(Scale bar represents 100 μm). 

 

 Effect of Methacrylated ExA2 and ExDAF Controls 

The two-way ANOVA analysis of the effect of methacrylated ExA2 (ExA2MA 0.1 and ExA2MA 

0.6) revealed a significant effect of sample dosage F (3, 8) = 47.58, p = <0.0001) and time F (6, 16) = 

13.84), indicating that both the factors had influence on the cell growth (Figure 38 A). The two-way 

ANOVA analysis of the effect of methacrylated ExDAF (ExDAFMA 0.1 and ExDAFMA 0.6) revealed 

a significant effect of sample dosage F (3, 8) = 788.92, p = < 0.0001) and time F (6, 16) = 42.45), 

indicating that both the factors had influence on the cell growth (Figure 38 B). 

A) B) 

C) 
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Figure 38: Effect of methacrylated ExA2 and ExDAF controls on CPCs. 

The comparison is sample dosage dependent as well as time dependent. 

 

 Cell Response to Methacrylated ExA2-based Scaffolds with Polymers 

The two-way ANOVA analysis of the effect of A2-0.1-2 revealed a significant effect of sample 

dosage F (6, 14) = 29.89, p = <0.0001) and time F (12, 28) = 7.67), indicating that both the factors had 

influence on the cell growth (Figure 39 A). The two-way ANOVA analysis of the effect of A2-0.6-3 

revealed a significant effect of sample dosage F (6, 14) = 37.88, p = <0.0001) and time F (12, 28) = 

A) 

B) 
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9.88), indicating that both the factors had high influence on the cell growth (Figure 39 B). The CPCs 

adhered well to the scaffold as seen in figure 40. 

 

 

 
Figure 39: Cell response to A2-0.1-2 (A) and A2-0.6-3 (B) on CPCs. 

A) The sample has A2 casein alone and 0.1% methacrylated ExA2 (ExA2MA 0.1) as controls and A2-0.1-2 with 

PVA/PVP in different dosage treatment (5mg, 10mg, 20mg, 40mg). B) The sample has A2 casein alone and 0.6% 

methacrylated ExA2 (ExA2MA 0.6) as controls and A2-0.6-3 with PVA/PVP in different dosage treatment (5mg, 

10mg, 20mg, 40mg). The comparison is sample dosage dependent as well as time dependent. 

A) 

B) 
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Figure 40: CPCs adhered onto the A2-0.6-3 at 72 hrs. 

The area surrounded by white line are the boundaries of the scaffold. The blue arrows point at elongated CPCs 

adhered onto the scaffold (x10 lens objective) (Scale bar represents 100 μm). 

 

 Cell Response to Methacrylated DAF-based Scaffolds with Polymers 

The two-way ANOVA analysis of the effect of D-0.1-2 showed a significant effect of sample 

dosage F (6, 14) = 13.90, p = <0.0001) and time F (12, 28) = 5.68), indicating that both the factors had 

influence on the cell growth (Figure 41 A). The two-way ANOVA analysis of the effect of D-0.6-2 

revealed a significant effect of sample dosage F (6, 14) = 20.42, p = <0.0001) and time F (12, 28) = 

8.98), indicating that both the factors had more influence on the cell growth (Figure 41 B). 
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Figure 41: Cell response to D-0.1-2 (A) and D-0.6-2 (B) on CPCs. 

A) The sample has ExA2 alone and 0.1% methacrylated ExA2 (ExA2MA 0.1) as controls and A2-0.1-2 with 

PVA/PVP in different dosage treatment (5mg, 10mg, 20mg, 40mg). B) The sample has ExA2 alone and 0.6% 

methacrylated ExA2 (ExA2MA 0.6) as controls and A2-0.6-3 with PVA/PVP in different dosage treatment (5mg, 

10mg, 20mg, 40mg). The comparison is sample dosage dependent as well as time dependent. 

  

A) 

B) 
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 Comparison Between Cell Response to ExA2 and ExDAF based Scaffolds with 

Polymers 

The two-way ANOVA based comparison between effects of highest dosages (40mg) of A2-0.1, 

A2-0.3, D-0.1-2 and D-0.6-2  revealed a significant effect of sample dosage F (4, 10) = 22.13, p = 

<0.0001) and time F (8, 20) = 11.89), indicating that both the factors had a varying influence on the cell 

growth as per the sample type (Figure 42). The sample A2-0.6-3 presented the best cell viability by the 

3rd day (598.84 ± 4.85%), which was not significantly different to the cells only control (605.66 ± 

3.19%) (p = 0.9994). 

 

 
Figure 42: Comparison between cell response to A2-0.1-2, A2-0.6-3, D-0.1-2 and D-0.6-2 on CPCs. 

The samples were compared at highest dosages of 40mg. The comparison is sample dosage dependent as well as 

time dependent. 

 

 Summary of Biological Characteristics of the Biomaterial Scaffolds with Polymers 

• The effect of methacrylated caseins (both ExA2MA and ExDAFMA) showed better cell 

viability compared to the ExA2 and ExDAF alone by the 3rd day for both HaCats and CPCs. 

• The highest dosage of 40mg of A2-0.6-3 showed the best cell viability for both HaCats and 

CPCs. 

• The evidence of cells infiltration on A2-0.6-3 (40mg) was shown by the CPCs adhering to the 

scaffold by the 3rd day 

• The effect of samples in different amounts reflected significantly different effects in sample 

types. 
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• The cell viability of all the ExA2 based samples was not significant to the cells only control 

whereas that of ExDAF based samples at higher dosage was significantly lower than that of the 

cell only control. This was consistent for both HaCats and CPCs. 

• A better cell viability was seen in CPCs compared to that of HaCat. 
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5 DISCUSSION 

 
To the best of our knowledge there have been no studies where casein has been modified with 

methacrylic anhydride and combined with PVA and PVP to develop biodegradable scaffolds for skin 

and cardiac TE applications. In particular, there have been no studies where there is a comparison made 

between caseins obtained from commercially available skim milk product (A2 milk) and DAF-

technology based industrial waste product to evaluate their potential for tissue engineering applications. 

In this study the aim was to, not only develop a potential novel milk-protein based biomaterial but also 

to pave a way for creating promising value-added biomaterials from DAF-waste. The main findings of 

this study are based on material characteristics from casein modification and its development into 

scaffolds and their analysis in vitro using HaCats and CPCs. 

 

 Analysis of Biomaterial Synthesis and Development 

 Extraction and Dissolution of Casein 

Pure casein was extracted from the A2 skim milk and DAF sludge before any modification. This 

was important because though a skim milk product was used, it still contained a total fat content of 

0.2g/250ml, that was considered best to be removed to avoid conflicting complexities during 

modification (A2 milk). DAF sludge contained a total of 31.2% fat which was removed before the 

modification experiments (Ryder et al. 2018). This is because fats are hydrophobic in nature and it 

would be an undesirable property for the potential biomaterial (Relkin, Fabre, and Guichard 2004). 

However, the numerous amino acids present in the complex casein molecule may be connected to 

charged side chains (R groups) that may be polar or non-polar in nature (Swaisgood 1993). Also because 

the A2 milk has more β-casein, it has more hydrophobicity (Atamer et al. 2017).This allowed us to 

understand that casein behaved partly hydrophilic and partly hydrophobic when it was added in water. 

The charged side groups on casein render it polyelectrolytic in nature making them susceptible to any 

slight changes in pH. The isoelectric pH of casein is 4.6 (Sinaga, Bansal, and Bhandari 2017). Therefore, 

changing the natural pH of the skim milk from around pH ∼ 6.5 (negative charge) to 4.6 (positive 

charge) caused an aggregation of the casein protein. This happened because there was a change in 

distribution of the charge on the protein. The natural pH ∼ 6.5 with negative charge allows for easier 

dissolution in water. However, when the negative charge is increased in the solution by changing the 

pH to 4.6 by addition of negative charge carrying acetic acid, the repulsion forces cause casein (now 

with more positive charge on it) to destabilise and precipitate. This behaviour of the casein allowed for 

elimination of other components present in the milk (e.g: whey proteins, lactose). For dissolution of this 

extracted casein, the pH was increased to above pH 7.5 using a strong alkali like NaOH. Along with pH 

increase, heat was applied at 50°C to allow breakage of hydrogen bonds present in the casein. This 

rendered all casein protein molecules to acquire negative charge allowing disruption of aggregated 
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casein to form a homogenous solution in water. The dissolution behaviour of both A2 and DAF based 

caseins was exactly the same. As seen in figure 12 and 14, there was a slight discolouration of DAF-

casein to brown colour. This could be due to Maillard reaction upon heating or oxidation of fat content 

still present in DAF. This homogenously dissolved casein was used for chemical modification to 

synthesise a novel material. 

 

 Synthesis of Methacrylated Casein 

Casein proteins have many amine groups (NH2) all over its complex structure (Głąb and 

Boratyński 2017). These functional groups give the protein an ability to create strong bonds with a 

suitable surrounding environment at a suitable pH (Swaisgood 1993). Casein was attempted to be 

modified using MA showing a possible mechanism of casein-MA reaction, with an inspiration acquired 

from GelMA, that is considered as a gold standard in the field of tissue engineering (Kirsch et al. 2019). 

Similar to GelMA, MA was reacted with casein to allow the nucleophilic attack of amine groups on the 

acyl carbon of MA (Figure 43). This occurs due to the active lone pair of electrons present on the 

nitrogen of amines that gets attracted to the slightly positive part of MA i.e. acyl carbon (Figure 43 - 

Step 1) (Goldstein et al. 2017). Following this step, the hydrogen of the amine groups gets deprotonated, 

due to the now electronegative nitrogen attached to it (Figure 43 - Step 2). Deprotonation may have 

occurred as a result of high pH, when the amino groups acquire a net negative charge (Moriyama, 

Yasuhara, and Ota 2017). Thus, the hydrogen from the neighbouring aliphatic amine group of casein 

molecule donates an electron pair to the hydrogen of the reactant casein molecule. However, the 

nitrogen of the reactant casein molecule is satisfied with the new lone pair of electrons, the hydrogen 

atom attached to it disconnects and forms a gaseous product of ammonia (NH3-R’), which evapourated 

in the initial hour of the reaction. This was observed by the foil covering the reaction beaker turning 

black. The foil was changed after an hour but it did not turn to black again. It was deduced that this 

could have happened due to the ammonia gas escaping. In the last step of the reaction (Figure 43 – Step 

3), the leaving group (O–C-(=O)–R) disconnect at the first oxygen atom and departs with a pair of 

electrons received from the two oxygen atoms adjacent to it donating their electron pairs. This leaves 

behind a methacrylated casein (CasMA) molecule as the resultant product. 

 

The reaction was carried out by application of heat at 50°C with constant stirring. In case of 

GelMA, the temperature below 30°C is excluded because it is the gelling point of gelatin and it melts 

at temperatures between 25-40°C. Therefore, most studies traditionally carry out the methacrylation 

reaction at 50°C. In case of casein, the traditional approach with 50°C was followed as casein dissolves 

well above 40°C. The reason behind applying heat to the reaction is that, substitution of amine with 

MA needs a dispersed solution. MA may not bind homogenously to the amine groups if they are in an 

aggregated form at very high concentration or in a highly dispersed form at low concentration. The 
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surface tension created at very high and very low concentrations may hinder the distribution of 

uniformity of the reaction. In case of casein, 10% (w/v) concentration of solution was found to be 

optimal between 10% and 20% (w/v). It was also important to keep stirring (600-700 rpm) the solution 

in order to maintain the homogeneity. Stirring also played an important role in maintaining the 

homogeneity when pH was added throughout the reaction to maintain casein in a dissolved state. The 

idea was to maintain the pH above IEP of casein to help the amine groups of casein remain free and 

allow their reaction with MA. When pH was adjustment was done with slow or no stirring, in one spot, 

it caused aggregation of molecules in that spot, leading to an uneven reaction. Also, stirring became 

inefficient when the temperature was lowered, leading to similar aggregation which was undesirable. 

The pH maintenance at 0.1%, was easier compared to 0.6%. This may have been because more amount 

of MA lead to more amount of ammonia by-product production rendering the solution acidic. This may 

have contributed to increased fluctuations in the pH causing it to drop repeatedly. The fluctuations in 

pH may also have occurred to the low PBS molar concentration used for the experiment (0.1M). It could 

have been the reason why PBS could not handle the reaction fluctuations. The reaction was stopped at 

pH 7.4 when there were no more fluctuations seen towards the end of the reaction in the 3rd hour 

(Shirahama et al. 2016b). Thus, factors like temperature, pH and stirring were important for the reaction 

experiment. 

 

Once the final product was formed, the thick methacrylated casein solutions were subjected to 

dialysis using 12-14 KDa cut off dialysis tubes, against distilled water. The dialysis process was carried 

out for 4 days at 40°C with constant stirring, to allow removal of excess MA. The water was changed 

twice every day to avoid hindrance in dialysis by increased concentration of molecules in the water. 

The heat was required to get rid of all the low molecular weight impurities (lower than 12-14 KDa) 

including the unreacted MA and its by-products. The stirring of the water made sure that the water 

movement increased the dialysis process. Also, heat imparts faster osmosis involving movement of 

molecules from high water content to low water content (Luo et al. 2011). This could by why water 

moved into the CasMA solutions in the tubes and subsequently pushed out the low molecular weight 

impurities. This could also have been the reason why the CasMA solutions turned from opaque to 

translucent by the 4th day of dialysis (Figure 14). The 4 days procedure for dialysis was optimised after 

checking the results in chemical characterisation mentioned further. 
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Chemical Reaction Representation of Methacrylated Casein Synthesis 
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Figure 43: Detailed step-wise reaction of CasMA synthesis to form methacrylated casein. 

 
Casein by itself being stable at most temperatures and having surface tension in a liquid state, 

has the ability to form foams and films when processed in different ways. It has been used in 

biodegradable packaging, coating and adhesives for biomedical applications (Pojanavaraphan et al. 

2010). When CasMA was freeze dried, it was seen that the samples with lower methacrylation 

concentrations of 0.1% in both A2 and DAF, turned into powders. However, the samples with higher 

methacrylation concentration of 0.6% exhibited intact foam structures in both A2 and DAF (Figure 15). 

Hence it was decided that addition of other polymers would help improve the physical properties of 

CasMA. 
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 Scaffold Development with Polymers 

CasMA was mixed with an equal ratio of PVA and PVP to develop freeze dried scaffolds with 

structural integrity. Though the goal of this experiment was to improve the physical properties, it was 

important that the addition of any other components would not hamper or reduce the bioactivity, 

biodegradability and chemical properties of casein. Therefore, PVA and PVP were chosen as additives. 

PVA added a binding factor to increase the viscosity of CasMA solutions. PVA being non-toxic and 

water soluble did not change the biodegradability of casein (Teodorescu, Bercea, and Morariu 2018b).  

Whereas, PVP was chosen due to its non-toxicity, affinity to both hydrophobic and hydrophilic surfaces 

with good solubility. PVP is highly biocompatible and helps in cell adhesion due to presence of 

hydrophilic groups (Lilleby Helberg et al. 2020). These biological properties have been well studied in 

the past and were thus taken advantage of, along with enhancement of physical properties for this study. 

 

The main aim was to study the effect of CasMA. Hence, the CasMA concentrations were differed 

at 10%, 20% and 28% in PBS. It would be expected that CasMA could be used at higher concentrations 

of 50% or above. However, the highest concentration of CasMA was chosen as 28%, since a 

homogenous solution was considered suitable for further experiments. Solutions at above 28% (30%, 

40% and 50%) were not found suitable as they formed inconsistent clumps that did not homogenously 

spread when mixed with PVA and PVP blend. The PVA and PVP were used at 10% concentration in 

equal ratio to evaluate their combined effect and avoid experimental complexity while comparing the 

effect of CasMA (Table 6). The CasMA/PVA/PVP solutions were freeze-dried and the highly porous 

scaffolds were obtained (Figure 16). These scaffolds were analysed further for their chemical, physical 

and biological properties. 

 

 Characterisation of Biomaterials 

 Chemical Characterisation 

 Proton Nuclear Magnetic Resonance  

The H-NMR data showed that methacrylation occurred in 10% casein samples in both A2 and 

DAF-casein based reactions with 0.1% and 0.6% MA (Figure 17B and D respectively). The feed of 

0.1% and 0.6% MA (v/v) to casein showed the characteristics peaks of vinyl groups and methyl groups 

in the successfully methacrylated casein samples. However, the peak intensities evidently differ as 

expected in 0.1% and 0.6% samples. The volume-by-volume addition of MA to casein with lower 

(0.1%) and higher (0.6%) showed evidently low intensity peaks and higher intensity peaks respectively. 

Therefore, it can be inferred that the extent of methacrylation depends on the volume of MA added to 

the reaction.  
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Methacrylation did not take place in the 10% casein samples with 0.3% and 0.9% MA  in both 

A2 and DAF based casein (Figure 17B and D respectively). It was interesting to see that 0.3%, in spite 

of being more than 0.1% showed no methacrylation and similarly in case of 0.9%. It was expected that 

as the concentration of MA increased the extent of methacrylation would increase proportionally. One 

reason for the 0.3% and 0.9% MA addition not methacrylating casein could be that, the repeated drop 

in the pH below 8.0 during the reaction may have caused formation of micellar structures in the solution. 

It has been seen that the size of casein micelles can increase between pH 7.0 – 7.5 and decrease above 

pH 8.5. Micelles are basically aggregation of caseins into hydrophobic structures that do not face 

disruption by minor pH and temperature changes (Sinaga, Bansal, and Bhandari 2017). Thus, micelle 

formation may have reduced the amino group sites for MA reaction. Another reason could be that the 

conditions maintained for dissolution of casein may have been altered upon pH fluctuations towards 

the end of the reaction. These dissolved state of casein requires high pH above 8.0 that breaks the 

cohesive interaction between micelles further breaking the hydrophobic bonds. The manual handling of 

the pH fluctuations, may have left the micellar structures still intact rendering the casein non-polar and 

hydrophobic with higher surface tension. So even when the reaction was quenched at the end of the 3rd 

hour, the MA was left unbound in the solution. Also, there is a possibility that due to the high surface 

tension caused by micelles, MA may have faced hydrolysis and then decomposition into methacrylic 

acid at high alkalinity of the reaction solutions (Fujisawa and Kadoma 2012). Also, methacrylation did 

not occur in 20% casein samples with 0.1 and 0.6% MA in both A2 and DAF based samples. This 

indicated that methacrylation of CasMA was independent of the concentration of casein. It can be 

inferred that methacrylation takes place only to an extent up to which most of the MA molecules are 

bound to the amine groups. 

 

H-NMR was performed using both D2O and d6-DMSO, however, CasMA dissolved better in d6-

DMSO, because it is a highly organic polar molecule capable of dissolving majority of inorganic and 

hydrophobic molecules (Balakin et al. 2004). Although d6-DMSO was found to resolve the peaks better 

than D2O, high intensity of water peaks were visible at 3.33ppm (Figure 17) because of highly 

hygroscopic nature of d6- DMSO. Though the DMSO is deuterated, and ideally should not present 

significant peaks of water. The appearance of large peaks of water are due to moisture absorbed rapidly 

by DMSO. The broader the peak, more the amount of moisture present in a sample, making it appear 

inconsistent in all the samples. The absorption of moisture from air needed better sample handling. 

Another reason for unresolved and too many number of peaks of impurities were seen when dialysis of 

CasMA was done for less than 4 days. Methacrylation peaks were able to be distinctly seen only when 

the samples were dialysed for 4 days or more. 
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 Attenuated total reflection-Fourier transform infrared spectroscopy  

The results of ATR-FTIR (Figure 18 and 19) were consistent with that of H-NMR analysis. The 

peaks representing casein, methacrylate, PVA and PVP can be seen evidently in the FTIR spectra of 

CasMA/PVA/PVP. The peak intensities were displayed as expected. The peak intensities of the samples 

that were successfully methacrylated, showed higher peak intensities at the amine and MA regions with 

red shifts. The peak intensities of the samples with no methacrylation were evidently low explaining 

the lower number of bonds formations. The red shifts could be due to accumulation of a higher number 

of hydrogen bonds between MA and casein due to less methacrylation in 0.1% and more in 0.6% 

samples. Additionally, a carbon atom forming two covalent bonds with hydrogens is called SP2 

hybridised carbon atom and similarly with SP3 hybridised carbon atom. SP2 and SP3 refers to the 

hybridisation of the orbitals bonded to the specific carbon. An SP2 C-H stretch means that the carbon 

has a double bond to it (requires more energy due to stronger bonds at higher wavenumber) and SP3 C-

H stretch reveals that the carbon only has single bonds to it (requires lesser energy due to comparatively 

weaker bonds at lower wavenumber). This helps to know the energy levels required for stretching or 

bending vibrations of carbon bonds giving us the frequencies at which they occur. All this information 

helps to locate the vibrations in the FTIR spectra. 

 

Also the peak shift in 10-A2MA-0.1 from 2927.51 cm-1 to 2929.57 cm-1 confirms that the 

hydrogen bonds related to MA were less in the 0.1% MA sample and comparatively more in the 0.6% 

MA (Nie, Stutzman, and Xie 2005). The increase in N-H and C-N bonds in samples 10-A2MA-0.1 and 

10-A2MA-0.6 (Figure 18A) are clearly evident due to the intensities of the peaks at 1632.81 cm-1 and 

1517.35 cm-1 showing that methacrylate definitely had bigger influence on the 0.6% sample. The 

increase in the intensity of peaks between 1513.23 to 1636.93 cm-1 and around 2927.51 cm-1 (Figure 

18A) is evident of the methacrylated products representing the increased N-H and C-N bonds indicating 

changes in casein structure due to MA. (Derkaoui et al. 2019).  It has been observed by Banerjee et al. 

that upon complex formation between two molecules mediated by hydrogen bonding leads to stretching 

of the fundamental bonding of molecules. (Banerjee and Chakraborty 2018). Thus, the above results 

indicated that there was indeed a definite interaction of casein and MA in 0.1% and 0.6% samples. 

Additionally, in CasMA/PVA/PVP, the peaks at 2931.63 cm-1 in A2-0.1-2 and 2925.45 cm-1 in A2-0.6-

3 present a decrease in the wavenumber. This that PVA is more in quantity in A2-0.6-3. The peaks 

between 1350 to 1450 cm-1 represent C-H stretching and scissoring corresponding to methyl. 

Furthermore, the peaks 1232.85 cm-1 in A2-0.1-2 and 1226.66 cm-1 in A2-0.6-3 corresponding to PVP 

(Figure 19 A) have shifted because of the presence of CH2 groups as well presence of C-O bonds of 

acyl from MA. The peak at 837.02 cm-1 (C-C) disappears in both A2-0.1-2 and A2-0.6-3. This may be 

because of the balancing of electronegativity of carbon atoms. 
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  Physical Characterisation 

 Analysis of Rheological Behaviour of the Biomaterial 

The effect of methacrylation of casein was evidently seen (Figure 20) in the rheology data 

representing viscosity of CasMA/PVA/PVP. The samples with 10 % ExA2MA 0.1, ExA2MA 0.6, 

ExDAFMA 0.1, ExDAFMA 0.6 and 20% ExA2MA 0.1 failed to display inherent viscosity as seen in 

the 100:0 ratio (CasMA:PVA/PVP). Though the viscosity was improved upon addition of PVA/PVP 

blend, the η values were still quite low and not suitable for scaffold development. This was expected as 

0.1% methacrylation in CasMA synthesis had shown a powder formation after freeze drying. However, 

0.6% CasMA synthesised had shown intact foam structures that were expected to present better 

rheological properties. This hypothesis was supported by the improvement in viscosity of 20% 

ExA2MA 0.6 and ExDAFMA 0.6 samples. Interestingly, 20% ExDAFMA 0.1 showed similar viscosity 

to its 20% counterparts. This could have been due to DAF being inherently more bulky than skim milk. 

Also, an increase in the PVA/PVP amount added did not seem to help with the viscosity. Increase in 

PVA/PVP amount further reduced the viscosity. The uncrosslinked PVA has been seen to have a 

decreasing viscosity with increasing temperature (Gebben et al. 1985). It is possible that the synergistic 

effect of low methacrylation and low concentration of CasMA of 10% and 20% along with decrease in 

the viscosity of PVA at 25°C may have induced an overall low viscosity value. An interesting finding 

was that the 28% ExA2MA 0.6 sample, having 25% lesser amount of CasMA and 25% more PVA/PVP 

than its 75:25 counterparts of 28% concentration, presented a  viscosity at 50:50 ratio compared to all 

other samples. However, the trend of increasing PVA/PVP portion further increasing viscosity was not 

seen in all the 28% samples. The best viscosity was found in 28% ExA2MA 0.6 at 75:25 ratio, which 

was 13-fold higher than all its 75:25 counterparts and 75-fold higher in the 50:50 ratio than all its 50:50 

sample counterparts. This difference in the 50:50 sample could be a synergistic effect of two factors. 

Factor one being that there could have been highest extent of methacrylation in ExA2MA 0.6 and the 

other being that the percentage of CasMA was higher at 28%, thus overall enhancing its viscosity. The 

overall rheology data agreed with the chemical characterisation in a way that the 0.6% CasMA showed 

higher viscosity due to higher amount of methacrylation compared to the 0.1% CasMA. 

 

 Analysis of Morphology of the Biomaterial 

All the 28% CasMA/PVA/PVP based samples were observed under the SEM (Figure 22). The 

methacrylation of casein had different effect on different samples. Only the CasMA with 0.1% and 

0.6% methacrylation deduced from chemical characterisation and best viscosity as per the rheology 

studies (75:25 - A2-0.1-2, D-0.1-2, D-0.6-2 and 50:50 - A2-0.6-3) appeared to have significantly 

defined microstructures. The results all agree with each other. SEM morphology results were one of the 

most significant findings of this project. The microstructures in all four scaffolds (sample names 
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highlighted in red) appeared to be consistently patterned with long columnar hollow tube-like structures 

(Figure 22). The sample A2-0.6-3 which seemed to have best results in all other characterisations and 

appeared to have intercalations within the column voids resembling vertically half-cut section of a 

hollow bamboo stem (Figure 21). Formation of long columnar structures could be because of high 

viscosity and high surface tension between the molecules. These properties may have had an adhesive 

pulling effect during drying process creating columnar structures. These structures resemble the 

intercalations present on the cardiac cells and may be a good fit for the cells to grow on A2-0.6-3 (Figure 

21). This was also supported by the cell viability studies (Figure 40). Wang et al. studied the pore size 

of GelMA/PEGDA, where the pore size increased with an increase in the extent of methacrylation 

(Wang et al. 2014). The trend in pore size of CasMA/PVA/PVP scaffolds analysed was similar to that 

of GelMA/PEGDA. The scaffolds A2-0.6 and DAF-0.6 displayed smaller diameters and larger heights 

compared to the A2-0.1 and DAF-0.1 based scaffolds with smaller heights and larger diameters. This 

may have been due to the A2-0.6-3 and D-0.6-2 samples being more viscous than the other two; thus 

having an adhesive pull. In summary, the scaffolds with higher methacrylation had a smaller structure 

diameters/pores and height compared to the low methacrylation scaffolds. 

 

 Analysis of Swelling Behaviour of the Biomaterial 

The swelling behaviour of the scaffolds agreed with the rheology and SEM data. The rheology 

results of high viscosity of A2-0.6-3 and larger diameter size / pore size seen in SEM microstructures 

matched with the results of its swelling behaviour. The scaffold A2-0.6-3 swelled significantly more 

than the others because of a synergistic effect of high methacrylation by MA and gelation by PVA/PVP 

blend. The pore size being small and the effect of methacrylation on A2-0.1-2 was low, which is why 

it swelled the least in spite of having PVA and PVP. A similar effect was seen in DAF-based scaffolds, 

where the lower methacrylation of 0.1% showed lower swelling capacity compared to the 0.6% 

methacrylated sample. Inclusion of methacrylation helps in better interconnectivity of molecular 

bonding which enders the material to have better water holding capacity with larger porosity. The high 

swelling capacity of A2-0.6-3 also explains the high viscosity of the sample. A study by Mihaila et. al 

showed how the swelling property of k-carrageenan hydrogels was improved by methacrylation based 

chemical modification The mass swelling properties of the hydrogels were found to be dependent on 

the degree of methacrylation. The swelling properties of the materials are also dependent on the type of 

materials used (Mihaila et al. 2013). In agreement with this, the swelling properties of 

CasMA/PVA/PVP scaffolds with 0.6% methacrylation were better compared to that of 0.1% 

methacrylated scaffolds. However, the hydrophilicity of the scaffolds being very high, may also have 

contributed to the high water uptake capacity. 
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 Analysis of Biodegradation/Dissolution Kinetics of the Biomaterial 

Methacrylation also had an effect on the biodegradation kinetics of the scaffolds. The A2-0.1-2 

scaffold lost its mass completely at 12 hrs, which was in agreement with the swelling data. Therefore 

this sample could not be further compared for the biodegradation tests. The higher biodegradability may 

be related to the swelling test results where it was seen that the high hydrophilicity of casein, PVA and 

PVP may have contributed to the degradation behaviour of the material. At 12 hrs, A2-0.6-3 

demonstrated a slower rate of degradation (Figure 24 and 25 A). There was no significance between the 

kinetics of A2-0.6-3 and D-0.6-2. Only difference was that A2-0.6-3 lasted a day more than D-0.6-3 

(Figure 25 A and B). The difference between 0.1% and 0.6% methacrylated samples was in agreement 

with the chemical and physical characterisations made describing the ability of MA to crosslink 

molecules more in 0.6% samples compared to 0.1%. As seen in figure 40, the scaffold A2-0.6-3 on the 

3rd day remained intact showing good cell adhesion as well as growth. For biodegradation analysis, 

previous research on GelMA has shown that when combined with other materials like PEGDA, the 

degradation rate was hugely inhibited. Even after 4 weeks the samples with PEGDA degraded could 

hold their structures and their weights were more than 50%. However, when GelMA was tested alone, 

it degraded in completely in 4 weeks (Wang et al. 2018). This situation was related to CasMA v/s 

CasMA/PVAPVP. The CasMA samples were just foams, which is why they collapsed in aqueous 

medium. However when added with PVA/PVP they could hold their masses for longer. In case of the 

highest methacrylated sample A2-0.6-3, up to 5 days which also showed cell adhesion. These results 

can be said to have a potential to be improved further with more modifications. The biodegradation 

results show good potential for development of cardiac cells as they have a growth period of around a 

week, that is a little more than the time taken by A2-0.6-3 to degrade. This was proven by the cell 

adhesion of CPCs seen on A2-0.6-3 (Figure 40). 

 

 Biological Characterisation 

 Cytotoxicity Assessment of Biomaterial 

Recent advances in tissue engineering require multi-faceted scaffolds that are non-toxic, 

biocompatible and biodegradable. A product that would also not produce any toxic by-products after 

degrading in vivo is desirable. Live/dead assay was performed to understand the cytotoxic effect of 

CasMA scaffolds. The scaffolds were studied on two different cell types to demonstrate the versatility 

of the biomaterial for different tissue engineering applications. HaCats were highly viable in the A2-

0.1-2 scaffolds (Figure 26A). A low viability was seen at the 24 hour time point. However, the cell 

numbers went higher by the 3rd day. Also in A2-0.6-3 (Figure 26A) the cell numbers were higher 

compared to A2-0.1-2 on the 3rd day. This shows that the scaffold was highly biocompatible. Also in 

case of CPCs, the cell showed similar trend of better viability in the A2-0.6-3 scaffolds at all time points 
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compared to A2-0.1-2 scaffolds (Figure 29A). It may have been due to the unique morphology of A2-

0.6-3 scaffolds as seen in the SEM images (Figure 21). The intercalated structures may have helped 

cardiac stem cells to grow more efficiently compared to HaCats. In the DAF-based scaffolds (Figure 

26B) however the cell viability was however much lower compared to A2-based scaffolds. In HaCats, 

D-0.6-2 showed better cell viability at 72 hrs compared to the D-0.1-2 scaffolds. However the cell 

viability of HaCats was much lower compared to the CPCs, which presented better viability percentages 

in both D-0.1-2 and D-0.6-2 (Figure 29B). This could also be attributed to the better defined patterned 

microstructures of the 0.6% methacrylated scaffold that were better suited for the cardiac cells compared 

to HaCats. Cardiac cells have been studied before to have enhanced growth when a defined 

compartmental structure is provided to grow on (e.g: micropatterned GelMA). 

 

To acquire accuracy and to test the data of Live/dead assay, another test on cell growth and 

proliferation was performed using MTT assay. This is because there may be a chance of human error 

possible in the live/dead assay where only a specific area of cells may be viewed under the microscope. 

There is a chance that the specific chosen area may not represent the viability on the whole sample. 

There may be more dead cells in another nearby area that may get ignored by human error. MTT assay 

allows to measure the metabolic activity of all the live cells available in the sample, thus reducing the 

chance of any errors. This is why MTT assay is considered more reliable as it presents the data of the 

whole sample. 

 

In MTT assay, when the effect of PVA/PVP was considered alongside CasMA, it was expected 

that the cell viability would increase with an increase in the biocompatibility imparted by the polymers. 

In ExA2 control scaffolds (Figure 34 A and B) the viability was not significantly different in all the 

samples by the 3rd day. However, in DAF based scaffolds (Figure 35 A and B), the cell viability 

decreased with increase in the sample dosage. This means that the cell viability was independent of the 

PVA/PVP concentration. Furthermore, the controls with methacrylated casein alone (both ExA2 and 

ExDAF based) alone without PVA/PVP (Figure 33 A and B respectively) showed similar cell viability 

as the highest dosage of 40mg in A2 scaffolds (both 0.1% and 0.6%). In fact, in ExDAF control 

scaffolds without PVA/PVP showed better cell viability than he 40mg dosage containing PVA/PVP in 

both cell types. This agrees with the cell viability being independent of the PVA/PVP in. It can be 

deduced that the scaffolds were better suited for cardiac applications. To measure the effect of 

methacrylated casein with better accuracy and to check whether the MTT assay data agreed with the 

live/dead assay we performed a set of experiments with both HaCats and CPCs.  

 

The rationale behind the differing sample dosage as an added variable, was to check whether the 

cell viability increased or decreased in response to the ExA2 with ExDAF controls. In addition, it helped 

to compare the differences between 0.1% and 0.6% scaffolds, to check if more MA-modified 
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biomaterials caused any effect. These added conditions indeed showed a consistent effect in both 

methacrylated A2 and DAF-based scaffolds with PVA and PVP. The added variable also helped 

confirm the favourable behaviour of the scaffold A2-0.6-3 for cell viability and proliferation. 

 

The effects of scaffolds (both ExA2 and ExDAF) and their cell responses are discussed below. 

Same types of samples are discussed for both cell types. 

 

 Effect of Methacrylated Extracted Casein Controls 

As per MTT assay, in HaCats the effect of methacrylated ExA2 was clearly seen to be dose-

dependent, with A2-0.6-3 having the best cell number similar to the cells only control but much better 

than the casein only (ExA2) control (Figure 33 A). A similar cell growth was observed in CPCs (Figure 

38 A), however the cell number were 6-fold higher compared to HaCats and agreeing well with the 

live-dead assay (Figure 26 A). In ExDAF based control scaffolds, the cell numbers were much lower in 

both HaCats (Figure 33B) and CPCs (Figure 38B) compared to ExA2 and there was no significant 

difference seen between D-0.1-2 and D-0.6-2 (Figure 35 A and B). However, the cell growth was found 

to be better in the scaffolds D-0.1-2 and D-0.6-2 compared to ExDAF-casein alone control (Figure 

33B). This was expected as ExDAF-casein was unmodified and would not have supported cell viability 

due to high number of impurities present in it. However, this indicates that modification of ExDAF-

casein indeed was beneficial for biomedical applications. 

 

 Cell Response to Methacrylated A2-casein (extracted) based Scaffolds with 

Polymers 

After the analysis of CasMA, it was also important to understand the effect of the scaffolds as a 

whole with both CasMA and PVA/PVP with MTT assay. We studied the effect of A2-0.1-2 and A2-

0.6-3 separately. The data was well in agreement with live/dead assay. In HaCats (Figure 34 A and B), 

there was higher cell viability and growth observed in the 0.6% methacrylated scaffolds at all time 

points. Similar to live/dead assay the 3rd day showed the most number of cells present in similarity with 

the cells only control. In CPCs, (Figure 39 A and B) the cell growth was 6 times higher than in HaCats, 

similar to live/dead assay data. The 3rd day presented the highest number of cells grown in the highest 

(40mg) dose of sample. Also similar to live/dead, the 0.6% methacrylated sample showed better cell 

growth than 0.1% methacrylated scaffolds. The A2-0.6-3 scaffold having the best SEM morphology 

and best water holding capacity with slower degradation rate influenced this behaviour. The cell 

adhesion was evidently seen in the A2-0.6-3 scaffold agreeing with all the properties of the sample 

studied. 
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 Cell Response to Methacrylated DAF-casein (extracted) based Scaffolds with 

Polymers 

In the ExDAF based scaffolds for HaCats (Figure 26B), the live/dead assay showed that the cell 

viability did not increase with an increasing amount of PVA/PVP. In MTT assay however, it was found 

that ExDAF-casein scaffolds (Figure 35 A and B) in different dosages did not have any significant 

difference in cell growth at different time points. However, in HaCats the overall data shows that D-

0.1-2 had better cell number compared to that of D-0.6-2. This is in contrast with the live/dead assay 

data. This could have been because of experimental inconsistency. In CPCs (Figure 41 A and B), the 

trend was similar with increased number of cells in D-0.1-2 than in D-0.6-2. However, the overall extent 

of cell growth was found much higher in CPCs than in HaCats, because CPCs may have been affiliated 

with the structural morphology of the biomaterial providing conducive growth environment. This still 

shows that DAF-based scaffolds hold a lot of potential for biomedical applications. 

 

 Comparison Between Cell Response to ExA2 and ExDAF based Scaffolds with 

Polymers 

Lastly it was important that the samples A2-0.1-2, A2-0.6-3, D-0.1-2 and D-0.6-2 be compared 

with each other to see the overall picture of the experimentation (Figure 36 for HaCats and Figure 42 

for CPCs). The scaffold A2-0.6-3 showed significantly higher cell growth and adhesion (Figure 40) 

compared to both the DAF scaffolds as well as A2-0.1-2 and was more similar to the cells only control. 

This shows that in agreement with all the experimental results A2-0.6-3 presented the best capacity in 

physical, chemical and biological properties for cardiac stem cell growth. 

 

5.4.1.5 Scaffold functionality 

Functionality of the novel scaffolds in comparison with the existing scaffolds has been 

considered. It has been seen that GelMA could guide the alignment of human meniscus cells in vitro to 

develop into a tissue (Sun et al. 2018). Similarly, A2-0.6-3 exhibited a unique microstructure pattern 

that helped excellent adherence of CPCs as seen in figure 40. Another study, where kappa carrageenan 

was methacrylated and studied with MC3T3 E1‐4 preosteoblast cell line, as well as human 

mesenchymal stem cells (hMSCs) showing the versatility of the biomaterial (Mihaila et al. 2013). 

Similarly, CasMA having been studied with HaCats as well as CPCs, shows that it has the ability to be 

applied for a range of biomedical applications. The in vitro scaffold degradation exhibiting slow loss of 

biomaterial mass with a low ‘degraded product’-related toxicity shows a desirable quality (Fujimoto et 

al. 2009). With respect to the sample A2-0.6-3, it can be considered as an additional benefit where the 

cell viability was found to be very high in vitro, also indicating that the biomaterial is not cytotoxic. 

The scaffold samples in vitro were compared to the controls. The cell viability and proliferation data 



 116 

with n = 3 was reproducible and thus found to be reliable. The controls showed standard cell growth 

and was consistent throughout the experiments. The scaffold sample mediated cell responses were also 

found to be consistent throughout. Thus, when compared to the controls, the in vitro assays can be said 

to be functionally sound.  

 

As mentioned in section 1.5, the ideal scaffolds with optimum pore size, porosity and surface 

roughness better support cell adhesion, growth and proliferation (Chi et al. 2013). The pore size ranges 

of 30-40 μm has been deemed good for increased vascularisation with minimal fibrous encapsulation 

which is good for cardiac cells. The pore size range 40-80 μm has been said to be good for more blood 

vessel perfusion and the pore size of >45 μm for organised fibrous tissue which is good for skin tissue 

applications (Madden et al. 2010). In this study, the best results were obtained at a pore size range of 

minimum 36 μm to maximum 103 μm (A2-0.6-3), which is why the scaffolds proved to be favourable 

for both skin (requiring more fibrous tissue) and cardiac (requiring less fibrous and more vascularised 

tissue) tissue engineering applications. The extent of porosity of the scaffold prepared by means of 

freeze drying depends on the size of ice crystals present inside the frozen scaffolds and the freeze-drying 

pressure. It has been studied that higher the freeze-drying pressure, longer the ice crystal sublimation 

process, which leads to formation of smaller pores and higher porosity (Autissier et al. 2010). However, 

the pore size and porosity requirements are based on the cell/tissue type. The overall biological response 

(section 4.3) presented visibly good cell adhesion (Figure 40) and proliferation; especially for A2-0.6-

3. This indicated that the porosity (as seen in SEM figure 22 of A2-0.1-2 and A2-0.6-3) obtained with 

the freeze-drying pressure used (0.090 mBar) in this study, was good for both skin and cardiac cells. 

The SEM images of the scaffolds (Figure 22) visibly show that the scaffolds (A2-0.1-2 and A2-0.6-3) 

had more surface roughness comparatively due to presence of a patterned high number of pores. It was 

also observed that the scaffold boundaries did reduce in area, because of degradation and/or 

consumption by the cell population. These results show that the newly developed biomaterials have the 

potential to be used as cell carrier in a spatially controlled distribution setting of cell-material.  

 

 Conclusion 

In summary this study endeavoured to investigate the synthesis of methacrylated casein from A2 

skim milk and DAF-based casein. Methacrylated casein was synthesised by reacting casein with various 

amounts of methacrylic anhydride and further developed into CasMA/PVA/PVP scaffolds with 

reproducible chemistry and microstructures. To the best of our knowledge this is the first study where 

CasMA has been synthesised from two different sources (A2 milk and DAF-wastewater) developing 

two novel biomaterials for a comparative study on skin and cardiac TE applications. It was found that 

reproducible methacrylated casein based scaffolds had a favourable cell response in both the cell types 

HaCats and CPCs. Cell adhesion properties of the scaffolds was found to be favourable on A2-casein. 
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This study was also an attempt at paving a way for the generation of value-added biomaterials from 

dairy co-product (DAF) that we anticipate would be potential for soft TE applications such as CTE, 

which is our focus for the future studies. 

 

 Limitations 

For CasMA synthesis, the PBS with low molarity was used. This may have caused the poor 

handling of the rapid pH fluctuation upon addition of MA. Also, the samples with 0.3% and 0.9% MA 

did not show any methacrylation which may be due to experimental handling errors while stirring, 

manual pH adjustment causing poor dispersity of casein and/or formation of micelle. This may have 

led to hydrophobicity and non-polarity of the solution in the 0.9% samples. Other buffers like carbonate-

bicarbonate buffer could be used for the same, which have higher buffering or pH holding capacities 

(Shirahama et al. 2016a). The appearance of large water peaks in the H-NMR spectra due to 

hygroscopic d6-DMSO absorbing moisture from air needed better sample handling. The sample A2-

0.1-2 and D-0.1-2 experienced low methacrylation which led to its poor swelling and biodegradation 

capacity. The overall high hydrophilicity of the biomaterial may also have contributed to this behaviour. 

The sample size being small due to a low production efficiency may be a limitation which could be 

improved in case if the casein was extracted and reacted with MA in larger amounts. The production 

process efficiency was low because of more time and energy consumption for each step of the 

experiment with low yield of product. In a laboratory setting it is especially difficult to produce large 

batches of CasMA scaffolds. The time consumption for dialysis and freeze drying for CasMA may take 

longer and more complex setup if the sample size is increased. Furthermore, all the final methacrylated 

biomaterials with PVA and PVP; especially DAF-based scaffolds, could be tested for any toxicity by 

performing detailed elemental analysis using techniques like Energy-dispersive X-ray spectroscopy 

(EDX) or Inductively coupled plasma mass spectrometry (ICP-MS). These could not be performed in 

the current study due to resource limitations. 

 

The cell death in DAF-based samples was consistent in both the cell viability and proliferation 

assays. The gaseous by-product of CasMA reaction i.e. ammonia and its forms may have been retained 

to an extent in the DAF-based casein scaffolds. This may have been due to presence other impurities 

that could have possible reacted or bound with ammonia. This could be a possible reason for poor 

overall cell response in DAF based scaffolds compared to A2-based scaffolds. 

 

 Future Directions 

The current project investigated a wide range of scaffold properties. However, there are more 

tests and treatments that need to be investigated for further transition to in vivo and clinical analysis. 

For example, more polymeric components could be added and crosslinked with CasMA using ionic 
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crosslinking approaches (Mihaila et al. 2013) that could provide an even better matrix-like network and 

thereby better structural integrity. More chemical crosslinking or photo-crosslinking approaches could 

be employed to know if their addition could be useful to develop biomaterials with enhanced properties. 

For example the material (A2-0.6-3 scaffold) found to be best in the current project could be explored 

by further modifications to develop into injectable hydrogels and surgical adhesives (Mihaila et al. 

2013). In a scenario like that; where a more elastic material would be produced, fabrication methods 

like electrospinning could be used to develop fibrous patches for cardiac applications (Ehler and 

Jayasinghe 2014). DAF could be purified in a more efficient way to eliminate the impurities like fat, 

minerals and ash completely (Ryder et al. 2017). This would help to obtain a better cell response judging 

from the current results. Further elemental analyses on the final scaffolds; especially for DAF-based 

scaffolds, by using techniques like EDX or ICP-MS would help in defining whether there are any toxic 

elements present to reveal more information about the cellular responses. The rheology was performed 

at RT for the current project only focusing on the material preparation. In the future, rheology could 

include more studies on the elastic and compression properties of the biomaterial at physiological 

temperature. 

 

For the current study, the in vitro experiments were performed in a dosage dependent manner to 

see the effect of methacrylated casein and PVA/PVP mediated CasMA. In the future, more studies with 

a focus on changes in concentration of more than one components could be changed for an even more 

elaborate study. Higher concentrations of ExA2 based CasMA could be synthesised with one pot 

synthesis using carbonate-bicarbonate buffer and their effect could be checked on cardiac cells 

(Shirahama et al. 2016a). It would be worthwhile to study the effect of cells on scaffold morphology to 

understand and estimate the behaviour of the biomaterial as an implant. This would also help to 

determine the extent of methacrylation modification required for a particular type of tissue. It may be 

worth studying the antimicrobial activity of CasMA as casein has been shown to possess the property 

due to presence of peptides generated from αs1-casein and kappa casein (Lopez-Exposito et al. 2006, 

Hayes et al. 2006). It may also be useful to consider studying the effect of CasMA based scaffolds on 

people with lactose intolerance or milk protein-related allergies by comparing different types of milk 

products. 
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7. APPENDICES 

 
A. Pre-optimisation Preparation of Methacrylated Casein Derivative (CasMA) 

Before proceeding for optimisation of the MA concentration the first attempt was made with 1% and 

2% (v/v) MA was added to the 10% (w/v) ExA2 and ExDAF solutions (Table 1). Similar procedure 

was followed with vigorous stirring at around 600 rpm and the pH was monitored regularly to obtain a 

pH of 7.4 at the end of the reaction of 3 hrs at 50°C. The free radicals of casein amino groups were able 

to radically polymerize with MA to an extent where all the solutions exhibited high gelation to produce 

squishy blocks (Figure 1). This could however be unsuitable for cell/tissue culture applications as higher 

MA concentrations may be toxic for the cells. 

Table 1 - Pre-optimisation preparation of methacrylated casein 

 

 

 

 

 

 

 

 

Figure 1: ExA2MA (top) and ExDAFMA (bottom) methacrylated with 1% and 2% MA. 

ExA2 & ExDAF 

(w/v %) 

MA 

(v/v %) 

10 1 2 

10 1 2 

10 1 2 

10 1 2 

10 1 2 
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B. HaCats MTT Assay Standard Curve 

 

 
Figure 2: Standard curve for HaCats 

The curve fit R square value = 0.9900). 

 

Table 2: Significance Values of Controls Only for Hacats (Live/dead Assay) 
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C. CPCs MTT Assay Standard Curve 

 
Figure 3: Standard curve for CPCs 

The curve fit with R square value = 0.9677)/ 
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Table 3: Significance values of controls only for CPCs (Live/dead Assay) 
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Table 4: HaCats MTT assay 

Significance values of time point comparisons only 
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Table 5: CPCs MTT assay 

Significance values of time point comparisons only 
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