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Abstract

Attachment, proliferation and gene expression of anchorage-dependant cells can

be influenced by their surroundings, extra-cellular matrix, and the chemistry and

morphology of the substrate they adhere to. In-vitro cells are cultured on flat

surfaces in a culture flask or a petri dish. In-vivo, they grow next to other cells

and tissues, and they are influenced by them and their extra-cellular matrices. In

order to study cells in the laboratory, one main focus has been to mimic the natural

environment for the cells, as much as possible. One way to increase the similarities

between the in-vitro environment and in-vivo, is to replicate micro- and nanoscale

surface features or a 3D imprint of cells onto the cell-culture substrates.

This work investigates the fabrication of protein-based biodegradable films as

cell-culture substrates, replicated with micro- and nanoscale regular surface features

and imprints of cells. Optimisation of these films, which are made of casein (the

main protein of cow’s skimmed milk), has also been studied to find the best films

according to their flexibility, stability, biocompatibility and the highest obtainable

resolution of imprints. The quality of resolution of imprints was tested via atomic

force microscopy (AFM) 3D imaging and it was seen that the resolution of features

replicated on casein films was closely comparable to the original fixed cells.

Casein is water soluble, thus non cross-linked casein films would dissolve in cell-

culture media within a few hours. As a result, in order to use the patterned films

as cell-culture substrates, they need to be cross-linked. Cross-linking of casein films

with surface patterns, increases their degradation time, thus giving cells enough

time to adhere to the films and grow into layers of cells, as directed by the pat-

terns, before the films start to degrade. The optimisation process also included

cross-linking of the films using different cross-linking reagents and methods. Two



and a half-dimensional regular features (2D geometric shapes with a constant depth

for all features) were transferred onto casein films using photolithography and soft-

lithography. Three-dimensional topography of cellular microenvironments were also

replicated onto casein films using a modified bioimprinting method. For both regu-

lar features and bioimprints, polydimethylsiloxane (PDMS) moulds, made via soft-

lithography, were used as the intermediate mould for liquid-casting casein on, and

transferring the features onto casein.

Using liquid-casting casein on PDMS moulds in the replication process, the res-

olution of features on casein films was poor, compared to the original features on

photoresist, the original cells, and the imprints on PDMS. PDMS is hydrophobic

by nature and despite of plasma treatment, it only remained hydrophilic for a short

period of time. Hence casein solution, being water-based, could not wet the surface

well enough and get completely into the micro- and nanoscale details on PDMS. As

a result, the fabrication process was optimized, and PDMS moulds were treated via

oxygen plasma and polyvinylpyrrolidone (PVP), prior to liquid-casting of casein.

PVP is a water-soluble hydrophilic polymer, which binds to the surface of PDMS

and renders it hydrophilic for a much longer period of time. Addition of this step

to the replication process, helped with casein solution filling the details on PDMS

better. This led to high resolution patterns on the final casein films. Optical images

and AFM images were taken of regular features and bioimprints in order to compare

the features at different stages of replication.

It was found that casein films made of 15%(w/w) casein in 0.2%(w/v) NaOH

solution, mixed with 15% (w/w) glycerol as plasticizer, fitted best within the scope

of this work. These films were cross-linked by mixing the casein solution with

transglutaminase (TG) prior to liquid-casting on PDMS moulds. Concentration

of TG in the solution was 10 U per gram of protein. These films were patterned

with regular features and bioimprints, and patterned films were successfully used as

cell-culture substrates.

The results reported in this thesis provide a foundation for potential research

and commercial applications for biodegradable cell-culture substrates or implants

with surface features.
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Chapter 1

Introduction

Understanding the influence of different material parameters on the interface be-

tween man-made devices and biological tissue is crucial to many applications in

bioengineering. The surface of an engineered material in particular, can influence

cellular morphology and phenotype of adjacent cells. It can thus influence cell and

tissue growth outcomes in a diverse range of applications, from in-vitro cell-culture

to implants. The latter are man-made devices which are placed inside the body to

improve body function.

One of the risks associated with medical implants is their failure, which can be

due to poor biocompatibility, mechanical failure, corrosion, or the way cells respond

to the implants. Modifying the surface structure of the biomaterials is one possible

way to encourage cells to have a positive interaction with implanted devices and

possibly improve their biocompatibility.

In previous decades biologists and engineers have been working together to de-

termine the effects of patterned substrates on cell growth and behavior. Micro- and

nanoscale surface topographies with various geometries have been used to better

understand the adhesion, migration and differentiation of cells. Surface modifica-

tions can lead to increased adhesion between cells and the substrate and therefore,

faster and more extensive implant integration and long-term stability [1,2]. Surface

modifications can also be applied to medical implants. Implants not only should

not have a negative effect on the surrounding cells and tissues, but should also be

designed and developed to create a positive interaction with them. The overarch-

ing goal of surface patterning of implants is to develop physical structures which

1



Chapter 1

could enhance cell attachment and growth, and biocompatibility of the implant.

Fabrication of temporary implants from biodegradable materials could be an extra

advantage, since the implants will degrade in the body, eliminating the need for

secondary surgery to take the implant out.

The aim of this thesis was to develop a process for fabrication of biodegradable

and biocompatible, long lasting protein-based materials with surface patterns to

be used as cell-culture substrates or potential implants. The protein of interest in

this work was casein which is the main protein in cow’s skimmed milk. Protein, in

general, is one of the supplements necessary for cell growth and plays an important

role in cell attachment, proliferation and differentiation. As a result using casein

as cell-culture substrate may also be of some nutritional value to cells. An added

advantage of this sustainable protein-based material as in-vitro cell-culture substrate

is that it reduces the extensive use of petroleum-based plastics, thereby reducing

their environmental impact.

Usually, when cells are cultured in the laboratory, they are grown on plastic or

glass surfaces without any surface patterns (2D flat) or regular engineered patterns

with a constant height (2.5D), such as ridges and grooves. However, recently tech-

niques to capture 3D imprints of cells, so called “Bioimprints”, in a range of polymers

have gained increasing interest. Secondary cells cultured on these patterns exhibit

distinctive behaviours regarding proliferation and differentiation [3–5]. Micro- and

nanoscale geometric surface patterns have previously been shown to enhance osteoin-

tegration of titanium implants. Bioimprints might also have a similar impact and

improve biocompatibility of titanium and other materials. The process to produce

such bioimprinted surfaces was originally developed for non-biodegradable materials

such as Polydimethylsiloxane (PDMS), Polystyrene (PS), methacrylate and a few

other engineering materials [6–8]. The work presented in this thesis focused on de-

veloping a process to replicate micro- and nanoscale regular surface features, and

bioimprints, onto casein-based materials. The materials were optimized for their

physical, mechanical and optical characteristics based on the influence of different

components making up the films.

In this work, a novel method was developed to fabricate protein-based biodegrad-

able films with micro- and nanoscale regular surface features, and bioimprints. Films

2
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were fabricated via replica casting and the solutions, for preparing the films, were

mainly made of casein. A casein-based material has previously been used for fabri-

cation of implantable tubes with millimetre diameter [9]. Casein tubes were used to

promote regeneration of peripheral nerve after an injury in adult rats. Since casein

is one of the highly available products in New Zealand, it was of great interest to us

for fabrication of protein-based biodegradable materials with surface features.

Casein solutions, which were used to fabricate casein-based films were also con-

sisted of other components, such as glycerol as plasticizer and cross-linkers. Chang-

ing the components, making up the films, and their concentrations resulted in various

film properties. As a result, characteristics of the films were studied to achieve bio-

compatibility, optimum degradation time and high resolution of the features. The

patterned casein-based film with optimal characteristics was ultimately used as a

cell-culture substrate. Finding the best film in this thesis was like a puzzle, and

there were several pieces to this puzzle. The films needed to be biodegradable,

biocompatible, patternable and have favourable mechanical, physical and chemical

properties. Figure 1.1 illustrates different parts of this thesis as pieces of the puzzle.

The main challenge faced in this thesis was to find the unique pieces to the

puzzle representing the ability of each film to satisfy the chosen criteria. This was

because using different cross-linking reagents resulted in varied mechanical, physical

and chemical properties, modified patterning methods, different degree of biocom-

patibility and/or biodegradability.

Figure 1.1: Different pieces to the puzzle of making a suitable casein-based film with surface
patterns as cell-culture substrate.

3
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One of the objective applications of casein-based substrates with surface fea-

tures is to use them as degradable cell-culture substrates, which have the ability to

positively influence culturing cells via the surface features. The biodegradability of

the substrates will result in the films gradually degrading by the culturing cells and

leaving the resulting tissue behind. The ultimate goal for developing casein-based

materials with surface features is to use them as implantable medical devices, which

have the ability to guide proliferation, differentiation and/or migration of the cells.

The biodegradability of the implant will also eliminate the need for a secondary

surgery to remove the implant.

1.1 Thesis objectives

The objectives of this work were:

1. Fabricate casein into a solid film/structure

2. Pattern casein films/structures with high resolution 2.5D geometric patterns

or 3D cell-like features

3. Effectively cross-link casein films to increase their degradation time, while

maintaining their biocompatibility

4. Use cross-linked casein films as cell-culture substrates

5. Study the behaviour of cells on casein films with surface patterns

1.2 Thesis contributions

The most significant contribution of the work presented in this thesis, to the field,

is the development of the fabrication method to replicate micro- and nanoscale

features onto the surface of protein-based biodegradable films, with unprecedented

resolution. The method can potentially be used for other water-based materials.

Casein-based films with high resolution surface patterns were optimised and used

as cell-culture substrates, which can be the beginning to a revolutionary approach

towards biodegradable implants. Knowing characteristics of the protein-based films

4
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can be applicable in many different fields and applications, such as biomedical ap-

plications, food packaging, edible films and others.

The following publications are the results of this work:

• Hashemi, A., De Decker, F., Orcheston-Findlay, L., Alkaisi, M. M., Ali, M. A. and

Nock, V. Enhanced pattern resolution, swelling-behaviour and biocompatibil-

ity of bioimprinted casein microdevices. American Institute of Physics (AIP)

Advances 7, 115019 (2017). https://doi.org/10.1063/1.4991783

• Hashemi, A., Mutreja, I., Alkaisi, M. M., Ali, M. A. and Nock, V. Fabrication

of free-standing casein devices with micro- and nanostructured regular and

bioimprinted surface features. Journal of Vacuum Science & Technology B

(JVST-B) 33 (6), 06F901 (2015). http://dx.doi.org/10.1116/1.4931591

• Hashemi, A., Alkaisi, M. M., Ali, M. A. and Nock, V. (2017) Enhancing the

resolution of bioimprinted casein microdevices. International Journal of Nan-

otechnology (accepted)

• Hashemi, A., De Decker, F., Orcheston-Findlay, L., Alkaisi, M. M., Ali, M. A.

and Nock, V. Physical and mechanical characteristics of biodegradable casein

films with different compositions. (In preparation)

The work described in this thesis has been presented in various forms, at the

international conferences listed below:

• Hashemi, A., Tay, D., Alkaisi, M. M., Ali, M. A. and Nock, V. Micro- and nano-

patterning of freestanding protein films, 7th International Conference on Ad-

vanced Materials and Nanotechnology (AMN7), 8-12 February 2015, Nelson,

New Zealand (Oral presentation)

• Hashemi, A., Mutreja, I., Alkaisi, M. M., Ali, M. A. and Nock, V. Fabrication

of free-standing casein microstructures with bioimprinted cellular surface fea-

tures. 59th International Conference on Electron, Ion, and Photon Beam

Technology and Nanofabrication (EIPBN), 26-29 May 2015, San Diego, United

States of America (Oral presentation)
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• Hashemi, A., Alkaisi, M. M., Ali, M. A. and Nock, V. Resolution and stability

enhancement of bioimprints on casein-based films. 42nd International Confer-

ence on Micro- and Nanoengineering (MNE), 19-23 September 2016, Vienna,

Austria (Poster presentation; Winner Best Poster Prize)

• Hashemi, A., Alkaisi, M. M., Ali, M. A., and Nock, V. Enhancing the resolution of

bioimprinted casein microdevices. 8th International Conference on Advanced

Materials and Nanotechnology (AMN8), 12-16 February 2017, Queenstown,

New Zealand (Oral presentation)

• Hashemi, A., De Decker, F., Orcheston-Findlay, L., Alkaisi, M. M., Ali, M. A. A.

and Nock, V. Biomimetic tissue-culture platform based on micro- and nanopat-

terned casein. 61st International Conference on Electron, Ion, and Photon

Beam Technology and Nanofabrication (EIPBN), 30 May-2 June 2017, Or-

lando, Florida, United States of America (Invited oral presentation)

• Hashemi, A., De Decker, F., Orcheston-Findlay, L., Alkaisi, M. M., Ali, M. A. A.

and Nock, V. Enhanced pattern resolution, swelling-behaviour and biocom-

patibility of bioimprinted casein microdevices. Biotherapeutics Association

of Australasia (BAA), 1-3 November 2017, Auckland, New Zealand (Invited

oral presentation)

This work has further been presented in oral form and as posters at the following

meetings and workshops:

• Oral presentations: Department of Gynaecology and Obstetrics Research Meetings,

University of Otago, (Christchurch, NZ, 2014-2017)

• Oral presentations: Nanofabrication Laboratory Weekly Meetings, Electrical and

Computer Engineering Department, University of Canterbury, (Christchurch,

NZ, 2014 - 2017)

• Oral presentation: ”Surface Patterning of Casein Devices” Greater Christchurch’s

Postgraduate Network Monthly Meetings, University of Canterbury, (Christchurch,

NZ, April 2015)
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• Oral presentations: ”Cross-linked, bioimprinted casein microdevices as biodegrad-

able cell-culture substrates” Thesis-in-three Competition, University of Can-

terbury, (Christchurch, NZ, August 2015 - Winner of the competition at

College of Engineering)

• Oral presentation: ”Fabrication of Free-standing Casein Microstructures with

Bioimprinted Cellular Surface Features” MacDiarmid Emerging Scientists As-

sociation (MESA) Annual Symposium, (Wellington, NZ, November 2015)

• Oral presentation: ”Fabrication of Casein Microstructures with Bioimprinted Sur-

face Features ” Electrical and Computer Engineering Departmental Seminar,

University of Canterbury, (Christchurch, NZ, March 2016)

• Oral presentation: ”Engineering Materials with Bio-inspired Topographies” Mac-

Diarmid Institute for Advanced Materials and Nanotechnology Annual Meet-

ings (Auckland, NZ, August 2014)

• Oral presentation: ”Fabrication of Casein Microstructures with Bioimprinted Sur-

face Features” MacDiarmid Institute for Advanced Materials and Nanotech-

nology Annual Meeting (Auckland, NZ, January 2016)

• Oral presentation: ”Engineering Biodegradable Materials with Bioinspired To-

pographies ” Postgraduate Student Association (PGSA) Showcase, University

of Canterbury, (Christchurch, NZ, November 2016 - Winner of the com-

petition)

• Poster presentation: ”Enhancing the resolution and Stability of Bioimprinted

Casein Microdevices” MacDiarmid Emerging Scientists Association (MESA)

Annual Symposium, (Christchurch, NZ, November 2016)

• Poster presentation: ”Enhancing the resolution and Stability of Bioimprinted Ca-

sein Microdevices” ”MedTech in Christchurch” Workshop, Centre for Bioengi-

neering and Nanomedicine, University of Otago (Christchurch, NZ, December

2016)

My work has been highlighted by the media through the following popular articles

and interviews:
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• The news section of University of Canterbury website (18 July 2017),

• NZ Herald (online and in print, 18 July 2017),

• South China Morning Post (online, 18 July 2017),

• FutureFive NZ, Technology news (online 20 July 2017),

• Live radio interview with Pacific Radio (broadcast 25 July 2017).

• The Senior Citizen (online and in print, 1 Aug 2017),

I was invited to give a talk about my work at TEDxChristchurch, in October

2017. However, due to timing issues it has been postponed to a future date. A

TVNZ program, called ”Rural Delivery” has made a documentary about my work

on fabrication of casein films with bioimprinted surface patterns which will go on

air in the next couple of months.

In addition, I have contributed to the following presentations and papers on

works related to, but not directly relevant to this thesis:

• Orcheston-Findlay, L., Hashemi, A., Garrill, A. and Nock, V. A microfluidic gradi-

ent generator to simulate the oxygen microenvironment in cancer cell culture.

Microelectronic Engineering (MEE, 2017).

https://doi.org/10.1016/j.mee.2018.04.011

• Orcheston-Findlay, L., Hashemi, A., Garrill, A. and Nock, V. (2017). PVP treat-

ment of PS/PtOEPK sensor films for improved adherence of cancer cells. In-

ternational Journal of Nanotechnology (accepted)

• Abd Wahid, N. A., Hashemi, A., Evans, J. and Alkaisi, M. M. (2017) Conductive

bioimprint using soft-lithography technique based on PEDOT:PSS. Journal of

Nanobiotechnology (under review)

• Orcheston-Findlay, L., Hashemi, A., Garrill, A. and Nock, V. PVP treatment of

PS/PtOEPK sensor films for improved adherence of cancer cells. 8th Interna-

tional Conference on Advanced Materials and Nanotechnology (AMN8), 12-16

February 2017, Queenstown, New Zealand (Oral presentation)
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• Abd Wahid, N. A. Hashemi, A., Evans, J. and Alkaisi, M. M., (2017) Conductive

bioimprint using soft-lithography technique based on PEDOT:PSS. 8th In-

ternational Conference on Advanced Materials and Nanotechnology (AMN8),

12-16 February 2017, Queenstown, New Zealand (Oral presentation)

1.3 Thesis structure

In order to guide the reader through this thesis, Fig. 1.2 shows an outline of what

will be covered in different chapters.

Figure 1.2: Guideline through chapters in this thesis.

Chapter 2 - Background and motivation, introduces the background to some of

the challenges faced with implants, and suggests the use of surface patterning as a

way to improve application of implants. Different methods of surface patterning and

the materials previously used, will also be covered in this chapter. The material of

interest in this work, being casein, the main protein in cow’s skimmed milk, is then

presented and the reasons for this interest are explained.

Following the background, Chapter 3 - Casein optimization discusses the early

steps to fabrication of casein-based films with surface features. In the second half

of the chapter, mechanical, optical and physical characteristics of unpatterned films

made of different concentrations of protein, plasticizer and cross-linkers are reported.
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Chapter 4 - Geometric micro- and nanopatterning of casein covers the process de-

veloped in this thesis for fabrication of casein-based films with micro- and nanoscale

regular surface features. The modifications to the originally developed process,

which enhanced the resolution of features on casein films are also presented.

Chapter 5 - Bioimprints on casein discusses the process for fabrication of casein-

based films with positive and negative bioimprinted surface features, in addition to

methods for enhancing the resolution of features on casein, or other water-based

materials.

Chapter 6 - Culturing cells on patterned casein films, presents the results from

culturing C2C12 cells on patterned cross-linked casein films. The changes in the

dimensions of films and surface patterns as function of immersion time into cell-

culture media and DI-water are also covered in this chapter.

This is followed by Chapter 7 - Applications for casein, where some example

applications for the casein-based material, and the developed process for surface

patterning of casein-based films, are presented.

In Chapter 8 - Conclusion and future work, a summary of the work presented in

this thesis is provided, followed by recommendations for future work.

Appendix A presents the results from optical transmittance for full range of wave-

lengths, 300 to 800 nm. Graphs for TanDelta and Storage modulus of the films in

the temperature range of -100 to 100◦C, provided from dynamic mechanical analysis

(DMA) testing, are included in Appendix B. Appendix C presents the MATLAB

code for comparing the results from fluorescent imaging of the films. Appendix D

explains the method and results for replicating regular patterns onto OrmoStamp,

and Appendix E presents some extra results from replicating bioimprints onto casein

films with high resolution.
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Background and motivation

In this chapter, a background along with the main reasons and motivations behind

the research presented in this thesis are discussed. Implants are introduced and

surface patterning as a method to improve functionality of implants is presented.

Different methods of surface patterning are explained and some of the previously

patterned materials are mentioned. The second half of this chapter discusses casein

protein, the material of interest in this thesis, and its previously used fabrication

methods.

2.1 Background

Cells, in their natural environment, are exposed to a series of biochemical and bio-

physical signals. Some of the biophysical signals are in form of surface topography

and mechanical stiffness, and are sourced from the extracellular matrix (ECM) and

neighbouring cells. In order to study cells in the laboratory, biologists have tried

to create similar environments to the cells’ natural environment. The biochemical

environment is simulated via the chemicals and nutritions supplied to cells, while

a similar biophysical environment can only be created via engineering the in-vitro

cell-culture substrate.

Most cell types in the body are anchorage-dependant cells, which means they

need a substrate to attach to in order to grow and survive [10]. Cells adhere to the

ECM or other cells, in-vivo, and to flat surface of culture dishes, in-vitro. Since

cells do not attach to a flat surface in body, changing the surface topography of
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the in-vitro cell-culture substrate, can create an environment more similar to cells

natural environment.

Harrison was the first to report that cells respond to topographic features, in 1911

[11]. He observed that cells would follow the fibres when grown on spiders’ web fibres.

Since then, there have been lots of other studies on how cells behave on various micro-

and nanopatterned substrates fabricated by different micro- and nanopatterning

techniques [3,12–29]. In 1997 Chen et al. showed that geometric patterning of cell-

culture substrate with fibronectin can control cell life and death [30]. Some other

studies have shown, that surface topography of cell-culture substrates can mimic the

natural architecture of the ECM environment for culturing cells. Some have also

shown micron-scale topographical cues can be used to control adhesion, morphology,

migration and differentation of the cells for a wide variety of cell types [3, 12–29].

In 2006, Dr James Muys, a PhD student of Prof. Maan Alkaisi at the Electrical

and Computer Engineering Department, developed a method for replicating a 3D

imprint of cells and tissues onto a rigid material. The imprinting technique was

called ”bioimprint” [6]. The method was developed in order to facilitate atomic

force microscopy (AFM) imaging of live cells and tissues, without damaging the

delicate cell membrane. Later in 2010, Dr Fahmi Samsuri used bioimprints to study

single cell imaging through his PhD [7]. In 2012, another PhD student, Dr Lynn

Murray, extended the use of micro- and nanoscale regular surface features, and

bioimprints, onto the cell-culture substrates [8].

In 2016, Dr Li Hui Tan, a PhD student from the School of Medicine of the Uni-

versity of Otago, applied bioimprinted cell-culture substrates to study the behaviour

of Ishikawa cells (human endometrial cancer cells) [31]. Since then, there have been

multiple studies on how cells react to bioimprinted substrates [3–5,32]. These stud-

ies have shown that cells can have a different behaviour regarding proliferation and

differentiation when cultured on bioimprints, as opposed to when cultured on flat

substrates. A study by Tan et al. also showed Ishikawa cells behave differently to

anti-cancer drugs, when cultured on bioimprinted substrates [33].

Surface patterning with both regular geometric features and bioimprints, is a

proposed method which may help with improved biocompatibility and better inte-

gration of implanted materials. As a result, implants and some other aspects related
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to implanted materials will be explained in the following.

2.2 Implants

An implant is a medical device which is manufactured to replace a missing biolog-

ical structure, deliver medication, monitor body functions, or provide support to

organs and tissues. Implants are artificially made from biocompatible materials,

such as metal, plastic, ceramic, etc., or encapsulated non-biocompatible materials.

They are different from transplants, which are biomedical tissues transplanted from

other parts of the patient’s body, or from a donor’s body. Implants can be placed

temporarily and removed once they are no longer needed, such as screws for repair-

ing broken bones, or they can be placed permanently and never removed, like hip

replacement implants.

The history of using metal implants goes back to more than 100 years ago when

Lane first introduced metal plates for bone fracture fixation in 1895 [34]. The first

metal alloy, which was specifically developed to be used for human, was “vanadium

steel” in the early 1900s. Bone plates were the first successful implants introduced

to stabilize bone fractures and accelerate their healing [35].

Implantable materials and their short- and long-term effects on the cells and

tissues have been studied for many years [36]. To this date, from metals to ceramics

and biodegradable polymers, there are more than 500 specific grades of materials

and coating currently approved and used as implantable materials. The range of

applications for implants has increased significantly since their original development

for bone fractures [34].

Biocompatibility of a material is usually defined by being biologically inactive

and chemically inert. In general a biocompatible material should not result in un-

healthy behaviour of cells or cell death. Since the human body always shows a

response to all invasive foreign materials, some patients can develop unwanted re-

actions to the materials used in implants. When a medical or mechanical implant

is placed in the body, the body may attack the unknown material by creating a

protein wall around the medical device, which can end up in cutting them off from

the rest of the body. As a result, one of the main focuses in developing long-term
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implantable materials and devices, has been to find ways of preventing this biologi-

cal response [37]. Surface patterning as a means to control surface topography, can

be a way to enhance biocompatibility of a material, and also influence cell adhesion,

proliferation and differentiation.

In order to develop and use a material as an implant, it is first studied for its

influence on cell viability, attachment, proliferation, differentiation, etc., in-vitro.

Therefore cell-culture will be explained in the following.

2.3 Cell-culture

Cell-culture was first developed in the early 1900s in order to study cell behavior. In

just over 100 years it has turned into an extensively used research and bioproduction

tool. Cell-culture is a major tool in molecular and cellular biology, which provides

excellent model systems for studying physiological behaviour and biochemistry of

cells in-vitro. The consistency and reproducibility of the results is the main advan-

tage of in-vitro cell-culture. Freshly isolated cells are called primary cells, and after

the first cell-culture they become known as a cell line. Cell lines normally have a

limited life span and they cannot divide indefinitely [38,39]. However, some cell lines

such as C2C12, the cell line used in this thesis, are immortalized. Immortalized cell

lines, unlike normal cells, have acquired the ability to keep undergoing division due

to mutation, which is a permanent alteration of the nucleotide [40,41].

Cell-culture is the process of removing cells from an animal or plant, and growing

them under controlled conditions outside their natural environment. Different cell

types need varied culture conditions. However, there are certain requirements which

need to be met for all types of cells, invariably. The artificial environment for in-

vitro cell-culture consists of a suitable vessel containing medium for supplying the

cells with essential nutrients (minerals, amino acids, vitamins and carbohydrates),

growth factors, hormones, gases (O2 and CO2), and a regulated physio-chemical

environment (with certain pH, temperature and osmotic pressure) [38, 39]. Cell

adhesion, proliferation and differentiation are some of the processes cells can go

through during cell-culture. Due to its relevance to the work presented in this

thesis, cell adhesion will be explained next.
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2.3.1 Cell adhesion

Most cell types are anchorage dependant cells, and need to be adhered to, or in

contact with, another layer of cells, extracellular matrix or tissue culture plastics to

grow and survive [42]. The process in which cells interact and attach to a substrate,

a surface, or to other cells, is called cell adhesion. Cell adhesion is essential for cell

communication and regulation to happen. Cell regulation is a term used to describe

the processes occurring within the cells to keep them at a balanced and healthy

condition. Also, in order for proliferation and differentiation of the cells to happen,

cells communicate with other cells and with their surrounding environment. Cell

proliferation is the process in which the number of cells increase. It is defined by

the balance between cell division and cell loss. Differentiation of the cells is the

process in which unspecialized or less specialized cells turn to a specialized cell type.

C2C12 cells for example, are a less specialized cell type, which has the potential to

differentitate into myocytes or myofibrils. One of the ways to influence and possibly

control cellular behaviour and function is through manipulating the interactions

between the cell and its extracellular matrix (ECM) or the substrate it adheres

to [43].

2.3.2 Cell-culture substrates

In the past 110 years, the materials used for cell-culture substrates have gone through

changes. From 1907, when Ross Harrison started culturing frog cells, up to 1951,

glass flasks and dishes were primarily used for growing monolayers of cells [44]. One

of the problems with glass culture vessels was that many cells, especially primary

cells, could not easily attach to glass. In 1956 George Gey coated glass surfaces with

rat tail collagen to enhance cell attachment and growth [45]. Another issue with

glass culture plates was that they were used multiple times. Hence, they needed to

go through cleaning procedures to remove any detergent residues and avoid their

interference with cell attachment and other cellular processes. In 1950s, researchers

began to use disposable plastic culture vessels, and by the 1960s polystyrene (PS)

vessels had become available.

The main reasons for the transition to PS were its excellent optical clarity, simple

moulding process, ability to be sterilised by irradiation, and reduced cost. However,
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one limitation for using PS was that the hydrophobic surface of the polymer made

cell attachment unreliable. In order to obtain better cell attachment, some surface

modifications were needed. This was achieved by treating the PS surface with either

corona discharge under atmospheric conditions, or gas-plasma under vacuum. In

these processes, highly energetic oxygen ions are generated, which oxidise and graft

onto the surface of PS chains, thus making the surface hydrophilic [46–49]. By the

mid-1970s, treated PS vessels were almost exclusively used for growing cells. How-

ever, after only a few years researchers found that even treated PS had limitations,

especially when used for growing cells in serum-free media or for the maintenance

of differentiated cell functions. As a result, culture vessel surfaces have been coated

with different materials, to improve both cell attachment and performance. For

this purpose, a variety of biological materials are used, such as extracellular ma-

trix [50], attachment and adhesion proteins, such as collagen [51, 52], laminin [53]

and fibronectin [54], and mucopolysaccharides, such as heparin sulfate [55], hyaluron-

idate [56] and chondroitin sulfate, both individually [57] and as mixtures [58].

2.4 Substrate surface modification

Level of cell adhesion to a substrates is dependant on stress fibres, focal adhesion

proteins and substrate compositions [59]. Stress fibre complexes are created within

the cells, and focal adhesion complexes are generated by cell movements, which

are both specific to the cell types [60]. Therefore, modification of the substrate

properties is the most specific engineering method to influence cell adhesion [8].

Influencing cell shape and cellular behaviour by controlling its adhesion to the

substrate, has been studied and discussed for several decades [61]. There are a num-

ber of material modifications which can be used to influence cell-substrate interac-

tions. These modifications can be physical, chemical and/or topographical changes

to the substrate material. Surface functionalization (such as changing the surface

energy), tailoring chemical properties of the substrate, or altering topographical cues

on the substrates are some of these modifications. The focus of the work presented

in this thesis is specifically on topographical modifications of cell substrate mate-

rial, which can improve the functionality of the original material, and improve cell
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attachment and proliferation.

Surface functionalization can be performed by exposing surfaces to radio fre-

quency (RF) plasma. Plasma modification is one of the ways to alter the surface of

materials and enhance their biomedical properties. Many gases, such as air, oxygen,

ammonia or other exotic gases, can be excited and used to functionalize surfaces

for a wide variety of applications. Each gas can have varying effects on a substrate.

These effects decay with time as contamination happens or reactions with molecules

in air occur. Chemical properties of the cell-culture substrates can be tailored via

coating the substrate with ECM proteins for example, to create a more cell-friendly

layer for the cells to adhere to. Altering topographical cues can be achieved via

replication of micro- and nanoscale features with different geometries onto the sur-

face of the material. For various types of biomaterials, such as ceramics, polymers,

metals and composites, surface modification is usually carried out to ultimately in-

crease the biocompatibility of the material, and make it act as a bioactive material

for specific applications [61].

Surface modification can be performed to alter a wide range of characteristics

such as: roughness, hydrophilicity, surface charge, surface energy, and reactivity.

Modifying the surface of a material can improve its biocompatability without chang-

ing its bulk properties. Since the surface layers are in physicochemical contact with

the superimposed biological environment, the properties of the uppermost molecular

layers are usually the most critical in biomaterials. Biointegration is the ultimate

goal in orthopedic implants. Bones for example, should establish a mechanically

sound interface with complete fusion between the artificial implanted material and

bone tissue under good biocompatability conditions [62].

Surface patterning is a specific engineering method for surface modification of the

interface between the implant and biological tissue. Surface patterning can create

a better integration between the implant and cells, and lead to a more desirable

outcome for the implant. Depending on the material used for cell-culture, or implant,

there have been a number of different patterning methods developed, which can

be used for patterning the surface of materials. These methods and some of the

previously used materials for cell-culture, with surface patterns, will be discussed in

the next section.
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2.4.1 Previously patterned cell-culture substrates

As mentioned before, PS is the most common material used as cell-culture substrate.

Patterning methods, using photolithography and soft-lithography techniques, which

will be introduced in detail in sections 2.6.1.1 and 2.6.1.2, have been developed to

pattern the surface of PS with micro-and nanoscale features with high resolution

fidelity. Lithography resolution is defined as the smallest dimension which can be

printed in the materials [63].

Generally, polymers which have previously been patterned with micro- and

nanoscale features for cell-culture applications fit into a few different groups:

1. Thermo-curable polymers (e.g. Polydimethilsiloxane (PDMS)), for these poly-

mers heat acts as an accelerator for the cross-linking process, and a curing

agent mixed with polymer does the actual job of curing.

2. UV-curable polymers (e.g. Polyurethane (PU) and PU-based polymers, or

Polyethylene glycol (PEG)),

3. Non biodegradable thermo-plastics (e.g. PS or Poly(methyl methacrylate)

(PMMA)),

4. Biodegradable thermo-plastics (e.g. Polyglycolide (PGA), or Polylactic acid

(PLA)), and

5. Conductive polymers (e.g. Poly(3,4-ethylenedioxythiophene) (PEDOT)) [64].

Each of these materials has different characteristics and depending on the appli-

cation of the material one or more of these polymers can be used. The material of

choice for the present work fits within the biodegradable plastics category, and it

is a casein-based plastic. For some applications, casein was mixed with gelatin and

the material was casein/gelatin-based plastic. Some of the patterning methods for

these materials will be explained next.

The results from the investigations for using different materials with surface

patterns as cell-culture substrates, are mostly cell specific. The cell-type used in

this thesis for studying the influence of casein-based films on cellular behaviour was

the C2C12 cell line, the reason for which will be explained in the following.
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2.5 C2C12 mouse myoblast

Different cell types have previously been studied with regards to their reaction to-

wards surface patterning. Some of these cell types include stem cells and their

differentiation on patterns [28, 32], cancer cells and their general behaviour on sur-

face patterns [5,8,31], along with their response to anti-cancer drugs while cultured

on patterned substrates [33], and other types of cells such as human nasal chondro-

cytes [4] and C2C12 cells [3, 8].

C2C12, the cell type used in this thesis, is a mouse myoblast cell line which

was originally obtained in 1977 by Yaffe and Saxel [65]. C2C12 myoblasts originate

from mouse C3H muscle myoblasts. C2C12 myoblasts are semi-differentiated from

mesenchymal stem cells. Morphology of myoblasts is similar to what is commonly

referred to as a fibroblastic morphology. One interesting property of C2C12 cell line

is differentiation potential of individual myoblasts. Myoblast cells can fuse together

to form myotubules, when they become confluent. Recent studies have shown the

ability of myoblasts differentiating into osteoblasts, in presence of osteogenic growth

factors [8, 66].

The C2C12 cell line was chosen for this work because of the capability of the

cells to differentiate into myocyte or myofibrils as a response to their environment

and the surface they grow on. Due to fusion and delineation of C2C12 cells, they are

widely used for studying their growth, organization, and differentiation, in response

to surface patterns [8, 40,41,67].

2.6 Current micro- and nanofabrication methods

for surface patterning

The ability to pattern surfaces with geometrically confined monolayers and multi-

layers has been the central focus of numerous studies [68, 69]. Ranging from sensor

design [70], to microelectronics [71] and biomedical applications [72], surface pat-

terning has implications for a variety of fields. Goals in biomedical engineering vary

from patterning single molecules at the sub-nanometer scale [73] to forming vast as-

semblies of molecules over macroscopic areas [74]. Moreover, the chemistry used for
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this can range from simple homogeneous systems to mixed monolayers with complex

internal patterns.

A large number of studies have been performed on the influence of geometrical

surface patterns on cellular behaviour. Since late 1990’s, micro-patterning of cell-

culture substrates has expanded significantly. During this time, a number of different

processes have been developed and adapted in order to increase the resolution of

micron-scale features and fabrication throughput [75–81].

Surface patterning methods for polymers, are divided into two main groups. The

first group is called template–free method, meaning patterns are not specifically de-

signed and rather created randomly. The second group is the template-assisted

method, meaning patterns are specifically designed using computer software, and

then transferred onto materials. Template-free methods are relatively faster, how-

ever, there are limitations with the range of materials which can be patterned via

these methods. Template-assisted methods, on the other hand, can be used for a

wider range of materials and the patterns can be prearranged and defined. Each

of the two groups is classified into three more precise categories, which can be seen

in Fig. 2.1. Patterning methods used for creating regular features in this work can

be categorized as template-assisted methods, since the patterns were specifically

designed and transferred onto the casein-based substrate through a series of steps.

Figure 2.1 lists different polymers which can be patterned via the existing methods.

Depending on their properties, each polymer can be patterned via one or more of

the patterning methods [64].
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Figure 2.1: Classification of patterning methods with template-free and template-assisted princi-
ples and their availability for the existing various synthetic polymers [64].

In recent years, cell and tissue engineering have evolved rapidly, and various new

materials such as polymers, ceramics, and metals have been used as tissue engineer-

ing scaffolds for specific cell types [82]. Polymers as tissue engineering scaffolds have

the advantages of biocompatibility, transparency, and processability. Ceramics are

bioinert with high elastic modulus, but, due to their inherent brittleness, their use

is limited. Metals have high stiffness and resilience, but their use is also limited due

to being susceptible to corrosion. Both ceramics and metals, lack transparency and

bioactivity [64].

Polymers have been the most widely used tissue engineering scaffold. Increased

cell adhesion and biocompatibility are two other advantages of using polymers as

cell-culture substrates. In order to create a similar microenvironment to native

ECM for cells and tissue in terms of physical, chemical and biological characteristics,

the design and preparation of biomimetic polymer scaffold plays a critical role. In

the past few decades, different research have improved similarities between ECM

microenvironments and polymeric cell-culture substrates. These similarities have

been in the rigidity [83, 84], chemical properties [85], and micro/nanotopography
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[64,86,87] of the substrate material.

2.6.1 Microfabrication techniques

Microfabrication is the process of fabricating structures of micrometer scale or

smaller. These techniques were originally used for integrated circuit fabrication,

or semiconductor manufacturing [88]. In the past few decades, these methods have

been adopted, or extended, by other fields such as microsystems, microfluidics and

lab-on-a-chip, microelectromechanical systems (MEMS), and others. In order to

create a desired structure, there are sequential steps which need to be followed in

the microfabrication process [89]. Photolithography, soft-lithography and etching

are the most important steps involved in surface microfabrication, and have been

used in this work. Their principles will be explained in the following.

2.6.1.1 Photolithography

Photolithography is a method for creating regular features onto photosensitive ma-

terials. In photolithography, as the name indicates, there is the need for a photo-

sensitive (light-sensitive) layer coated on a substrate, which is exposed to UV light

in order to transfer the desired pattern onto the material [89,90].

The process starts by designing patterns using software and transferring them

onto a photomask using a mask writer. A photomask is a chrome-coated glass plate.

The chrome layer is selectively removed to create the pattern in the photomask. A

layer of a photoresist or photosensitive polymer is coated onto a substrate material

such as glass or silicon. The photomask is then placed on top of the coated substrate

and the photosensitive layer is exposed to UV light through the mask. Since the

chrome layer is partially removed from the mask, photoresist will only be exposed to

UV light through the parts where the chrome layer has been removed. There are two

types of photoresist, positive and negative. For positive photoresists, solubility of

the areas exposed to UV light will increase as a result of decomposition. Therefore

once the photoresist-coated substrate is immersed in the developer, the exposed

areas will be removed, leaving the pattern behind. For a negative photoresist, the

areas which have been exposed to UV light become cross-linked and less soluble.

Hence, the areas which have not been exposed to UV light will be removed upon
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development, transferring the pattern onto the photoresist layer. Currently, this

method can be used to create features with dimensions of∼10 nm in silicon on a large

scale [91]. Another advantage of photolithography is that it can be combined with

other micropatterning techniques and be used for a much wider range of materials.

Some of these other techniques will be explained in the following. However, the

limitations to photolithography are the need for expensive equipment and clean

room conditions. Moreover, there are only a few types of materials which can be

patterned directly via this method. Figure 2.2 shows a schematic of the different

steps involved in the process of photolithography [29].

If photolithography is to be followed by another microfabrication step, such as

etching for example, the parts of the substrate which are covered by photoresist are

protected from etching and the surface of the actual substrate will be etched. Once

the etching process is finished, depending on the resist chemistry, the photoresist

can be removed by sonication in an organic solvent or water.

23



Chapter 2

Figure 2.2: Process of photolithography: A mask with opaque regions in the desired pattern is used
to selectively illuminate a light-sensitive photoresist. Depending on the type of photoresist utilized,
it will become more soluble (positive photoresist) or cross-linked (negative photoresist) after UV
light exposure, thus generating the appropriate pattern upon development [92].

2.6.1.2 Soft-lighography

Soft-lithography is another microfabrication technique which can be used for trans-

ferring patterns onto the surface of a polymer. The Whitesides Group at Harvard

University has developed a family of related patterning techniques to overcome the

restrictions of the photolithographic method [93–95]. These methods are called soft-

lithography. They are mainly parallel patterning methods, which make it possible

to pattern a large area in a relatively short period of time. Soft-lithography includes

different methods for patterning a substrate, one of which is replica-casting. Replica-

casting is the soft-lithography technique which was used in the work presented in

this thesis. This method requires a master replica, which is usually manufactured

by other microfabrication techniques, such as photolithography [90]. The master

is then used for moulding a polymer, such as PDMS, and thus replicating the mi-

crostructures onto the polymer.

Soft-lithography needs an initial master, which can be fabricated via photolithog-
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raphy or some of template-free methods. Using template-free methods for creating

the master moulds can lower the costs of soft-lithography processes. Soft-lithography

can be used for a wider range of materials than photolithography, including poly-

mers, biomaterials, ceramics, hybrids and composites. None of the steps of the

soft-lithography process require a cleanroom environment. Once a master is made,

it can be repeatedly used outside a cleanroom to replicate the patterns onto other

materials via soft-lithography. As a result, soft-lithography itself is a less expensive

technique, which has the ability of providing resolution down to a few nanometer [90].

Another advantage of this microfabrication method is that, unlike photolithography,

soft-lithography can be used with a wide range of materials.

In general, the process starts with a master replica, made using photolithog-

raphy or other techniques. A liquid pre-polymer, such as PDMS, is then poured

over the master and cured, either at room temperature or accelerated at elevated

temperature. The cured polymer is then peeled off the master. Typically, PDMS is

baked again to complete curing. Figure 2.3 shows a schematic of the different steps

involved in replica-casting as a soft-lithography technique.

Figure 2.3: The process of soft-lithography: a) A rigid master is fabricated via photolithography,
b) liquid PDMS is dispensed on the master and cured, c) cured and solid PDMS is peeled off the
master.
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2.6.1.3 Etching

Etching is the process of transferring patterns onto the surface of a material by

selectively removing parts of the material through physical or chemical processes.

Different types of etching are dry etching, wet etching, or a combination of the two.

Dry etching is exposing the surface of the material to a bombardment of ions. Wet

etching is exposing the surface of the material to chemical etchants. In both cases,

certain areas of the surface can be masked to transfer patterns onto the surface.

Depending on the material, etching can be isotropic, as part of which, the etching

proceeds equally in all directions, or anisotropic, meaning the etching preferentially

proceeds in one specific direction [90]. An example of the different types of etching

can be seen in Fig. 2.4. The etching process with most of chemical etchants used for

wet etching is isotropic, while dry etching is usually anisotropic [92]. Wet etching

via hydrofluoric acid was the method used in this thesis, which will be explained in

Chapter 5.

Figure 2.4: Etching profiles generated with (A) isotropic etching, (B) dry anisotropic etching,
and (C) wet anisotropic etching [92].

2.6.2 Nanofabrication techniques

The principles of nanofabrication are similar to the ones of microfabrication, except

for the size of patterns or devices, which are at the nanoscale level 1 - 100 nm.

Some of the microfabrication techniques are also used to create nanostructures.

Soft-lithography, for example, is one of those techniques which has been used to

create features smaller than 200 nm by using materials stiffer than PDMS [96]. Also,
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conventional photolithography using light of 193 nm wavelength has been utilized

to produce features of less than 40 nm [77]. However, there are some lithographic

techniques which have been developed specifically for nanofabrication, which were

used in this work and will be discussed briefly in the following.

2.6.2.1 Laser Interference Lithography (LIL)

When two or more laser beams from the same source coincide, an interference pattern

is created. A schematic of this process is shown in Fig. 2.5. A holographic pattern,

made up of dark and bright areas results from the intensity and phase relations of

the beams.

Figure 2.5: Interference of two coherent laser beams [97].

Important factors in interference lithography are choice of laser and the instru-

mentation architecture. Choice of laser is dependant on the application and the

spectral sensitivity of the substrate. There are basically two instrumentation archi-

tectures for LIL: the ”Lloyd’s Mirror Interferometer”, for high resolution and the

”Dual Beam Interfermometer”, for large areas [97].

Lloyd’s Mirror Interferometer is composed of a laser with a long coherent Gaus-

sian beam, a lens, a pinhole and a mirror. As can be seen in Fig. 2.6(a), the mirror

is placed perpendicular to the exposed surface to create the second beam.

In a dual beam setup, as shown in Fig. 2.6(b), the laser beam is split into two

beams. A pinhole is used to filter the two beams, which are expanded, and both

beams are aligned to the substrate. As the two beams have different optical paths,
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this setup is more sensitive to airflow. Airflow will result in a phase differnce between

the two beams and the final pattern will fluctuate. It can also change the wavefront

which cannot be corrected. As a result, in this setup a cover shield is usually used

to minimize the airflow.

The setup used for fabrication of nanoscale regular features in this work was

Lloyd’s mirror interference lithography at the Electrical and Computer Engineering

Department of the University of Canterbury. This setup can produce nanometer

lines or dot patterns.

Figure 2.6: (a) Lloyd’s Mirror Interferometer and (b) Dual Beam Interferometer with beam-
splitter BS and mirrors M1 and M2 [97].

2.6.3 Micro- and nanofabrication applications

Micro- and nanofabrication techniques were originally used for microelectronics in-

dustry such as fabrication of integrated circuit, also known as manufacturing semi-

conductors. With the developments in micro- and nanofabrication, and miniatur-

ization of already-existing devices, many new applications have been introduced.

Also, because of increased control on size, morphology, topology, and functionality,

many new devices have been created. These new devices have been used in the

area of cell biology, molecular biotechnology and medicine. Injectable micro- and

28



Chapter 2

nanodevices [98], stents for drug delivery [99], microneedles for transdermal drug

delivery [100–102], implantable microfabricated drug delivery chips [103, 104], mi-

crofabricated bio- and muco-adhesive systems [105], and micro and nanofabricated

biosensors [106, 107], are some of the applications of micro and nanodevices in the

medical and pharmaceutical field.

2.7 Biodegradeable materials

To this date, high-resolution surface patterning for biomedical applications has been

mostly confined to conventional tissue engineering plastics, such as PS, and specific

metals used for medical implants [108]. To reduce the environmental pollution by

synthetic polymers, protein-based biopolymers have gained renewed interest during

the last decade. Casein is one of those proteins, which have been used in biological,

and other applications, such as packaging [109], edible films [110], biological implants

[9], and others. Gelatin is another protein which has been used in similar fields. In

the work presented in this thesis, casein-based films with high-resolution surface

patterning have been developed for biomedical and biological applications. The

materials and their previously used fabrication methods will be explained in the

following.

2.7.1 Casein

Casein (from Latin word caseus, meaning ”cheese”) is the main protein in bovine

milk (24 - 29 g/L), as opposed to whey protein, which is only 5.4 g/L in milk.

Casein is also commonly found in other mammalian’s milk. Casein contains 0.7-

0.9% phosphorus, covalently bound to the protein by a serine ester linkage, and it is

known as a phosphoprotein. Casein consists of a blend of different subunits, α-casein

(with molecular weight of 23,000), β-casein (with molecular weight of 19,000), κ-

casein (with molecular weight of 24,000) and a minor constituent γ-CN [111]. Table

2.1 shows the concentration of each component in approximately 25 g of casein in

one litre of bovine milk. The difference between the components is in amino acid

composition, molecular weight, isoelectric point and hydorophilicity [109,112]. Table

2.2 shows the mass and radius of casein micelles in groups of samples with high and
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low concentrations of large micelles. The data has been obtained by Glantz et al.

via asymmetrical flow field-flow fractionation and multiangle light scattering [113].

Table 2.1: Distribution of protein components in casein (Adapted from [111]).

Protein content in g/L Relative proportion in %

α-casein 12 48

β-casein 9 36

κ-casein 3.25 13

Minor constituents 0.75 3

Table 2.2: Mass, root-mean-square radius (rrms), and hydrodynamic radius (rh) of casein micelles
in groups of samples with high and low concentrations of large micelles (Adapted from [113]).

Samples with high concentration Samples with low concentration

of large micelles of large micelles

mass (Da) (1.7 ± 0.8) × 109 (4.4 ± 1.7) × 108

rrms (nm) 217 ± 53 121 ± 34

rh (nm) 132 ± 19 95 ± 17

Casein is precipitated from cow’s skimmed milk by the action of the enzyme

rennin. The enzyme breaks a chemical bond in κ-casein, which results in casein

micelles destabilizing and forming a 3D clot. By solublisation of casein micelles

in alkali solutions, such as sodium-, calcium-, potassium- or magnesium-hydroxide,

water-soluble caseinates can be obtained. Due to natural bioactive properties of

casein, it has excellent ionic binding characteristics. Because of the large amount of

polar groups in caseinates and good adhesion to different materials, they are used

as coating on various substrates, such as wood, glass or paper [111]. In addition, the

hydorophilicity makes these films excellent barriers against non-polar substances,

such as oxygen, carbon dioxides and aromas [111].

Early use of casein in non-food applications goes back to the Middle Ages, when

Egyptians used casein in cement and wood glue [114]. But it was not until the early

19th century, that casein glues were commercially manufactured for woodworking
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[115]. Casein has also been used as a coating or sizing agent in paper, textile, and

leather industries, where it acts as a binder for the coating material [111]. Casein-

based plastics were introduced early 20th century, and they were used to make

buttons, buckles, knitting pins, fountain pens and other items [116].

Another application for casein was as textile fibres, mostly during the second

World War [111]. Casein fibres were made via spinning of an alkali solution of

casein into a coagulation bath containing acid and inorganic salts. The fibres were

insolublized by being dipped into a formaldehyde solution and then washed with

water [111]. The fibres resembled wool and they were generally mixed with other

natural or artificial fibres.

One of the main advantages of casein-based polymers is that they are both

renewable and biodegradable [117]. Three-dimensional structures made of casein

were shaped under moderate heat and pressure and they were hardened by being

soaked in formalin, a 5% solution of formaldehyde in water, for long periods of time.

Table 2.3 lists the specific properties of casein, relevant for technical applications.

Due to transparency, biodegradability and good technical properties, casein films

have also been used as innovative materials for packaging in food and other indus-

tries. To improve the mechanical properties and enhance elasticity and flexibility of

casein films, plasticizers are usually added to casein [111]. Plasticizers reduce the in-

termolecular forces by decreasing the intermolecular hydrogen bonding, and increas-

ing the space between molecules. Cross-linking of casein films, on the other hand,

can decrease the water sensitivity of the films. It can also increase the Young’s mod-

ulus and tensile strength, and decrease the elongation at break for these films [111].
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Table 2.3: Technical applications of casein; adapted from [111].

Product Property Applications

Coating Film forming ability Paint

Adhesion Ink

Technical properties Paper

Packaging

Leather finishing

Textile coating

Adhesive Good processability Water-based glue

Bond strength

Water resistance obtained

by cross-linking

Plastic Strength Rigid plastic

Good mechanical properties Disposable

Water resistance obtained Fibre

by cross-linking Coating

Film for packaging

Surfactant Surface tension Emulsifier, detergent

Stability of interface

Since the developement of casein-based polymers, micron-scale devices made of

these materials have been proposed for use as degradable, stand-alone orthopedic

implants [118], and tissue-engineering scaffolds [119]. Casein has been fabricated in

shape of 3D tubes with millimetre diameter, and 2D films with ∼ 500 µm thickness.

The work presented in this thesis is the first to push the limits for fabricating 2D films

and 3D structures with surface patterns, out of casein. While a strong mechanical

microstructure and no toxicity make casein a suitable material for implantation,

acute inflammatory reactions of the surrounding tissue remain a problem [118]. To

influence and potentially ease reaction of the surrounding tissue [32], in this thesis,

the incorporation of regular geometric and biomimetic tissue-like surface features

into the cross-linked protein surface is proposed.
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2.7.2 Gelatin

Another biodegradable protein which is of interest for this thesis, is gelatin. Gelatin

is a colourless, odourless and flavourless edible polymer, derived from collagen, from

different body parts of animals. It is mainly obtained from pork skin, pork and cattle

bones or split cattle hides, and is widely used for cooking purposes and usually comes

in forms of translucent sheets, powder or blocks. Gelatin has gelation properties

and can set to any shape. It has previously been used as films and hydrogels, with

and without surface patterns, in medical applications [120, 121] and as cell-culture

devices [122]. The main interest in this work was casein, and gelatin was originally

studied for fabrication of casein-gelatin films with surface features. Gelatin was

added to casein to possibly introduce new properties to casein. Mechanical, physical,

and other properties of casein-gelatin films were studied in this thesis to have a better

understanding of the influence of adding gelatin to casein with different ratios.

2.8 Current methods of casein fabrication

Casein has previously been used to fabricate 2D films and 3D structures for biological

or non-biological applications, which will be explained in the following. Surface

patterning of casein, on the other hand, has been limited. The following section will

introduce some of the currently used methods of casein microfabrication. Details of

the novel approach, developed for this work, to produce casein films with micro- and

nanoscale regular and bioimprinted surface features, will be explained in chapters 4

and 5.

2.8.1 Spin-coating of thin films

One of the methods previously used for casein microfabrication is spin-coating. Spin-

coating has been widely used for decades for deposition of uniform thin films on flat

substrates, such as glass slides or single crystalline substrates. In this fabrication

method, the substrate is placed on a spin-coater, a small amount of the coating

material in liquid form is placed on the centre of the substrate and the spin-coater

is accelerated to spread the coating. The thickness of the film is dependant on the

viscosity and concentration of the solution and the solvent, and also the spinning
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speed. Viscosity and concentration have a direct relationship and the spinning speed

has a reverse relationship with the film thickness. By changing the preparation

parameters, the thickness of the spin-coated films can be controlled and varied from

monolayer thickness up to several microns [123].

Muller-Buschbaum et al. have used spin-coating of casein solution for fabri-

cation of thin films on precleaned glass slides [123]. They spin-coated different

concentrations of casein solution on glass substrates. Using spin-coating, they fabri-

cated homogeneous uniform films with small roughness, ranging from submonolayer

to several microns thick. One example application for casein thin films are in the

field of synthetic polymers, such as water-based paints or water-based adhesives for

temporarily labelling bottles for example.

In the work done by Muller-Buschbaum et al., casein was used as casein micelles

and the fabrication process did not include any cross-linking of the films, since the

proposed application of the films was temporary coatings.

2.8.2 Solution-casting of films

Solution-casting has been the most widely used method to render casein and other

casein-based materials into film structures [124,125]. The thickness of the films pro-

duced this way can vary from several hundred microns to a few millimetres. In this

method, casein-based solutions are prepared and liquid cast onto flat substrates to

form homogeneous films. The films are either left to air-dry or heated to increase the

water evaporation, and thus decrease setting time. This method of casein fabrica-

tion has mainly been used for non-biomedical applications, such as food packaging,

paints or adhesives. Solution-casting is the most basic form of fabricating casein

films, which has also been used for film characterisation and study purposes [126].

Casting different solutions consisting of different components and different concen-

trations will lead to various types of films. Each type of film can represent their own

unique characteristics regarding mechanical stiffness, wetability, optical transmit-

tance, swelling and/or degradation time. Solution-casting was adopted to fabricate

casein films with surface features in this thesis.
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2.8.3 Coagulation to form casein fibres

Casein protein has also been fabricated in form of regenerated casein fibres, with

potential and practical applications in textile, medical and other areas [127–130].

Potential medical applications of protein fibres include tissue engineering scaffolds

[119]. Starting in 1936, regenerated protein fibres commonly called azlons, were com-

mercially produced from casein protein, soybean protein, or zein from corn [130].

These fibres were first fabricated as an attempt to find an environmentally sustain-

able alternative to other fibres such as polyester. Azlons are also a cheap alternative

for other common protein fibres, such as wool and silk [128,129]. Cross-linked regen-

erated casein fibres have the advantage of higher mechanical properties and water

stability, compared to fibres developed from plant proteins [127]. Regenerated casein

fibres cross-linked with citric acid have been shown to have a comparable strength

to other protein fibres, such as wool [127].

In order to fabricate casein fibres, casein protein is dissolved in an alkali solution

such as sodium hydroxide, with desired concentration. The solution is then extruded

and forced through a spinneret, into a coagulation bath, consisting of acids and other

necessary chemicals. Fibres are remained in the bath for a set amount of time before

being removed and thoroughly washed to remove excess salts and chemicals. In a

study by Yang and Reddy [127], prefabricated casein fibres were cross-linked by

being immersed into citric acid solution with various concentrations, for 30 min, to

improve their mechanical properties and water stability.

2.8.4 Dip-coating

One other method used for fabrication of casein structures is dip-coating to form

3D tubes. Wang et al. showed the fabrication of casein tubes with millimetre

diameter to be used as implants [9]. In their work, a 20% (w/v) casein solution

was prepared in 3% (w/v) Na2HPO4 solution. A cylindrical shape mandrel was

vertically dipped into the casein solution, left for 2 min, then slowly removed and

air-dried while rotating horizontally. This process was repeated four times to ensure

a stable thickness for the walls of the tube. After the forth time, the tubes were cross-

linked by immersion of the casein-coated mandrel into 0.1% (w/v) glutaraldehyde

solution in DI-water for 2 min. They were then removed and dried again. Wang et
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al. reported the successful implantation of the tubes in adult rats with peripheral

nerve injury [9]. The tubes promoted the regeneration of peripheral nerve. Despite

of some inflammation in the tissue surrounding it, no major foreign body reaction

or necrosis was reported.

2.9 Current methods of gelatin fabrication

Gelatin has previously been fabricated into films, hydrogels, and 3D structures.

Since gelatin has gelation property, it can set to any 3D shape by moulding. Similar

to casein fabrication, solution-casting is a common method for fabrication of gelatin

films and hydrogels [131]. Gelatin films have previously been used for biological [132]

and non-biological application [133].

Paguirigan and Beebe have previously used liquid casting of gelatin to fabricate

microfluidic channels, which is an example of gelatin films with surface features

[122]. The microchannels were 1000 µm wide and 250 µm deep. Gelatin microfluidic

channels were used for culturing cells, which proves biocompatibility of gelatin. In

a different approach, Yang and Ou used a masking technique for micropatterning of

gelatin film spin-coated on a glass substrate [134]. Gelatin was partially masked with

a photoresist via photolithography. The partially masked gelatin film, coated on the

glass substrate, was immersed in a high concentration glutaraldehyde solution. The

parts of gelatin which were not masked were cross-linked via glutaraldehyde. The

gelatin coated glass was removed from the cross-linking solution, photoresist was

removed and then non cross-linked parts of gelatin were also removed in hot water.

Hence, patterns were transferred into gelatin.

Gelatin and casein share various fabrication methods and applications. Gelatin

films fabricated via solution casting have also been used for food packaging appli-

cations [133]. Dip-coating is another fabrication method shared between the two

materials. Proanthocyanidin cross-linked gelatin conduits with millimetre diameter

have been fabricated and used to help with peripheral nerve repair [135].

A more specific type of solution casting, which is replica casting, was used for

casein and casein-gelatin films fabricated in this work. In replica casting an in-

termediate PDMS mould with surface features, fabricated via soft-lithography, is
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used for solution casting. The complete fabrication process for casein, and casein-

gelatin films with surface features will be explained in chapters 4 and 5. A prior

step to fabrication of the films with surface features, was to optimize unpatterned

films based on different components and their concentrations. Preparation of casein-

based solutions and characterisation of different films will be explained in the next

chapter.
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Casein optimization

In this chapter preparation of casein, and casein-gelatin solutions with different

components will be discussed. Unpatterned films made of various components and

different concentrations were studied for their mechanical, physical and optical prop-

erties, results of which will be reported in the second half of this chapter.

3.1 Preparation of casein solution

In this work, casein films were fabricated via solution-casting. This casein fabrica-

tion technique, was previously performed with a standard solution, as part of a final

year project by Daniel Tay, at the Electrical and Computer Engineering Depart-

ment, University of Canterbury. In order to replicate surface features onto casein

films, replica-casting of casein was applied, meaning casein solution was liquid-cast

on previously patterned polymer moulds. The replication process will be fully ex-

plained in chapters 4 and 5. The features replicated onto casein films were either

photolithographically defined, or bioimprinted surface features. The results from

the final year project showed casein solution needed to be optimized based on the

different components making up the solution, and their concentrations, in order to

achieve high-resolution patterning.

In this thesis, the first step in fabrication of casein-based films with surface

features, was to study the influence of the different components and their concen-

trations, on film properties. As mentioned before, casein was also mixed with gelatin

to create a combined material, mainly for fabrication of 3D casein structures. In
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order to study different properties of the casein-gelatin material, with different ra-

tios of casein to gelatin, the material was fabricated as 2D films and their properties

were studies along with other casein-based films. Preparation of casein and casein-

gelatin solutions with different components, and the optimization of the films will

be explained in the the following

Casein (C7078-500G, Sigma-Aldrich) was purchased as powder. Rather than

sourcing casein locally in New Zealand, base material was purchased from Sigma

to ensure reproducibility of the films. To prepare casein solutions, casein powder

needed to be dissolved in either water, or a solution. The initial part of this work

focussed on the fabrication of casein films from different solutions. The solutions

were mainly made of casein. Other components, such as plasticizer and cross-linkers,

were also added to the solution with different concentrations.

Casein is a relatively hydrophobic substance and therefore poorly soluble in

water. Hence, dissolving casein powder in water proved to be very difficult and time

consuming. Even though casein exists in milk, and milk mainly consists of water,

casein is not fully dissolved in milk. Casein exists in milk as particles called casein

micelles. Casein micelles are too large to dissolve in milk, yet too small to sink in

milk. As a result they float in milk, resulting in a type of mixture called colloid. In

order to dissolve casein and prepare casein solution, casein is usually dissolved in a

sodium-based solution to form sodium caseinate. Sodium caseinate is hydrophilic

and easily soluble in water. In this thesis, two different sodium based solutions

were used to prepare casein solutions. These two solutions and other additional

components will be explained in the following.

3.1.1 Disodium Hydrogen Phosphate-based casein solution

The first sodium-based solution for preparing casein solution was 3% Disodium

Hydrogen Phosphate solution (Na2HPO4), similar to the casein solution previously

used for fabrication of the casein conduits [9]. A 3% (w/v) solution of Na2HPO4 in

DI-water was prepared by dissolving 3 g of Na2HPO4 powder in 100 ml DI-water.

Na2HPO4 powder (Na2HPO4∗12H2O) was kindly supplied to us by the Chemistry

Department of the University of Canterbury. A 20% (w/v) solution of casein was

then prepared in the Na2HPO4 solution. Twenty grams of casein powder were
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mixed with 100 ml of the Na2HPO4 buffer in a container, using a magnetic stirrer,

for approximately 4 h, until casein was mostly dissolved. Casein solution was then

liquid cast in a flat container with 10 × 10 × 0.5 cm dimensions, and left to air-

dry over night. During the liquid casting process, it was observed that the 20%

concentration appeared too viscous. Dried films made of 20% concentration were

very hard, inflexible and brittle. As a result, the concentration of casein was reduced

to 15% in the solution. The solution made via this concentration was less viscous,

the thickness of the films was more homogeneous and they were no longer extremely

stiff and brittle.

Dried casein films, fabricated via liquid casting, were peeled off the substrate the

next day. Following the protocol in Wang et al.’s work [9], casein films were then

immersed in a 0.1% (w/v) glutaraldehyde solution to have their degradation time

increased. Glutaraldehyde with 25% concentration (G5882-50ML, Sigma-Aldrich)

was diluted in DI-water to achieve a 0.1% glutaraldehyde solution. Casein films

were then immersed in the glutaraldehyde solution for 30 min. After this time, they

were taken out of the solution and left to air-dry again.

Glutaraldehyde cross-linked casein films were tested for degradation time by

immersion in DI-water. Glutaraldehyde cross-linked casein films lasted in DI-water

in excess of one week. After an average time of 30 min of films being in water, they

were observed to curl up into a tubular shape. Since films could not stay flat, they

were not a suitable substrate for cell-culture.

A review of the literature showed hydroxide solutions and mainly sodium hydrox-

ide (NaOH) were more widely used for dissolving casein. A sodium hydroxide-based

casein solution was tested next, to see if the solution could make any difference in

the way films reacted to water. Preparation of films via NaOH solution will be

explained in the next section.

3.1.2 Sodium Hydroxide-based casein solution

Our collaborator Dr Azam Ali, and his former student Dr Arun Ghosh from the Uni-

versity of Otago, had previously studied the influence of cross-linking on properties

of casein films for food packaging applications [126]. Following their work, sodium

hydroxide solution was used to prepare casein solution. Similar to their work, a 0.2%
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(w/v) NaOH solution was prepared for dissolving casein powder in and preparing

casein solution. The 0.2% (w/v) NaOH solution was prepared by dissolving two

NaOH pellets (S5881-500g Sigma-Aldrich) in 100 ml DI-water. Several concentra-

tions of casein solution (5, 10, 15, and 20% (w/v)) were prepared by dissolving the

appropriate weight of casein powder in 100 ml of 0.2% NaOH solution. Casein pow-

der was dissolved in NaOH solution by magnetic stirring for approximately 3 h, or

until casein was mostly dissolved, at 80◦C on a hotplate. Casein solution was liquid

cast into a flat container with dimensions of 10× 10 cm, and a depth of 0.5 cm. The

solution was then left to air-dry. Films made via NaOH-based casein solution had

no flexibility, were hard and very brittle. For higher concentrations of casein, the

films bulked up and detached from the container while drying.

Ghosh et al. used glycerol as a plasticizer in preparing casein solutions in their

study [126]. Hence, after observing the brittleness of the pure casein films, addition

of glycerol to the casein solution was tested to increase the flexibility of the films.

Several concentrations of glycerol (5, 15, 25, and 35% (w/w)) were added to casein

solution before liquid casting.

In the first attempts to prepare casein solution, casein was dissolved in the

sodium-based solution in an open-top container and stirred on a hotplate. Since

the stirring took several hours, an open-top container allowed the water to evapo-

rate. The amount of evaporation during those hours was different at different times

and on different days, depending on the atmospheric moisture level or where the

hotplate was placed. As a result, the desired solution with 10 or 15% concentration

could end up having various concentrations and viscosities. This meant the process

was not standardized or reproducible. Therefore, the solutions were mixed in glass

bottles instead, with close lids to minimize the evaporation and to make the process

more reproducible.

To do so, the desired amount of casein powder was poured into a 150 ml bottle

and 100 ml of NaOH solution was added to the bottle. The lid was closed and the

bottle was shaken well to make sure casein powder was not stuck to the bottom of

the bottle. A magnetic stirrer was then placed in the bottle, the bottle was placed

on the hotplate and stirred for 2 hours at 80◦C, until most of casein powder was

dissolved. After this time, the bottle was placed in an ultrasonic bath for 30 min
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at 60◦C to achieve maximum dissolution of casein powder. The solution was finally

filtered through a 200 µm filter to remove any undissolved casein. The final solution

was a clear, translucent liquid with an off-white colour. Glycerol was added to the

casein solution for the desired concentration, and the solution was stirred for another

15 min.

In early experiments, casein solution was liquid-cast soon after the solution was

prepared. Stirring the solution produced small air bags in the solution, which were

visible in the early films. As a result, once casein solution was mixed with glycerol

and stirred for the 15 min period, it was cooled down to 4◦C in the fridge over-night

before being liquid cast. Casein solution was dispensed into the containers the next

morning and left to air-dry.

Dried casein films made of various concentrations of casein and glycerol were

first checked for their appearance and capability of being fully and easily peeled off

the substrate. Films made by addition of 35% glycerol did not become solid, and

remained in a viscous liquid state. This also happened for 15 and 25% glycerol and

low concentrations of casein (5 and 10% casein). As the next step, dried casein

films were tested for their degradation time in DI-water. As it was expected, all

the films dissolved in DI-water in less than 2 h, but remained flat after becoming

wet and absorbing water. This meant films could potentially be used as cell-culture

substrates and cells could adhere to the flat films. Since the films’ degradation

time was very short, there was a need for cross-linking NaOH-based casein films, a

process which will be explained in the next sections.

Mechanical, physical and optical characteristics of non cross-linked casein-based

films with different concentrations of casein and glycerol, were measured to gain

a better understanding of the influence of different components on the final films.

Table 3.1 lists all the non cross-linked casein films studied. The concentration of

each component, and some of the characteristics of each film, are also reported in

the table, along with a photo of each film. The results of these tests will be reported

in sections 3.4, 3.5 and 3.6.

Four films made of Na2HPO4 with differnt concentrations of casein and glycerol

were originally made and included in the films listed in Table 3.1. They were la-

belled NC6, NC9, NC12 and NC15. During the characterisation of the films, it was
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decided not to include these four films. The reason was mainly due to films made

of Na2HPO4 solution not remaining flat in media. As a result, films labelled NC6,

NC9, NC12 and NC15 are not listed in Table 3.1.
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Table 3.1: Comparison of non cross-linked casein films with different compositions (NC1 to
NC20).
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3.2 Cross-linking of casein

A cross-link is a covalent or ionic bond, which links one polymer chain to another.

This link between polymer chains makes them lose some of their mobility as indi-

vidual chains. Cross-linking a liquid polymer can turn it into a gel or a solid. Cross-

linking a natural polymer (such as proteins) decreases the flexibility of long molecules

and increases the hardness of the polymer, therefore changing their degradability.

Cross-linking may also increase the melting point of the polymer. In this work, cross-

linking has been achieved by a chemical reaction between cross-linking reagents and

casein.

Four different cross-linkers were used in the work presented in this thesis to

increase degradation time of casein films. The reason for using four different cross-

linkers is because casein films cross-linked with each of the cross-linkers were used as

cell-culture substrates, and three of the cross-linkers resulted in unhealthy behaviour

of the cells. Once healthy and normal cell attachment and growth was not seen on

the films cross-linked with each of the cross-linkers, a second, third and finally forth

cross-linker were tested. C2C12 cells showed their normal behaviour of attachment

and growth on the films cross-linked with the forth cross-linker. As a result, casein

films cross-linked with the forth cross-linker were used as cell-culture substrate where

C2C12 cells attached to the films and grew to confluency. In the following the cell-

culture method used in this work will be explained and then the four cross-linkers

used in this thesis will be discussed.

3.2.1 Cell-culture method

Live cell-culture in this work was performed in two PC2 laboratories, the School

of Medicine at the University of Otago, Christchurch, and the School of Biological

Sciences at the University of Canterbury. Mouse muscle cells (C2C12 myoblasts)

were obtained from the School of Medicine of the University of Otago, as frozen

vials of cells with passage number 32. They originally belonged to Dr Lynn Murray,

the former PhD student at the Electrical and Computer Engineering Department of

the University of Canterbury. Dr Kenny Chitcholtan and Dr Isha Mutreja from the

School of Medicine at the University of Otago, helped me with the biological part
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of this thesis and taught me how to culture cells.

Freshly isolated cells were designated with a passage number zero, and every time

cells had been subcultured their passage number was increased by one. A starting

passage number of 32 meant cells had been subcultured 32 times before we received

them. In order to subculture cells on the microscope slides, recovered C2C12 cells

from frozen state were first cultured in PS culture flasks for at least 48 h to monitor

their normal growth after being frozen. To culture the cells in the culture flasks,

frozen cells were thawed in a water bath or a bead bath at 37◦C for approximately

10 min. Once their temperature reached 37◦C, the cell suspension was moved into

a 15 mL centrifuge tube.

All the work with cells was done under laminar flow in a cell-culture fume hood

to protect the cells from contamination. Before moving anything into the fume

hood, items were sprayed with 70% ethanol to decontaminate. The centrifuge tube,

containing cell suspension, with the cap closed, was removed from the fume hood

and placed in the centrifuge (Eppendorf, Centrifuge 5702). Another centrifuge tube

containing the same volume of water was placed in the opposite side, to balance the

weight in the centrifuge. The tubes were centrifuged at 1500 rpm for 5 min. This

speed and time were chosen as it was sufficient to remove the cells from the media

without damaging them.

Working media was prepared by adding 10% fetal bovine serum (FBS, 30044333,

Gibco), 1% Penicillin-Streptomycin (P/S, 15140122, Gibco) and 1% Fungizone (Am-

photericin, 15290018, Gibco), to Dulbecco’s Modified Eagle’s Medium (DMEM,

11995-056, Gibco). After centrifugation, the freezing media was removed and a

small volume of working media was added to count the cells. By using a 1 mL

pipette, sucking the media into the pipette tip and forcing it back to the tube sev-

eral times, cells were completely suspended to be spread evenly in the media. A

small volume of 20 µL of the cell suspension was transferred onto a hemocytometer

to count the cells. Once cells were counted, the required volume of working me-

dia was added to the cell suspension and it was then pipetted into culture flasks,

seeding approximately 104 cells per cm2 of the flask. For a typical Nunc T-25 cell-

culture flask with 25 cm2 culture area, 7 mL of cell suspension media was added.

The cells and the media were checked under a microscope before placing the flasks
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in a cell-culture incubator and letting the cells grow. Temperature, humidity and

gas concentration were kept constant at 37◦C, 85-95% humidity, and 5% CO2 in the

incubator.

After 48 h, cells growing in the flasks were checked under microscope to make

sure they were growing normally. Once cells were 80% confluent in the flask, the

media was removed, cells were washed with PBS and 0.05% trypsin was poured

into the flasks. The volume of trypsin was enough to cover the whole surface of

the culture flask once it was placed flat-down. Trypsin is an enzymatic protein,

occurring naturally, which breaks the bond between cells and the substrate they are

growing on [60]. Trypsin does so by breaking the polypeptide sequences on the lysine

or arginine amino acid. Trypsin was originally obtained with 0.5% concentration

(15400-054, Gibco) and was diluted by a factor of 1:10 in 1× PBS. The flasks

containing trypsin were placed back into the incubator for 10 min. After this time,

most cells were detached from the flasks and floating in the trypsin solution. To

remove any loosely attached cells from the flask, a few gentle knocks were performed

to the side of the flasks.

Trypsin solution containing cells was transferred into a centrifuge tube and cen-

trifuged at 1500 rpm for 5 min. Taking the tube back into the fume hood, the

supernatant trypsin/PBS was removed and working media was added to the cells.

Each microscope glass slide with surface gridLive cell-culture in this work was per-

formed in two PC2 laboratories, the School of Medicine at the University of Otago,

Christchurch, and the School of Biological Sciences at the University of Canterbury.

Mouse muscle cells (C2C12 myoblasts) were obtained from the School of Medicine

of the University of Otago, as frozen vials of cells with passage number 32. They

originally belonged to Dr Lynn Murray, the former PhD student at the Electrical

and Computer Engineering Department of the University of Canterbury. Dr Kenny

Chitcholtan and Dr Isha Mutreja from the School of Medicine at the University

of Otago, helped me with the biological part of this thesis and taught me how to

culture cells.

Freshly isolated cells were designated with a passage number zero, and every time

cells had been subcultured their passage number was increased by one. A starting

passage number of 32 meant cells had been subcultured 32 times before we received
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them. In order to subculture cells on the microscope slides, recovered C2C12 cells

from frozen state were first cultured in PS culture flasks for at least 48 h to monitor

their normal growth after being frozen. To culture the cells in the culture flasks,

frozen cells were thawed in a water bath or a bead bath at 37◦C for approximately

10 min. Once their temperature reached 37◦C, the cell suspension was moved into

a 15 mL centrifuge tube.

All the work with cells was done under laminar flow in a cell-culture fume hood

to protect the cells from contamination. Before moving anything into the fume

hood, items were sprayed with 70% ethanol to decontaminate. The centrifuge tube,

containing cell suspension, with the cap closed, was removed from the fume hood

and placed in the centrifuge (Eppendorf, Centrifuge 5702). Another centrifuge tube

containing the same volume of water was placed in the opposite side, to balance the

weight in the centrifuge. The tubes were centrifuged at 1500 rpm for 5 min. This

speed and time were chosen as it was sufficient to remove the cells from the media

without damaging them.

Working media was prepared by adding 10% fetal bovine serum (FBS, 30044333,

Gibco), 1% Penicillin-Streptomycin (P/S, 15140122, Gibco) and 1% Fungizone (Am-

photericin, 15290018, Gibco), to Dulbecco’s Modified Eagle’s Medium (DMEM,

11995-056, Gibco). After centrifugation, the freezing media was removed and a

small volume of working media was added to count the cells. By using a 1 mL

pipette, sucking the media into the pipette tip and forcing it back to the tube sev-

eral times, cells were completely suspended to be spread evenly in the media. A

small volume of 20 µL of the cell suspension was transferred onto a hemocytometer

to count the cells. Once cells were counted, the required volume of working me-

dia was added to the cell suspension and it was then pipetted into culture flasks,

seeding approximately 104 cells per cm2 of the flask. For a typical Nunc T-25 cell-

culture flask with 25 cm2 culture area, 7 mL of cell suspension media was added.

The cells and the media were checked under a microscope before placing the flasks

in a cell-culture incubator and letting the cells grow. Temperature, humidity and

gas concentration were kept constant at 37◦C, 85-95% humidity, and 5% CO2 in the

incubator.

After 48 h, cells growing in the flasks were checked under microscope to make
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sure they were growing normally. Once cells were 80% confluent in the flask, the

media was removed, cells were washed with PBS and 0.05% trypsin was poured

into the flasks. The volume of trypsin was enough to cover the whole surface of

the culture flask once it was placed flat-down. Trypsin is an enzymatic protein,

occurring naturally, which breaks the bond between cells and the substrate they are

growing on [60]. Trypsin does so by breaking the polypeptide sequences on the lysine

or arginine amino acid. Trypsin was originally obtained with 0.5% concentration

(15400-054, Gibco) and was diluted by a factor of 1:10 in 1× PBS. The flasks

containing trypsin were placed back into the incubator for 10 min. After this time,

most cells were detached from the flasks and floating in the trypsin solution. To

remove any loosely attached cells from the flask, a few gentle knocks were performed

to the side of the flasks.

Trypsin solution, containing cells, was transferred into a centrifuge tube and

centrifuged at 1500 rpm for 5 min. Taking the tube back into the fume hood, the

supernatant trypsin/PBS was removed and working media was added to the cells.

Casein films which were previously placed in plastic culture plates and sterilized

under UV light for a minimum of 30 min, were used as cell-culture substrates. Cell

suspension was added to the plastic culture plates onto casein films and more cell

culture media was added to the cell suspension. The lid to the culture plates was

placed on the top and they were moved to the incubator. The culture plates were

taken out of the incubator after 24 h and cells were checked under microscope.

3.2.2 Glutaraldehyde

Glutaraldehyde is the first cross-linker used in this thesis. Glutaraldehyde is a bi-

functional compound which links covalently to the protein molecules and creates

a more stable structure. Physical aggregation of protein molecules are normally

held together by non-covalent bonding and when protein is dispersed in an aqueous

medium, the bond collapses and the protein dissolves in media [136]. Glutaralde-

hyde cross-linking is a procedure designed to produce high-molecular-weight protein

aggregates via intermolecular cross-bridges [126]. Glutaraldehyde is a bicarbonyl

compound, which means it has two reactive sections. Because of that, it can re-

act better with amino groups in a protein molecule, resulting in a more tightly
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cross-linked network [126].

In the first attempt to cross-link NaOH-based casein films, a similar method to

the one for Na2HPO4-based films was applied, meaning casein films were immersed

into a 0.1% (w/v) glutaraldehyde solution for 30 min. As it turned out, this concen-

tration of the cross-linking reagent did not fully cross-link these casein films. Using

this method and concentration increased the degradation time of the films to 24 h.

This time was still not enough for cells to attach to the substrate and grow. Also,

since the aim of this work was to replicate features onto the surface of casein films,

it was considered more suitable to have the cross-linking reagent mixed with the

solution prior to liquid-casting. As a result, glutaraldehyde was mixed with casein

solution with different concentrations similar to the work done by Ghosh et al. [126].

Glutaraldehyde with a concentration of 25% (G5882-50ML, Sigma-Aldrich) was

added to casein solution to achieve a concentration of 2% in the final solution.

Addition of glutaraldehyde to the solution cross-linked casein almost immediately

and changed the colour of the solution from off-white to an orange-brown colour.

Glutaraldehyde also increased the viscosity of casein solution and changed its ap-

pearance. For films made of higher concentrations of casein and lower concentrations

of glycerol, when the solution cross-linked, it lost its liquid state and turned into

a mixture of small brown lumps. Decreasing the concentration of casein, and/or

increasing the concentration of glycerol in the solution helped to avoid this reaction.

For these solutions, addition of glutaraldehyde to the solution only increased the

viscosity and the solution remained in liquid state.

After successful glutaraldehyde cross-linking, unpatterned casein films, were tested

for initial use as cell-culture substrates to investigate the influence of the material

on live cells. The initial cell-culture was with the help of Dr Isha Mutreja, former

postdoctoral fellow at the Electrical and Computer Engineering Department at the

University of Canterbury, where films were sterilized and C2C12 cells were seeded

on the films. All the later cell-culture was my own work.

Unfortunately, the results of culturing cells on glutaraldehyde cross-linked ca-

sein films were not satisfying, as no cells survived in presence of these films during

repeated experiments. C2C12 cells cultured on these films became rounded within

24 h of being seeded and did not show normal behaviour of attachment and prolif-
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eration. Glutaraldehyde is also used as a cell fixative [137], which means that, if

it leaches out of the films into the cell-culture media, it could kill cells by causing

covalent cross-links between molecules. Hence, it was not a suitable cross-linker for

the proposed application of this work.

A concentration of 0.5% glutaraldehyde turned out to be the lowest concentra-

tion which could successfully cross-link casein films and increase their degradation

time to in excess of 2 weeks. However, this unfortunately also resulted in apoptosis

of the culturing cells. Lower concentrations of glutaraldehyde could not sufficiently

cross-linked casein films and the films degraded within 24 h. In comparison, the

concentration of 0.5% glutaraldehyde in casein films was at least 20 times more

than the amount used in glutaraldehyde cross-linked casein conduits implanted in

adult rats [9]. This increased amount of glutaraldehyde resulted in cells’ death,

which showed glutaraldehyde could not be used for cross-linking casein films as cell-

culture substrates. In spite of glutaraldehyde cross-linked casein films not being

suitable as cell-culture substrates, these films with 3 different concentrations of glu-

taraldehyde (0.5, 1 and 2%) were tested for different characteristics. Knowing film

characteristics could give a better understanding of the influence of glutaraldehyde

on film properties. These characteristics will be reported later in this chapter.

The outcome of glutaraldehyde not being a suitable cross-linker for casein films

with biological applications was not obvious from Wang et al.’s work [9]. Even

though they reported some inflammation in the tissue surrounding the conduits,

the implants successfully promoted regeneration of peripheral nerve. Glutaralde-

hyde cross-linked casein films showed in this thesis, however, a different result when

used as cell-culture substrate. This might be because of the high concentration of

glutaraldehyde in the films or the fact that cells needed to attach to the films. A

different cross-linking reagent, formaldehyde, was studied next within the scope of

this work. The preparation of casein films cross-linked via formaldehyde will be

explained in the following section.

3.2.3 Formaldehyde

Formaldehyde is the simplest of aldehydes and is a naturally occurring compound.

Formaldehyde has been used for decades to cross-link proteins such as casein for
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different applications [138]. Formaldehyde has one carbonyl group per molecule,

which means it reacts less effectively than glutaraldehyde at ambient temperature.

Even though formaldehyde is also used as a cell fixative, our collaborator Dr Azam

Ali from the University of Otago in Dunedin has been working on finding new

combinations of formaldehyde for cross-linking casein with biological applications.

One of the ways to dispose of formaldehyde reported in its MSDS sheet is to expose

it to milk powder, in which case milk causes formaldehyde to cross-link and lose its

toxicity. As a result, to Dr Azam Ali’s recommendation, formaldehyde with different

concentrations was tested for cross-linking of casein films.

Formaldehyde (252549-1L, Sigma-Aldrich) was added to the casein solution with

different concentrations from 0.1%, to 2%, prior to liquid-casting casein solutions.

Dried films were peeled off the plastic substrate and tested for their degradation time.

A concentration of 0.5% formaldehyde was the minimum concentration required to

sufficiently cross-link casein films and increase the degradation time to in excess of

one month. The films were then used as cell-culture substrates to study the influence

of the material on live cells. Unfortunately, formaldehyde, similar to glutaraldehyde,

led to C2C12 cell death within 24 h. After this time, all cells looked rounded, which

is not a behaviour of healthy C2C12 cells, and no cells showed attachment and

proliferation on the casein films or the plastic culture plate.

As mentioned before, formaldehyde is also used as a cell fixative to fix tissues or

cells by cross-linking primary amino groups in proteins with other nitrogen atoms

nearby through a -CH2- link. Hence, even though formaldehyde was thought to be

cross-linked via casein, it could still result in cells unhealthy growth or death. As a

result, a third cross-linking reagent, citric acid, was studied next, which will be ex-

plained in the next section. Formaldehyde cross-linked casein films, with 3 different

concentrations of formaldehyde (0.5, 1 and 2%), were studied for their properties,

which will be compared to other cross-linked films later in the chapter. Formalde-

hyde can also have a potential use for cross-linking implants with applications similar

to the conduits, where cell attachment might not be as problematic.
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3.2.4 Citric Acid

Citric acid, the third cross-linker studied in this thesis, was also recommended by Dr

Azam Ali, who has been studying casein, and its cross-linking methods and appli-

cations for years. Citric acid and other poly(carboxylic) acids are inexpensive and

non-toxic chemicals, which have been used in textile, medical and other applications

to improve the performance properties of proteins [127, 139–141]. Citric acid was

originally used as a plasticizer by disrupting hydrogen bonds among macromolecules

and therefore reducing intermolecular force. Xu et al. found that citric acid might

also initiate cross-linking of proteins if pH is adjusted to slightly alkaline [142].

In a study by Jiang et al., citric acid was used to cross-link zein, which is a plant-

based protein, to be used as tissue engineering scaffolds [119]. The results of their

study reported citric acid cross-linked zein fibres as a biocompatible material [119].

Citric acid cross-linked casein films have also been proposed for medical applications

[127]. As a result, and also to Dr Ali’s suggestion, citric acid was studied as a cross-

linker for casein films.

Cross-linking of casein films via citric acid was first performed by mixing citric

acid with casein solution, similar to other cross-linking reagents. Food-grade cit-

ric acid was purchased locally and was dissolved in DI-water. It was then mixed

with casein solution to achieve several desired concentrations. After mixing, the

cross-linking reaction between citric acid and casein changed the appearance of the

solution, from a homogeneous solution to a solution with white strings, which ap-

peared to be partially cross-linked casein. This method could not fully cross-link

casein films and films made via this method degraded in DI-water within only a few

hours.

As a result, a different approach was investigated and pre-cast dried casein films

were immersed into citric acid solution. Citric acid solution was prepared with

different concentrations, from 0.1% to 2%, and dried casein films were immersed

into citric acid solution for 15 to 30 min. Films were then removed from the solution

and left in a laminar flow hood at room temperature to dry again. Finally, films

were baked in an oven for 90 min at 150◦C to complete the cross-linking process.

Immersion of casein films into a 0.5% citric acid solution for 15 min was found to be

the minimum concentration and time needed to fully cross-link casein films. Citric
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acid cross-linked casein films were similarly studied as cell-culture substrates. Even

though the material was non-toxic to the cells, and cells grew in presence of citric

acid cross-linked casein films, the surface chemistry of the films appeared not to

be cell-friendly and cells did not adhere to the films. The results of cell-culture

on these films will be explained in section 6.3. These films were also studied for

their characteristics, which will be reported and compared to other films later in the

chapter.

Since citric acid did not turn out to be a suitable cross-linker for the desired

application of this work, transglutaminase (TG) was studied as the forth cross-

linker, which will be explained in the following section.

3.2.5 Transglutaminase

TG is an enzyme that cross-links amino acid residues of glutamine and lysine in

proteins and forms inter- and intra-molecular isopeptide bonds in protein molecules

or between them [143, 144]. The cross-linking affects the functional properties of

proteins, thus enabling new ways of structure formation [145, 146]. The possibility

and degree of cross-linking of a protein by TG is determined by the molecular

structure of that protein [147–149]. Due to the highly accessible and flexible open

chain structure of casein, it is a favourable substrate for TG [148,150–152].

TG was kindly provided by Ajinomoto Co., Inc., Japan. In the first attempt

to cross-link casein films via TG, a protocol recommended by our collaborator Dr

Azam Ali was followed. In this method, TG was dissolved in a 25 mM sodium

phosphate solution with pH 6.5, with 0.7% concentration. The solution was stirred

for 1 h at ambient temperature and then filtered through a 5 µm filter prior to

use. Incorporation of TG into casein solution was such that 10 µl of TG solution

was added to the casein solution per gram of solid casein. The final solution was

incubated at 50◦C for 15 min with slow stirring and then heated at 85◦C for 10 min

to deactivate the TG enzyme in the solution. Using this method and concentration

of TG did not cross-link casein films. In this protocol the activity unit of TG was

not defined. TG samples provided to us by Ajinomoto Co. for cross-linking casein

had an activity unit of 100 U/g. Using TG powder with this activity unit, the

concentration of TG in the final casein solution was 7 mU/g of casein.
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After studying other protocols for cross-linking of casein via TG, it was found

that a typical concentration of TG was 10 U/g of casein or other proteins such as

gelatin [125,153]. As a result the protocol for cross-linking casein films via TG was

modified. TG powder with activity unit of 100 U/g was dissolved in 1× phosphate

buffer saline (PBS), with 10% (w/v) concentration. PBS has a pH of 7.0. PBS

solution was prepared by dissolving one PBS tablet (003002, Life Technologies) in

100 ml DI-water. TG solution was then mixed with casein solution to achieve a

final concentration of 10 U/g of casein protein. The solution was then liquid cast in

plastic containers and left to air-dry in a laminar flow hood at room temperature

over-night. Films were peeled off the substrate once dry and used as cell-culture

substrates. TG cross-linked casein films via this method could positively be used as

cell-culture substrates and TG was not toxic to the cells. Cells showed their normal

healthy behaviour in the presence of these films. They adhered to TG cross-linked

casein films and grew into monolayers. More details on culturing cells on TG cross-

linked casein films and the results will be reported in section 6.4. TG cross-linked

casein films, too, were studied for their characteristics, which will be reported later

in this chapter.

3.3 Casein-gelatin films

As mentioned before, the interest in the addition of gelatin to casein was to have

a casein-gelatin mixture, combining the properties of the two materials. Gelatin

(G2500-500g, Sigma-Aldrich) used in this work was from porcine skin and was pur-

chased in powder form. Similar to casein, gelatin was dissolved to form a solution to

be liquid-cast. When gelatin is mixed with water at temperatures below 35-40◦C, it

absorbs water up to 5-10 times its own weight and swells [154], and is more soluble

in hot water. Gelatin is also soluble in glycerol and acetic acid and is practically

insoluble in organic solvents, such as alcohol and acetone.

Similar to the work reported by Paguirigan and Beebe [122], a 15% gelatin

solution was prepared in 1× PBS. The gelatin solution was heated on a hotplate at

a temperature below 70◦C until gelatin was fully dissolved and the solution became

clear. A 10% TG solution was prepared separately by dissolving 100 U/g TG powder
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in PBS. To cross-link gelatin, the TG solution was mixed with gelatin solution to

achieve the final concentration of 10 U TG per gram of gelatin in the solution.

Gelation began 5 min after addition of TG to the gelatin solution, meaning the

solution could not be kept for very long after addition of TG.

Gelatin is a protein, which has all the same characteristics that make casein

a suitable material for this work. Gelatin is biodegradable, biocompatible and is

capable of having high pattern fidelity, as shown by different studies [122, 155]. A

blend of casein and gelatin has previously been used to create edible films for food

packaging applications [125]. However, it has not been used before to create casein-

gelatin films with surface patterns. Both casein and gelatin can be cross-linked via

TG, which is another advantage for mixing gelatin with casein.

Gelatin has previously been used with a concentration of 15% for replica-casting

to create patterns [122]. Within the range of different concentrations of casein and

glycerol, the concentration of 15% casein was chosen for fabrication of casein films,

mixed with 15% glycerol, in this work. This was because casein solutions with

higher concentrations had very high viscosity and lower concentrations resulted in

very thin and brittle films. A concentration of 15% glycerol was also chosen due to

sufficient flexibility of the films. As a result, the same concentration of gelatin was

used and the same method was chosen for solution casting.

A 15% solution of casein in 0.2% NaOH, mixed with 15% glycerol, and a 15%

solution of gelatin in PBS, were prepared separately and mixed with one another

with different ratios (i.e. 3:1, 1:1 and 1:3 (w/w)). TG solution with 10% concentra-

tion was mixed with casein-gelatin solution to achieve a concentration of 10 U TG

per gram of protein before liquid casting the solution into plastic containers. The

characteristics of casein-gelatin films were studied along with other casein-based

films. Casein-gelatin material with 1:1 ratio, was also used for the fabrication of

larger 3D structures, which will be explained in section 7.3.

All the different casein films and casein-gelatin films studied in this work are

summarized in three tables. Table 3.1, in section 3.1.2, shows all the non cross-linked

casein films. Table 3.2 shows all the cross-linked casein films using different cross-

linking reagents, and Table 3.3 shows the casein-gelatin films with different ratios of

casein-to-gelatin. The concentration of each component, and visible characteristics
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of each film are reported in the tables, along with a photo of each film. The films

listed in these three tables were characterized to understand the influence of different

components on film properties, such as optical, physical, and mechanical properties.

Characterisation of casein films was done with help of Fanny De Decker, an exchange

master student whom I co-supervised.
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Table 3.2: Comparison of cross-linked casein films with different compositions (from C1 to C12).
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Table 3.3: Comparison of casein-gelatin films (made of 15% casein in 0.2% NaOH plus 15%
glycerol, and 15% gelatin in PBS) cross-linked with TG.
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3.4 Optical properties

Two optical properties of the films were measured in order to determine the degree

of transparency and autofluorescence of the films. Since the main application of the

casein-based material was as cell-culture substrate, it was important to know how

much light could transmit through the material. This issue is important when using

inverted microscopes to study the cellular behaviour on the films. Since casein has

been reported to have intrinsic autofluorescence, the level of fluorescence was also

measured to determine if it could limit the use of the material with fluorescent dyes

for cell-culture analyses. Both of these characterisation methods and their results

will be reported in the following.

3.4.1 Optical transmittance

Optical transmittance is the ratio of the light power passing through a sample, to

what was originally shone on the sample, as a function of the light wavelength. In

other words, it is a measure of transparency for different materials. Transmittance

is a percentage ratio, calculated from equation 3.1, where P0 is the power of the light

source, shone on the sample, PT is the power of light passing through the sample

and T is the transmittance of the sample:

T =
PT

P0

× 100. (3.1)

Transmittance was measured for the films listed in Tables 3.1, 3.2, and 3.3, except

for the film labelled NC3, because it was too viscous and the container could not be

placed in an upright position. The appearance of the films, and their colours, could

give us some information about whether or not cells could be seen through the films.

However, the data obtained from these measurements gave a better understanding

of the influence of different components on the level of transparency of the films for

both biological and other possible non-biological applications for casein-based films.

Transmittance of each film was measured via a single beam UV spectropho-

tometer, the UV-Vis Cary 6000i, (Agilent Technologies) at the Physics Department,

University of Canterbury. Figure 3.1 shows a photo of the setup. Spectrophotom-

etry is also used for confirmation of a compound’s identity or the quantification of
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a protein. In the UV-Vis spectrophotometer, a source light is directed through a

dispersion device to disperse light into different wavelengths. Two common disper-

sion devices are prisms and holographic gratings. The disadvantage of prisms is that

the angle of dispersion can be non-linear and sensitive to temperature. Holographic

gratings, on the other hand, do not have these downsides. However, there is the

need to filter reflected light in different orders with overlapping wavelengths [59].

Figure 3.1: Setup of UV-Vis Cary 6000i spectrophotometer: Sample is placed in the middle.
Light is shone from the source on the left, and is detected, after passing through the sample, by the
detector on the right [68].

Figure 3.2 shows a schematic of a spectrophotometer. As it can be seen, dispersed

light passes through the sample and reaches a detector. The device is first calibrated

without any sample to obtain 100% light intensity. The sample is then placed in

the sample holder and the intensity of light through the sample is measured, and

reported based on different wavelengths of light. In the work presented in this thesis,

the films needed to stay in an up-right position, hence, they were not peeled off the

plastic container. Therefore, for calibration, light was shone through a clear PS

plastic container without any films and the result was recorded as 100% intensity

(P0), for wavelengths 300 - 800 nm. The transmittance was measured for casein films

for this range of wavelengths. Intensity of 0% was also calibrated, using a black

opaque sheet to eliminate any transmittance of light. The transmittance of the light

through the films was measured to be between 0 and 100%. The transmittance

measurement in this thesis, was repeated two times for each type of film and the
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difference between the results was negligible.

Cell-culture substrates are normally exposed to a range of wavelengths from

visible light, used in optical microscopy, to UV light for fluorescence spectroscopy.

The wavelength spectrum of visible light varies between 400 - 700 nm. Figure 3.3

shows specific wavelengths of different colours in visible light spectrum. When light

is shown on a material, some of it can be absorbed by the material, a portion can

become reflected, and the rest will be transmitted through the material, as can be

seen in equation 3.2, where A is the absorbed light, R is the reflected light and T is

the transmitted light [12].

A+R + T = 1 (3.2)

Different materials appear with different colours because of selective absorption

of certain wavelengths of visible light by the material, and reflection or transmittance

of the other wavelengths. If all the wavelengths are absorbed by a material it will

appear black, and if the material does not absorb any of the wavelengths, it will

appear white [156].

Figure 3.2: A schematic of spectrophotometry: Light shone from a source is passed through a slit
concentrate the light array. It then passes a dispersion device to create different wavelength. Certain
wavelengths of the light are shone to the sample and their power is detected after to determine how
much light has transmitted through the sample [59].
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Figure 3.3: Visible light spectrum [69]

3.4.1.1 Influence of casein concentration on transmittance

Influence of casein concentration on light transmittance was measured for the films

made of four different concentrations of casein in 0.2% NaOH solution, keeping

the concentration of glycerol constant at 0, 5, 15, or 25%. Figure 3.4 is a plot of

the optical transmittance as a function of casein concentrations, for three different

wavelengths, 350, 550 and 750 nm, for constant concentrations of glycerol. Plots of

transmittance for the full range of wavelengths is presented in Appendix A.

As can be seen from all four graphs in Fig. 3.4, at a constant glycerol concentra-

tion, increasing casein concentration resulted in reduced transmittance. The reason

is, higher concentrations of casein resulted in increased viscosity of the solution and

therefore increased density of the films. The thickness of the films was generally

dependant on the volume of the solution dispensed in the plastic containers. How-

ever, films fabricated for optical transmittance measurements were made of the same

volume of the solutions. The thickness of the films had an upward trend, by tens of

microns, as the concentration of casein increased. This outcome was expected as the

fabrication of casein-based films involved the moisture in the solution evaporating

and leaving a solid film behind. The same volume of 20% casein solution consisted

of more casein and less liquid as opposed to 5% casein solution. Different studies

have shown for a material of a kind, film thickness is one of the main factors influ-

encing optical transmittance [157–159]. A study by Salman and Chiad on optical

properties of transparent PS films [159], has shown films with higher thickness have

lower optical transmittance. The same result can be seen for casein-based films

made of various concentrations of casein, where optical transmittance decreased for

films made of higher concentrations of casein.
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Figure 3.4: Transmittance of different films made up of 5 to 20% casein for a) 0% glycerol, b)
5% glycerol, c) 15% glycerol, and d) 25% glycerol, for three wavelengths of light. All films were
made of casein in 0.2% NaOH solution.
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3.4.1.2 Influence of glycerol concentration on transmittance

In order to investigate the influence of glycerol concentration on transmittance,

transmittance of the films was plotted based on keeping casein concentration at a

constant level, and varying concentrations of glycerol. Figure 3.5 shows the optical

transmittance for different glycerol concentrations, for the three wavelengths as pre-

vious section. Plots of transmittance for the full range of wavelengths is presented

in Appendix A.

As can be seen from all the graphs in Fig. 3.5, transmittance increased with

higher concentrations of glycerol. Glycerol is a completely transparent liquid. In-

creasing the concentration of casein in the solution, on the other hand, resulted

in increased opacity of the solution. Hence, mixing glycerol with casein solution

decreased the opacity of the solution. A study by O’Keefe et al. on the variables

influencing light transmittance for dental veneers [158], has shown opacity as one

of the affecting factors. Dental veneers (or porcelain veneers) are thin shell dental

implants used as an alternative to crowns. The results of their study showed that,

while film thickness was the primary factor influencing transmittance for porcelain

veneers, opacity was the next important variable [158]. Comparing the graphs in

Fig. 3.5, also agrees with these results.

3.4.1.3 Influence of cross-linker on transmittance

In order to study the influence of different types and concentrations of cross-linking

reagents on optical transmittance of the films, transmittance was plotted based

on different concentrations of each of the cross-linkers used in this thesis. Three

concentrations of 0.5, 1, and 2% were chosen for glutaraldehyde, formaldehyde and

citric acid cross-linkers. The three concentrations chosen for transglutaminase cross-

linker were 1 U/g, 5 U/g and 10 U/g. Figure 3.6 compares optical transmittance

while changing the concentrations of each cross-linker, at the three wavelengths

of light. Plots of transmittance for the full range of wavelengths is presented in

Appendix A.
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Figure 3.5: Transmittance of different films made up of 0 to 25% glycerol for a) 5% casein, b)
10% casein, c) 15% casein, and d) 20% casein, for three wavelengths of light. All the films were
made of 0.2% NaOH solution.
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Figure 3.6: Transmittance of films made up of 3 different concentrations of a) glutaraldehyde, b)
formaldehyde, c) citric acid, and d) transglutaminase. All the films were made of 15% casein and
15% glycerol, in 0.2% NaOH solution, for three wavelength of light.
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As it was seen in Table 3.2, glutaraldehyde and citric acid cross-linking of casein

films changed the colour of the films from a creamy colour to an orange-brown. As

mentioned before, some wavelengths of visible light are absorbed by a material, and

the rest are transmitted or reflected. For materials with darker colours the amount

of light absorbed is more than materials with light colours [156].

The same result can be seen in the graphs plotted in Fig. 3.6(a) and (b), where

optical transmittance is 0% for 350 nm wavelength for all the brown-colour films.

For wavelengths 550 nm wavelength, transmittance of the films cross-linked with

citric acid or glutaraldehyde is almost 50% lower than that of non cross-linked film,

which is transparent and colourless. This difference is decreased to less than 10% for

750 nm wavelength. Increasing the concentration of both glutaraldehyde and citric

acid, resulted in a slight decrease in the transmittance.

One of the factors which can influence transmittance is extinction coefficient

of the absorbing light, which is a measure of how much light is absorbed by a

substance [160]. Previous studies have also reported the influence of glutaraldehyde

on reduction of transmittance [161]. As the results suggest, glutaraldehyde and citric

acid cross-linking of casein films increase their extinction coefficient, hence resulting

in a lower transmittance.

Graphs (c) and (d) in Fig. 3.6, show the transmittance for casein films cross-

linked via formaldehyde and TG respectively. Formaldehyde and TG cross-linked

casein films remained colourless and transparent, as it was shown in table 3.2. Trans-

mittance of cross-linked films via these two cross-linking reagents reduced the trans-

mittance of light by about 20% compared to the transmittance of non cross-linked

films for the 350 nm wavelength. This might be due to the change in the molecular

structure as a result of cross-linking. This difference was reduced to less than 10%

for 550 nm wavelength, and it was almost negligible for the 550 nm wavelength. It

can also be seen that there is not much difference between different concentrations

of the two cross-linking reagents.

3.4.1.4 Influence of gelatin concentration on transmittance

Similar to all the other films, transmittance of casein-gelatin films was measured

to study the level of light transmitted through these films. Figure 3.7 compares
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the transmittance for different ratios of casein to gelatin, for the three wavelengths

of light. Similar to previous sections, plots of transmittance for the full range of

wavelengths is presented in Appendix A.

As it can be seen in the graph in Fig. 3.7, pure gelatin film had the highest trans-

mittance and as the concentration of casein increased, the transmittance decreased.

The only exception was for the film made of pure casein, where the transmittance

was close to the film made of 66.6% gelatin and 33.3% casein. It was expected to

see the reduction trend to follow for pure casein. However this was not the result.

Gelatin solution was completely clear and transparent, while casein solution was not

as clear as gelatin solution. Increasing the ratio of casein to gelatin in the solution

resulted in less transparency in the solution and more opacity in the films.

Figure 3.7: Transmittance of casein-gelatin films for three wavelengths of light. Casein solution
was made of 15% casein and 15% glycerol, in 0.2% NaOH solution, gelatin solution was made of
15% gelatin in PBS. Films were cross-linked via 10 U/g transglutaminase.

3.4.2 Autofluorescence

Some molecules can absorb UV or visible light and, as a result produce a natural

emission which is called autofluorescence. Fluorescence spectroscopy has been used

for providing information about properties of food products, such as proteins which

have intrinsic fluorescence [162]. Due to the intrinsic properties of collagen and

elastin, extracellular matrix can also exhibit autofluorescence. Autofluorescence of

the substrate is usually an unwanted source of fluorescence when appearing in bio-

logical imaging or nanomaterial synthesis. In fluorescence microscopy and biological

imaging, autofluorescence of the substrate material can be problematic, since it can

interfere with the detection of specific fluorescent signals, and cause structures other
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than those of interest to become visible [163,164].

Fluorescence is a three stage process that happens in molecules called fluo-

rophores, as shown in Fig. 3.8. At the first stage, fluorophores which have relatively

low energy and are in a stable state, become excited to an electronic singlet state

(S1). Excitation happens when fluorophores absorb a photon of sufficient energy

(hvEX) from an external light source. The energy of a photon is given by E=hv,

where h is Plank’s constant and v is the frequency of the electromagnetic wave as-

sociated with the photon. Excitation state is an unstable state and the molecule

eventually adopts the lowest vibrational level in the excited state (S1). As the sec-

ond part of this process, it loses some of the energy as heat. In the third transition,

the fluorophore molecule returns to the ground state (S0) and releases a photon of

light [162].

Figure 3.8: Jablonski diagram illustrating the optical absorption and subsequent emission of
fluorescence, the processes involved in the creation of an excited electronic singlet state [165]).

In this thesis, autofluorescence of each film was measured using an upright fluo-

rescence microscope (Nikon Eclipse 80i, SDR Scientific). Casein films were exposed

to 595 nm excitation light for 2 s. Brightness of the films was recorded via a camera

connected to the computer, and images were then analysed by a MATLAB script.

Each image, with 2048 × 2048 pixels, was converted into a matrix using imread func-

tion. Using mean2 function, the matrix was averaged over its lines and columns.

In order to compare the autofluorescence of different films, light intensity was re-

ported as a percentage, ranging from 0% for a black photo, to 100% for a white

photo, where the fluorophores were completely saturated. The MATLAB script is

presented in Appendix C.
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Casein and gelatin are the type of proteins which show intrinsic autofluorescence

behaviour. According to Andersen et al., concentration and molecular environment,

such as temperature, pH, polarity, and others, have an influence on the fluorescence

of proteins [162]. The results of fluorescence imaging of the non cross-linked casein

films in this work did not show a significant difference between various concentra-

tions of casein and/or glycerol. The graphs in Fig. 3.9(a) and (b) compare the

intensity of autofluorescence for non cross-linked films, based on different concen-

trations of (a) glycerol and (b) casein. As can be seen, the intensity ranges between

approximately 8-16% for different concentrations. Even though casein shows some

autofluorescence, it is not significant and changing the concentration does not have

a significant influence on the fluorescent intensity.

Figure 3.9: Autofluorescence of non cross-linked casein-based films, based on the influence of (a)
glycerol concentration, (b) casein concentration (Exposure time 2 s) [68]).
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Autofluorescence was only measured once for non cross-linked casein films. As

the cross-linked films were the ones to be used as cell-culture substrate, autofluores-

cence was measured three times for each type of the cross-linked films. The difference

between the measurements was less than 0.5% which was negligible. Comparing aut-

ofluorescence of cross-linked films, Fig. 3.10, showed a saturated intensity of 100%

for glutaraldehyde and citric acid cross-linked films, with an exposure time of 2 s,

while formaldehyde and TG cross-linking showed a 7% reduction in the intensity.

Since casein-gelatin films were cross-linked via TG, the graph for fluorescence in-

tersity of casein-gelatin films should be compared to that for TG cross-linked films.

Addition of gelatin to casein only increased the fluorescence intensity by approxi-

mately 2%. Changing the ratio of casein to gelatin did not have a noticeable influence

on the fluorescent intensity. During fluorescence imaging of the films, the auto expo-

sure time for all the films was set to 10 s by the machine, except for glutaraldehyde

and citric acid cross-linked films for which the auto exposure was set to 50 ms and

150 ms respectively. As a result, to compare the intensity of autofluorescence for all

the cross-linked films, an exposure time of 2 s was chosen. Auto exposure time for

most fluorescent dyes is also in the range of 50 - 300 ms which would similarly result

in saturated fluorescence at 2 s.
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Figure 3.10: Autofluorescence of cross-linked casein-based films, based on the concentrations of
cross-linking reagent, and ratio of casein to gelatin (Exposure time 2 s) [68].

The difference between the auto exposure time for the cross-linked film shows

glutaraldehyde and citric acid cross-linked films needed 200 times less energy to

become excited. This is because both glutaraldehyde and citric acid have intrinsic

fluorescence. Several studies have shown that glutaraldehyde causes especially high

autofluorescence in biological imaging when used for cell fixation, as opposed to

other aldehydes [163, 166, 167]. It reacts with proteins, peptides and other small

organic molecules to generate fluorophores [163]. Autofluorescence of citric acid

solution has also been highlighted by several studies [168–170].

High autofluorescence of glutaraldehyde and citric acid can be problematic in

fluorescence imaging. This was one of the problems I faced during the alamarBlue

cell viability assay in this thesis. In alamarBlue assay, which will be fully explained

in section 6.6, fluorescence imaging was used to determine the proliferation rate of

the cells. During the fluorescence imaging, autofluorescence of glutaraldehyde and

citric acid cross-linked films interfered with the fluorescence of the reagent. As a

result, cell viability assays had to be repeated. This time, films were removed from

the media, and the media was changed before addition of the alamarBlue reagent to

the cells. Autofluorescence of casein or gelatin films cross-linked via formaldehyde
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or TG was not high enough to cause a problem during fluorescence imaging in the

work presented in this thesis.

3.5 Mechanical properties

The mechanical properties of a material are important factors in using the material

as a cell-culture substrate. Cells in their natural environment attach to tissues with

a wide range of elastic modulus from 1 kPa to less than 1000 MPa, as shown in Figs.

3.11 and 3.12 [171,172]. Elastic modulus, or tensile elasticity, measures the tendency

of a material to elastic, or recoverable deformation along an axis under load. Tissue-

culture plastics used in-vitro for culturing cells on the other hand, have a high elastic

modulus of approximately 1000 MPa. In the past few decades, there have been

many studies on the influence of mechanical properties of the substrate, such as

stiffness and elasticity, on cellular adhesion, proliferation and morphology [172–175].

These studies have shown that in many cases mechanical properties of the substrate

material can influence cellular behaviour.

Figure 3.11: Stiffness of different tissues in human body [171].
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Figure 3.12: Approximate elastic modulus values for many tissues in the body [172].

A study by Skardal et al. has shown plastics with elastic modulus of around

1000 MPa have resulted in a significant increase in proliferation of A1 and H1 amni-

otic fluid-derived stem cells (AFS), compared to other substrates with elastic mod-

ulus of 2-50 kPa [172]. Using substrates with lower elastic modulus could have a

different effect on other types of cells. Hydrogels, for example, which have a much

lower elastic modulus than plastics, have been shown to help muscle cells differen-

tiate into functional muscle fibres [176].

A study by Romanazzo et al. has shown the influence of mechanical proper-

ties of the substrate material on differentiation of C2C12 cells in-vitro [177]. They

cultured C2C12 cells on poly-ε-caprolactone (PCL) substrates with elastic moduli

ranging from 0.91 MPa to 133 MPa. The results showed a significantly lower myo-

genic differentiation of C2C12 cells on the substrate with elastic modulus of 133 MPa

as oppose to substrates with elastic moduli below 100 MPa, within the first three

days [177]. However, the myogenic differentiation of C2C12 cells were almost the

same on all the substrates after five days of seeding the cells. The study reports

the adhesion and proliferation of C2C12 cells on the substrates with different elastic

moduli to be similar within 72 h of seeding the cells. Another study by Engler et al.

also suggests that differentiation of C2C12 cells into myotubes is optimal on sub-

strates with tissue-like elastic moduli, meaning 10-15 kPa [178]. While the cellular

behaviour, as a response to elastic modulus of the substrate, has been demonstrated

to be highly cell specific [179, 180], substrate elasticity is not the only factor influ-

encing adhesion, proliferation and differentiation of the cells and they are controlled

by a contribution of biological factors [177].

In order to have a better understanding of the characteristics of casein films
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fabricated in this thesis, their mechanical properties were measured. This was done

via dynamic mechanical analysis (DMA). DMA is a technique used for studying

materials, especially the viscoelasticity of polymers. Unique viscoelastic properties

of polymers, which have long molecular chains, is a combination of characteristics

of elastic solids and Newtonian fluids. In the DMA technique, samples are cut in

rectangular shape and two ends of the rectangle are clamped in the sample holder,

as shown in Fig. 3.13. A sinusoidal force (stress) is applied to the sample, and the

deformation or displacement of the sample (strain) is measured. In this thesis, DMA

testing was done with a Dynamical Mechanical Analyzer Q800, (TA Instrument)

equipped with a cryogenic system fed with liquid nitrogen. The machine belonged

to Mechanical Engineering Department at the University of Canterbury.

Figure 3.13: The DMA tester with clamps to hold the sample, and a chamber to provide different
temperature conditions. The sample is mounted on the holders and the chamber slides over to
create an enclosed environment.
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DMA can measure a wide range of parameters, such as storage modulus (the

stored energy which represents the elastic portion), and loss modulus (energy dis-

sipated as heat which represents the viscous portion). Equations 3.3 to 3.6 show

storage modulus, loss modulus and the phase shift between the two.

E ′ =
σ0

ε0
cosδ (3.3)

E” =
σ0

ε0
sinδ (3.4)

δ = arctan
E”

E′
(3.5)

tanδ =
E”

E′
(3.6)

In these equations, E’ and E” are storage and loss moduli, and σ0 and ε0 are

the initial stress and strain, respectively. Delta is the phase shift between stress

and strain. Stress and strain are perfectly in phase for a perfectly elastic solid,

and there is a 90◦ phase shift between stress and strain for a completely viscous

fluid. The complex and elastic moduli can be created from storage and loss moduli.

Complex modulus is shown in equation 3.7, where i2 = −1, and elastic modulus can

be calculated via equation 3.8.

E∗ = E ′ + iE” (3.7)

E =
√
E ′2 + E”2 (3.8)

One of the properties that DMA measures is the glass transition temperature

of polymers. Glass transition temperature is a unique characteristic for each com-

position. It is the temperature above which the stiffness of the polymer decreases

extremely, viscosity increases, and the behaviour of polymer changes from glassy to

rubbery. Glass transition temperature is defined by plotting the Tan Delta (tanδ)

graph as a function of temperature. Glass transition temperature appears as a peak

in the Tan Delta graph. As shown in equation 3.6, at glass transition tempera-

ture where there is a peak, loss modulus is maximum and storage modulus is at
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a decreased amount. Varying the compositions and cross-linking of a polymer can

change the glass transition temperature and other properties, hence altering the

functionality of the polymer. In the work presented in this thesis the mechanical

properties of each film were measured for a range of temperatures, from -100 to

100◦C at a heating rate of 2◦C/min. The rectangular samples were cut into 4 ×

40 mm and conditioned for 48 hours at 23◦C in 50% humidity (ambient pressure).

For each film, only one sample was tested, due to the cost and the measurement

process being time consuming. However, this kind of testing is reported to have

high accuracy. The testing procedure was based on ISO 6721-4, the DMA machine

was used in tensile mode, and the applied frequency was 1 Hz. Some films could not

stand the very low, or very high temperatures, hence the range was limited for them.

The main interest in this thesis was to study the influence of casein, glycerol and the

cross-linkers on the mechanical properties of the films at body temperature (37◦C).

As a result graphs of storage modulus have been plotted at 37◦C, based on various

concentrations of casein, glycerol and different cross-linkers. Storage modulus is a

unique value for each material, under controlled conditions. Graphs for TanDelta

and storage modulus for the complete temperature range are presented in Appendix

B.

Most of the non cross-linked films with 0% glycerol were too brittle to go through

the test. Films labelled NC3, NC4 and NC10, on the other hand, were too soft to be

peeled off the plastic substrate, hence they were also eliminated from the DMA test.

A series of the films were chosen for comparison of mechanical properties. Figure

3.14 shows the influence of casein and glycerol concentration on storage modulus of

these non cross-linked casein films.
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Figure 3.14: Storage modulus of non cross-linked casein films, based on the concentrations of (a)
glycerol and (b) casein.

Different studies have shown that increasing plasticizer content in polymers (e.g.

glycerol) reduces the elastic modulus, storage modulus and tensile strength, while

it increases flexibility and extensibility of the polymers [126, 181–183]. The results

of the storage modulus of casein films, in Fig. 3.14(a), show the same trend. Other

studies have shown that increasing the concentration of protein in the films will lead

to an increase in elastic or tensile modulus [184,185]. Even though elastic modulus

is not the same as storage modulus but they have the same trend. The same increase

of storage modulus due to the increase in protein concentration, can be seen in Fig.

3.14(b), where, by keeping the concentration of glycerol constant, increasing the

concentration of casein resulted in an increase in the storage modulus of the films.
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Mechanical properties of cross-linked casein films were also measured at body

temperature to study the influence of type and concentration of the cross-linkers on

mechanical properties of the films. Storage modulus was plotted for different con-

centrations of each cross-linking reagent. Figure 3.15 compares the storage modulus

of cross-linked casein films, with the control non cross-linked casein film labelled

NC14 in Table 3.1. All the films were made of 15% casein in 0.2% NaOH, mixed

with 15% glycerol.

Figure 3.15: Storage modulus of cross-linked casein films with different concentrations of the four
cross-linking reagents, all made of 15% casein in 0.2% NaOH, mixed with 15% glycerol.

Results of storage modulus for cross-linked casein films in Fig. 3.15 show an

approximately 20% increase in storage modulus for formaldehyde cross-linked casein

films, compared to non cross-linked casein films. Changing the concentration of

formaldehyde, from 0.5% to 2%, however, did not change the storage modulus of

the films. A study by Audic and Chaufer [182], showed cross-linking of casein

films, plasticized with 50% (w/w) glycerol, with low concentrations of formaldehyde

(below 2%(w/w)) did not have a significant influence on the elastic modulus of the

films. Increasing the concentration of formaldehyde above 2%, up to 10%, could

increase the elastic modulus to two times more than that of non cross-linked casein

films [182].

Storage moduli for citric acid cross-linked films showed a 10% increase for the

film cross-linked with 0.5% citric acid compared to non cross-linked casein film. This

increase went up to more than 40% for the film cross-linked with 1% citric acid and
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almost 85% for films cross-linked with 2% citric acid. These results are in good

agreement with the data reported by Yang and Reddy [127], where they showed

increasing the concentration of citric acid for cross-linking casein fibres, resulted in

an increase in moduli of the the fibres. Casein fibres in their work were made of

30% casein dissolved in 1% sodium hydroxide solution [127].

As can be seen in Fig. 3.15, unlike formaldehyde and citric acid, TG and glu-

taraldehyde cross-linking of casein films resulted in an average reduction of 50 and

80% in elasticity of the films, respectively. As mentioned before, formaldehyde has

only one carbonyl group, while glutaraldehyde is a bicarbonyl compound having two

reactive sections. As a result, glutaraldehyde cross-linking of a protein results in a

more tightly cross-linked network, when it reacts with amino groups. Therefore glu-

taraldehyde cross-linking results in a decrease in elasticity of the films cross-linked

via glutaraldehyde [126,186]. While there are several studies on using TG for cross-

linking casein for different applications [148,150–152,187,188], no one has reported

the influence of TG cross-linking on storage modulus.

Figure 3.16 shows the storage modulus of casein-gelatin films, cross-linked via

TG, as a function of casein-to-gelatin ratio. As can be seen, increasing concentration

of casein in the solution resulted in a decrease in storage modulus of the films. A

study by Chambi and Grosso [125] shows a similar trend in mechanical properties

of casein-gelatin films cross-linked via TG.
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Figure 3.16: Storage modulus of casein-gelatin films cross-linked via TG, with different ratios
of casein-to-gelatin. Casein solution was made of 15% casein in 0.2% NaOH, mixed with 15%
glycerol; gelatin solution was made of 15% gelatin in 1× PBS. The two solutions were mixed with
different weight ratios and then mixed with 10% TG solution in PBS to achieve a concentration of
10 U/g of protein.

3.6 Physical properties

Characterisation of the casein-based films according to their physical properties

was another important part of optimizing casein-based films. Since the films were

biodegradable, their water absorption and degradation time were studied. Water

absorption of the films resulted in swelling behaviour, which would consequently

cause change in the size of surface patterns. Minimal water absorption by the

films, and having the least expansion of the features can add an advantage to the

applications of casein films with surface patterns. Water absorption of the films

was studied to gain a better understanding of their behaviour in DI-water and cell-

culture media. Degradation time of the films was also measured to find out how

long the material would last when used as cell-culture substrate, or implant.

Finally, contact angle was another characteristic of the films which was of in-

terest. Contact angle degree defines the level of hydrophobicity or hydrophilicity of

the surface of a material. Cells usually prefer hydrophilic surfaces for attachment

and proliferation [189,190]. Materials with water contact angles of 90◦ and less are

generally considered as hydrophilic, while contact angle degree of 90◦ and above is a

characteristic of hydrophobic surfaces. Contact angle degree was measured for the
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films and the influence of different components and their concentrations on wetabil-

ity of the films was investigated. These measured physical characteristics will be

presented in the following sections.

3.6.1 Water absorption and degradation time

Biodegradable casein films absorb water when immersed in an aqueous liquid such

as water or cell-culture media, and start to degrade. Water absorption can cause

an increase in the weight of the films, which may also lead to swelling of the films.

Swelling will result in a change in the dimensions of the film and the surface features,

when films are patterned. As part of the characterisation process, water uptake ratio

and degradation time were measured for the films listed in Tables 3.1, 3.2, and 3.3.

Films labelled NC3, NC4 and NC10 were excluded from the measurement as they

were too soft and could not be peeled off the container. Water uptake ratio is the

percentage ratio of the change in weight of the film at any time compared to its

original weight. Films were immersed in DI-water at room temperature (∼ 21◦C),

and in media at body temperature (37◦C). Water uptake ratio was calculated

using equation 3.9, where Wt is the weight of the films at any time, and W0 is

the original weight of the films before immersing into water. The media used for

studying swelling and degradation of the films was DMEM (11995-056, Gibco),

which contains amino acids, vitamins, inorganic salts and other components.

∆W =
Wt−W0

W0

× 100 (3.9)

In order to remove the films and measure their weight after immersion into water

or media, films were placed on a metal mesh. Two stainless steel nails were put into

the mesh holes to act as handles for lifting the mesh, as shown in Fig. 3.17. This

setup prevented the films from tearing and damage while being displaced. The total

weight of the mesh and the nails was measured separately and it was deducted

from the measured weight at each measurement time. As films were immersed into

aqueous liquid, they first started to absorb water resulting in an increase in their

weight. They reached a maximum weight before starting to degrade and having a

reduction in their weight.
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Figure 3.17: Water uptake ratio setup from (a) side view, and (b) the top [68].

As expected, all the non cross-linked films degraded in both DI-water and me-

dia in less than 2 h repeated number of times. Tables 3.4(a) and (b) summarize

the average degradation time for each type of these films in DI-water and media,

respectively. For each type of the films, two films were tested and their degradation

time was within less 5 minutes from one another. Figure 3.18 shows swelling and

degradation of a non cross-linked casein film as an example (NC14, made of 15%

casein in 0.2% NaOH, plus 15% glycerol), in DI-water, within 60 minutes. Figures

3.18 shows swelling and degradation of a non cross-linked casein film as an example,

within the first hour of immersion in DI-water. The films was made of 15% casein

in 0.2% NaOH, and mixed with 15% glycerol.

The graphs in Fig. 3.19 and tables 3.4(a) and (b) show the influence of casein

and glycerol concentration on the degradation time of non cross-linked casein films.

The test was only done for one film of each type. As can be seen, increasing the

concentration of casein increased the degradation time, as films are thicker and more

dense, while increasing the glycerol resulted in a decrease in the degradation time.
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Table 3.4: Degradation time of non cross-linked casein films in (a) DI-water (at 21◦C), and (b)
in media (at 37◦C) (adapted from [68]).

Figure 3.18: Swelling and degradation of a non cross-linked casein film, within 60 minutes after
immersion in DI-water. Dashed circle shows the size of the original film before immersion.
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Cross-linking changes the bond between polymer chains and hardens a material

by decreasing the mobility of molecules. This chemical reaction influences the solu-

bility of the polymer and increases its degradation time. Measuring the degradation

time of cross-linked casein films showed cross-linking increased the degradation time

from less than 2 hours to in excess of 50 days. To measure degradation time of the

films, samples of each film were cut to circles with 2 cm diameter. Each film was

placed in one well of a PS 6-well culture plate and covered with DI-water, or media,

and left to degrade at room temperature or in the incubator at 37◦C, respectively.

DI-water and media were carefully removed and changed every 3-4 days. Tables

3.5(a) and (b) summarize the degradation time of cross-linked casein films based on

the type of cross-linking reagent and their concentrations. Degradation time was

measured for two films of each type in media and two films in DI-water. The data

presented in Tables 3.5 (a) and (b) are the average degradation time for two films

of each type.
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Figure 3.19: Water uptake ratio of non cross-linked casein films with different glycerol concen-
trations for (a) 5% casein, (b) 10% casein, (c) 15% casein, and (d) 20% casein, in DI-water [68].
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Table 3.5: Degradation time of cross-linked casein films in (a) DI-water (at 21◦C), and (b) in
media (at 37◦C) [68].

As can be seen from Tables 3.5(a) and (b), increasing the concentration of cross-

linking reagent, resulted in an increase in degradation time of the films. In order to

calculate water uptake ratio for cross-linked films, weight of the films was similarly

measured at certain times by removing the films from the liquid using the mesh.

Water uptake ratio was calculated using equation 3.9, and graphs were plotted

for cross-linked films in DI-water and media, as shown in Figs. 3.20 and 3.21.

Casein-gelatin films with different casein-to-gelatin ratios were also studied for their

behaviour when immersed in DI-water or media. Figures 3.22(a) and (b) show

the water uptake ratio for casein-gelatin films in DI-water and media, respectively.

Water uptake ratio tests were done for two films of each type and the results were

very close. The data presented in Figs. 3.20 and 3.21 are for one of the films.
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Figure 3.20: Water uptake ratio of casein films, in DI-water, cross-linked with (a) glutaraldehyde,
(b) formaldehyde, (c) citric acid, and (d) transglutaminase [68].
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Figure 3.21: Water uptake ratio of casein films, in media, cross-linked with (a) glutaraldehyde,
(b) formaldehyde, (c) citric acid, and (d) transglutaminase [68].
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Figure 3.22: Water uptake ratio of casein-gelatin films, cross-linked with TG, in (a) DI-water,
the inset enlarges the graphs in 0-300 min, and (b) DMEM media (adapted from [68]).

As can be seen in Figs. 3.20, 3.21, and 3.22, all the films, regardless of the

type of cross-linker, had a higher water absorption rate when immersed in DI-water

compared to when immersed in media. This could be because of the salts and

other components in media. In 2015 De Kruif et al. [191] published the results

of their study on the influence of different concentrations of NaCl and CaCl2 salts

(0.01% to 10%), and temperature (5, 30 and 60◦C), on water absorption and swelling

ratio of sodium caseinate hydrogels, cross-linked via TG. The study suggests that

swelling behaviour of TG cross-linked sodium caseinate hydrogels in NaCl solution

is independent of temperature. However, increasing the concentration of NaCl salt

resulted in a decrease in swelling ratio. Hydrogels had a lower swelling rate in the

CaCl2 solution, while increasing the concentration and temperature both resulted

in decreasing the swelling ratio of the films. DMEM includes both NaCl and CaCl2

salts with concentrations of 6400 and 200 mg/L, respectively.

The water absorption of the cross-linked films in media, ranges from 10%, for

formaldehyde cross-linked films, to alsmost 250% for TG cross-linked films. While

the range of water absorption of the films in water is from 20%, for formaldehyde
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cross-linked films, to more than 1200%, for TG cross-linked films. As can be seen

from the graphs in Figs. 3.20 and 3.21, increasing the concentration of cross-linking

reagent can decrease the swelling ratio of the films. A study by Ghosh et al. [126]

showed a water absorption of approximately 400% by casein films made of 15% casein

in 0.2% NaOH mixed with 30% glycerol and cross-linked with 2% glutaraldehyde,

within 6 h. The results of the water uptake ration in this thesis, shown in Fig. 3.20,

showed a reasonably lower water absorption of 150% for films cross-linked with 2%

glutaraldehyde. However, concentration of glycerol in these films was 15%, which

is half the concentration of glycerol in Ghosh’s work. Even though the graphs in

Fig. 3.19 show a reduced swelling ratio for films with higher glycerol concentrations,

those results are from non cross-linked films, and cross-linking can influence water

absorption ratio.

Water uptake ratio of casein-gelatin films in Fig. 3.22 showed that, by mixing

casein with gelatin to the ratio of 2:1, water absorption and swelling ratio of the

films can be minimized. This can be of advantage for applications where swelling

and the change in size of surface features might be problematic.

As mentioned before, the amount of water absorption can result in swelling of

the films and thus a change in the size of the films and the surface features. The

changes in the dimensions of the films and surface features as a result of swelling,

were also studied in this thesis. Results of this will be discussed in Chapter 6.

3.6.2 Contact angle

Contact angle is the angle between a liquid-vapour interface and a solid surface. It

is a measure for the degree of wettability of a solid surface, by a liquid which is

usually water. At a certain temperature and pressure, a given solid surface has a

unique contact angle degree. In this thesis, contact angle was measured to check the

level of hydrophilicity or hydrophobicity of casein-based films, in order to determine

the suitability of the films as cell-culture substrates. According to some studies,

polymers with water contact angle degrees between 45 and 75◦ show optimal cell-

adherence [189,190].

The machine used for measuring water contact angle in this thesis was a telescope-

goniometer (CAM 2008, KSV). Each film was cut into 25 × 75 mm samples. Dry

94



Chapter 3

films were stuck to a microscope glass slide using double sided tape to obtain a flat

surface. The glass slides, with the casein films on top, were placed on the stage of

the contact angle setup. The measurement was done in static mode using the sessile

drop method. A small drop of DI-water was dropped on the films, as shown in Fig.

3.23(a). Using a camera and the CAM 2008 software package, the tangent of the

sessile drop profile was aligned and the contact angle was measured by geometrically

measuring the angle between the water droplet and the solid surface on both sides

of the droplet, as shown in Fig. 3.23(b). Twenty images were taken within two

minutes of water droplet being dropped on the surface of the film and an average

value was obtained from the measurements.

Figure 3.23: Contact angle measurement setup. (a) Casein film stuck to a glass slide on the
stage, (b) measuring the contact angle in the software, using the camera [68].

Each film should have had a unique contact angle degree, meaning repeating

the measurement should have had the same result. However, measuring the contact

angle degree for two films of each type of non cross-linked films, made of the same

components and concentrations, had very different results. As a result this data is

not included in this thesis. The differences in the measurements could be due to

not having controlled temperature and pressure for the measurements. It could also

be due to the fact that films were not conditioned, and each film could potentially

have a different moisture level. The time frame between fabrication of the films

and measuring contact angle degree was different for different films, which could

influence characteristics of the films. Moreover, water droplets used for contact

angle measurement could start to dissolve the non cross-linked films, which could

then influence the contact angle degree. This part of the experiment was done with
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help of Fanny De Decker, the exchange master student. Unfortunately, contact angle

measurement could not be repeated a second time with conditioning the films and

controlling the variables, due to her tight time frame. It is expected to repeat these

experiments in future, in order to achieve more stable results.

However, these variations in the results were only seen for non cross-linked casein

films. When water contact angle was measured for cross-linked films, the results

were close at different measurements. This could possibly be explained by the fact

that cross-linked films did not absorb as much moisture from the atmosphere, or

the water droplet. Therefore, their moisture level was similar between different

films. The results of contact angle measurement for cross-linked films via different

concentrations of the four cross-linkers, showed the type of cross-linking reagent

influenced the contact angle degree. However, changing the concentration of each

cross-linking reagent did not have a significant influence on the results, as seen in

Fig. 3.24. Contact angle degree of casein-gelatin films is also shown in Fig. 3.25.

As can be seen, while cross-linking increased the contact angle degree of the films,

changing the ratio of casein to gelatin did not have a significant influence on the

results. For all the cross-linked films, the graphs are plotted with the data obtained

from contact angle degree of three point on three different samples of each kind.

The bars show the average contact angle degree and the error bars show the range

of data between the nine points.

In a study by Chambi and Grosso [125], they reported an increase in water vapour

permeability due to cross-linked casein and casein-gelatin films via TG. Even though

contact angle degree was not evaluated in their work, they believed cross-linking

increased the amount of hydrophobic amino acid on the surface, which resulted in

the change in water vapour permeability, which could also result in an increase

in surface hydrophobicity and contact angle degree. In another study, Orliac et

al. [192] observed an increase in the hydrophobicity of thermo-moulded films made

of sunflower protein isolate, when treated with formaldehyde, which is similar to the

behaviour of casein films cross-linked via formaldehyde in this thesis.
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Figure 3.24: Contact angle of casein films for different concentrations of different cross-linkers
(all films are made of 15% casein in 0.2% NaOH, with 15% glycerol) [68].

Figure 3.25: Contact angle of casein-gelatin films cross-linked via TG, with different ratios of
casein to gelatin. Casein solution was made of 15% casein in 0.2% NaOH, mixed with 15% glycerol;
gelatin solution was made of 15% gelatin in 1× PBS. The two solutions were mixed with different
weight ratios and then mixed with 10% TG solution in PBS to achieve a concentration of 10 U/g
of protein [68].
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As can be seen from Fig. 3.24, citric acid has the lowest average contact angle

degree among cross-linked films, while TG has the highest average contact angle

degree. Figure 3.26 shows photos of the water droplets on the surface of a citric

acid cross-linked casein film, being hydrophilic, and a TG cross-linked casein film,

being hydrophobic. Cellular behaviour towards these two films was such that they

did not attach to citric acid cross-linked films, and on the other hand, they attached

to and proliferated on TG cross-linked films. Hence, it was hypothesized to see a

high contact angle degree for citric acid cross-linked films and a low contact angle

degree for TG cross-linked films, which was not true. The results of contact angle

degree measurements for cross-linked films suggest that contact angle alone does not

influence cell attachment onto casein films. This can be due to casein films being

biodegradable and absorbing water. Once water is absorbed onto the surface of the

films their hydrophobicity is decreased and they become more hydrophilic. Citric

acid cross-linking of casein films, on the other hand, might have changed the surface

chemical properties and stopped cells from attaching to the films.

Figure 3.26: Water droplet on a (a) citric acid cross-linked casein film and (b) TG-cross-linked
casein film (both films are made of 15% casein in 0.2% NaOH, with 15% glycerol) [68].

3.7 Summary

In this thesis, the first step to fabricate patterned casein films as cell-culture sub-

strates, was optimization of the films. To do so, various casein solutions consisting of

different concentrations of casein, plasticizer and cross-linkers were first fabricated

into flat films. Liquid-casting technique was applied for fabrication of unpatterned

casein films. The reason was to study the influence of different components on film

properties for the proposed application as cell-culture substrates. Therefore, the me-
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chanical properties, contact angle degree, water uptake ratio, optical transmittance

and autofluorescence of the films were measured. The results were then compared

in order to gain a better understanding of how each component influenced these

properties.

Since TG was the only cross-linker which did not have any negative effect on live

cells, TG cross-linked casein films were the best films as cell-culture substrates. A

concentration of 10 U/g for TG in casein solution was the minimum concentration

to cross-link the films. Therefore it can be summarized that casein films made

of 15% casein in 0.2% NaOH solution, mixed with 15% glycerol and cross-linked

with 10 U/g were the best films for the proposed application of this thesis. These

films had high light transmittance and low autofluorescence which also makes them

suitable choices as cell-culture substrate. Storage modulus, and elastic modulus of

these films were approximately 15 MPa which is in the range of elastic modulus for

cartilage and tendon. However, the films have a relatively high water uptake ratio in

media and high contact angle degree which might not make them very good options

in some cases.

Studying optical, mechanical and physical properties of casein films and their

optimization, led to developing a process for replication of micro- and nanoscale

regular and bioimprinted surface features. In the next chapter, the developed process

for replication of regular micro- and nanoscale features onto the surface of casein

films will be presented. The process for replication of bioimprinted surface features

onto casein films will be explained Chapter 5.
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Regular micro- and

nanopatterning of casein

Micro- and nanopatterning is the art of miniaturisation of patterns, which was orig-

inally developed for electronics. It has recently become a common method in bio-

materials engineering for fundamental research on cellular biology [4,8]. It generally

uses photolithographic methods, however, over the years a lot of other techniques

have also been developed [193]. In cellular biology, micropatterns can be used to

control the geometry of adhesion and therefore the orientation of the cell division

axis [194].

Surface topography is increasingly recognized as an important parameter which

can influence the development and function of biological cells. In multiple studies,

mammalian cells cultured on engineered surfaces with both regular micro- and nano-

scale patterns [3,28,29] or bioimprinted cell-like features [4,5,8,195,196], have been

shown to behave differently than cells cultured on flat surfaces. As an example of

cellular behaviour towards regular features, C2C12 cells cultured on PS substrates

patterned with a few micron-wide parallel lines, have been shown to align along

parallel lines [3].

Replication of regular geometric features onto cell-culture substrates can help

with comparing the features and finding the accuracy of replication. Moreover,

the influence of such patterns on attachment, proliferation and behaviour of the

growing cells can be investigated [3, 8, 12–29]. In the work presented in this thesis,

replication of regular micropatterns was investigated onto biodegradable casein and
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casein-gelatin films. Thereafter, replication of bioimprints, which are 3D cell-like

features, onto casein-based films was studied.

At the early stages of this work, one of the goals was to develop a process for

replication of micro- and nanoscale surface features onto rigid non-biodegradable

materials, in order to provide a master mould and develop a way for mass fabrication

of a range of materials with surface features. To achieve this goal, micron-scale

regular features were also replicated onto OrmoStamp as a hard rigid material.

The focus of this thesis changed from rigid materials to biodegradable casein-based

materials. Hence, the work on OrmoStamp was limited to replication of regular

features. Since the focus of this thesis is on fabrication of casein-based films with

surface features, the process and results of replicating microscale regular features

onto OrmoStamp is presented in Appendix D.

In this chapter, the process for replication of regular micro- and nanoscale fea-

tures onto casein and casein-gelatin will be explained, the results of the replications

will be presented, and the resolution of features will be compared between different

materials. The process and the results of replicating bioimprints onto casein-based

films will be discussed in Chapter 5.

4.1 Fabrication process

Fabrication of casein-based films with micro- and nanoscale regular surface features

consisted of several steps. Each of these steps will be explained in the following.

4.1.1 Mould master fabrication

Photolithography was used to transfer micron-scale 2.5D geometric features designed

with a CAD software (L-Edit V16, Tanner), onto a silicon wafer. The patterns cho-

sen to test the replication process contained parallel lines, circles, squares, triangles

and a chessboard with 15 × 15 µm squares. The same combination of features was

repeated 9 times, in a 3 × 3 arrangement. The geometric shapes designed by L-edit

were first transferred onto a photomask using a laser mask writer (µPG101, Heidel-

berg Microsystems). Photomasks are normally pre-coated with chrome and a layer

of AZ1518 photoresist.
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The mask was placed in a mask writer, and the photoresist was selectively ex-

posed to UV light. The mask was then developed in AZ326 MIF developer for 60 s

and rinsed thoroughly with DI-water. This step removed the photoresist in the ar-

eas which had been exposed to UV light. The mask was then placed in a chrome

etchant solution (ceric ammonium nitrate : perchloric acid : H2O = 10.9% : 4.25%

: 84.85%) for 60 s to remove the chrome layer in the areas where the photoresist

had already been removed. Finally, the mask was rinsed with acetone to strip the

remaining photoresist layer. Figure 4.1 shows an optical photograph of the mask

containing 9 repetitions of the same combination of different micron-scale geometric

features.

Figure 4.1: (a) A photo of a four-inch chrome-coated optical mask with nine sets of micron-scale
patterns. The chrome layer is removed from the mask, except for the patterns. The patterns are
a combination of squares, circles, triangles, lines, etc. (b) A close-up photo of one set of patterns
on the mask.

A four-inch silicon wafer was separately treated with oxygen plasma for 5 min

at 100 W (K1050X Plasma Etcher, Quorum Emitech). Prior to plasma treatment,

the wafer was dehydrated at 185◦C for more than 24 h. It was then placed on a

spin-coater (Headway Research, Inc. Model PWM32) and a large drop of Hexam-

ethyldisilazane (HMDS, 440191-1L, Sigma-Aldrich) was poured on the wafer and left

for 20 s. Plasma treatment and HMDS coating of the wafers were done to improve

the adhesion between the silicon wafer and the photoresist layer. The spinner was

then turned on with a speed of 2000 rpm and an acceleration of 1000 rpm/s for 60 s

to remove any excess HMDS from the surface of the wafer. AZ1518 positive tone
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photoresist was then spin-coated on the wafer at 2000 rpm with an acceleration of

1000 rpm/s for 60 s. These parameters created an approximately 3 µm-thick AZ1518

layer on the wafer. The AZ1518 coated wafer was finally soft-baked at 100◦C for

90 s on a hotplate, to drive off solvents and to solidify the film.

At this stage, the wafer and the mask were placed in a mask aligner (Suss MA6

Mask Aligner) and the photoresist layer on the silicon wafer was exposed to UV light

(365 nm i-line of a mercury lamp) through the mask for 15 s to achieve a dose of 43

- 45 mJ [197, 198]. This means the photoresist layer was only exposed to UV light

through the transparent areas on the mask. Dark areas, where the mask was still

coated with chrome, stopped light from reaching the photoresist. The photoresist

was developed with AZ326 MIF developer for 60 s. Following this, the wafer was

rinsed with DI-water thoroughly and the resist was hard-baked at 120◦C for 120 s,

to improve adhesion. Figure 4.2 shows some of the micron-scale patterns replicated

on photoresist. Steps (a) to (c) in Fig. 4.3 show a schematic of the fabrication

process for micron-scale features into photoresist.

Figure 4.2: Optical micrographs of geometric regular test patterns, designed using L-Edit and
fabricated in photoresist, on silicon wafer. Test patterns include different shapes and different
sizes.
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Figure 4.3: Schematic of the patterning process for casein films; a) Photoresist is spin-coated
onto a silicon wafer. b) A prefabricated optical mask is placed over the wafer and photoresist is
exposed to UV light through the mask. Alternatively, for nanopatterning, mask-less interference-
lithography is used. c) The photoresist is developed to transfer patterns. d) PDMS is dispensed
on the layer of photoresist and thermally cured. e) Negative PDMS is peeled off the photoresist.
f) A second replica is made of the negative PDMS mould to form a positive mould. g1) Negative
and g2) positve casein patterns are made by liquid casting of casein solution on the negative and
positive PDMS moulds, respectively, and casein is left to air-dry.
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In order to produce nanoscale features on silicon wafer, interference lithography

was used instead of photolithography. That is because the available mask writer

was only capable of producing features down to 0.6 µm [199]. First, 20 × 20 mm

silicon substrates were treated with oxygen plasma and coated with HMDS, similar

as to for fabrication of micron-scale patterns. The substrates were then spin-coated

with a layer of AZ1518 photoresist at 2000 rpm and an acceleration of 1000 rpm/s

for 60 s and baked at 100◦C for 90 s on a hotplate. With help of Dr Senthuran

Sivasubramaniam, former PhD student of the Electrical and Computer Engineering

Department of the University of Canterbury, a custom Lloyd’s mirror setup was used

for fabrication of nanoscale features on photoresist. A 50 mW Helium-Cadmium

(HeCd) laser with a coherence length of 30 cm at 325 nm, was used as a light source

[200]. Parallel lines, with 500 nm width, were produced via single exposure. Dot

arrays were produced via double exposure and 90◦ rotation of the sample. Similar to

micron-scale feature, the photoresist layer was developed with AZ326 MIF developer

for 60 s and then thoroughly rinsed with DI-water. The resist was finally hard-baked

at 120◦C for 120 s. Steps (a) to (c) in Fig. 4.3 can also be applied to fabrication

of nanoscale features into photoresist, except for step (b) where the Lloyd’s mirror

setup was used instead of the UV exposure through the photomask.

4.1.2 Casting of Polydimethylsiloxane (PDMS)

In the next step of the fabrication process, micro- and nanopatterns created in pho-

toresist were transferred onto PDMS via soft-lithography [95]. PDMS is a silicon-

based organic polymer widely used for the fabrication of microfluidic chips. The reso-

lution of surface patterns on PDMS can be down to nanoscale in size. Before prepar-

ing liquid PDMS, the wafer was treated with vapour of Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane in a desiccator. The vapour treatment was done by pouring one

drop of Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (448931-10g, Sigma-Aldrich)

into a small open bottle and placing it in the desiccator with the wafer. A vacuum

pump was used to apply vacuum for 30 min to help with silane evaporation. Silane

forms a very thin layer on the photoresist and helps with easy detachment of PDMS

from photoresist layer, hence increases the number of times the mould can be used.

While the silicon wafer was being treated, PDMS pre-polymer and the curing
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agent (Sylgard 184, Dow Corning) were mixed at a 10:1 (w/w) ratio and degassed

in a second desiccator for 30 min to remove any air bubbles from the liquid PDMS.

Degassing continued for a longer period of time if any air bubbles were still seen in

the liquid PDMS. A square shaped flat piece of metal, acting as a stage, was covered

with a clean polyethylene (PE) sheet and the wafer was placed on top. A metal ring,

with a diameter 0.5 cm smaller than the wafer, was placed on the wafer and liquid

PDMS was poured onto the wafer, into the ring. A heavy lid was placed on top of

the ring to prevent PDMS from leaking out between the ring and the wafer. Figure

4.4 shows the stack, including the metal stage, the ring, the wafer, liquid PDMS

and heavy weight. The PE sheet was used to prevent PDMS from sticking to metal

stage, in case of leakage. The metal stage was used to help with carrying the wafer,

the ring and liquid PDMS. With the help of the stage, the stack was placed in a

desiccator, and degassed for another 20 min to remove any air bubbles that appeared

through dispensing liquid PDMS. Degassing also helped with the air bubbles in the

features to be removed and liquid PDMS filled the details. After this time, the stack

was placed on a hotplate for 2 h at 80◦C to cure PDMS. Once PDMS was cured and

solid, it was detached from the ring by use of a scalpel, and carefully peeled off

the wafer. PDMS was placed between two clean PE sheets and baked again for

another 2 h at 80◦C to complete cross-linking. Steps (d) and (e) in Fig. 4.3 show

the schematic of replicating features from photoresist onto PDMS.

Figure 4.4: Photographs of the setup for replication of regular features from photoresist to PDMS.
(a) The stack including the metal stage, the ring and the wafer, (b) PDMS is poured on the wafer
into the ring and the heavy metal is placed on the ring.
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4.1.3 PDMS double casting

Hereafter, the first replication of features in PDMS from the silicon wafer is called

negative imprint. In a negative imprint, features are lower in height from the flat

areas on the surface of PDMS and they appear as indentations on the surface, as

shown in Fig. 4.5(a). These features can be transferred onto a second PDMS mould

to create what is called a positive PDMS mould, on which features are raised and

higher from the flat parts on the surface of PDMS, as shown in Fig. 4.5(b).

Figure 4.5: Schematics of (a) negative imprint and (b) positive imprint.

In order for the positive PDMS mould not to stick to the negative PDMS mould,

the surface of the negative mould was first treated with (Hydroxypropyl)methyl cel-

lulose (HPMC, H8384-100g, Sigma-Aldrich) [201]. HPMC was dissolved in 1× PBS

with 0.1% concentration and the negative PDMS mould was immersed in HPMC

solution for 10 minutes. In the meanwhile, liquid PDMS was prepared by mix-

ing PDMS and curing agent with the ratio of 10:1 (w/w) and degassed for 30 min,

similar to the process described in previous section for making the negative PDMS

mould. After the 10-minute treatment, the negative PDMS mould was removed

from HPMC solution, rinsed thoroughly with DI-water and dried using a nitrogen

gun. It was then placed inside the metal ring, on a clean PE sheet on top of the flat

metal stage.

Once liquid PDMS was completely degassed, it was poured onto the negative

PDMS mould, inside the ring and a heavy weight was placed on the ring to prevent

liquid PDMS from leaking. The stack was degassed for another 20 min. After the

second degassing, the stack was moved to a hotplate and baked at 80◦C for 2 h.
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Once PDMS was cured and solid, the positive PDMS mould was carefully detached

from the negative mould and baked again between two clean PE sheets for another

2 h at 80◦C to complete cross-linking. Figure 4.3(f) shows the schematic for PDMS

double-casting.

4.1.4 Transferring patterns onto casein films

PDMS in its native form has a hydrophobic surface, and the water contact angle

degree of PDMS is approximately 110◦ [202]. This means the wetability of a PDMS

surface, by water or water-based solutions, is low. Since the casein solutions used

in this work were aqueous, initial experiments without any treatment of PDMS

showed the casein solution did not wet the surface well, which resulted in very poor

resolution for replicated features. One of the methods to make PDMS hydrophilic

and decrease the contact angle degree is plasma-treating the surface of PDMS. As a

result, PDMS moulds were treated with Oxygen plasma at 100 W for 5 min (K1050X

Plasma Etcher, Quorum Emitech).

In addition to plasma treatment of PDMS, the moulds were degassed for 20 min

to help with the features being filled with casein solution. Since PDMS is a gas

permeable polymer, degassing PDMS removes the air from the features and PDMS

itself. After the 20-minute degassing, the PDMS mould was placed on a flat surface

in a fume hood. Casein solution, which was prepared the day before as explained in

section 3.1.2, was carefully poured onto the PDMS mould. As can be seen in Fig.

4.6, when casein solution is liquid cast on degassed PDMS, the air trapped in the

features is sucked out by PDMS and casein solution fills the features [203,204]. Since

casein is an aqueous solution, degassing of PDMS could not be done after liquid-

casting casein. Degassing of liquid casein for longer than 5 min was not possible,

due to reduced pressure in the desiccator causing the casein solution to boil, and

air bubbles to appear in the solution. Casein solution on PDMS mould was left

to air-dry at room temperature over-night. Figure 4.3(g) shows the schematic for

fabrication of casein films with negative or positive imprint from positive or negative

PDMS moulds.
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Figure 4.6: Schematics of air bubbles in the features being sucked out by PDMS mould after
degassing.

The original experiments for investigating the quality of replicated features onto

casein films were performed on non cross-linked casein films. However, later on,

cross-linked casein films were fabricate with surface features and used for culturing

C2C12 cells. In order to fabricate cross-linked casein films with surface features,

cross-linking reagents were either mixed with casein solution prior to liquid-casting,

or dried films, still attached to PDMS moulds, were immersed in cross-linking solu-

tion, as explained in section 3.2.

4.1.5 Transferring patterns onto casein-gelatin films

In a similar approach to making patterned casein films, the same test patterns were

transferred onto films made of a mixture of casein and gelatin. This was done

in order to study the resolution of features on casein-gelatin films. A 15% casein

solution in 0.2% NaOH solution, plus 15% glycerol was prepared similar to the

method explained in section 3.1.2. In the meantime, a 15% gelatin solution (w/v)

in PBS was prepared, as explained in section 3.3. Casein and gelatin solutions were

mixed together with the same weight ratio (1:1) to form the casein-gelatin solution.

The solution was then cross-linked by addition of TG solution. A 10% solution of

100 U/g TG was prepared in PBS and then mixed with casein-gelatin solution with

concentration of 10 U per gram of dry protein. Casein-gelatin films with surface

patterns were only made as cross-linked films.

Once TG solution was added to casein-gelatin solution, it was carefully but

quickly mixed. After addition of TG, gelation would start in 5 min. Hence, the

solution could not be kept very long. A previously patterned PDMS mould was

placed on a flat surface in a fume hood and casein-gelatin solution was liquid-cast

before gelation started. Casein-gelatin films were left to air-dry over-night. The

process for fabrication of casein-gelatin films is exactly the same as for casein films,
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which can be seen in Fig. 4.3.

4.2 Results

Regular geometric patterns designed using L-Edit software were transferred from

silicon wafer to negative and positive PDMS moulds, and from PDMS moulds to

other materials, as explained in the previous sections. The first and most impor-

tant material to be patterned in this work was casein, as the main purpose of this

work was to fabricate casein-based biodegradable films with high resolution surface

features. Figure 4.7 shows photos of regular features on the photoresist layer on a

silicon wafer, replicated onto PDMS and then onto casein. The designed geometric

features consist of parallel lines, squares, circles, triangles and other features with

different sizes, as shown in Fig. 4.2.

Figure 4.7: Replication of regular micron-scale geometries into casein: (a) Photograph of a 3× 3
array of AZ1518 photoresist patterns on 4 inch silicon wafer. (b) Photograph of a PDMS replica
of the same wafer and close-up of one of the test patterns (inset). (c) Casein replica of one test
pattern after removal from PDMS mould. Inset shows an optical micrograph of the test pattern.
(d) Optical micrograph of feature detail on the casein surface [205].
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4.2.1 Comparison of features

To compare the micron-scale features on the mask, photoresist, and their replications

on PDMS and casein, features were first imaged via optical microscopy. Optical

microscopes magnify images of small objects by the use of visible light and a series

of lenses. Depending on the lenses, images with magnification of 4x, 10x, 20x,

50x or more can be obtained. Two optical microscopes, a Nikon Eclipse TS1500,

at PC2 laboratory, school of medicine, and an Olympus BX60, at nanofabrication

laboratory, were used in this work for capturing 2D images of the features on different

films. The cameras conncected to the two microscopes were Tucsen H Series, and

Leica DFC320, respectively.

Optical images were taken from the features on the mask and in photoresist

for comparison, as shown in Fig. 4.8. As can be seen, the features were clearly

transferred onto the photoresist. However, when the dimensions of the features

were measured, there was an average reduction of 8% between the features on the

mask and in photoresist.

Figure 4.8: Optical micrographs of micron-scale features on (a and b) the photomask, and (c and
d) transferred onto photoresist.

The reduction can be due to overexposure, overdevelopment, or general condi-
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tions in the laboratory. The yellow room in the nanofabrication laboratory is not

a full-scale laminar flow clean room and temperature and moisture level are not

controlled to the strictest level. In order to transfer the features onto photoresist

with the same size, different variables in the photolithography process, such as tem-

perature, humidity, exposure dose, development time and every other element need

to be controlled. Since the aim of this thesis was not to develop a photolithography-

related process, and the micron-scale features were only used as test patterns, the

reduction in the size of the features from the mask to the resist was not problematic.

Therefore, the features on photoresist were considered as original features, and the

replications were compared to these features.

In order to obtain a more detailed comparison between the original features on

photoresist and their replications on PDMS and casein films, a section of the chess

board, consisting of alternative raised squares, was imaged via AFM imaging, on

photoresist, PDMS and casein. AFM is a scanning probe microscopy technique

which can obtain very high resolution images of the surface topography, down to

nanometre scale. Another advantage of AFM is the ability of creating a 3D image

of the surface topography. However, there are also limitations to AFM imaging.

The limitations are the slow scan speed, limited scanned area and height, and the

scanned material. These limitations are however different for various models of

AFMs. Depending on the machine and the scanned material, scanning an area of

30 × 30 µm can take up to 1 h. The maximum scanned area can also range from a

square of less than 1 × 1 µm to maximum 100 × 100 µm. The height of the features is

another limitation, which cannot go higher than 6.5 µm. Moreover, not all materials

can be scanned via AFM. Materials with a sticky surface are very difficult to be

scanned, since the AFM tip can stick to the material and scratch the surface, or

cause artefacts in the imaging.

AFM uses a few-atom-sharp tip at the end of a cantilever to scan the surface of

a material. The radius of curvature of the tip is only a few nanometres. When the

tip approaches a sample surface, there is a deflection of the cantilever due to the

interactions between the surface atoms and those on the tip. There are three ways

of imaging a surface, contact mode, tapping mode and non-contact mode. AFM

imaging in this work was done in the tapping mode.
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In ambient conditions a layer of meniscus fluid develops on the surface of most

materials. Because of the meniscus fluid, keeping the tip in a close distance to

the sample surface without having the tip sticking to the surface is very difficult.

In tapping mode, a piezo element drives the cantilever to oscillate at or near its

resonance frequency. In most cases, the deflection of the cantilever is measured via

collecting laser light reflected off the back of the cantilever by a position sensitive

detector. The detector converts the displacement of the cantilever, with respect to

the equilibrium, into an electric signal.

When the tip is brought into contact with the sample surface, the sample is

raster-scanned along an x-y grid. Raster-scanning is scanning a rectangular pattern

line by line. During the scanning, an electronic feedback loop keeps the force between

probe and the sample constant. The deflection of the cantilever is the input to the

feedback loop. The output of the feedback loop controls the distance between the

support for the cantilever and the stage holding the sample. Through the scanning,

the tip comes in contact with the surface and thus the deflection of the cantilever

will change according to height variations on the surface. In tapping mode AFM,

the cantilever oscillates through scanning. When the tip comes in close contact

with the surface the amplitude of the oscillation lowers. As a result, the feedback

signal is the amplitude of the cantilever. The feedback loop adjusts the distance

between the sample and the cantilever support constantly, to keep the deflection

at a constant, user-defined value. The output of the feedback loop then equals the

surface topography of the sample.

In this work, AFM images of regular features and bioimprints were captured

on different materials using an approximately 15-year-old Veeco Dimension 3100

(NanoScope, Digital instruments). AFM was used in tapping mode. A scanrate

of 0.1 Hz and an amplitude setpoint of 1.479 V was used for scanning the samples.

Budget sensors (Tap300AI-G) were used as tips which had resonant frequency of

300 kHz and force constant of 40 N/m. By use of Gwyddion software [206], cross-

sections of same features were compared at different stages of replication process.

Gwyddion is a free and open source modular program covered by general public

license (GNU), which can analyse and visualise the data, primarily the height fields,

obtained from scanning probe microscopes (SPM). The program provides a wide
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range of data processing functions. Some of these functions are levelling and data

correction, statistical characterisation, filtering, and grain marking functions [206].

AFM images of a section of the micron-scale features on photoresist, PDMS and

casein were captured, and the dimensions were compared on the three materials.

Figures 4.9 and 4.10 show the 2D and 3D images of a section of the chessboard on

photoresist and the replications onto PDMS and casein. Profiles of the cross-section

of the features on different materials are compared in Fig. 4.11.

As can be seen from Fig. 4.11, the difference between the size of the features on

photoresist and PDMS in both x-y plane and z-direction was an average of 2%. This

difference is a normal behaviour of PDMS due to shrinkage. Several studies have

shown the shrinkage ratio of PDMS to be from 0.5% to 2%, depending on curing

temperature [207,208]. Also, there are methods developed to modify the replication

process, and minimize the shrinkage ratio [207]. The shrinkage ratio can also be

accounted for when designing the features for the photomask [208].

Figure 4.9: AFM images, in 2D, of replication of micron-scale regular features onto casein. a)
Features on photoresist coated on a silicon wafer, b) negative imprint of the features onto PDMS,
c) inverted image of the negative imprint on PDMS, and d) positive imprint onto final casein film.
The profile of the cross-section across the white line is shown in Fig. 4.11.
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Figure 4.10: AFM images of regular features in 3D. a) Original features in photoresist, coated on
a silicon wafer, b1) replicated onto negative PDMS and b2) inverted image of the negative imprint
on PDMS, for comparison with the original feature. c) Positive imprint onto casein film.

The comparison of the profiles of the features in Fig. 4.11, shows that the

difference between the size of the features on PDMS and casein was much higher

than the difference between photoresist and PDMS. Features showed an average

reduction of 12% in x-y plane, with the difference increasing towards the top of the

features. In z direction, there was an approximately 30% loss between the height

of the features on PDMS and casein. The profile of the squares also showed a

rounded top for the squares, as oppose to the flat top on photoresist and PDMS.

This curvature of the features in casein films can also be seen in Fig. 4.10.

Nanofeatures consisting of nanodots and nanogratings with dimensions below

500 nm, were also successfully transferred onto casein films. This was the first time

casein films were patterned with nanoscale surface features. Figure 4.12 shows AFM

images of nanodots and nanolines on photoresist layer, coated on a silicon wafer,

and their imprint on casein films. It can be seen that there was a similar loss of

resolution in the nanoscale features from photoresist to casein.
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Figure 4.11: Profile of the cross-section of the features on the chess board shown in Fig. 4.9,
across the diagonal of the squares, at 3 different stages of the replication process. The loss of
resolution between different stages can be compared.

Figure 4.12: 3D AFM images of nanodots on a) photoresist, b) casein, and nanogratings on c)
photoresist, and d) casein.
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4.2.1.1 Resolution enhancement on casein films

An approximately 30% loss of resolution from photoresist to casein, was an indication

to a poor replication of features onto casein films. This loss was mainly between

PDMS and casein, and since casein solution is aqueous, one possible way to explain

the loss of resolution could be hydrophobicity of PDMS. Even though PDMS was

plasma-treated to increase the surface energy, and render the surface hydrophilic,

recovery of hydrophobicity of PDMS is inevitable over time. According to Hillborg

et al. the plasma-treated surface of PDMS is only stable for 30 min in air [209]. As

mentioned in section 4.1.4, PDMS moulds in this thesis were degassed for 20 min

after being plasma-treated, to remove the air from PDMS. As a result, it is possible

that PDMS had lost its hydrophilicity. Degassing was ideally the last step before

liquid casting casein solution to minimize the trapped air in the features and the

air in PDMS, so that casein could fill the features best, as it was shown in Fig.

4.6. The contact angle degree of plasma-treated PDMS was measured using the

same method and equipment explained in section 3.6.2. Contact angle degree of the

negative PDMS mould, immediately after treatment, was reduced to less than 5◦,

but it increased to more than 50◦ after 30 min.

According to Hemilla et al., the surface of PDMS can be treated with oxygen

plasma and then coated with a number of different chemicals to retain the hy-

drophilicity of PDMS for a much longer period of time [210]. Coating the surface of

PDMS with polyvinylpyrrolidone (PVP) showed the best results in decreasing the

contact angle degree and maintaining the hydrophilicity [210]. PVP is a hydrophilic

polymer which binds to the surface of plasma-treated PDMS and renders the surface

hydrophilic for in excess of months.

In order to find out if the hydrophobicity of PDMS was the problem behind

the loss of resolution on casein, PDMS moulds were treated with plasma and PVP

before liquid casting casein solution. This time, PDMS moulds were first treated by

oxygen plasma for 3 min at 30 W and then immersed in a PVP solution for 1 min.

The PVP solution was prepared with 22.2% (w/v) concentration, by dissolving PVP

(02286-500 g, Sigma-Aldrich) in DI-water by stirring. After treating PDMS with

PVP for 1 min, the mould was removed from the solution, rinsed thoroughly with

DI-water and dried using a nitrogen gun. The plasma/PVP treated PDMS moulds
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were degassed for 20 min, which was followed by liquid-casting casein solution on the

moulds and being left to air-dry at room temperature in a fume hood. Contact angle

degree of PDMS after being plasma/PVP-treated decreased to less than 10◦ and

remained the same even after 1 h. Contact angle degrees of native PDMS, plasma-

treated PDMS, and plasma/PVP-treated PDMS were measured every 10 min for 1 h

and plotted, as shown in Fig. 4.13. The test was done for three points on three

samples of each type. Error bars show the range of the contact angle degree and

the solid points show the average of the results. The recovery of hydrophobicity of

plasma-treated PDMS can be seen in the graph.

Figure 4.13: Water contact angle degree of PDMS within 60 min after being treated with oxygen
plasma and PVP.

Figure 4.14 compares optical and AFM images of micron-scale regular features on

photoresist, PDMS, and casein films. The features on casein films were made of three

differently treated PDMS moulds, firstly: a completely non-treated PDMS mould,

secondly: a plasma-treated PDMS mould, and thirdly: plasma and PVP-treated

PDMS mould. Figure 4.15 shows the profiles of the cross-section of the features

on each material. The size of the squares on different materials were measured at

three different heights to find out the loss of resolution between different stages

of replication. The measurements were done for three squares on one photoresist

sample, the same squares on one PDMS sample and three casein films made from

untreated PDMS, plasma treated PDMS and plasma and PVP treated PDMS. These

results are presented and compared in Table 4.1.
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Figure 4.14: On the left, optical micrographs of micron-scale regular features in a) original
photoresist, b) PDMS, c) casein, without any treatment of PDMS mould, d) casein, after plasma
treating PDMS mould, and e) casein, after plasma and PVP treating PDMS mould. On the right,
AFM images of the same features at different stages are shown. White lines are to compare the
profile of the cross-section at each stage in Fig. 4.15.
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Figure 4.15: Profile of the cross-section of the features across the raised squares, shown in Fig.
4.14, across the white line, for the 5 stages.

Table 4.1: The change in the dimensions of squares between different steps of replication.
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The difference in the resolution of features on the different materials cannot be

easily seen in the optical images or AFM images in Fig. 4.14. However, a comparison

of the profiles of the cross-section of the features on each material, shown in Fig. 4.15,

demonstrated the difference more clearly. As can be seen, replicating the micron-

scale features onto casein films from untreated PDMS resulted in approximately

40% loss of resolution. Plasma treatment of PDMS mould alone could improve the

resolution by 10%, while there was still approximately 30% loss between PDMS

and casein. However, plasma and PVP treating the PDMS mould enhanced the

resolution by more than 25% and the loss of resolution between PDMS and casein

was minimized to even less than the 2% loss between photoresist and PDMS. Using

plasma and PVP treatment of PDMS in order to improve the replication quality for

aqueous solutions was a novel approach applied in this thesis for the first time.

4.2.1.2 Features on other materials

In this work, other than casein, which was the main focus, micron-scale regular

features were also replicated onto casein-gelatin films. The patterning process was

done as a proof of concept to show casein-gelatin material was capable of replicating

surface patterns. However, AFM imaging of casein-gelatin films was very difficult,

since the surface of the material was sticky and AFM tip would stick to the material

and scratch the surface. Hence, in this work only optical images are reported from

these features.

In addition, for the last 6 months of this work, the plasma etcher in the nanofab-

rication laboratory was having unresolved faults during longer than 1 min ashing

runs. When PDMS moulds were plasma-treated, for the 3 min required for the pro-

tocol to be then PVP-treated, the surface of PDMS moulds would crack. These

cracks on the surface of PDMS are clearly visible in Fig. 4.16.

Surface cracking of PDMS is a known phenomena, which is usually a result of

extended plasma treatment or high power [211]. In this thesis, the power was 30 W

and the treatment time was 3 min. These parameters were used from the beginning,

but for the last 6 months, plasma-treating the surface of PDMS using the same

parameters, caused a mud-crack pattern on the PDMS surface.
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Figure 4.16: AFM image of the cracks on the surface of PDMS, due to plasma treatment.

As a result of the cracking, in order to plasma treat PDMS moulds, a Reactive

Ion Etcher (RIE, Oxford Plasmalab 80) machine was used instead of the plasma

etcher. The RIE is another piece of equipment in the nanofabrication lab, which

was capable of creating oxygen plasma. However, due to RIE having a different

plasma shape, the same parameters did not have the same result and PVP did not

bind well with the surface of PDMS after plasma treatment via RIE.

As a result of the problem with the plasma etcher, PDMS moulds could not

be plasma and PVP-treated for replicating the features onto casein-gelatin films.

Since casein and gelatin are both water-based solutions, it is believed that plasma

and PVP treatment of PDMS moulds could similarly increase the resolution of

features on casein-gelatin films. Optical images of the micron-scale features on

casein-gelatin films replicated from non-treated PDMS moulds, are compared with

the original features on photoresist, in Fig. 4.17. As can be seen, the features were

replicated onto the surface of the material. However, the loss of resolution between

the features on photoresist and casein-gelatin films is even obvious in the optical

images. According to a study by Ou et al. [155], gelatin has a high pattern fidelity,

down to 2 µm. In their work, micron-scale features on gelatin films were not created

via replica-casting, and a patterning method of etching was applied. There was

not a one-to-one comparison between the original features and the replications on

gelatin in Ou et al’s work. However, AFM images of the features on gelatin showed
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a rounded top for the features.

In another study by Paguirigan and Beebe [122], replica-casting was used for

fabrication of microfluidic channels with 1 mm width onto gelatin. They did not

include any AFM images of the replicated channels, in order to see the details. No

study has reported a one-to-one comparison between the size of original features

and their replications onto gelatin films, and the quality of micron-scale feature

replication is not well documented.

Figure 4.17: Optical micrographs of positive micron-scale features on (a and b) photoresist, (c
and d) casein-gelatin film.

4.3 Summary

After optimization of casein films, the next part of this thesis was to develop a process

for replicating micro- and nanoscale surface features onto casein films, which started

by replicating regular features. The advantage of replication of regular features onto

casein films is the defined size of the features, which can provide an accurate tool for

investigating the quality of replication process, and resolution of replicated features.
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The originally developed solution, even though capable of replicating features down

to nanoscale onto casein films, resulted in an approximately 30% loss in the size of

the features when transferred from PDMS onto casein.

As a result, the process was modified, and a step was added to the process.

The intermediate PDMS moulds were treated with oxygen plasma and then coated

with PVP, to retain their hydrophilicity for a longer period of time. Modification of

the fabrication process resulted in an enhancement in the resolution of micron-scale

features on casein films. The dimensions of features replicated onto casein films via

the modified process were similar to those on photoresist and PDMS. Moreover, the

shape of the features were retained through the replication process.

In the next chapter, the process for replicating 3D bioimprints onto casein films

will be explained. Bioimprints consist of micro- and nanoscale details, which should

ideally be retained in their replications on casein films.
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Bioimprints on casein

Bioimprint, or cell imprint, is capturing a 3D replicacation of cells into a rigid

material, such as a polymer. Bioimprinting was first developed in 2006 by Dr James

Muys in order to visualise the topography of the cell surface [6]. Before then, in

order to map the topography of live cells, AFM was used directly on the cell surface.

Since live cells could not be kept out of media for very long, AFM imaging of the cells

needed a liquid AFM imaging. While the technique has improved over the years,

the quality of liquid AFM imaging is not always as good as dry imaging. Moreover,

using AFM imaging directly on live cells risks damaging the cell membrane. The

sharp tip in contact with the fragile cell membrane can cause a perforation, as shown

in Fig. 5.1, which will result in imaging artefacts.

Figure 5.1: Image from the thesis of Dr James Muys demonstrating the perforation of a cell
membrane by an AFM-tip [6].
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In order to prevent the effect of AFM sharp tips on live cells and delicate mem-

branes, the bioimprinting technique was developed. The steps of capturing a repli-

cation of cells into a rigid polymer mould are shown in Fig. 5.2. This protocol

replaced live cells with a rigid material, such as PDMS, PS, methacrylate and other

engineering materials, for AFM imaging [6–8]. The process of replicating 3D bioim-

prints onto PDMS polymer, involves culturing cells for a certain amount of time,

fixing them and dispensing liquid PDMS on top of the cells, and finally baking the

PDMS to render it solid. The first imprint of the cells onto PDMS produces a ”neg-

ative” PDMS mould, which can be followed by a second cast of PDMS to produce

a ”positive” PDMS mould. Bioimprints on a negative mould appear like cell inden-

tations on the surface. By replicating them a second time, they appear like raised

cells with all their features on the surface of PDMS. Figure 5.3 shows a schematic

of the difference between negative and positive bioimprints. In a well-replicated,

high-resolution bioimprint, details down to nanometre-scale, such as lammellipodia

and membrane morphological structures are retained [6].

Figure 5.2: Schematic of the replication of 3D bioimprint patterns: 1) Cells are fixed on a flat
surface, liquid PDMS is poured on top of them, and cured at elevated temperature. 2) Once PDMS
has solidified it can be peeled off to either, 3a) have a negative imprint for AFM imaging or 3b) use
the PDMS mould to replicate the patterns onto another PDMS mould, to have positive imprints
for AFM imaging [6].
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Figure 5.3: A schematic image showing the difference between negative and positive bioimprints.

Another application of bioimprints, which has gained increased interest in the

past decade, is to use bioimprints as engineered cell-culture substrates. This is a

unique approach and has drawn biologists’ and scientists’ attention. Bioimprinted

substrates have a resolution of below 20 nm in replication of cell features [4,6,34,212].

This means the complex natural cellular microenvironment and instantaneous mor-

phology of the cells can physically be copied into engineered cell-culture substrates

[4, 195, 196]. Since bioimprinting mimics the exact morphology of the cells copied,

the choice of initial cells can be used to determine the effect of engineered surfaces

on secondary cells attached to the surface.

Since the development of bioimprinting, Dr Lynn Murray studied the influence

of substrate topography and materials on the behaviour of biological cells, through

her PhD [8]. In a collaborative study, Murray et al. reported the preferential cell at-

tachment and growth of Ishikawa endometrial cells, on polymethacrylate replicated

with negative bioimprints compared to flat areas of the substrate [196]. In 2012,

Tong et al. [32] used bioimprinting to replicate tendon tissue microenvironment,

and observed the tenocytic differentiation of mesenchymal stem cells as a response

to bioimprints.

Early 2015, Mutreja et al. published the results of their studies on the behaviour

of human nasal condrocytes (HNCs) on polymeric substrates replicated with their

own positive and negative imprints [4]. They reported culturing HNCs on substrates

with positive imprints resulted in up-regulated cell-spreading and proliferation com-

pared to HNCs cultured on flat substrates of the same material. While negative

imprints restricted cell spreading and led to a reduction in cell proliferation.

In 2016, Dr Li Hui Tan extended the use of bioimprints to study the effect of
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the physical microenvironment on Ishikawa cells [31]. She published the results

of a collaborative study in 2017 reporting that Ishikawa cells showed a selective

presence on a PS substrate replicated with their own negative imprints, meaning

cells preferred to attach to bioimprints rather than flat areas. However, there was

not any selective presence observed on PS substrate with positive imprints.

In this chapter, the process of replicating bioimprints onto casein-based films

will be presented, and a comparison will be made for the first time between the

resolution of bioimprints on casein films and PS, which has previously been shown

to have a high pattern fidelity.

5.1 Fabrication processs

In the next sections, the steps to the process of patterning casein-based films with

bioimprints will be explained. The process is similar to the fabrication process for

regular features. However, the photolithography step was not applied for fabrication

of the original features, as cells form the initial template.

5.1.1 Culture device fabrication

In various studies on replication of bioimprints onto different materials, such as

PDMS, PS, polymethacrylate, and others, the authors have reported a high res-

olution replication [4, 8, 195, 196]. However, the comparison between original cells

and their imprints has never been a one-to-one comparison. The accuracy of im-

print resolution has only been investigated by maintaining nanoscale features on the

replications. In this work, a new method was developed, and for the first time a

one-to-one comparison between a fixed cell and its own imprints at each stage of

the replication process was demonstrated. In this method, the surface of micro-

scope glass slides, used as cell-culture substrates, was marked with three sets of grid

patterns for registration of cells at different stages of replication.

To mark the slides with grids, photolithography, a similar process to what was

explained in the section 4.1.1, was used. The grid patterns were first designed us-

ing L-Edit software, and a laser mask writer was used to transfer the design onto

a chrome-coated glass mask. The pattern designed on a 4-inch mask was suitable
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for marking two microscope slides placed in the mask aligner side-by-side. Micro-

scope slides were first treated with oxygen plasma for 5 min at 100 W, then spin-

coated with HMDS, followed by AZ1518 photoresist at 2000 rpm and acceleration

of 1000 rpm/s for 60 s for both coatings.

After coating the glass slides with photoresist, they were baked at 100◦C for 90 s,

before being placed in the mask aligner underneath the mask and exposed to UV

light through the mask for 15 s to achieve an exposure dose of 43-45 mJ. Following

this, the slides were developed in AZ326 MIF developer for 60 s and rinsed with

DI-water. For the next step, they were baked for 10 min at 120◦C on a hotplate to

harden the resist for wet etching. Following these steps, the AZ1518 photoresist was

removed from the glass in the areas with patterns, and was fixed and stable in the

other areas.

In order to transfer the grid patterns onto the surface of the glass slides, buffered

hydrofluoric acid (HF) etch was used. The buffered HF was made of 40 mg NH4F,

in 17 ml HF solution. To etch the glass slides, these were immersed into buffered HF

for 3 min. HF etches glass by reacting with silicon dioxide and forming gaseous or

water-soluble silicon fluorides. By immersing the partially photoresist-coated glass

slides into HF, they were etched in areas where photoresist was removed and the

pattern was transferred into the glass. The photoresist layer was then completely

removed by washing the glass slides with acetone. Figure 5.4 shows a schematic

of this process. Figure 5.5 shows a photo of the mask used for creating the grid

patterns and Fig. 5.6 shows optical images of the grids on glass slides, with the

patterns lower than the rest of the glass in height.

Depth of the patterns was measured using surface profilometry (Veeco, Dektak

150), which showed an average depth of 2.5 µm± 0.2 µm for the patterns. This depth

was close to the average height of C2C12 cells, and was enough to be replicated onto

PDMS and casein. It could also be easily seen via optical microscope, for imaging.

The reason for etching the grid patterns into glass, and not using a photoresist grid

instead, was to culture cells on glass and not photoresist. This was to prevent any

negative influence AZ1518 photoresist could have on culturing cells.
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Figure 5.4: Schematic of the patterning process of a microscope slide with grid patterns using
photo-lithography. a) Photoresist is spin-coated onto a microscope slide, and b) a prefabricated
optical mask is then placed over the wafer and exposed using UV light. c) The photoresist is
developed to transfer patterns. d) The slide is etched in hydrofluoric acid to transfer patterns into
glass. e) Photoresist is stripped using acetone to obtain a grid patterned microscope slide.
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Figure 5.5: A photo of a 4-inch chrome-coated mask with grid patterns.

Figure 5.6: Optical micrograph of grids patterns etched into glass slides. The letters and numbers
define different squares from one another. The labels and the grids are lower than the rest of the
glass surface in height.

5.1.2 Cell fixation

Each microscope glass slide with surface grid patterns was placed in a section of the

container shown in Fig. 5.7 and the container and the slides were exposed to UV

light for at least 30 min to become sterilized prior to seeding the cells. Cells cultured

in the flasks were trypsinized, counted using a hemocytometer and seeded on glass

slides with a density of approximately 104 cells per cm2. Cell-culture was performed

using the same method explained in section 3.2.1. Once cells were seeded on the
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sterilized glass slides, the lid of the container was closed and it was moved into the

incubator.

Figure 5.7: A photo of a 5-section cell-cutlure container, each section maintains a microscope
slide.

After 24 h of culturing cells on the glass slides, each glass slide was taken out of

the opaque container and placed into a sterile round petri dish, with a lid to protect

cells from contamination. The clear petri dish was placed under the microscope and

the cells were checked. The aim was to achieve a confluency of approximately 50%

for the cells. This meant only 50% of the surface of glass slides was covered by cells.

Hence, there was a higher chance to locate individual cells for AFM imaging. If,

for any reason, cells had not reached a 50% confluency after 24 h, they were moved

back to the incubator and left to proliferate for a longer period of time. Once cells

were 50% confluent, the media was removed and cells, which had attached to the

glass slides, were washed with PBS, in order to be fixed.

The glass slides with attached cells were immersed in 2.5% glutaraldehyde solu-

tion for 2 h to fix the cells. Glutaraldehyde was removed after this time and cells

were washed with PBS again before being dehydrated by consecutive immersion into

75%, 85%, 95% and 99.5% concentrations of ethanol, each for 5 min. The final step
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of dehydration was to immerse the fixed cells into HMDS for 5 min. Chao et al.

studied the use of different cell fixatives, such as glutaraldehyde and formaldehyde,

and various dehydration methods for obtaining an optimized method of fixing cells

for AFM imaging [213]. Their study concluded using glutaraldehyde as cell fixa-

tive and a combination of ethanol and HMDS for dehydration, resulted in cells best

maintaining their shape and morphology after fixation, and the AFM imaging had

a better outcome. The schematic for culturing and fixing cells on the glass slides is

shown in step (a) in Fig. 5.8.

5.1.3 PDMS moulds with bioimprints

Once cells were fixed and dried, PDMS pre-polymer and the curing agent were

mixed with 10:1 (w/w) ratio, similar as to for PDMS soft-lithography explained in

section 4.1.2. Liquid PDMS was degassed for 30 min to remove air bubbles, and then

dispensed over fixed cells on the microscope glass slides. Another step of degassing

was followed for 20 min to help with further removing air bubbles in liquid PDMS

and in the cells, so that PDMS better filled the details in the cells. PDMS was

cured at 37◦C over-night to set and was then carefully peeled off the cells. Fixed

cells attached to the glass slides are not detached from the glass when PDMS is

peeled off carefully, and they can be used for further replications. PDMS mould was

washed with DI-water, and baked again for another 2 h at 80◦C to further cross-link.

This resulted in a PDMS mould with negative bioimprints, where cell shapes

appeared as indentations on the surface. In order to obtain a PDMS mould with

positive bioimprints, a secondary PDMS mould was replicated from the negative

mould. In an ideal positive bioimprint, the imprints of cells appear similar to the

actual shape and structure of the fixed cells. For double casting of PDMS, the

negative PDMS mould, obtained from the previous step was immersed in 0.1% w/w

HPMC solution in PBS for 10 min to inactivate the surface and ensure the release

of the positive PDMS mould from the negative mould. The positive PDMS mould

was then baked for 2 h at 80◦C to set, and carefully peeled off the negative mould.

It was finally baked for another 2 h at 80◦C to further coss-link. Steps (b) to (e)

in Fig. 5.8 show the schematic for fabrication of PDMS moulds with negative and

positive bioimprints.
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Figure 5.8: Schematic of replication of 3D bioimprint patterns: a) cells are cultured on the
microscope slides, b) fixed and PDMS is dispensed onto the cells. c) PDMS is then thermally cured
and d) peeled off. e) A second replica is made of the negative PDMS mould to form a positive
mould. f1) Negative and f2) positive casein patterns are made by liquid-casting of casein on the
negative and positive PDMS moulds, respectively.
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5.1.4 Transfer of bioimprints onto casein-based films and PS

The process of transferring bioimprints onto casein-based films from PDMS moulds

was exactly the same as the process for replication of regular features onto casein

and casein-gelatin films, explained in section 4.1.4. In the first experiments, PDMS

moulds were only treated with oxygen plasma, at 100 W for 5 min, degassed for

20 min and casein solution was liquid-cast onto the moulds. Steps (f1) and (f2)

in Fig. 5.8 show the schematic of the process of replicating negative and positive

bioimprints onto casein films.

Bioimprints were also replicated onto PS substrates, in order to compare the

resolution of bioimprints between casein and PS, and have a further control for

cell-culture. The process to replicate bioimprints onto PS had been developed pre-

viously [4] and the bioimprints on PS were shown to have high resolution [4, 8,

195, 196]. In the process of replicating bioimprints onto PS, a 25% (w/w) PS solu-

tion was prepared by dissolving PS pellets (182427-500g, Sigma-Aldrich) in gamma-

Butyrolactone, 99+% (GBL, 108130025, Acros) by magnetic stirring for as long as

it was required for the whole PS pellets to completely dissolve. For 6.25 g of PS

pellets to be dissolved in 25 ml of GBL, dissolving time was approximately 24 h.

Once PS pellets were dissolved, PDMS moulds were placed on a hotplate and PS

solution was carefully poured onto the PDMS moulds. PS was then baked for 4 h at

95◦C and for another 12 h at 150◦C to drive out the solvent and completely solidify.

After this step, the PS film was detached from PDMS and the bioimprints on PS

were imaged for comparison.

5.2 Results

As mentioned in the previous section, in the first experminents bioimprints were

replicated onto casein films from plasma-only treated PDMS moulds. Using the grid

patterns etched into the surface of the glass slides, a single cell could be compared

to its own negative and positive imprints on PDMS and casein. Similar to regular

features, comparison of fixed cells with their imprints on different materials was done

using optical and AFM imaging. First results of cell replication showed a similar loss

of resolution on casein films, as to what was observed for regular features. Figure
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5.9 shows optical images of fixed C2C12 cells on glass, an inverted image of their

negative imprint on PDMS, and their positive imprint on casein. The loss of cellular

details between PDMS and casein is noticeable even in the optical images.

AFM imaging showed a more detailed comparison between the imprint of a cell

on PDMS and on casein. The negative imprint of a single cell in PDMS and its

positive imprint replicated onto casein are shown in Fig. 5.10. As it can be seen,

in the cell replication on casein the main details, such as the nucleus have been

maintained. However, finer details, such as lamellipodia were transferred with less

accuracy and the finest details, such as fusion pores were almost lost in the pattern

transfer. The profiles of the cross-section of these imprints across the white dashed

line is compared in Fig. 5.11. The results show an average reduction of 25% for the

height of the cell on casein compared to PDMS. It is also shown that the cell profile

is much smoother on casein, which is a characteristic of losing the fine details, such

as fusion pores or lamellipodia.

Figure 5.9: Optical micrographs of a) C2C12 cells fixed on glass, b) an inverted image of the
negative imprint of the cells on PDMS, and c) positive imprint of the cells on casein replicated
from plasma-treated PDMS mould.
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Figure 5.10: AFM images of the replication of a single cell into casein: (a) Negative cell replica
bioimprinted into the PDMS master and (b) positive cellular imprint into the final casein film.
Insets show optical micrographs of the corresponding scan position on the PDMS and casein replicas
identified using the pre-etched alignment grid. (Images are reversed due to mould polarity).

Figure 5.11: Profile of the cross-section of the cell shown in Fig. 5.10, across the white dashed
line on PDMS and casein.
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5.2.1 Enhancing the resolution of bioimprints on casein films

In order to improve the resolution of bioimprints on casein films, the fabrication pro-

cess of bioimprints was modified. Since replication of regular features onto casein

films from plasma-treated PDMS moulds showed the same loss, due to hydrophobic-

ity of PDMS moulds, the same modification was applied to the fabrication process

for bioimprints. As explained in section 4.2.1.1, treating the surface of PDMS with

oxygen plasma and PVP could render the surface hydrophilic for a longer period of

time.

As a result, PDMS moulds with negative or positive bioimprints were also treated

with oxygen plasma at 30 W for 3 min. The moulds were then immersed in a 22.2%

PVP solution in DI-water for 1 min. This time was long enough for PVP to bind to

the plasma-treated surface of PDMS. After this, PDMS moulds were removed from

PVP solution, thoroughly rinsed with DI-water, and dried with a nitrogen gun. The

moulds were degassed for 20 min before being placed on a flat surface in a fume

hood, and casein solution was liquid-cast on the moulds. Figure 5.12 shows the

schematic of the modified process for fabrication of casein films with bioimprints.

In order to investigate whether the modified process improved the resolution of

bioimprints on casein films, bioimprints of C2C12 cells were replicated onto casein

from two differently-treated PDMS moulds. Firstly, plasma-treated PDMS moulds

and secondly, plasma and PVP-treated PDMS. Figure 5.13 compares optical images

of fixed C2C12 cells on glass, an inverted image of their replication onto PDMS

mould, and two positive replications onto casein films, one from plasma-treated

PDMS and the other from plasma and PVP treated PDMS. The difference between

the two optical images in Fig. (c) and (d), is due to the modification of the process

which optimizes pattern resolution.
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Figure 5.12: Schematic of the optimized process to replicate an imprint of cells onto casein films.
a) Cells are cultured on a microscope slide and then fixed, b) PDMS is dispensed onto the cells,
and c) PDMS is cured and peeled off. d) A second replica is made off the negative PDMS mould
to form a positive mould. e) Both moulds are plasma- and PVP-treated, and f) casein solution
is liquid-cast on the negative and positive PDMS moulds to replicate the bioimprints onto casein
films.
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Figure 5.13: Optical micrographs of a) fixed C2C12 cells on glass slide, b) a mirrored image of
negative imprint of the same cells on PDMS, c) positive imprint of the same cells on casein, after
only plasma treating PDMS, and d) positive imprint of the same cells on casein, after plasma and
PVP treatment of PDMS.

In order to have a better comparison of the difference between the resolution

of features on casein films, replicated from differently-treated PDMS moulds, AFM

imaging was applied. AFM images were taken of a fixed C2C12 cell on glass, its

negative imprint on PDMS, and its positive imprint on casein, one from plasma-

treated PDMS and one from plasma and PVP-treated PDMS. A replication of the

same cell was also transferred onto a PS film from the PDMS mould. AFM images

of the cell at the five stages are shown in Fig. 5.14. The profiles of the cross-

section of the cell, across the white line, are compared in Fig. 5.15. More cellular

bioimprints were replicated onto casein films from plasma and PVP treated PDMS

moulds. AFM images of these cells and their imprints on PDMS and casein will be

presented in Appendix E.

As mentioned before, PS has been used in cell-culture applications for decades.

In the past few decades, various micropatterning techniques, such as microinjection

[195, 214, 215], hot embossing [216–218] or replica-casting [4], have been applied to

create PS substrates with surface features [219]. Micropatterning of PS has mainly
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been used for fabrication of microfluidic devices [216–218], or cell-culture substrates

with surface features [4, 8, 195, 196]. In both hot embossing and replica-casting

techniques, an intermediate mould which is usually made of PDMS, is applied.

PS substrates have been replicated with both regular features [8, 12, 196, 216] and

bioimprints [4,5,195], and it has been shown to have a high resolution fidelity. The

size of the regular features previously replicated onto PS substrates vary from a

few micrometer [218] to hundreds of micrometer [217], and bioimprints replicated

onto PS have been shown to maintain nanoscale details such as lamellopodia [4, 5].

However, no one has reported a one-to-one comparison of bioimprints on PS with

the original cells. Using the microscope glass slides with grid patterns as cell-culture

substrates in this thesis, a direct comparison of a cell to its own imprint was made

for the first time. As can be seen in Fig. 5.14 and 5.15, bioimprint of the single cell

replicated onto PS maintained all the fine details. The same resolution quality can

be seen for the bioimprints replicated onto casein films from plasma and PVP-treated

PDMS. Resolution of replicated features onto casein films using the modified process

was similarly as good as resolution of bioimprints on other materials previously

replicated with bioimprints [4, 5, 7, 8, 195,196,212].
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Figure 5.14: On the left, optical micrographs of a) fixed C2C12 cells on glass slide, b) an inverted
image of the negative imprint of the cells on PDMS, c) positive imprint of the cells on casein films
without PVP treating PDMS mould, d1) positive imprint of the same cells on casein films, after
treating the PDMS mould with PVP, and d2) positive imprint of the same cells on PS film are
shown. On the right, AFM images of the same single cell at different stages of replication are
displayed. The white lines indicate the profiles of the cross-section of the cell at each stage, which
are compared in Fig. 5.15.
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Figure 5.15: Profiles of the cross-section of the cell, shown in Fig. 5.14, at different stages of
the replication process. Overall dimensions and feature details during the imprint stage can be
compared to the original fixed cell, due to the optimized replication process.

5.3 Summary

In this chapter the process for replication of bioimprints onto casein-based films was

explained. The process was similar to the one for replication of regular features.

However, bioimprinting techniques were applied instead of photolithography. Re-

sults of the early experiments for replicating the bioimprints onto casein film from

plasma-treated PDMS, showed the same loss of resolution for bioimprints on casein

films, as was observed for regular features. Modifying the replication process and

treating PDMS moulds with oxygen plasma and PVP, similar to the modified pro-

cess for regular features, helped to enhance the resolution of features. Bioimprints

replicated onto casein-based films via the modified process maintained the same

shape and details as the original fixed cells on glass slides.

In the next chapter, patterned casein and casein-gelatin films will be used as

cell-culture substrates. The films are cross-linked via the four cross-linking reagents

explained in section 3.2. Expansion of the films and the surface features in both

DI-water and cell-culture media will be studied for different films and the results

will be presented. Two cell viability tests, carried out for each film, will be discussed

and the results of C2C12 cell proliferation and survival rate, in presence of different

casein-based materials, will be reported.
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Patterned casein films as

cell-culture substrates

Once micro- and nanoscale regular and bioimprinted surface features were success-

fully transferred onto casein films, the final step was to use patterned casein films,

cross-linked via the four different cross-linking reagents explained in section 3.2, as

cell-culture substrates. This was to study each patterned film as a cell-culture sub-

strate for the proposed application, which was biodegradable patterned cell-culture

substrates, and ultimately implants. Only the minimum concentration of each cross-

linker, required to efficiently cross-link casein films, was used for the films. In this

chapter, the results of using each type of film as cell-culture substrate will be re-

ported. The expansion in the diameter of each film, and the change in the dimen-

sions of regular surface features, will also be presented. C2C12 cells were cultured

on cross-linked films, using the same method explained in section 3.2.1, and cell

viability tests were done to investigate the influence of each material on cell survival

rate. The data will be presented in the second half of this chapter.

6.1 Glutaraldehyde

Glutaraldehyde was the first cross-linking reagent used to cross-link casein films

made with both types of buffers, NaOH andNa2HPO4. Films made withNa2HPO4

solution were not used as cell-culture substrates. Casein films made with NaOH

solution, cross-linked by being mixed with 0.5% of glutaraldehyde were used as
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cell-culture substrates.

According to the properties of glutaraldehyde cross-linked casein films discussed

in Chapter 3, there were some drawbacks about these films. As shown in Table

3.2, glutaraldehyde cross-linking of casein films turned the films to an orange-brown

colour. The change in the colour reduced the transmittance of light through the

films. This means in case of using the films as cell-culture substrates, there is the

need for an upright microscope to image the cells. Since adherent cells attach to

the bottom of culture plate, cell imaging is usually done with inverted microscopes.

Due to the height of the cell-culture plates, an upright microscope may not come

close enough to the cells, which makes the imaging of the cells difficult.

Another drawback of using glutaraldehyde as the cross-linker, is the high aut-

ofluorescence of the films, which limits their use in fluorescence imaging. The high

rate of water absorption by these films can also be a drawback, since water ab-

sorption results in swelling, and an increase in the dimensions of surface features.

Glutaraldehyde films were immersed in water, and DMEM media separately, and

the expansion of the films and surface features were measured. The expansion rate

(∆D) was calculated via equation 6.1, where Dt is the diameter of the film at any

given time, and D0 is the diameter of the film before immersion into water or media.

∆D =
Dt−D0

D0

× 100 (6.1)

The expansion rate was then plotted as a function of time for glutaraldehyde

cross-linked casein films in DI-water, and in DMEM media. Figure 6.1 shows the

expansion rate in the diameter of glutaraldehdye cross-linked casein films in water,

and media, within 24 h of immersion. The expansion rate was very similar in x and

y directions. A photograph of the films at each measurement point is included in

the graph. Glutaraldehyde cross-linked casein films were cut to circles with 1.6 cm

diameter. Each film was placed in a well of a PS 6-well cell-culture plate. Three of

the films were immersed in water and the other three were immersed in media for

24 h. Photos were taken of the films before immersion and after 1, 5 and 24 h. A ruler

was placed next to the 6-well plate and the diameter of the films were later measured

on the photos using CorelDRAW X7 (Graphics Suite), and the dimensions on the

ruler. Since the photos were taken from a straight angle for each film, the optical
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distortion was neglected. Figure 6.2 shows a photo of the films before immersion in

the liquid, in a 6-well plate next to the ruler.

Figure 6.1: Expansion of diameter of casein films cross-linked with glutaraldehyde, in water and
media over 24 hours. Photos show the films in water and media at each measurement point.

Figure 6.2: Gluaraldehyde cross-linked casein films in a 6-well plate. The films are to be immersed
in cell-culture media and DI-water in order to measure their expansion.

Expansion of the films consequently influences the size of the replicated surface

features on glutaraldehyde cross-linked casein films. In order to measure the expan-

sion of the surface features, regular features were replicated on the surface of the

films. The features were imaged before immersion of the films in water or media.

Films were removed from water and media after 1, 5 and 24 h and the test features
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were imaged again. Dimensions of a cross-shaped test feature was measured on each

film. The dimensions of the test features were measured on their images using Corel-

DRAW. Length and width of the cross-shaped features was measured as shown in

Fig. 6.3. Dimensions of the features were measured at each time, and using equation

6.1, the expansion rate was plotted for surface features. Figure 6.4(a) shows optical

images of a cross-shaped test feature replicated on a glutaraldehyde cross-linked ca-

sein film. Figure 6.4(b) shows the expansion rate of the test features within 24 h of

immersion in water and media. The expansion rate for the test features were very

similar in x- and y-directions. This expansion in the features can be accounted for

when designing regular features, but not for bioimprints.

Swelling behaviour of casein films has mainly been studied in terms of water

absorption and the increase in the weight of the material [126, 191, 220, 221]. A

study by Ghosh et al. [126] has shown an average increase of 350% in the weight

of casein films cross-linked with 2% glutaraldehyde. Result of water absorption of

casein films, in this thesis, was presented in section 3.6.1. Since casein has not been

patterned before, no one has reported the change in the dimensions of casein films

or surface features.

Film expansion, and therefore feature expansion, along with the dark colour

of the glutaraldehyde cross-linked casein films are not the only disadvantages of

using glutaraldehyde as the cross-linker. When these films were used as cell-culture

substrates, cells obtained a rounded shape within 24 h of seeding C2C12 cells on the

films, and they did not show any sign of attachment and growth. Glutaraldehyde, as

mentioned before, is also used as a cell fixative, which leached out of the films into

the cell-culture media and resulted in unhealthy behaviour of the cells. Washing the

films with DI-water and media was tried to remove excess glutaraldehyde from the

films, but this did not improve cell behaviour.

Figure 6.5 shows a photo of C2C12 cells cultured on glutaraldehyde cross-linked

casein films after 24 h. C2C12 cells in this figure show different morphologies. Cells

on PS culture plastic (control) have attached to the substrate and spread on the

surface, which have resulted in the cellular structure seen in Fig. 6.5(b). This is the

healthy behaviour of C2C12 cells. Cells on glutaraldehyde cross-linked casein films,

on the other hand, have a rounded shape as shown in Fig. 6.5(a). This suggests

150



Chapter 6

Figure 6.3: Measured distances for the measuring dimensions of a cross-shaped test feature, in
x- and y-directions.

no attachment or spreading has occurred. Cell viability assays were performed for

these films, which will be explained in section 6.6.
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Figure 6.4: Effect of water absorption on surface patterns on a glutaraldehyde cross-linked casein
film. (a) Optical micrographs showing the change in the size of a cross-shaped test feature replicated
on glutaraldehyde cross-linked casein film, immersed in media and DI-water within 24 hours. (b)
Measured change of dimensions of the example feature on glutaraldehyde cross-linked casein film
after immersion in water and media within 24 hours.

Figure 6.5: Optical micrographs of C2C12 cells on (a) a glutaraldehyde cross-linked casein film,
and (b) PS cell-culture plate (control), after 24 hours of seeding the cells. Cells did not show any
sign of attachment and growth.
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6.2 Formaldehyde

Formaldehyde cross-linking of casein films with minimum concentration of 0.5%,

mixed with casein solution prior to liquid-casting, increased the degradation time

from a couple of hours to in excess of 50 days. As presented in Chapter 3, the

formaldehyde cross-linked casein films remained colourless and translucent, and the

autofluorescence of the films was not high. In order to study the films as cell-culture

substrate, the expansion rate in the diameter of the films and dimensions of the

features were measured and plotted, similar to that of glutaraldehyde films.

Figure 6.6 shows the expansion rate in the diameter of formaldehyde cross-linked

casein films in water and media within 24 h of immersion, along with a photo of the

film at each measurement point. Figure 6.7(a) shows optical images of a similar

cross-shaped test feature replicated on a formaldehyde cross-linked casein film in

water and media within 24 h of immersion. Figure 6.7(b) shows the expansion rate

for the test features on formaldehyde cross-linked films.

The expansion of the diameter and surface features for formaldehyde cross-linked

casein films in media was limited to 13% of their original dimensions after 24 h of

immersion, as opposed to the 40% expansion for glutaraldehyde cross-linked casein

films.

Figure 6.6: Expansion of diameter of casein films cross-linked with formaldehyde, in water and
media over 24 hours. Photos show the films in water and media at each measurement point. The
single line means formaldehyde cross-linked films behaved the same in media and DI water.
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Figure 6.7: Effect of water absorption on surface patterns on a formaldehyde cross-linked casein
film. (a) Optical micrographs showing the change in the size of a cross-shaped test feature replicated
on formaldehyde cross-linked casein film, immersed in media and DI-water within 24 hours. (b)
Measured change of dimensions of the example feature on formaldehyde cross-linked casein film
after immersion in water and media within 24 hours.

The swelling mechanism of casein and similar degradable polymers means, when

they are immersed in a-polar solvent, they will gain mixing and configurational

entropy. This results in casein taking up solvent and swell. The swelling stretches

the bonds in polymer between the chemical cross-links and configurational entropy

decreases. When the mixing entropy balances the loss in configurational entropy

the chemical system reaches an equilibrium and the swelling stops. For different

types of cross-linkers, the bonds between the molecules are different, which results

in different swelling behaviours [191].

Results of culturing cells on formaldehyde cross-linked casein films was similar to

glutaraldehyde cross-linked films. C2C12 cells did not show any signs of attachment
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and growth on formaldehyde cross-linked casein films. They obtained a rounded

shape after 24 h of seeding cells. Formaldehyde, similar to glutaraldehyde, is used

as a cell fixative, which resulted in unhealthy behaviour of C2C12 cells. Figure

6.8 shows optical micrographs of C2C12 cells cultured on formaldehyde cross-linked

casein films. Results of cell viability assays for these films will also be reported in

section 6.

Figure 6.8: Optical micrographs of C2C12 cells on (a) a formaldehyde cross-linked casein film,
and (b) PS cell-culture plate (control), after 24 hours of seeding the cells. Cells did not show
attachment and growth on formaldehyde cross-linked casein films.

6.3 Citric acid

Citric acid cross-linked casein films were similarly tested for the expansion rate of

the diameter of the films and dimensions of surface features. As explained in section

3.2.4, unlike formaldehyde and glutaraldehyde, citric acid could not be mixed with

casein solution prior to liquid-casting the solution. As a result, casein solution was

first liquid cast on patterned PDMS moulds and left to air-dry, to replicate the

patterns onto casein. Dried casein films, while still attached to PDMS moulds, were

immersed into 0.5% citric acid solution for 15 min. Casein films were immersed

into citric acid solution without being peeled off PDMS to prevent patterns from

dissolving. Citric acid cross-linking of casein films increased their degradation time

from a couple of hours to in excess of two months.

However, there were downsides to using this method for cross-linking of casein

films. The first downside of using this method was that it was not ideal for replicating

patterns onto casein films with high resolution. Casein films were still attached

155



Chapter 6

to the patterned PDMS moulds when they were immersed in citric acid solution.

However, the films absorbed water from citric acid solution while being cross-linked.

This absorption resulted in some swelling, which weakened the bond between the

surface of casein and the PDMS. This resulted in reduced resolution for the patterns

on citric acid cross-linked casein films, as shown in Fig. 6.9.

Figure 6.9: Optical micrograph of (a) the reduced resolution of regular features on a citric acid
cross-linked film, compared to (b) the features on PDMS mould.

When patterned citric acid cross-linked films were immersed in water or media,

whether it was because of the poor resolution, films degrading in water and media,

or a combination of both, the patterns disappeared within an hour of immersion.

As it was seen in Fig. 3.20(c) and 3.21(c), citric acid cross-linked films absorbed

the most amount of water within the first 30 min after immersion. They lost about

20% of their weight in the next hour, which indicates to the degradation of the films

in both water and media. The surface of the films is the outer layer of the films,

immediately in contact with aqueous liquid, and the water absorption starts from

the surface. As a result, degradation also starts from the surface of the films, which
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contains the patterns. This could explain the disappearance of the patterns in the

first couple of hours of their immersion in water or media. As shown in Fig. 6.10,

citric acid cross-linked films expanded to approximately 15 and 20% of their original

diameter within 24 h of immersion in water and media, respectively.

Despite of the patterns on citric acid cross-linked films disappearing within one

hour of immersion, unpatterned citric acid cross-linked casein films were used as cell-

culture substrates to study the behaviour of the cells towards the material. Initial

experiments indicated that C2C12 grew on the films as they normally would on

commercial PS culture plates. However, when films were observed under microscope,

after being moved out of the cell-culture media and into a different PS plate, there

were no cells attached to the film. It was concluded that in the initial observation

the focus of the imaging had been on the PS culture plate and not the film surface.

Figure 6.11 shows optical micrographs of C2C12 cells attached and proliferated onto

the PS culture plate in presence of citric acid cross-linked casein films. While this

demonstrates cells did not attach to the films, it probably means the material was

not toxic to the cells.

Figure 6.10: Expansion of diameter of casein films cross-linked with citric acid, in water and
media over 24 hours. Photos show the films in water and media at each measurement point.

In order to stop the cells from adhering to the PS, and encourage them to attach

to the films instead, three approaches were investigated. In the first approach, the

surface of the PS culture plate, which was holding the casein film, was covered

with a thin layer of Polyhydroxyethylmethacrylate (poly-HEMA). Poly-HEMA is a

polymer which forms a hydrogel in water and is commonly used for coating cell-
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Figure 6.11: Optical micrographs of C2C12 cells on PS cell-culture plate in presence of citric
acid cross-linked casein film, after 24h of seeding.

culture substrate to prevent cell-substrate adhesion and form certain types of cells,

such as cancer cells, into spheroids [222].

A 1.2% (w/v) poly-HEMA solution was prepared in 95% ethanol by magnetic

stirring for approximately 2 h at 70◦C on a hotplate. The solution was then filtered

through a 2 µm filter to remove any undissolved particles. Three millilitres of poly-

HEMA were pipetted out and poured into a round 10 cm diameter PS cell-culture

plate. The culture plate was heated to 90◦C to let poly-HEMA dry. A citric acid

cross-linked film was then placed in the culture plate, and the dish and the film

were exposed to UV light for at least 30 min to become sterilized. C2C12 cells were

seeded on the film with a density of approximately 15 × 104 cells per cm2. However,

the results were not satisfying as cells obtained a rounded shape, and did not show

any sign of attachment and growth onto casein films. Optical micrographs of C2C12

cells are compared in Fig. 6.12 between cells grown on PS culture plate and on citric

acid cross-linked film on a poly-HEMA treated PS culture plate after 24 h of seeding

the cells.

In order to make the surface of the films more cell friendly and encourage the

cells to adhere to the films, citric acid cross-linked casein films were treated with

ECM proteins, either collagen or fibronectin. All cells in their natural environment

are surrounded by ECM and the functioning of cells is very influenced by it. ECM

proteins are widely used in the laboratory to increase cell-substrate attachment. The
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Figure 6.12: Optical micrographs of C2C12 cells on a) citric acid cross-linked films, and b)
untreated PS culture plate (control), after 24h of seeding, none of the cells attached to the citric
acid cross-linked casein films. (Note: The subject PS dish was treated with poly-HEMA.)

PS dish was treated with poly-HEMA again and films, treated with either collagen

or fibronectin, were placed on the PS dish.

Films were treated with collagen such that the surface of the films was coated

with 5µg/cm2 of collagen for 60 min. Collagen I from rat tail (A10483-01, Gibco)

with concentration of 3 mg/ml was diluted in 1× PBS to achieve a concentration

of 100µg/ml. Films were rinsed for five times with media, before being used as

cell-culture substrates, to remove the acetic acid originally existing in the collagen

solution. Figure 6.13(a) shows C2C12 cells grown on citric acid cross-linked casein

films treated with collagen. It can be seen that none of the cells attached to the

substrates prepared via this method.

In a similar approach, the surface of citric acid cross-linked casein films was

treated with fibronectin. To do so, 1 ml of PBS was added to 1 tube of fibronectin

(20 µg, Green fluorescent, HiLyte 488-FNR02-Cytoskeleton). A volume of 100 µl

of fibronectin solution was dispensed on the surface of a casein film with 10 cm2

surface area. Fibronectin solution was left on the films for 30 min. It was then

removed before seeding C2C12 cells on the films. Cells were observed under optical

microscope at time zero and after 24 h, and compared to the control cells which

were cultured in a PS culture plate without any films. As can be seen in Fig. 6.14,

there was no sign of attachment and growth by the cells in this method either and

they all obtained a rounded shape after 24 h. A study by Yang and Reddy has also
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reported citric acid cross-linked casein films to be cytotoxic, due to not conducting

attachment and growth of muscle fibroblasts [127]. Results of cell viability assays

for citric acid cross-linked casein films will be presented in section 6.6.

Figure 6.13: Optical micrograph of C2C12 cells on (a) citric acid cross-linked films treated with
collagen, and (b) untreated PS culture dish (control) after 24h, none of the cells attached to the
casein films. (Note: The subject PS dish was treated with poly-HEMA.)

Figure 6.14: Optical micrograph of C2C12 cells on (a) citric acid cross-linked films treated with
fibronectin, and (b) untreated PS culture dish (control), none of the cells attached to the casein
films. (Note: The subject PS dish was treated with poly-HEMA.)
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6.4 Transglutaminase (TG)

TG was the last cross-linking reagent used to cross-link casein films. As explained

in section 3.2.5, TG came as powder and was dissolved in 1× PBS with 10% con-

centration. TG solution was mixed with casein solution prior to liquid-casting. The

minimum concentration of TG to efficiently cross-link casein films was 10 U/g of ca-

sein. TG cross-linked casein film remained colourless and translucent with limited

autofluorescence. The resolution of features on these films was high and not only did

cross-linking increase the degradation time to in excess of 60 days, but also patterns

were still present with good resolution after 24 h of immersion into media.

Expansion of these films was also studied within 24 h of immersion into water

and media. Results of these experiments are shown in Fig. 6.15, along with a photo

of the film at each measurement point.

Figure 6.15: Expansion of diameter of casein films cross-linked with TG, in water and media
over 24 hours. Photos show the films in water and media at each measurement point.

The expansion of features on TG cross-linked casein films is shown in Fig. 6.16.

As can be seen in Figs. 6.15 and 6.16, the TG cross-linked casein films immersed

in media absorbed the most amount of moisture in the first hour and expanded to

almost 20% of their original diameter. In the next 4 hours, the expansion of the

films and the features was less than 10%.

While this amount of swelling results in a change in the size of the features,
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it has not been studied yet how this change would influence the cultured cells.

The change in the size of the cross-shaped test feature on TG cross-linked films

immersed in media and water, Fig. 6.16(a), was measured and plotted in Fig.

6.16(b). Interestingly, films immersed in water expanded almost three times more

than films immersed in media. As explained in section 3.6.1, according to a study

by de Kruif et al. [191], sweling behaviour of casein reduces in solutions with higher

concentrations of salts, which can explain the lower expansion rate measured for the

casein films in media in this thesis.

Figure 6.16: Effect of water absorption on surface patterns on a TG cross-linked casein film. (a)
Optical micrographs showing the change in the size of a cross-shaped test feature replicated on TG
cross-linked casein film, immersed in media and DI-water within 24 hours. (b) Measured changes
of dimensions of the example feature on TG cross-linked casein film after immersion in water and
media within 24 hours.
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Culturing C2C12 cells on TG cross-linked showed the normal behaviour of at-

tachment and growth by the cells. To make sure that cells had attached to the

films, and not the PS dish, films were moved from the media to another petri-dish

enclosed with a lid, before being moved to the microscope. Figure 6.17 shows an

optical micrograph of C2C12 cells on a TG cross-linked film, and on PS culture

plate after 24 h of seeding. It can be seen that cells had a similar appearance and

behaviour on both substrates.

Figure 6.17: Optical micrographs of C2C12 cells cultured on (a) TG cross-linked casein film, (b)
on PS culture plate (control) after 24 hours.

To study the behaviour of cells on patterned TG cross-linked casein films, a

large-scale grid pattern was transferred into TG-cross-linked casein. The film was

placed in a PS cell-culture plate and exposed to UV light for at least 30 min to

become sterilise. C2C12 cells were then seeded on the film and left to adhere to the

films, in media. Figure 6.18 shows the successful culture of C2C12 cells on such a

TG cross-linked casein film patterned with 15 × 15 µm squares, at time of seeding

and after 24 h. Adhering, spreading and growth of the cells were observed on the

substrate. It can also be seen that micron-scale patterns have maintained their shape

and resolution after 24 h in media. After initial attachment, cells interacted with

the patterns on the substrate and aligned along the diagonal of the squares. Cells

exhibited similar morphologies as previously observed on same patterns replicated

onto a PS surface [3], thus demonstrating that the casein-based surfaces can be used

as a direct replacement in tissue-engineering applications.
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Figure 6.18: Optical micrographs of C2C12 cells cultured on TG cross-linked casein film patterned
with 15 × 15 µm squares, a) at time zero and b) after 24 hours.

6.5 Casein-gelatin films

Films made of 50% casein and 50% gelatin were also tested as cell-culture substrates,

in order to study the influence of the material on cells. As mentioned in previous

chapters, casein-gelatin films were very similar to TG cross-linked casein films in

appearance. As discussed in section 4.2.1.2 and shown in Fig. 4.17, replicated

features on these films showed good resolution. Cross-linking casein-gelatin films

via TG increased the degradation time to in excess of 60 days, and patterns were

still present after 24 h, with reasonable resolution.

Expansion of casein-gelatin films was similarly measured and plotted. Figure

6.19 shows the expansion of these films in water and media within 24 h of immersion,

along with a photo of the film at each measurement point.

Expansion of the cross-shaped test feature was also measured and plotted for

casein-gelatin films. Expansion of features on these films, both in water and media

within 24 h, is shown in Fig. 6.20. As can be seen, addition of gelatin to casein

limited the film expansion by almost 20%. Expansion of features in media was also

reduced from 30% for TG cross-linked casein films, to less than 6% expansion for

casein-gelatin films. As a result, addition of gelatin to casein could also be used for

controlling the expansion of films and surface features.

Culturing cells on casein-gelatin films showed a similar result to culturing cells

on TG cross-linked casein film. C2C12 cells adhered to the patterned films and

elongated on the patterns within 24 h, as shown in Fig. 6.21. A cell viability assay
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was performed for all the films to study cell survival rate on each film. The assay

and the results will be explained in the next section.

Figure 6.19: Expansion of diameter of casein-gelatin films cross-linked with TG, in water and
media over 24 hours. Photos show the films in water and media at each measurement point. The
single line means casein-gelatin films behaved the same in media and DI water.

Figure 6.20: Effect of water absorption on surface patterns on a TG cross-linked casein-gelatin
film. (a) Optical micrographs showing the change in the size of a cross-shaped test feature replicated
on TG cross-linked casein-gelatin film, immersed in media and DI-water within 24 hours. (b)
Measured change of dimensions of the example feature on TG cross-linked casein-gelatin film after
immersion in water and media within 24 hours. One single line means features had the same
expansion rate in both water and media.

165



Chapter 6

Figure 6.21: Optical micrographs of C2C12 cells cultured on TG cross-linked casein-gelatin film
patterned with 15 × 15 µm squares, with a height of ∼ 3 µm, a) at time zero and b) after 24 hours.
Cells attahced to the substrate during this time and elongated along the patterns.

6.6 Cell viability

Cell viability tests were performed for casein films, cross-linked via the four cross-

linking reagents, TG cross-linked casein-gelatin film, and TG cross-linked gelatin

film, in order to find the cell-survival rate in presence of each material. Two different

cell-viability assays were tested for each type of film: AlamarBlue assay and Trypan

Blue assay.

AlamarBlue Cell Viability Reagent is a non-toxic reagent used for quantitative

analysis of cell viability and growth. AlamarBlue reagent is a non-fluorescent indigo-

coloured liquid. However, when it is added to the the cells, viable cells convert

resazurin to resorufin, which changes the colour of alamarBlue to different shades

of purple, and turns the reagent to being fluorescent. The fluorescence is measured

and the results are compared to control cells to analyse cell viability [223,224].

In the first experiment in this thesis, alamarBlue assay was performed for C2C12

cells seeded on 7 different films, as listed below. All casein films were made of 15%

casein in 0.2% NaOH, mixed with 15% glycerol, the gelatin film was made of 15%

gelatin in 1 × PBS, and casein-gelatin film was made of 1:1 (w/w) ratio of casein-

to-gelatin.

1. Non cross-linked casein film,

2. 0.5% glutaraldehyde cross-linked casein film,
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3. 0.5% formaldehyde cross-linked casein film,

4. 0.5% citric acid cross-linked casein film,

5. 10 U/g TG cross-linked casein film,

6. 10 U/g TG cross-linked casein-gelatin film,

7. 10 U/g TG cross-linked gelatin film.

Three samples of each film were prepared as circles with 1.5 cm diameter. Each

film was placed in one well of a 12-well culture plate. The films and the plates were

sterilized under UV exposure for at least 30 min. After sterilisation of the films,

C2C12 cell-suspension was added to the films, seeding approximately 8 × 104 cells

per well, and 3 ml of culture media was added to each well. The number of seeded

cells was chosen according to a study by Romanazzo et al. [177], where the seeded

number of C2C12 cells for alamarBlue assay was chosen as 2.0 × 104 cells per cm2 in

1 ml of culture media. Three wells of the 12-well culture plate was used as control,

meaning the same number of cells were seeded on PS, in absence of any film. Seeded

C2C12 cells were then incubated at 37◦C to proliferate for 24 h.

Once cells were proliferated, 300 µl of alamarBlue was added to each well and in-

cubated for 4 h. After this time, viable cells had changed the colour of alamarBlue to

various shades of purple. A volume of 200 µl of the alamarBlue solution was pipetted

out of each well, and moved to a 96-well plate. Two other wells of the 96-well plate,

each contained 200 µl of 100% reduced form of alamarBlue reagent. To prepare

the reduced form, 10% alamarBlue solution in cell culture media was autoclaved

for 15 min. Two other wells of the 96-well plate each contained 200 µl of negative

control, which was the 10% alamarBlue solution in cell culture media, incubated for

4 h. The 96-well plate was then placed in a microplate fluorescent reader (Spectra-

Max M5, Molecular Devices). The machine measured the fluorescence signal for an

excitation of 530 nm and emission of 590 nm.

The data obtained from the fluorescent reader for each well was considered as

relative fluorescence units (RFU) value. The percentage reduction of alamarBlue

reagent using fluorescence reading was calculated via equation 6.2 [225].
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Percentage Reduction of alamarBlue Reagent =

(Experimental RFU value - Negative control RFU value)

(100% reduced positive control RFU value - Negative control RFU value)
× 100 (6.2)

The proliferation of the cells for each film, was calculated by dividing the reduc-

tion of alamarBlue reagent for each well to the reduction of alamarBlue Reagent in

the control well. The results showed 0% proliferation for negative control (where

there were no cells in the well), and 100% for control (where cells were grown on

PS, without any casein films).

However, the data showed almost 200% proliferation rate for the cells grown on

glutaraldehyde, and a negative value for the cells grown on citric acid cross-linked

films. However, in both cases, studying the cells under a microscope did not show

attachment and growth of the cells. As mentioned in section 3.4.2, glutaraldehyde

and citric acid cross-linked films showed high autofluorescence. Hence, it was be-

lieved that glutaraldehyde and citric acid might have leached into the alamarBlue

solution, and influence the results. Therefore, it was decided to repeat the experi-

ments in a different manner. In order to eliminate the influence of autofluorescence

of glutaraldehyde and citric acid, it was decided not to seed the cells on the films,

and instead, study the influence of the materials on cell viability. To do so, in one

approach, films were soaked in the cell-culture media and removed before seeding

the cells. In another approach, films were added to the cell-culture media, where

cells were already attached to PS substrate and spread. These methods will be

explained in the following.

In the repeated alamarBlue experiments, each of the two methods was carried

out for all the seven films listed earlier. In the first method, three samples of each

film were prepared as circles with 1.5 cm diameter. Each film was placed in one well

of a 12-well culture plate, and they were sterilized under UV exposure for at least

30 min. Once sterile, 3 ml of sterile cell-culture media was poured on the films, and

the films were soaked in the media for 48 h. This step was in order for the films to

partially degrade and leach into the cell-culture media, so that the cytotoxicity of

each film could be tested. Figure 6.22(a) shows a photograph of some of the films
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being soaked in media. The empty well was for negative control, where there were

no cells cultured.

Once films were soaked in the media for 48 h, they were removed from cell-culture

media and C2C12 cell-suspension was added, seeding approximately 8 × 104 cells

per well. Cells were moved to the incubator to proliferate for 24 h. After this time,

cell-culture media was removed from each well, so that if autofluorescence of the films

had leached into the media, it could not influence the results of the cell viability test.

A 10% alamarBlue solution in cell-culture media was then prepared and 1 ml was

added to each well. The culture plates were moved back to the incubator for 4 h.

Figure 6.22(b) shows the change in the colour of alamarBlue, for the wells shown in

Fig. 6.22(a), after the 4-hour incubation time.

Figure 6.22: Photographs of plates for the first alamarBlue assay: (a) Casein films being soaked
in cell-culture media. (b) The change in alamarBlue colour after 4 h, compared to the negative
control without any cells (the top right well) for which the colour did not change.

After the incubation, 200 µl of the alamarBlue solution in each well was moved to

a 96-well plate, the 96-well plate was placed in the fluorescent reader, and the RFU

values were obtained. Using equation 6.2, the percentage reduction of alamarBlue

Reagent was calculated, and the ratio of proliferation of cells on each film was

compared to the positive control, where cells were cultured on PS, without any film

present. The results are shown in Fig. 6.23.
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Figure 6.23: The ratio of proliferation of the cells on each type of film, to the proliferation
of control cells, where there was no film present in the cell-culture media. Films were soaked in
cell-culture media for 48 h before being removed and culturing cells in the media.

In the second approach to the alamarBlue assay, C2C12 cells were seeded with

the same density in each well of a 12-well culture plate, for 24 h. After 24 h, three

samples of each film were cut with the same dimensions as to the first test, they were

immersed in cell-culture media in each well, and left for 48 h. After this time, films

and the media were removed, and 1 ml of 10% alamarBlue solution in cell-culture

media was added to each well. The plates were moved back to the incubator for 4 h,

and the proliferation ratio was similarly calculated for each film. The results of the

second test are shown in Fig. 6.24.

As can be seen from Fig. 6.23 and 6.24, exposing already attached and cultured

cells to the films, resulted in a higher cell proliferation for all the films, compared

to culturing cells in the media where films were previously soaked in. Cells cultured

in both methods were counted using a hemocytometer. Cells in the first test were

culture for 24 h, while cells in the second test were cultured for 72 h. With originally

8 × 104 cells per well, the number of cells in the control well had increased to

approximately 30 × 104 after 24 h, and to approximately 100 × 104 after 72 h.
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Figure 6.24: The ratio of proliferation of the cells on each type of film, to the proliferation of
control cells, where there was no film present in the cell-culture media. Cells were cultured for 24 h
before films were added to the cell-culture media and soaked for 48 h before the alamarBlue assay.

A Trypan Blue test was also conducted to investigate the cell survival rate,

meaning the number of viable cells versus dead cells. Trypan Blue Solution is a

blue-coloured cell stain used to assess cell viability. The test is based upon the

concept that dead cells are permeable and take up the dye, while live cells do not

take up the dye [226]. Trypan Blue assay was also conducted with the same two

approaches as to the ones for alamarBlue assay. Meaning in the first test, films were

soaked in the media for 48 h, they were removed and cell-suspension was added to

the media and cells were cultured for 24 h, before carrying out the assay. In the

second approach, cells were cultured in the wells, with the same density, for 24 h.

Films were then added to the media and soaked for 48 h before being removed and

then conducting the assay.

In order to carry out the Trypan Blue assay, cultured cells were trypsinized and

centrifuged. The supernatant was removed from the tubes. Trypan Blue solution

was mixed with cell-culture media with a 1:1 (v/v) ratio, and then added to the

cells in tubes. Cells were left in the solution for a couple of minutes before a volume

of 10 µl was pipetted out from the cell suspension and moved to a hemocytometer,

and cells were counted under a microscope. Dead cells, being permeable, had taken

up the dye and they had turned blue, while viable cells looked white. The results

of Trypan Blue assays are shown in Fig. 6.25.
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Figure 6.25: Cell survival rate for C2C12 cells influenced with different films, for both tests. In
the first test, films were soaked in cell-culture media for 48 h before being removed and culturing
cells in the media. In the second test, cells were cultured for 24 h before films were added to the
cell-culture media and soaked for 48 h before the alamarBlue assay.

From the results of the two alamarBlue assays it was observed that the prolifera-

tion rate was very similar for glutaraldehyde cross-linked casein films and formalde-

hyde cross-linked casein films between the two tests. However, from the results of

Trypan Blue assay, it was observed that while the cell survival rate was only 2% for

these films in the first test, it was more than 30% in the second test. The reason for

having a similar proliferation rates in the two tests was that they are presented as a

ratio to the proliferation of the control cells. Behaviour of C2C12 cells, cultured in

presence of glutaraldehyde cross-linked films in the two tests, is shown in Fig. 6.26.

As can be seen, there were a number of live cells in the second test, while there

were almost no cells appearing to be attached in the first test. The difference be-

tween the behaviour of cells in the two tests is due to the fact that cells were already

attached and spread when films were added to the cell-culture media in the second

test. This difference was also seen with the glutaraldehyde cross-linked casein con-

duits [9], where the material was non-toxic to the established tissue. However, when

the same cross-linker was used for cross-linking cell-culture substrates, it resulted in

cell death.

The same difference for the cell behaviour between the two tests was also seen

for formaldehyde cross-linked films and citric acid cross-linked films, as shown in

Figs. 6.27 and 6.28. These results show that these cross-linkers cannot be used for
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Figure 6.26: Optical micrographs of C2C12 cells cultured in presence of glutaraldehyde cross-
linked casein films, in (a) first test and (b) second test. In the first test, films were soaked in
cell-culture media for 48 h before being removed and culturing cells in the media. In the second
test, cells were cultured for 24 h before films were added to the cell-culture media and soaked for 48
h before the alamarBlue assay.

cell-culture substrates. However they can possibly be used for applications similar

to the glutaraldehyde cross-linked conduits, where tissue is already established and

cell attachment might not be as problematic. This could not be tested in this thesis,

as we did not have access to live animals for clinical trails.

Figure 6.27: Optical micrographs of C2C12 cells cultured in presence of formaldehyde cross-linked
casein films, in (a) first test and (b) second test. In the first test, films were soaked in cell-culture
media for 48 h before being removed and culturing cells in the media. In the second test, cells were
cultured for 24 h before films were added to the cell-culture media and soaked for 48 h before the
alamarBlue assay.
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Figure 6.28: Optical micrographs of C2C12 cells cultured in presence of citric acid cross-linked
casein films, in (a) first test and (b) second test. In the first test, films were soaked in cell-culture
media for 48 h before being removed and culturing cells in the media. In the second test, cells were
cultured for 24 h before films were added to the cell-culture media and soaked for 48 h before the
alamarBlue assay.

As can be seen from Fig. 6.25, TG cross-linked casein, and casein-gelatin films

had a similar survival rate for C2C12 cells, compared to cells cultured on PS culture

plastic. Figures 6.29, 6.30 and 6.31 show optical images of cellular behaviour of

C2C12 cells on TG cross-linked casein, and casein-gelatin films, compared to control,

for the two tests.

Figure 6.29: Optical micrographs of C2C12 cells, (a) cultured in presence of TG cross-linked
casein films, and (b) cultured on PS culture plastic with no film present (control). Cells were
cultured for the first test, where films were soaked in cell-culture media for 48 h before being removed
and culturing cells in the media.
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Figure 6.30: Optical micrographs of C2C12 cells, (a) cultured in presence of TG cross-linked
casein films, and (b) cultured on PS culture plastic with no film present (control). Cells were
cultured for the second test, where cells were cultured for 24 h before films were added to the
cell-culture media and soaked for 48 h before the alamarBlue assay.

Figure 6.31: Optical micrographs of C2C12 cells cultured in presence of TG cross-linked casein-
gelatin films, in (a) first test and (b) second test. In the first test, films were soaked in cell-culture
media for 48 h before being removed and culturing cells in the media. In the second test, cells were
cultured for 24 h before films were added to the cell-culture media and soaked for 48 h before the
alamarBlue assay.

6.7 Summary

In this chapter C2C12 cells were cultured on casein and casein-gelatin films cross-

linked via different cross-linking reagents. In addition, the swelling behaviour and

expansion of diameter of the films and the surface features were studied. Results
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showed TG cross-linked casein-gelatin films had the lowest expansion rate of ap-

proximate 6% after 24 h of immersion into media. Culturing cells on casein-based

films with surface patterns is a novel study which has been done for the first time

in this thesis.

Studies of cell survival rate on different films showed that cells did not survive

when seeded on casein films cross-linked via glutaraldehyde, formaldehyde or citric

acid. As mentioned before, glutaraldehyde cross-linked casein conduits, with a much

lower concentration of glutaraldehyde than what used in this thesis, have been used

as implants and they did not show any toxicity. As a result, even though it is not

recommended based on the results of this thesis, these three cross-linkers, with very

low concentrations, might still be used for some biological applications. However,

doing so needs further investigations. Results of cell survival rate also showed an

approximately 40% cell proliferation rate for TG cross-linked casein films, while this

rate was increased to almost 70% for casein-gelatin films. As a result, addition of

gelatin to casein might be of great advantage to some applications, since it can

improve some of the characteristics such as limited swelling and enhanced cellular

proliferation. Further work needs to be done to compare casein to PS, should it be

considered an alternative cell-culture substrate, but PS has many years head start.

In the next chapter some possible applications for casein, or casein-gelatin ma-

terials will be presented. These applications can benefit from surface patterning of

the casein-based materials.
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Applications for casein

In this chapter some applications of casein-based structures will be presented. The

work presented in this chapter is an extension to the thesis, to showcase what can

be done by use of the material and processes developed in this thesis. Casein-

based structures presented in this chapter can benefit from replication of patterns

on their surface to enhance biocompatibility and/or influence cell proliferation and

differentiation. Three-dimensional structures made of casein-based material can

have micro- and nanoscale surface features replicated onto their outer and/or inner

surface. Some of these structures will be explained in the following.

7.1 Three-dimensional casein tubes

As mentioned in section 2.8.4, casein has previously been fabricated into millimetre

diameter tubes by repeated dip-coating of a rotating mandrel [9]. These so called

glutaraldehyde-cross-linked casein conduits (GCCs) were successfully implanted into

adult rats and shown to promote regeneration of peripheral nerve after an injury,

which was coupled with controlled implant degradation over time [9].

At the early stages of the work presented in this thesis on casein patterning,

we were approached to investigate the feasibility of fabricating micrometer-diameter

casein tubes. These tubes are aimed at providing a degradable implant for the

treatment of retinal occlusion. A local vitro-retinal surgeon has developed a sur-

gical technique to alleviate the pressure increase to the occlusion, which uses the

creation of a physical connection between otherwise independent circulatory cir-
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cuits in the eye. Currently this connection is introduced via a microscopic incision,

whose efficiency and stability is dependent in large parts on surgeon’s skill. It is

expected that implantation of some sort of physical conduit would improve therapy

by extending the stability of the connection.

Casein is one possible material candidate for the formation of such conduits. To

investigate its suitability, the same solution and method was used as the one for

GCCs [9]. A 15% (w/v) casein solution was made by dissolving casein powder in

3% Na2HPO4 buffer [118]. A silicon micro-needle with 500 µm-diameter was then

dipped vertically into the solution, left there for two minutes and then pulled out

very slowly. It was then held vertically, using a clip, for 30 minutes to air-dry. These

two steps were repeated three more times, and then the casein coated mandrel was

immersed in 0.1% (w/w) solution of glutaraldehyde for 30 minutes for cross-linking.

Glutaraldehyde was diluted in DI-water from 25% glutaraldehyde (G5882-50ML,

Sigma-Aldrich). The coated mandrel was rinsed twice with DI-water and air-dried

overnight. The casein tube was slipped off the silicon needle after it was solid.

Figure 7.1(a) shows a cross-section of a casein tube made with this method.

Because of the variations in wall thickness, as seen in Fig. 7.1(a), another method

was introduced and the casein-coated silicon tubes were vertically rotated at a con-

stant speed along their axis for all of the 30-minute steps, while being air-dried, to

reduce this variation. To do so, a rotating motor was used and the casein-coated

madrel was fixed on the motor at one end and the motor rotated the mandrel along

its x-axis at a constant speed of approximately 30 rpm. The mandrel was detached

from the motor four times during the process to be immersed in casein solution.

Figure 7.1(b) shows a cross-section of a tube made with this method. These tubes

were comparatively better than the tubes made without rotating as they were more

homogeneous and the chance of having different parts of the tubes dissolved at the

same time is much higher. The air bubbles in the walls of the tubes existed in the so-

lution, and the solution was not left long enough to have the air bubbles completely

removed.

Patterning the surface of these casein tubes is not an easy task, as they do not

have the properties of flat films, so they cannot be patterned the same way. They

also need to be rotated while drying. The process of patterning casein tubes was
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not investigated in this thesis because it was not deemed necessary for the proposed

application. However, a potential method for patterning inside of the casein tubes

with bioimprints would be to roll up a PDMS mould with bioimprinted surface

features and use that as the mandrel for fabrication of the tubes.

Figure 7.1: Scanning Electron Microscopy (SEM) image of the cross section of a casein micro
tube a) without and b) with rotation while air-drying.
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Casein tubes made via rotation were tested for their durability to have liquid flow

through them. A casein tube with 0.5 cm length was glued to the end of a needle

with 500 µm diameter. Teflon tubing with 1000 µm inner diameter, was connected

to the other end of the needle via tubing connections. A 60 ml syringe was filled

with food colouring and held at approximately 20 cm higher than the tube and the

whole 60 ml liquid was flown through the tube with a flow rate of approximately

5 ml per minute. Figure 7.2 shown the setup and liquid flowing through the tube.

Figure 7.3 shows photographs of the tube before and after flowing the liquid through

it. As can be seen, there was some swelling to the tube, mainly at the end. The

tube remained completely intact and it was durable of flowing the volume of 60 ml

without any damage. The progress on this section did not go any further than this

step stalled due to the collaborators having concerns about the protein nature of the

material. However, there is potential for future uses of biodegradable casein tubes.

Since TG was tested much later in this work, it was not used for cross-linking the

tubes. However it can be better to cross-link the tubes via TG, since it proved to

be a better cross-linker than glutaraldehyde with regards to biocompatibility. This

can be done as a future work for casein.

Figure 7.2: Photographs of (a) the setup for flowing liquid through casein tube, and (b) a close-up
of liquid running out of the casein tube.
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Figure 7.3: Photographs of a casein tube, (a) before running the liquid through, and (b) after
running the liquid through, showing the swelling of the tube.

7.2 Large surface cell-culture casein disks with

bioimprinted surface patterns

As another example to the application of patterned casein, large surface cell-culture

disks with bioimprinted surface features were made. This was done as a proof of

concept that casein films are not limited to films with small surface area. To fabricate

bioimprinted casein films with large surface area, C2C12 cells were cultured in a

round 10 cm diameter PS cell-culture plate.

The cultured cells were fixed after 24 h via the same method explained in section

5.1.2. Liquid PDMS was mixed with curing agent with 10:1 (w/w) ratio and dis-

pensed on top of the cells in the culture plate. The plate was placed in an oven at

37◦C and baked over-night to solidify PDMS. PDMS was carefully peeled off the cul-

ture plate the next morning and baked for another 2 h to further cross-link. PDMS

mould was plasma/PVP treated, degassed, and then placed on a flat surface under

a fume hood. Casein solution was liquid cast on PDMS and left to air-dry. Once

solid, casein films were carefully peeled off the PDMS mould. Figure 7.4 shows a

photo of a casein film with 10 cm diameter with the optical image of the bioimprints

replicated onto its surface. Resolution of the features was similarly as high for these

films. Cross-linking the films via TG increased the degradation time to in excess

181



Chapter 7

of two months. TG cross-linked casein films with large surface area had the same

properties as the same films with small surface area.

Figure 7.4: (a) A photograph of a casein film with large surface area and bioimprinted surface
feature. (b) Optical micrograph of bioimprints replicated onto casein film.

7.3 3D casein-gelatin wells

Fabrication of a 3D structure, such as a cell-culture well, was also investigated in this

work as part of the applications for patterning casein. In order to fabricate casein

wells, casein was moulded in a well of a 6-well cell-culture plate. To create the

inner hollow of the well, a cylindrical-shaped PDMS was placed in moulded casein

solution. To fabricate the cylindrical-shaped PDMS, liquid PDMS was dispensed in

a container with approximately 1.5 cm depth, and cured for 2 h to solidify. Using a

punch with 2 cm diameter, PDMS was cut to a cylindrical shape.

On first attempt, using a casein solution made of 15% casein in NaOH mixed

with 15% glycerol cross-linked with 10 U/g of casein, as expected, the moisture in the

solution evaporated, resulting in a weak and unstable structure for the well. In order

to overcome this problem, the concentration of casein in the solution was increased

to make a solution with higher viscosity. However, increasing the concentration of

casein to 20 and 25% did not solve the problem either, as the wall thickness was not

increased enough to form a stable and strong structure.

As a result, casein was mixed with gelatin with 1:1 (w/w) ratio, prior to mould-

ing. The casein-gelatin solution was prepared as explained in section 3.3. Casein
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and gelatin solutions were prepared separately, mixed together and then cross-linked

via being mixed with TG solution. The reason for adding gelatin to casein was to

add gelatin properties to the 3D well structure. In order to help with removing the

well from the container it was moulded in, the container was covered with parafilm,

as shown in Fig. 7.5(a). In order to allow casein-gelatin to be in more contact

with air, and hence dry faster, the wells were fabricated upside down. Meaning the

cylindrical-shaped PDMS was placed at the bottom of the well in the 6-well plate,

Fig. 7.5(b), and liquid casein-gelatin solution was poured on top of that until it

filled the whole well, Fig. 7.5(c). The 6-well plate was then placed in an oven at

37◦C for 5 h to set.

After this time, the 6-well plate was moved to the fridge and left to cool down

to 4◦C over-night. Casein-gelatin wells were then removed from the 6-well plate, as

shown in Fig. 7.5(d), and the PDMS cylinder was removed from inside the casein-

gelatin wells. Figures 7.5(e) and (f) show the final wells after removal of the PDMS

cylinder.

These wells were sterilized under UV light for 2 h and then soaked in media for

24 h. After this time, the media was removed, C2C12 cells were seeded inside the

well, and the culture plate was filled with fresh media. This was done as a proof

of concept that cells could be cultured inside the casein-gelatin wells. Figure 7.6(a)

shows a photo of a casein-gelatin well immersed in media and C2C12 cells being

cultured in them. Figure 7.6(b) shows an optical image of the C2C12 cells growing

at the bottom of the well after 24 hours. If required, the bottom of these wells can

easily be patterned with bioimprints by making a replication of cells on the PDMS

cylinders placed inside the wells.
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Figure 7.5: Steps of making casein-gelatin 3D structure in form of a well: a) a well in a 6 well
plate is covered with parafilm, b) a parafilm-covered PDMS cylinder is placed at the bottom of the
well and casein-gelatin solution is poured in the well. c) Once the mixture of casein and gelatin
is set, the PDMS is taken out of the well using parafilm, d) parafilm is peeled off and the well is
flipped to face up. e) Parafilm-covered PDMS cylinder is taken out of the well. The well can be
seen from side angle and f) top angle.

Figure 7.6: a) A photo of a casein-gelatin 3D well structure immersed in media, and b) optical
micrograph of C2C12 cells cultured in the well.
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7.4 Summary

In this chapter example applications were presented which can benefit from the

developed process of fabrication of casein material with surface features. It was

demonstrated that 2D films with large surface area, and 3D structures can be made

from the casein-based materials and the inner/outer surface can possibly be repli-

cated with micro- and nanoscale regular and bioimprinted surface features.

The example applications were fabricated as a proof of concept to show the

possibility of these, and other 2D and 3D structures out of casein-based materials.

The physical properties of the materials, explained in Chapter 3, can help with

choosing the casein-based material for various applications. This was not exhaustive,

mainly because it was not the main goal of this thesis.

The next chapter will provide a conclusion to the work presented in this thesis,

and future works will be suggested based on the results.
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Conclusions and future work

This chapter summarizes the work presented in this thesis, highlights the contri-

butions made by this thesis, and draw conclusions to the research. This will be

followed by suggestions and recommendations for related future work.

8.1 Thesis summary and conclusions

The work described in this thesis contributes to the field by developing the process

for fabrication of biodegradable casein-based cell-culture substrates, and possibly

implants, with surface features. The early results of feature replication onto casein-

based films showed a lack of resolution compared to the original features. Fabrication

of casein-based films with micro- and nanoscale regular and bioimprinted surface

features included liquid casting the aqueous casein-based solution on an intermediate

PDMS mould with surface features. Since PDMS is hydrophobic by nature, the

aqueous solution could not wet the surface well.

Even though PDMS was treated with oxygen plasma to render the surface hy-

drophilic, the hydrophilicity was only stable for a short period of time. As a result,

the fabrication process was modified and intermediate PDMS moulds were treated

with oxygen plasma and PVP. Modifying the process rendered the surface of PDMS

hydrophilic for in excess of a few months. This helped with casein-based solutions

wetting the surface of PDMS better, resulting in an enhancement in resolution of

features on casein-based films. Using the modified process improved the resolution

of features such that they were comparable to the original regular features on the
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photoresist, or the original fixed cells on glass slides.

The developed process in this thesis was mainly applied to fabricate patterned

casein-based films with unprecedented resolution. However, it can potentially be

used for fabrication of other water-based materials with high resolution surface fea-

tures. Casein and other biocompatible water-based materials, with surface features

can be used as cell-culture substrates, or implants to mimic a similar environment

for the cells to their natural environment and influence proliferation, differentiation,

and/or migration of the cells.

As part of this thesis, the influence of different components, making up the

films, and their concentrations on various characteristics of casein-based films were

investigated. Characterisation of the films included their mechanical properties,

autofluorescence, level of hydrophilicity or hydrophobicity, swelling behaviour and

other properties which can potentially influence culturing and studying the cells

on these materials. Knowledge of these characteristics can also be advantageous for

other applications of the casein-based materials, such as food packaging, edible films

and others.

Patterned casein-based films were also studied as cell-culture substrates. C2C12

cells were cultured on casein-based films cross-linked with four different cross-linking

reagents. Swelling behaviour of the films and surface features were studied and two

cell-viability assays were conducted. AlamarBlue assay was carried out to study the

proliferation rate of C2C12 cells in presence of each film. Trypan Blue assay was

also performed to evaluate the rate of cell death as a response to each film.

AlamarBlue and Trypan Blue assays established TG cross-linked casein films

reduced the proliferation of the cells to half of the proliferation in control (on PS cell-

culture plate without any film). However, cell survival rate was 90% for these films,

compared to the 96% cell survival rate in control. The results of the cell viability

assays also demonstrated that glutaraldehyde, formaldehyde and citric acid cross-

linked casein films cannot be used as cell-culture substrates. Since glutaraldehyde

cross-linked casein conduits, with a much lower concentration of glutaraldehyde,

were previously used as implants without any toxicity, glutaraldehyde and the other

two cross-linkers might possibly be used for cross-linking casein as implants for

established tissue, where cell-attachment is not fundamental. However with results
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from the assays presented in this thesis, this is not recommended at this stage.

Patterned TG cross-linked casein and casein-gelatin films were successfully used

as cell-culture substrates. C2C12 cells cultured on these films showed attachment

and alignment along the features, which was similar to their behaviour on PS films

patterned with same features. These results showed TG cross-linked casein, and

casein-gelatin films can replace current tissue engineering materials.

As an extra part to this thesis, some example applications of casein-based ma-

terials, and their surface patterning, were introduced. Two-dimensional and 3D

structures made of casein, or casein-gelatin, were constructed as a proof of concept

to show that application of the casein-based materials with surface features is not

limited to small surface films. The applications showed fabrication of structures out

of casein is not limited to 2D films with small surface area.

8.2 Suggestions for future work

Throughout this research, a number of suggestions have been identified to potentially

improve or extend the work presented in this thesis.

• Casein-gelain, and gelatin films appreared to have a low resolution for the sur-

face features. Due to the problems with the plasma etcher, PDMS moulds for

replicating the surface features onto these materials could not be plasma and

PVP-treated. Casein-gelatin films had more favourable properties compared

to films only made of casein. These properties include limited swelling and a

higher proliferation rate of the cells. As a result, studying the replication of

both regular features and bioimprints onto these materials from plasma and

PVP-treated PDMS is recommended. In case of high resolution for surface

features, these materials can be used as an alternative for pure casein mate-

rial.

• Casein-based materials showed a swelling behaviour in cell-culture media. The

expansion of features can introduce a continuing mechanical force on culturing

cells. Investigating how the biodegradability of the casein material affects fur-

ther cell development and cell differentiation, compared to non-biodegradable
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substrates with the same surface features is another suggestion to expand the

performed research.

• Mechanical properties of the casein-based films as cell-culture substrates can be

altered via changing the concentrations of plasticizer or cross-linking reagent.

Therefore, a possible line of research could be to study the behaviour of the

cells on substrates with varied stiffness. This could be interesting to use pat-

terned casein films with different mechanical properties as cell-culture sub-

strates and study cellular behaviour in response to a combination of regular

or bioimprinted surface features and substrate stiffness.

• Growing stand-alone tissues can be benefited from degradability of casein-

based materials. Surface features on casein-based films can be tailored to

match C2C12 myoblast differentiation and myotube formation. Degradation

of the films can potentially leave the grown tissue behind. This can potentially

be used to study whether biodegradable casein-based substrates with surface

features can be used to grow stand-alone tissues.

• Influence of bioimprinted surface features on cellular behaviour needs further

exploration. Various cell types can be cultured on casein-based films with

bioimprints and their proliferation, differentiation and migration can be stud-

ied. One of the cell-types which would be of most interest and potential are

stem cells. Stem cells are unspeciallized cells, which are the foundation for

every tissue and organ. They can potentially differentiate into almost any

specialized cell-type. The natural cycle of cell differentiation involves a series

of developmental signalling pathways. Therefore, by producing necessary ex-

tracellular signalling and mimicking the developmental signals for stem cells in

the lab, it is possible to control cell decisions and direct their differentiation.

Current methods for directed differentiation of stem cells in vitro include high

throughput approaches. However, controlling the interactions between stem

cells and the materials they grow on in the lab, is one of the simpler methods to

guide cellular differentiation. As a result, the use of surface bioimprints on cell-

culture substrates should be investigated to guide the differentiation of stem

cells into specific cell types. It can be studied whether geometry alone (aka
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the physical image of a cell) can guide stem cell differentiation, and improve

the percentage of cells differentiated into the target type. In case of success,

this can reduce the amount of chemicals needed for differentiation and hence

lower the cost of the process.

The applications for producing specific types of cells from stem cells are nu-

merous. They can be used for developing novel therapies for different diseases,

or used for reproducing tissues, such as skin or cartilage, or ultimately used

for recreating failed organs. Differentiation of stem cell into tissues, such as

skin, can be advantageous if the cell-culture substrate is made of biodegrad-

able materials, which would degrade once the tissue is regrown and leave the

tissue behind.
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Appendix A

Results from the optical

transmittance for full range of

wavelengths (300 - 800 nm)
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Figure A.1: Transmittance of different films made up of 5 to 20% casein for a) 0% glycerol, b)
5% glycerol, c) 15% glycerol, and d) 25% glycerol. All films were made of casein in 0.2% NaOH
solution (Adapted from [68]).

222



Figure A.2: Transmittance of different films made up of 0 to 25% glycerol for a) 5% casein,
b) 10% casein, c) 15% casein, and d) 20% casein. All films were made of casein in 0.2% NaOH
solution (Adapted from [68]).
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Figure A.3: Transmittance of films made up of 3 different concentrations of a) glutaraldehyde,
b) formaldehyde, c) citric acid, and d) transglutaminase. All the films were made of 15% casein
and 15% glycerol, in 0.2% NaOH solution.
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Figure A.4: Transmittance of casein-gelatin films. Casein solution was made of 15% casein and
15% glycerol, in 0.2% NaOH solution, gelatin solution was made of 15% gelatin in PBS. Films
were cross-linked via 10 U/g transglutaminase (Adapted from [68]).
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Appendix B

Results from the Dynamic

Mechanical Analysis (DMA)
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Figure B.1: DMA tanδ and storage modulus curves for NC1 sample (5% casein in 0.2% NaOH,
no glycerol).
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Figure B.2: DMA tanδ and storage modulus curves for NC2 sample (5% casein in 0.2% NaOH,
mixed with 5% glycerol).
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Figure B.3: DMA tanδ and storage modulus curves for NC5 sample (10% casein in 0.2% NaOH,
no glycerol).
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Figure B.4: DMA tanδ and storage modulus curves for NC7 sample (10% casein in 0.2% NaOH,
mixed with 5% glycerol).
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Figure B.5: DMA tanδ and storage modulus curves for NC8 sample (10% casein in 0.2% NaOH,
mixed with 15% glycerol).
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Figure B.6: DMA tanδ and storage modulus curves for NC9 sample (10% casein in 3% Na2HPO4,
mixed with 15% glycerol).

0.46°C

86.78°C

0.06

0.07

0.08

0.09

0.10
Ta
n 
D
el
ta

1000

1200

1400

1600

1800

2000

S
to
ra
ge
 M
od
ul
us
 (M

P
a)

20 0 20 40 60 80 100

Temperature (°C)

Sample: NC12

Universal V4.5A TA Instruments

Figure B.7: DMA tanδ and storage modulus curves for NC12 sample (15% casein in 3%
Na2HPO4, no glycerol).
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Figure B.8: DMA tanδ and storage modulus curves for NC13 sample (15% casein in 0.2% NaOH,
mixed with 5% glycerol).
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Figure B.9: DMA tanδ and storage modulus curves for NC14 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol).
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Figure B.10: DMA tanδ and storage modulus curves for NC15 sample (15% casein in 3%
Na2HPO4, mixed with 15% glycerol).
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Figure B.11: DMA tanδ and storage modulus curves for NC16 sample (15% casein in 0.2%
NaOH, mixed with 25% glycerol).
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Figure B.12: DMA tanδ and storage modulus curves for NC18 sample (20% casein in 0.2%
NaOH, mixed with 5% glycerol).
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Figure B.13: DMA tanδ and storage modulus curves for NC19 sample (20% casein in 0.2%
NaOH, mixed with 15% glycerol).
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Figure B.14: DMA tanδ and storage modulus curves for NC20 sample (20% casein in 0.2%
NaOH, mixed with 25% glycerol).
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Figure B.15: DMA tanδ and storage modulus curves for C1 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 0.5% glutaraldehyde).
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Figure B.16: DMA tanδ and storage modulus curves for C2 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 1% glutaraldehyde).
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Figure B.17: DMA tanδ and storage modulus curves for C3 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 2% glutaraldehyde).
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Figure B.18: DMA tanδ and storage modulus curves for C4 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 0.5% formaldehyde).
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Figure B.19: DMA tanδ and storage modulus curves for C5 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 1% formaldehyde).
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Figure B.20: DMA tanδ and storage modulus curves for C6 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 2% formaldehyde).

0.0

0.5

1.0

1.5

2.0

T
a
n
 D

e
lt
a

0

100

200

300

400

S
to

ra
g
e
 M

o
d
u
lu

s
 (

M
P

a
)

-40 -20 0 20 40 60 80 100

Temperature (°C)

Sample: C7  

Universal V4.5A TA Instruments

Figure B.21: DMA tanδ and storage modulus curves for C7 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 0.5% citric acid).
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Figure B.22: DMA tanδ and storage modulus curves for C8 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 1% citric acid).
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Figure B.23: DMA tanδ and storage modulus curves for C9 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 2% citric acid).
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Figure B.24: DMA tanδ and storage modulus curves for C10 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 1 U/g TG).
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Figure B.25: DMA tanδ and storage modulus curves for C11 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 5 U/g TG).
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Figure B.26: DMA tanδ and storage modulus curves for C12 sample (15% casein in 0.2% NaOH,
mixed with 15% glycerol, cross-linked with 10 U/g TG).
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Figure B.27: DMA tanδ and storage modulus curves for G1 sample (15% gelatin in 1 × PBS,
cross-linked with 10 U/g TG).
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Figure B.28: DMA tanδ and storage modulus curves for G2 sample (15% casein in 0.2% NaOH
mixed with 15% glycerol, 15% gelatin in 1 × PBS, casein and gelatin mixed with 1:2 (w/w) ratio,
cross-linked with 10 U/g TG).
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Figure B.29: DMA tanδ and storage modulus curves for G3 sample (15% casein in 0.2% NaOH
mixed with 15% glycerol, 15% gelatin in 1 × PBS, casein and gelatin mixed with 1:1 (w/w) ratio,
cross-linked with 10 U/g TG).
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Figure B.30: DMA tanδ and storage modulus curves for G4 sample (15% casein in 0.2% NaOH
mixed with 15% glycerol. 15% gelatin in 1 × PBS. Casein and gelatin mixed with 2:1 (w/w) ratio,
cross-linked with 10 U/g TG).
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Appendix C

Matlab script for autofluorescence

1 % Analys i s o f F luore scence Images

2

3 % 2017 Louise Orcheston−Findlay /Fanny de Decker/Azadeh Hashemi

4

5 % Casein f i l m a u t o f l u o r e s c e n c e a n a l y s i s

6

7 %c l c % c l e a r a l l input and output from the command windows

8 %c l o s e a l l % c l o s e the cur rent f i g u r e s

9 c l e a r a l l % c l e a r matlab workspace

10

11 d i r l i s t = d i r ( ’ ∗ . t i f ’ ) ; % c r e a t e a s t ruc tu r ed d i r l i s t o f a l l .

t i f images in the f o l d e r

12 imageSize = 2048 ; % s i z e o f . t i f images

13

14 f o r x = 1 : l ength ( d i r l i s t )

15 a = char ( d i r l i s t ( x ) . name) ; % e x t r a c t image name from

s t r u c t u r e

16 imageArray ( x ) . name = a ; % c r e a t e s t r u c t u r e imageArray with

name = image name

17 end

18

19 f o r x = 1 : l ength ( d i r l i s t )
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20 crop = imread ( imageArray ( x ) . name) ; % c r e a t e p i x e l matrix o f

image

21 p i x e l s = imcrop ( crop ) ; % crop image to fo cus on the r eg i on

o f i n t e r e s t ( c en t e r )

22 p i x e l s = ( ( double ( p i x e l s ) + 1) /65536) ∗100 ; % convert p i x e l s

i n to i n t e n s i t y ( in percent )

23 imageArray ( x ) . imageMean = mean2( p i x e l s ) ; % mean o f each

i n t e n s i t y matrix

24 end

25

26 % s o r t i n g o f each r e s u l t s accord ing to g l y c e r o l concent ra t i on

27 j =1;

28 f o r i =1:4

29 g l y c e r o l 0 ( i )=imageArray ( j ) . imageMean ;

30 g l y c e r o l 5 ( i )=imageArray ( j +4) . imageMean ;

31 g l y c e r o l 1 5 ( i )=imageArray ( j +8) . imageMean ;

32 g l y c e r o l 2 5 ( i )=imageArray ( j +12) . imageMean ;

33 j=j +1;

34 end

35

36 % c r e a t i o n o f concent ra t i on vec to r

37 c o n c e n t r a t i o n c a s e i n = [ 5 10 15 2 0 ] ;

38

39 % c r e a t e f i g u r e − f l u o r e s c e n c e i n t e n s i t y o f each f i l m in

func t i on o f

40 % c a s e i n concent ra t i on

41 f i g u r e

42 hold on

43 p lo t ( concen t ra t i onca s e in , g l y c e r o l 0 , ’−o ’ )

44 p lo t ( concen t ra t i onca s e in , g l y c e r o l 5 , ’−o ’ )

45 p lo t ( concen t ra t i onca s e in , g l y c e ro l 15 , ’−o ’ )

46 p lo t ( concen t ra t i onca s e in , g l y c e ro l 25 , ’−o ’ )

47 l egend ( ’0% g l y c e r o l ’ , ’5% g l y c e r o l ’ , ’15% g l y c e r o l ’ , ’25% g l y c e r o l ’

)
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48 x l a b e l ( ’ Concentrat ion o f c a s e i n (%) ’ )

49 y l a b e l ( ’ I n t e n s i t y o f a u t o f l u o r e s c e n c e (%) ’ )

50 a x i s ( [ 0 25 3 1 7 ] )

51 hold o f f

52

53

54 % s o r t i n g o f each r e s u l t s accord ing to c a s e i n concent ra t i on

55 k=1;

56 f o r i =1:4

57 ca s e in5 ( i )=imageArray ( k ) . imageMean ;

58 ca s e in10 ( i )=imageArray ( k+4) . imageMean ;

59 ca s e in15 ( i )=imageArray ( k+8) . imageMean ;

60 ca s e in20 ( i )=imageArray ( k+12) . imageMean ;

61 k=k+1;

62 end

63

64 % c r e a t i o n o f concent ra t i on v e c t o r s

65 c o n c e n t r a t i o n g l y c e r o l = [ 0 5 15 2 5 ] ;

66

67 % c r e a t e f i g u r e − f l u o r e s c e n c e i n t e n s i t y o f each f i l m in

func t i on o f

68 % g l y c e r o l concent ra t i on

69 f i g u r e

70 hold on

71 p lo t ( c o n c e n t r a t i o n g l y c e r o l , case in5 , ’−o ’ )

72 p lo t ( c o n c e n t r a t i o n g l y c e r o l , case in10 , ’−o ’ )

73 p lo t ( c o n c e n t r a t i o n g l y c e r o l , case in15 , ’−o ’ )

74 p lo t ( c o n c e n t r a t i o n g l y c e r o l , case in20 , ’−o ’ )

75 l egend ( ’5% c a s e i n ’ , ’10% c a s e i n ’ , ’15% c a s e i n ’ , ’20% c a s e i n ’ )

76 x l a b e l ( ’ Concentrat ion o f g l y c e r o l (%) ’ )

77 y l a b e l ( ’ I n t e n s i t y o f a u t o f l u o r e s c e n c e (%) ’ )

78 a x i s ([−5 30 5 1 7 ] )

79 hold o f f
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Appendix D

Transferring patterns onto

OrmoStamp

OrmoStamp is a hard, rigid, and transparent material. It is an inorganic-organic hybrid

polymer which is a cost effective alternative to quartz. OrmoStamp offers glass-like prop-

erties after UV curing and has the advantage of excellent pattern fidelity. Table D.1 shows

physical properties of OrmoStamp. OrmoStamp’s unique features include:

- Being mechanically and thermally stable

- Excellent pattern replication

- Processing with standard lithography equipment

- Enhanced anti-adhesive properties for low release forces

- Highly transparent for UV and visible light

Table D.1: OrmoStamp technical data sheet [227].

Thermal Stability up to 270◦C

Coefficient of thermal expansion at 20 −100 ◦C 105ppm/K

Hardness (nanoindentation) 36+− 1 MPa

Shrinkage during curing ∼ 6%

Young’s Modulus 650 MPa
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D.1 Methods and material

One of the original plans for this work was to develop rigid master moulds with micro- and

nanoscale geometric surface patterns to help with speeding up the process of patterning soft

materials. As a result, OrmoStamp was fabricated with micro- and nanoscale geometric

patterns. The patterned OrmoStamp layer was fabricated on a quartz substrate, which

could also be used in order to etch the patterns into quartz and use the quartz as an

alternative rigid master mould. An OrmoStamp or quartz mould could be an ideal way

for mass fabrication of a range of different materials with surface patterns. Fabrication of

PDMS with surface features, as a master mould, is a time consuming process. PDMS is

not a hard material and it is not ideally suitable for mass fabrication. Moreover, durability

of PDMS is low and limited repetitions are possible.

Through this thesis, the focus changed to the fabrication of biodegradable casein-based

films with micro- and nanoscale surface features as cell-culture substrates. As a result,

patterning processes of neither OrmoStamp, nor quartz were fully developed. Only regular

patterns were replicated onto OrmoStamp and the process was not studied for quartz.

Replication of micron-scale geometric regular features onto OrmoStamp was limited to

a comparison between the features on OrmoStamp and original features on photoresist.

This was done as a proof of concept to manufacturability. The process was not explored

any further, as the focus of this thesis changed to improving biocompatibility, and the

resolution of surface features for casein films.

In order to transfer the geometric patterns onto OrmoStamp, a 2 × 2 cm square-

shaped quartz sample was used as a substrate for OrmoStamp. The quartz sample was

treated for 5 min with oxygen plasma (K1050X Plasma Etcher, Quorum Emitech) at 100 W

and was then spin-coated with a layer of OrmoPrime (194 15, Micro resist technology),

to increase the adherence between quartz and OrmoStamp. The spin-coating process

for OrmoPrime proceeded at a speed of 4000 rpm and an acceleration of 1000 rpm/s for

60 s. The OrmoPrime-coated quartz substrate was then hard-baked on a hotplate at

150◦C for 5 min. Next, a drop of liquid OrmoStamp (199 15, Micro resist technology) was

placed on OrmoPrime-coated quartz and untreated PDMS mould with geometric patterns

was pressed against OrmoStamp with the patterned face touching OrmoStamp. Quartz,

OrmoStamp and PDMS were sandwiched between two glass slides and the stack was

clamped with two metal binder clips. Figure D.1 shows a photo of the PDMS, OrmoStamp

and quartz, sandwiched between two glass slides. The quartz substrate was only 2 × 2 cm,

however, PDMS was cut longer to prevent glass slides from breaking under the pressure
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of the metal binder clips.

OrmoStamp was then exposed to UV light, i-line (365 nm), for 270 s through the glass

slide and quartz at flood exposure, in the same mask aligner as used for photolithography.

The exposure dose needed to cure OrmoStamp is 1000 mJ. Intensity of the UV light

was measured through the glass and quartz before coating quartz with OrmoStamp. The

energy of the light source was measured to be 4.6 mJ. Hence, an exposure time of 270 s

was needed. UV treatment hardened OrmoStamp, and PDMS was easily detached, leaving

the patterns replicated in OrmoStamp. Figure D.2 shows the schematic of the process of

patterning OrmoStamp using PDMS mould, with the extra step of etching patterns into

quartz if desired. The process for replication of bioimprints onto OrmoStamp would be

exactly the same. However, bioimprints were not replicated onto OrmoStamp, due to the

changes in the focus of this thesis.

Figure D.1: Quartz substrate covered with OrmoStamp pressed against patterned PDMS, sand-
wiched between two glass slides, and clamped with two metal clip binders.
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Figure D.2: A schematic of the process of transferring patterns from a PDMS mould onto quartz.
a) PDMS mould with desired patterns is prefabricated via soft-lithography. b) Quartz is spin-coated
with a thin layer of OrmoPrime and then a drop of OrmoStamp is deposited. c) Quartz is placed
upside down on PDMS and pressed between two glass slides by two binder clips, while being exposed
to UV light. d) Once OrmoStamp is solid, PDMS mould can be peeled off. e) OrmoStamp can
be used directly, or patterns can alternatively be etched into the quartz substrate via reactive ion
etching, if desired.
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D.2 Results

Optical images and AFM images were obtained from the regular features on OrmoStamp

and they were compared to the original features on photoresist. Figure D.3 shows optical

images of some of the regular features on photoresist and OrmoStamp. Both sets of

features on the two materials are positive, meaning they are raised on the surface. Features

can be compared between the two materials in the optical images, and according to the

optical images, features on OrmoStamp have high resolution.

A better comparison of the details of the features on the two materials was achieved

via AFM imaging. Figure D.4 shows AFM images of the raised squares on OrmoStamp

and photoresist. Figure D.5 compares the profile of the cross-section of the squares on the

two material.

Figure D.3: Optical micrographs of positive micron-scale features on (a and b) photoresist, (c
and d) Ormostamp.
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OrmoStamp has been reported to have excellent replication fidelity and high resolution

to sub-10 nm [228, 229]. In a study by Lan and Liu [230], UV-curable OrmoStamp was

applied for replication of features with nanometer resolution via UV-nanoimprint lithog-

raphy. They reported a high resolution pattern transfer on the material. The results of

replicating regular features in this work showed a similar resolution on OrmoStamp.

Figure D.4: AFM images of raised squares on (a) photoresist and (b) OrmoStamp. The while
line compares the profiles of the cross-section of the features in Fig. D.5.

Figure D.5: Profiles of the cross-sections of the squares shown in Fig. D.4.
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Appendix E

Comparison between fixed cells

and their bioimprints on PDMS

and casein
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Figure E.1: On the left, optical micrographs of a) fixed C2C12 cells on glass slide, b) an inverted
image of the negative imprint of the cells on PDMS, c) positive imprint of the cells on casein films
without PVP treating PDMS mould, and d) positive imprint of the same cells on casein films, after
treating the PDMS mould with PVP. On the right, AFM images of a single cell at different stages
of replication are displayed. The white lines indicate the profiles of the cross-section of the cell at
each stage, which are compared in Fig. E.2.
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Figure E.2: Profiles of the cross-section of the cell, shown in Fig. E.1, at different stages of
the replication process. Overall dimensions and feature details during the imprint stage can be
compared to the original fixed cell, due to the optimized replication process.

255



Figure E.3: On the left, optical micrographs of a) fixed C2C12 cells on glass slide, b) an inverted
image of the negative imprint of the cells on PDMS, c) positive imprint of the same cells on
casein films, after treating the PDMS mould with PVP. On the right, AFM images of a single
cell at different stages of replication are displayed. The white lines indicate the profiles of the
cross-section of the cell at each stage, which are compared in Fig. E.4.
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Figure E.4: Profiles of the cross-section of the cell, shown in Fig. E.3, at different stages of
the replication process. Overall dimensions and feature details during the imprint stage can be
compared to the original fixed cell, due to the optimized replication process.
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