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Abstract

Current conventional cell culture methods for the expansion of cells to large quanti-

ties for tissue engineering and regenerative medicine application relies on the use of

enzymatic digestion passaging. However, this method significantly reduces the cell

viability, due to the destruction of important cell-surface proteins and therefore con-

sidered undesirable for the subsequent cell therapies [1]. Research has led to the de-

velopment of thermo-responsive surfaces for the continuous culture of cells. These

thermo-responsive materials properties can be used to passage cells from the surface

when the cell culture temperature is reduced. Conventional cell culture is performed

on a 2D platform, however this can result in undesired de-differentiation, due to lack

of similarities to the natural extracellular matrix (ECM) environment. This thesis aims

to develop a thermo-responsive 3D fibre-based scaffold, fabricated by electrospinning,

to create an enzymatic-free 3D cell culture platform for the expansion of mammalian

cells with the desired phenotype for clinical use. In particular the expansion of hu-

man corneal stromal cells (hCSCs), which have been observed to de-differentiate to

their active myofibroblastic phenotype with conventional 2D cell culture methods was

examined here.

Although experimentally the electrospinning method is relatively simple, at the theo-

retical level the interactions between process parameters and their influence on the fibre

morphology is not yet fully understood. In this study a design of experiments (DoE)

model was proposed to determine combinations of process parameters that result in

significant effects on poly-D,L-lactic acid (PDLLA) fibre morphology. The process pa-

rameters used in this study were applied voltage, needle-to-collector distance, flow rate

and polymer concentration. Data obtained for mean fibre diameter, standard deviation

of the fibre diameter (stdev, measure of fibre morphology) and presence of ‘beading’ on

the fibres (beads per µm2) were evaluated as a measure of PDLLA fibre morphology.

Uniform fibres occurred at standard deviations of ≤ 500 nm, ‘beads-on-string’ mor-

phologies were apparent between ± 500-1300 nm and large beads were observed at ±

1300-1800 nm respectively. Mean fibre diameter was significantly influenced by the ap-
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plied voltage and interaction between flow rate and polymer concentration. Fibre mor-

phology was mainly influenced by the polymer concentration, while bead distribution

was significantly influenced by the polymer concentration as well as the flow rate. The

resultant DoE model regression equations were tested and considered suitable for the

prediction of parameter combinations needed for the desired PDLLA fibre diameter

and additionally provided information regarding the expected fibre morphology.

The thermo-responsive behaviour of the scaffolds was achieved by blend electrospin-

ning of the thermo-responsive polymer poly(di(ethylene glycol) methyl ether methacry-

late (PDEGMA) and the supportive polymer poly-D,L-Lactic Acid (PLA), which gives

the support needed for cell culture. PDEGMA was synthesised by free radical poly-

merisation and has a lower critical solution temperature of 28◦C. The optimised elec-

trospinning process was taken forward for the fabrication of the blend electrospun

PLA/PDEGMA scaffolds. Different weight (wt) % concentrations to PLA was incor-

porated and distribution of the PDEGMA was confirmed by fluorescent labeled PBI-

PDEGMA. Initial thermo-responsive passaging method was investigated with 3T3 fi-

broblasts (3T3s). No significant detachment of 3T3s was observed below 10 wt% of

PDEGMA in the blend electrospun PLA/PDEGMA scaffolds, while a maximum of 25%

of cells detached when cooled for 30 mins at 8◦C as observed for 10 wt% PDEGMA. An

increase in fibre diameter from 900 nm to 2-3 µm and different cooling methods (1 and

3 h at rt and controlled cooling of -1◦C per minute) did not result in an increase of 3T3

detachment. These findings indicate possible insufficient presence of the PDEGMA

thermo-responsive brushes at the surface of the fibres. However, when hCSCs were

cultured on these scaffolds significantly higher cell detachment was observed (approx.

100% compared to 25% for 3T3s). These findings indicate the application of the blend

electrospun PLA/PDEGMA scaffolds for the culture and passaging of hCSCs.

hCSCs were observed to not adhere and proliferate on the PLA/PDEGMA scaffolds.

Therefore, a peptide thermo-responsive co-polymer conjugated by photo-initiated thiol-

ene chemistry was proposed. Poly(di(ethylene glycol) methyl ether methacrylate-co-

poly(di(ethylene-glycol) vinyl ether (PDEGMA/ PDEGOH) was synthesised by free

radical polymerisation and subsequently functionalised with a free thiol group by a
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condensation reaction. The obtained poly(diethylene glycol) methyl ether methacrylate-

co-poly(diethylene glycol) thiol (PDEGMA/PDEGSH) was blend electrospun and the

presence of free thiols on the electrospun scaffolds were determined by ToF-SIMS and

FITC labeling. These free thiol containing scaffolds were functionalised by a nor-

bornene acid functionalised peptide sequence GGG-YIGSR by the photo-initiated thiol-

ene reaction and its presence was confirmed by ToF-SIMS and ATTO labeling.

The biocompatibility of the peptide containing scaffolds was assessed by the adhesion,

proliferation and immuno-staining of hCSCs. Significant increase in hCSCs adherence

and proliferation was observed on the peptide containing scaffolds. Immuno-staining

showed maintained expression of the desired phenotypic markers ALDH, CD34 and

CD105, while showing no or low expression of the undesired phenotype expressing

a-SMA marker. This desired expression was observed to be maintained after thermo-

responsive passaging and observed higher when cells were cultured on PLA scaffolds

with 10 wt% PDEGMA/4 mole% PDEGS-Nor-GGG-YIGSR.

In this thesis, the fabrication and application of a first generation, biocompatible ther-

mo-responsive peptide conjugate fibrous scaffolds is described. The ease of fabrication,

successful adherence and expansion of a therapeutically relevant cell type make these

scaffolds a promising new class of materials for the application of cell culture expansion

platforms. The scaffolds developed and reported in this thesis are believed to represent

a promising contribution to the fields of biomaterials and tissue engineering.
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Chapter 1

Introduction

Currently patients with severe organ injury or damage are treated with organ or tis-

sue transplants. However, these treatments face many complications, such as organ

shortages or quality, the necessity for life long immuno-suppression and organ/tissue

rejection, due to immune response [2]. In addition, organ transplants are in increased

demand for the treatment of chronic diseases such as diabetes, renal failure, liver cir-

rhosis, stroke and muscular dystrophy. Hence the need for scientists to look elsewhere

for the solution to treat these diseases. Within the medical community regenerative

medicine (RM) is of increasing interest to overcome these complication. This medical

treatment is based around the replacement or regeneration of human tissues and organ

functions [3]. This field combines multidisciplinary fields, such as cell therapies, tissue

engineering, gene therapy and medical devices.

1.1 Tissue engineering (TE) and regenerative medicine (RM)

The term regenerative medicine was first used by Kaiser [4] and was later considered

the right term for the broad field of tissue engineering (TE), stem cell research, cell

transplantation, biochemistry and biotechnology [5, 6]. However, the concept of tis-

sue engineering is much older and was first reported by Bisceglie [7] in 1933. They

reported mouse tumour cells survival when seeded and wrapped in a polymer mem-
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brane and implanted into the abdominal cavity of a pig. No immuno response of the

pig immune system was observed after implantation. Several decades later, Chick et al.

[8] observed the release of insulin in response to glucose concentration change when

pancreatic beta cells from neonatal rats were cultured on synthetic capillaries perfused

with media. The actual term tissue engineering was implemented in 1988 when Fung

[9] used the term ’tissue’ to describe the living organisms between cells and organs. The

term was later expanded to the interdisciplinary field of applying engineering and life

science principles towards the manufacturing of biological replacement that restores,

maintains or improves the aimed tissue function [10]. Currently there are three differ-

ent approaches in the tissue engineering field: 1) cell therapies with the use of isolated

cells, 2) bio- materials or synthesised materials for induced tissue engineering, and

3) the combination of cells with the support of bio-material scaffolds (see Figure 1.1).

Many criteria need to be considered to achieve an effective, long-lasting treatment or

repair of damaged tissue and gene therapy. To start with a sufficient amount of cells

are required. Additionally, cells must either be maintained or differentiated in the de-

sired phenotype. When 3D structures are used cells must be adaptable to the structural

support and produce ECM. Furthermore cells obtained in vitro must be compliant with

native cells in structure and mechanical properties and need to be able to integrate with

the native cells, which reduces the risk of immunological rejection. In general associ-

ated biological risks must be minimised [2, 11, 12].

Cells used in cell therapies can be classified into four groups 1) autologous cells, 2)

allogeneic cells, 3) xenogenic cells and 4) stem cells. Cells harvested from the patient’s

own body rather than a donor are autologous cells. These autologous cells have the

advantage of resulting in no or lower immune rejection when used as clinical treat-

ment. However, these cells are not always harvested in the quantity or quality needed

or show limited proliferation capacity when expanded, mainly due to the tissue end-

stage failure in vitro [2, 13, 14]. Moreover, the harvest of autologous cells is costly and

has high batch to batch variation, which makes them unsuitable for universal large

scale clinical use. Instead, cells from a healthy donor can be used [15], these cells are

classified as allogeneic cells. An example of clinically used allogeneic cells is the use

of human paneatic islet cells for the treatment of type I diabetes [16]. This transplan-
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Figure 1.1: Tissue engineering approaches are classified in three categories. 1) cells on it own,

2) scaffolds and 3) combination of scaffolds and cells. Environmental factors can be used to

enhance their implementation as tissue substitute.

tation results in the reduction of insulin injection dependency of the patient. Major

advantages of the use of allogenic cells include uniformity, standardized production,

cost-effective and increased quality control [2]. However, one main drawback is the

change of immune response of the recipient’s body. This risk can be reduced by screen-

ing donors for gene compatibility and in many cases relatives of patients are selected

as cell donors to reduce the risk of immune response. A well known treatment with

relative’s allogeneic donor cells is the treatment of leukemia [17] . Cells from different

species or xenogenic cells are another possible cell source. These cells have been used

for the delivery of specific chemicals within the engineered tissue with the impaired

function [18]. For instance insulin dependent diabetic kidney transplant patients were

successfully treated by transplanting foetal porcine islet-like cell clusters. This resulted

in positive staining of insulin and glucagon [19]. However, existing treatments require
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prolonged treatment of immuno- suppressants to avoid xenogenic graft rejection of the

human body [20]. In contrast, primary cells from original tissues do not show any im-

muno response due to their immunological compatibility. Nevertheless, the use of pri-

mary cells has major drawbacks such as limited lifespan and insufficient cell expansion

numbers. Furthermore, de-differentiation can occur when cultivated ex vivo, resulting

in inappropriate phenotypes. Examples include articular chondrocytes expressing fi-

brocartilage, instead of the hyaline cartilage observed in vivo [21] and human corneal

stromal cell differentiation to myofibroblasts [22]. In addition, some cell phenotypes,

such as spinal cord neurons, are practically impossible to harvests from living patients

and donors [12]. Whereas, multipotent stem cells have the ability to expand in high

numbers and are able to be differentiated in different phenotypes. However, this cell

differentiation is a costly and complex process [23]. Moreover, this differentiation ex

vivo is challenging due to risk of contamination when cells are isolated, instability of

maintaining their desired cell type in vitro [24] and low reproducibility of observed re-

sults [25]. Another possible cell source is embryonic stem cells (ESCs), mainly derived

from discarded non-transferable human embryos using immuno-surgical techniques.

These ESCs have been observed to grow much faster than adult stem cells. However,

political, ethical and religious opposition have resulted in a biased view on the use of

these cells. This has resulted in preferred use of allogenic mature cells or adult stem

over ESCs.

In many cases, an initial expansion of harvested patient’s cells by 2D in vitro cell cul-

ture is required to obtain a reasonable amount of cells. These large quantities of cells

are subsequently seeded onto the 3D scaffold of interest which provides tissue forma-

tion support due to the bio-mechanical environment. These scaffolds can be made of

permanent scaffolds in which the bio- composite will be implanted, while degradable

materials can be used as implants to provide support when tissue forms and slowly

degrade to make room for the newly developed tissue. In all cases, the implanted

materials must be able to survive, restore normal function and integrate with the sur-

rounding tissues without the undesired inflammatory response [26, 27]. This initial

expansion of harvest cells is most commonly done on 2D cell culture on tissue culture

plastic polystyrene (TCPS) within specially formulated cell media with animal serum
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for cell growth. Depending on the purpose of the cells the media can be formulated to

stimulate differentiation of the cell to the required phenotype. Although 2D cell culture

works for most robust cell lines (i.e. fibroblast), many other cell types require a differ-

ent approach to maintain their specific phenotype (i.e. corneal stromal cells, stem cells

and cancer cell lines).

The natural extracellular matrix (ECM) in the body promotes proliferation, survival,

migration and differentiation of the cells. However, 2D cell culture does not mimic this

ECM environment resulting in undesired differentiation or no cell differential response.

Therefore, an increased interest has developed in the manufacturing of 3D ECM mim-

icking scaffolds from either natural or synthetic materials as cell culture expansion tem-

plates besides the use as tissue substitute for implantation methods for these different

cell types [26]. Mechanical strength, structures and materials of these scaffolds play a

key role in the support of cell attachment, growth, differentiation and function on these

structures. Moreover, these scaffolds need to be bio-compatible and biodegradable at

a controlled rate when used as transplant, or non or slowly biodegradable when used

for in vitro cell expansion.

Engineering scaffolds have the potential for complex tissue reconstruction. However,

there are still many challenges to resolve. These challenges include stem cell differen-

tiation, phenotypic support, scaffold compatibility, cell expansion drawbacks, scaffold

design, cost of manufacturing of these scaffolds and scale-up possibilities. This review

describes in vitro 3D scaffold support systems for cell expansion designed for the use

in regenerative medicine application. This leads to the main aims and objective for the

research project presented in this thesis.
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1.2 In vitro cell expansion within the regenerative medicine

field

1.2.1 2D cell culture versus 3D cell culture of mammalian cells

In vitro cell culture platforms are utilized to investigate the cell and tissue physiol-

ogy and pathophysiology of mammalian cells outside of the body. Traditionally cells

are cultured on 2D tissue culture polystyrene (TCPS) surfaces [28]. Although, TCPS

cell culture approaches are appropriate for routine cell culture they do not represent

an accurate representation of the native 3D ECM tissues. Cells grown in 2D culture

are observed to be flatter and more stretched than their native morphology in vivo.

Cells are attached to the flat surface and neighbouring cells with a small portion of

their membrane, while most of the cell’s membrane is exposed to the bulk cell culture

media. Consequently many biological mechanisms (such as differentiation and tissue

morphogenesis) are observed as different compared to the in vivo native organs or tis-

sues [29, 30]. Within the native tissue, cells are connected with each other as well as

to the extracellular matrix (ECM). Cell surface receptors interact with their neighbour-

ing cells, the surrounding ECM and other exogenous factors. The 3D ECM provides

mechanical support and is involved in the regulation of intracellular complex signal-

ing process. This process influences phenotypic fate by changing the gene, resulting in

protein expression and in the case of stem cells influences the self-renewal or differen-

tiation to adult cell types [23, 26, 31, 32]. This shows the importance of implementing

3D environments when cells are cultured ex vivo. For this reason, the main challenge

in 3D scaffold manufacturing is to mimic the structure and biological function of the

natural ECM [30, 33–35].

Many cell culture studies have observed significant difference in cell growth, mor-

phology and population when cultured on 3D environmental structures [29, 36]. Dif-

ference in proliferation rate between 3D and 2D culture have been observed and are cell

type and matrix dependent. Many cell lines exhibit reduced proliferation rates in 3D

culture compared to 2D [29]. This is due to structural hindrance for the cells to migrate
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Figure 1.2: Schematic example of 2D cell culture versus 3D cell culture. Cells spread and flat-

ten onto 2D cell culture plastic, while different cell morphologies are present within the 3D

structure due to more cell binding sites and larger surface areas provided.

and spread out (see Figure 1.2). For example, decreased expression of the proliferating

cell nuclear antigen (PCNA) protein marker and reduced cell numbers was observed

when endometrial cancer cell lines Ishikawa, RL95-2, KLA and EN-1078D were cul-

tured on 3D reconstituted basement membranes compared to 2D culture [37]. Other

cell lines that have been shown to proliferate more slowly are human submandiby-

lar salivary gland (HSG) cells ( cultured on Matrigel) [38], human embryonic kidney

(HEK) 293 cells (collagen I microspheres) [39], colorectal cancer cells (CRC), CACO-

2, DLD-1, HT-29, SW480, LOVO, COLO-206F (cultured on laminin-rich-extracellular

matrix) [40], and human mammary epithelial cells MCF10A (cultured on complex 3D

silk scaffolds and Matrigel)[41]. In contrast, JIMT1 breast cancer cells were observed to

grow 1.86 fold faster on Matrigel than in 2D culture. However, this same cell line was

observed to grow 7.2 fold slower when cultured on poly(2-hydroxyethylmethacrylate)

(polyHEMA) 3D scaffolds [42]. These findings suggest that the structure and mate-

rials of the 3D models have a direct impact on the proliferation rate of the cells. In

addition researchers have shown the cells in 3D structures differ in gene, protein and

cell receptor expression from 2D culture. 3D environmental cell culture platforms pro-

vide a much larger surface area and more binding sites for the cells compared to 2D
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TCPS (see Figure 1.2). Cell adhesion complexes and cellular cytoskeleton play a key

role in the molecular signaling pathways and are therefore mainly influenced with the

surrounding substrate adherence [43]. For example, Kiss et al. [44] observed cell mor-

phology changes and up-regulation of CXCR4 and CXCR7 in prostate cancer cell lines

PC3, Du145, and LNCaP when cultured in the cell-ECM like 3D culture (Matrigel). In

contrast, Pineda et al. [45] found higher levels of cytoskeletal elements and ECM pro-

teins when embryonic cells were cultured in 2D compared to grown in 3D structures.

This is due to the difference in Young’s modulus of the 2D to 3D structures, which

significantly impacts the response of the cells [46]. Mabry et al. [46] revealed that the

substrate stiffness had a significant impact on valvular interstitial cells (VIC) gene ex-

pression. More gene expression changes, such as cytoskeletal, contractility, and matrix

remodeling genes, were observed when cultured on 2D TCPS, while less changes were

observed on the less stiff hydrogels.

1.3 3D structure requirements

To mimic the native ECM environment many factors must be taken into account to

obtain a functional, structural and mechanical equal or better scaffold then the native

tissue. These include porosity, stiffness of material, fibre diameters, structure scaffold

and material used. 3D scaffolds need to be designed to meet the needs of nutritional

and biological binding of the specific cells [2]. Porosity of the scaffolds controls the con-

tinuous exchange of nutrients, oxygen and waste metabolites, as insufficient exchange

can lead to aggregation nutrients or waste products and can result in cell death. Beside

mass transfer porosity supplies increased binding sites for the cells [47]. Mechanical

properties should match the native ECM and depends on the cell type and origin in

the body [45, 46]. For example, bone cell lines have been observed to prefer stiffer ma-

terials [48], while cells from cartilage, heart, nerves, skin and ganglion require much

softer environments [49]. Engler et al. [50] observed post-infarct fibrotic scars when

cardiomyocytes heart cells were cultured on stiff substrates. This was due to over-

straining of the cells which resulted in no beating. However, when these same cells
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were cultured on an elastic substrate the cells were observed to beat. In the case of

stem cells the modulus of the substrate has a direct impact on their differentiation. For

instance, Saha et al. [51] observed neurons when cultured on soft hydrogels (100-500

Pa), while harder gels (1 000-10 000 Pa) resulted in glial cells. It is therefore important

to investigate the origin of the desired cells before designing the 3D structures. Native

ECM is built of large fibril protein that forms a fibrous structure and consequently give

mechanical support [52]. This fibrous structure is therefore considered desirable in 3D

ECM mimicking structures. Additionally, the materials used must be bio-compatible

and show bio- activity to promote cell adherence and migration. Two types of materi-

als have been used in 3D manufactured scaffolds. These are 1) natural materials and 2)

synthetic materials.

1.3.1 Natural materials

Naturally derived materials have the advantage of their biological recognition and are

susceptible to cell-triggered protealytic degration and remodeling [53]. Due to bio-

compatibility, ECM native proteins have been commonly used in the tissue engineering

field. These include collagen [54], hyaluronic acid [55], chitosan [56], elastin [57] and

gelatin [58]. Collagen is found in various connective tissues and is the main structural

protein in the human body. Collagen type I(skin and bone tissue), type II(cartilage)

and type III(blood-vessels) are the most commonly used material in bio- materials.

Collagen is FDA approved and has been successfully used for the treatment of wound

healing for burns and chronic wounds [25, 59, 60]. Burke et al. [25] created an artificial

skin of fibroblast seeded collagen scaffolds for the treatment of extensive burn injury,

which to date are still utilized. Beside body derived materials, nature derived materi-

als are also commonly used. Examples include silk [61] produced by insect larvae to

form cocoons and alginate [62] derived from algae. Although natural materials are bio-

compatible these materials have complex sourcing, processing and purification steps

before being able to be used. Additionally, they have been shown to have limitations

in low mechanical strength, a malleable structure, lack of consistency and have the risk

of immunogenicity and possible disease transmission [12, 13, 63].
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1.3.2 Synthetic materials

Synthetic materials have the advantage over natural materials due to their reproducibil-

ity, adjustable chemistry, mechanical strength, lower cost of production and absence

of infection transmission. They can be classified into three different materials; 1) bio-

inert, 2) resorbable and 3) bioactive materials. Bio-inert material stainless steel has been

widely use as artificial hips. However, these materials have been observed to provoke

scar tissue formation. Nonetheless, polyethylene terephthalate (PET) non-degradable

polymer has been observed to show no undesired response. Ma et al. [64] has demon-

strated this by the observation of spreading, proliferation and phenotype support when

cultured on methacrylic acid (MAA)-grafted PET electrospun nanofibrous. In con-

trast, the resorbable materials are biodegradable and will eventually dissolve gener-

ating harmless dissolution products. The most common degradable polymers used are

the poly (a-hydroxy) acid polymers. These polyesters are low in toxicity, biocompati-

ble and are FDA-approved. Furthermore, they are easy to shape and have high tensile

properties. These polymers include poly (lactic acid) (PLA) [65, 66], poly (glycolic acid)

(PGA) [67], co-polymer PLGA [68] and polycaprolactone (PCL) [69]. Degradation and

strength of these polymers can be controlled by their molecular weight, copolymer ra-

tio and chemical structure and can be altered to obtain the desired degradation rate

and strength required. Examples of successful application of these synthetic polymers

in 3D cell cultures are Yao et al. [58] who observed successful adherence and osteogenic

differentiation when human mesenchymal stem cells (hMSC) were seeded on 3D elec-

trospun PLA/PCL nanofibrous scaffolds. Evrova et al. [70] also showed successful

adherence and differentiation on PLGA:PEO electrospun scaffolds. Although these

polymers have many advantages they do not have any biological interaction with the

cells. This can be resolved with the use of a combination of natural and synthetic poly-

mers [43, 71]. Bioactive materials [72] stimulate a biological response beside a structural

support. In addition, increased research has been conducted into functionalisation of

polymers with chemically signaling factors, proteins or peptides for better biological

interaction [73].
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1.4 3D scaffold fabrication techniques

Many different fabrication techniques are utilized to fabricate 3D structures. Exam-

ples are hydrogels, 3D bio-printing, foam scaffolds, self assembly, micro-particles and

electrospinning (see Figure 1.3). A summary of the different 3D structures and their

structural characteristics can be found in Table 1.1. To translate these product scaffolds

to the clinic it is critical that the fabrication technique is suitable for scalable manufac-

turing to good manufacturing practice standard (GMP) [74]. As previously mentioned

native ECM is built up of a porous fibrous environment and therefore this section is fo-

cused on the fabrication of fibrous scaffolds. These are hydrogels, 3D bio-printing and

electrospinning 3D fabrication technique (see Figure 1.4). The fabrication technique

electrospinning is explained in more detail as this technique was as identified most

suitable for the aim of the project.

Table 1.1: Summary of 3D structural fabrication techniques, their characteristics and examples

per technique.

Technique Particles Porous Fibrous Examples

Micro-particles x x - Functionalised solid particle or porous hydrogels

Foam scaffolds - x - High pressure processing

Self-assembly x x x Nano-particle aggregation

Hydrogels x x x Particles or structures

3D printing - x x Customised structures

Electrospinning - x x Random or Aligned fibre mats
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Figure 1.3: Examples of the different 3D fabrication scaffolds available.
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Figure 1.4: Schematics of different 3D fibrous techniques for regenerative medicine purposes.

A) Hydrogels, B) 3D bio-printing and C) Electrospinning. a) A polymer/solvent solution is

pushed through a needle at a set flow rate by a syringe pump. b) A voltage is applied into the

polymer/solvent solution. Due to the oppositely charged liquid and collector a c) Taylor Cone

with d) extracting jet is formed. e) Instability occurs due to electrostatic repulsion which results

in an unstable and rapid whipping fibre jet ejection from the Taylor cone, f) resulting in solid

fibre deposit on the grounded collector.

1.4.1 Hydrogels

Hydrogels are mostly built of synthesised hydrophilic polymers or natural products,

such as collagen I [75], matrigel (bone marrow like biomatrix) [38], gelatin [76], or

alignate [34]. Hydrogels are based on polymer chain networks which are extensively
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swollen with water (see Figure 1.4A) [77, 78]. These cross-linked polymeric networks

have the ability to swell and retain a significant fraction of water within their structure,

due to hydrophilic functional groups attached to the back bone of the polymer. Hy-

drogels retain their structure and do not dissolve due to the cross-linking network of

the polymer. This water retention characteristic shows similarities with natural ECM

which contains large volumes of water and are therefore considered suitable for in vitro

3D ECM mimicking cell culture platforms. Incorporation of cells within the hydrogel

structure are also reported. For example, Nichol et al. [76] reported the use of cell-

laden photopolymerised micro-patterned hydrogels of gelatin methacrylate (GelMA).

Human umbilical vein endothelial cells (HUVEC) incorporated in the hydrogel were

observed to bind to, proliferate, elongate and migrate in the microfabricated GelMA

gels. However, these hydrogels have low shelf lives, due to dehydration and have low

mechanical strength.

1.4.2 3D bio-printing patterns

3D bio-printing utilizes a layer-by-layer build up method to deposit materials within

a predefined structure, which mimic the ECM fibril structures, tissues or organs (see

Figure 1.4B). The main bio-printers used for the deposition and patterning of 3D struc-

tures are inkjet [79, 80], micro-extrusion [81] and laser-assisted printers [82]. Beside

the printing of material structure, the bio-printing of cell containing printing materi-

als has also been reported as successful [79, 80, 83]. For example, a recent study by

Costantini et al. [84] reported the use of 3D bio-printed hydrogel aligned fibers laden

with muscle precursor cells (C2C12). Enhanced myogenic differentiation and the for-

mation of parallel aligned long- range myotubes were observed in vitro and in vivo

(back of immuno-compromised mice). These studies have shown the potential of these

3D printed cell containing hydrogels for skeletal muscle tissue engineering and human

clinical application. Although, 3D-printing has the potential in the tissue engineering

field, this novel process is still in development with many process related issues still

needing to be addressed.
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1.4.3 Electrospinning

Electrospinning is a well-established technique used for over a century to produce con-

trolled fibres of specific diameters and porous structures [85]. The first record of the

”electrostatic spraying” phenomenon goes back to 1628 [86], which reported the for-

mation of a cone shape and small droplet ejection when an electrically charged piece

of amber was brought near to a water droplet. Centuries later in 1887 Boys [87] re-

ported the formation of fibres by ”electrical spinning” from multiple materials (shel-

lac, sealing-wax, gutta-percha, beeswax and collodion). Two decades later in 1902 the

electrospinning process was patented by Cooley [88] and Morton [89]. Further devel-

opment of the electrospinning process for commercial use were made and patented by

Anton [90] in 1934 and 1944 [91] for the fabrication of textile yarn. From that point

the use of electrospun fibrous mats has been implemented in many different fields (see

overview Figure 1.5).

The electrospinning process has been considered a suitable method for the produc-

tion of fibrous scaffolds, due to the cost effective and reproducible production of fibres

with diameters in the range of micro-metres and nano-metres [92]. Furthermore, a vast

range of polymers (natural and synthetic) can been used for the fabrication of fibrous

scaffolds. Electrospinning parameters can be changed to control the resultant shape,

size and porosity of the electrospun fibres [93]. The obtained fibrous structures show

similarities with the natural extracellular matrix (ECM) resulting in cell penetration

through the pores. Therefore, electrospun scaffolds are considered a potential platform

for in vitro cell culture which mimic in vivo environment characteristics. Consequently

electrospinning is widely used for tissue engineering in the regenerative medicine field

[85, 94, 95].
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Figure 1.5: Different field of the application of electrospun fibres.

The electrospinning process

The electrospinning set-up consists of a syringe pump, which ejects the polymer so-

lution at a controlled rate, connected to a conductive spinneret (needle). A positive

voltage is applied to the spinneret in the range of 0 to 30 kV, while a negative voltage

or no voltage is applied to the collector (flat or rotating mandrel of metallic material).

This collector with opposite polarity is placed at a defined distance from the spinneret

to collect the fibre mat, as shown in Figure 1.4C. The electric field applied to the spin-

neret will result in a build up of charge on the polymer solution droplet surface. When

the electric field exceeds the surface tension of the droplet this leads to a change of

the rounded meniscus solution drop to a conical shaped droplet with ejecting fibre

jet. This phenomenon is called the Taylor cone (see Figure 1.4Cc). Instability of the

ejected fibre jet occurs due to electrostatic repulsion which results in an unstable and
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rapid whipping fibre jet, which is accelerated towards the collector of opposite polar-

ity. Polymer-jet elongation, thinning and solvent evaporation occurs while the fibre

jet travels through the atmosphere. This leads to the deposition of non-woven solid

polymer fibres on the collector plate [96].

Table 1.2: Electrospinning parameter category’s.

Category Parameters

Solution 1. Viscosity

2. Concentration

3. Molecular weight polymer

4. Elasticity

5. Surface tension

6. Solvent

7. Conductivity

Processing 1. Flow rate

2. Applied voltage

3. Collecting distance

Ambient 1. Temperature

2. Humidity

3. Atmospheric Pressure

1.4.4 Electrospinning parameters

Process parameters can greatly affect fibre formation and morphology. For a repro-

ducible electrospinning process these parameters must be known and kept constant.

These process parameters can be separated into three categories; 1) solution, 2) pro-

cessing, and 3) ambient parameters (see Table 1.2).

Solvent Parameters

The polymer solution parameters significantly influence the resultant fibre formation.

The concentration and polymer characteristics highly affect the solution’s viscosity and
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subsequently the electrospinning jet stability, fibre formation and diameter. Higher vis-

cosities will result in an increase in fibre diameter, due to less stretching of the jet during

the whipping stage. Molecular weight (MW) of the polymer also greatly influences the

viscosity of the polymer solution. Fortunato et al. [97] showed a linear increase in fibre

diameter with increasing MW of PolyEthylene Glycol (PEG; 550, 1550, 10 000, 20 000

and 100 000 g/mol) from 500 nm to 1200 nm. Tao and Shivkumar [98] and Koski et al.

[99] saw the same increase of fibre diameter when increasing the MW at a given poly-

mer concentration. Beside polymer MW and solvent, additives have been observed

to influence the viscosity as well. Jun et al. [100] investigated the influence of viscosity

and conductivity on the fibre diameter and fibre morphology. This study showed bead-

ing at lower viscosities and a decrease of beading when the conductivity of the solution

was increased by adding pyridinium formiate, which subsequently increased the total

solution viscosity. Viscosity is therefore directly related to the polymers MW, concen-

tration, structure of the polymer, additives and solvent [101]. Most electrospinning

research uses polymer concentration as an independent parameter whilst not taking

into account the viscosity. By using viscosity as a parameter it is possible to compare

different polymers by keeping the viscosity constant [102, 103].

Molecular weight (MW) of the polymer not only affects the viscosity of the solution,

but can result in core-sheath fibre formation when using a mixture of polymers. For

example, Zhang et al. [104] and Wei et al. [105] developed core-sheath nanofibres of

a PEG/chitosan (CS) polymer mixture by using different average MWs (from 3000 to

200.000 g/mol). They found that the MW of CS, the weight ratio of the two polymers

and the spinning temperature mainly affected the core-sheath formation. PEG core fi-

bres were formed due to their lower MW compared with CS. These low MW polymers

have increased mobility due to rheological factor, small dimensions and low degree of

chain entanglements and therefore higher solubility is implied. This results in move-

ment to the jet core during the rapid drying process of the jet, followed by the drawing

process of the fibre. Higher MW polymers will stay in the sheath of the jet as movement

is hindered due to the polymer chain entanglements [97].

The occurrence of chain entanglement depends on the concentration and structure
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of the polymer. For example, branched polymers will result in higher entanglement

concentration then linear polymers. McKee et al. [106] investigated the implication of

semidilute un-entanglement (branched polymers) and semidilute entanglement (linear

polymers) concentration regimes on the electrospinning process using a series of linear

and branched PET-co-polyethyleneimine (PEI) polymers. They observed an increase

in entanglement concentration (Ce) when the branched polymer PEI was used com-

pared to an equivalent MW linear PEI. This is due to the higher segment density of the

branched polymer chains, which hinders chain overlap and entanglement. This results

in beaded nanofibres at minimum Ce and uniform, defect-free fibres at C2−2.5
e . There-

fore, defining the entanglement concentration of the polymer-solvent solution before

electrospinning could cut down the time used to optimise the electrospinning parame-

ters.

Although many studies suggest the importance of the solution’s viscosity no signif-

icant correlation was observed. Basu et al. [107] hypothesised the importance of the

elastic storage energy of the polymer solution. This energy storage stabilised the poly-

mer extension, due to the entanglement of the polymer network formed. Therefore,

resulting in continued drawing of the ejected jet without breakage. While loss of en-

tanglement of the polymer network results in elastic stretching and subsequently frag-

mentation of the jet [108]. Yu et al. [109] investigated the influence of the degree of

elasticity on the fibre morphology after electrospinning with the use of Boger fluids,

which are fluids of constant viscosity whose degrees of elasticity can be altered. An

increase in degree of elasticity was observed to eliminate the formation of beaded fi-

bres. While lack of elasticity was observed to prevent fibre formation, instead droplets

and beads-on-strings (big beads with small strings) structures were formed. This is

due to the Rayleigh instability which is driven by the surface tension forces. However,

polymer concentration well above the critical overall concentration c∗ showed more

uniform fibre formation. When the fluid relaxation time exceeds growth of instability

the capillary forces activate the elastic response, resulting in a delay of jet break-up.

Therefore, the use of an elastic polymer is highly recommended for the formation of

uniform fibres.
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Electrospinning solvents have an effect on the electrospinning solution by influencing

their surface tension, conductivity, and viscosity. Casasola et al. [101] investigated the

effect of pure and binary-solvent systems of different solvents on the formation of elec-

trospun fibre morphology. Besides the influence of the solvent on the viscosity of the

solution, they observed the formation of uniform fibres when highly conductive sol-

vent systems were used (acetone/DMF; 2.8 µS/cm1). Furthermore, the solvent evapo-

ration rate was also observed to influence the fibre diameter and morphology. Quick

solvent evaporation resulted in the formation of thicker fibre diameters and porous

structure on the surface. Due to the quick evaporation rate a local cold area occurs on

the jet’s surface. This cold area traps condensed water drops from the air, which evap-

orate when fibres are collected. This leaves a drop shaped porous surface morphology

[110]. This highlights the importance of carefully considering the solvent or solvent

system used. When choosing a solvent the toxicity should be kept to a minimum as

possible traces of solvent within the scaffolds fibres could interfere with the cells [111].

The polymer-solution surface tension also influences the electrospinning process. Co-

hesive forces among liquid molecules means that each molecule is pulled equally by

neighbouring liquid molecules in every direction resulting in a net force of zero. The

applied voltage during electrospinning overcomes these forces, resulting in the phe-

nomenon of the Taylor cone with ejecting jet. Casasola et al. [101] showed that the

surface tension varies by solvent type such that they should be taken into account in

parameter selection before electrospinning. Wei et al. [105] investigated the fibre mor-

phology of blended polymer mixtures pointing out that the surface tension is the third

parameter with the most impact on the fibre formation. High surface tensions resulted

in bead formation, due to the minimisation of the surface area, while polymer solutions

with lower surface tensions resulted in bead free fibres [97].

Conductivity of the electrospinning solution results in a surface charge or current

which is overcome by the Coulomb force between charges and the force due to the ex-

ternal applied voltage, resulting in a Taylor cone. This Coulomb force can be varied by

changing the conductivity of the solution [112]. Therefore, the conductivity of the solu-

tion has a direct link to the stability of the electrospinning Taylor cone. Additives, such
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as salt, can be used to improve the conductivity of the electrospinning solution [113].

Angammana and Jayaram [112] investigated the effect on the electrospinning process

and fibre morphology with poly(ethylene oxide) (PEO)/water of different conductiv-

ities. This showed an increase of jet current with increase of solution conductivity up

to ± 200 µs/mm, thereafter the jet current decreased gradually with the increased con-

ductivity. A power law relationship was observed; and fibre diameter decreases when

the conductivity increases. Too low or high conductivity resulted in no Taylor cone for-

mation. Multi-jets were also observed with an increased conductivity of the polymer

solution [85, 96, 114]. Jun et al. [100] investigated the fibre diameter and morphol-

ogy with respect to viscosity, surface tension and conductivity of the polymer solution.

Pyridine formiate was added to the dichloromethane (DCM)/PLA solution to improve

the conductivity of the solution, resulting not only in an increase of conductivity but

also an increase in the viscosity. However, no significant increase in surface tension

was observed. More uniform fibre formation and a decrease in fibre diameter was ob-

served with the addition of pyridine formiate. Therefore, conductivity of the solution

most not be overlooked and be taken into account when optimising the process.

Process Parameters

Their are three main process parameters; applied voltage, flow rate and needle-to-

collector distance. As mentioned before, the external applied voltage overcomes the

surface tension and current of the polymer solution droplet to form a Taylor cone. The

voltage results in a large electrostatic force near the exit of the nozzle which stretches

the jet significantly and triggers the viscoelastic response. Subsequently, jet formation

and thinning occurs. Applied voltage during electrospinning should be adjusted to

obtain a steady state jet, in a way that the pulling rate is not too fast or slow to cause jet

interruption and whipping instability. Fallahi et al. [115] stated that for a stable process

the rate in which the fluid is forced into the drop must be equal to the fluid carried

away by the jet, which is generated by the applied voltage. The impact of different

voltage on the electrospinning process of polyacrylonitrile (PAN) solution with a con-

stant flow rate were investigated [115]. Two jet regimes were observed; stable jet at
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low voltage, where the jet flow rate was lower then the flow rate and a fluctuating jet

regime were the jet flow rate was higher then the flow rate. Also a increase in jet cur-

rent was observed with increase of applied voltage. Samatham and Kim [116] observed

beads-to-string fibres during the fluctuation jet regime and bead-free fibres at the sta-

ble regime. Therefore, getting a good balance between the flow rate and the applied

voltage is an important step for bead-free fibre formation [117].

Besides the direct correlation of the flow rate with the Taylor cone, jet formation and

jet and whipping stability, it also influences the fibre diameter. An increasing flow

rate results in a significant increase in the fibre diameter [118]. Tang et al. [119] saw

an exponential-like increase in fibre diameter when the flow rate was increased from

1 ml/hr to 2.5 ml/hr. Nonetheless, if bead-free fibres are desired the applied voltage

should be increased with increased flow rate, to produce a stable jet [115].

Distance between collector and needle influences the whipping and stretching time

of the jet resulting in decrease of fibre diameter when distance is increased and vice

versa. However, this parameter effect has been observed less profound than other pro-

cess parameters [120]. Needle-to-collector distances of 5 to 25 cm are most commonly

reported in literature. Hekmati et al. [121] observed an increase in polyamide-6 (PA-

6) nanofibre diameters with a decreasing needle-to-collector distance. Generally, too

small a distance results in insufficient solvent evaporation time resulting in fibre flat-

ting due to insufficient drying [120], as well as bead formation [122]. While too great a

distance results in little whipping on whipping instability [120].

Ambient Parameters

When the polymer jet whips through the air to the collector the ambient environment

plays a role in the solvent evaporation and solid fibre formation. The ambient temper-

ature influences two main parameters in the electrospinning process; the solvent evap-

oration rate and the viscosity of the polymer solution. Solvent evaporation increases

with an increase in temperature, while viscosity decreases with increasing tempera-

ture [123]. Chen et al. [124] reported not only a decrease in viscosity (1.2 to 0.4 Pa·s),
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but also of surface tension (87 to 35 mN/m) and an increase in conductivity (0.35 to

1.14 ms/cm) when increased temperature was used from 20 ◦C to 100 ◦C. De Vrieze

et al. [123] saw the same decrease in viscosity when increasing the temperature. Subse-

quently, this change in viscosity and solvent evaporation rate resulted in a difference of

fibre diameter. Hardick et al. [125] reported a correlating reduction of viscosity with an

increase in temperature, due to a reduction of melt enthalpy of the solution. Therefore,

it’s important to control the temperature in order to control the reproducibility of the

electrospinning process.

The ambient humidity also influences solvent evaporation and viscosity of the poly-

mer solution [126]. Hardick et al. [125] saw an increase in melt enthalpy of the polymer

solution with increase of humidity and consequently an increase in viscosity which

showed a significant increase in fibre diameter. Besides difference in fibre diameter,

atmospheric humidity influences the fibre morphology. De Vrieze et al. [123] reported

absorption of water on the jets surface at higher humidities, because of higher partial

pressure of water in the air. This causes a deposit of a water transparent film, which dis-

turbs complete drying of the polymer solution jet during the time of flight resulting in

fused fibres on the collector. High humidity is therefore not desired. Cai and Gevelber

[127] looked at Taylor Cone formation in correlation with an increase of humidity. They

observed an increase in Taylor cone volume with an increase in ambient humidity (20%

to 60%). To replicate the same Taylor cone volume at different humidities an increased

applied voltage was required. This was concluded to be due to the decrease in current

(56 nA to 35 nA) of the solution (12 wt% polyvinylpyrrolidone(PVP)/ethanol) when

the ambient humidity was increased. Diaz-Gomez et al. [103] observed fibre break-

ages at low humidity (≤ 50%), which they proposed to be due to increased stretching

of the jet during whipping after solvent evaporation. At high humidity (≥ 50%) the

presence of surface pores was observed, caused by vapour-induced phase separation

(VIPS). Firstly, water vapour absorbs into the jet to the water-miscible solvent. Phase

separation occurs when the hydrophobic polymer precipitates out of the solution, cre-

ating polymer-rich and polymer-poor regions within the jet. Finally, phase-separated

geometry are locked in by rapid evaporation of the highly volatile solvent, resulting in

fibres with pores on the surface. Casper et al. [128] also reported porous fibres with an
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increase in pores on the fibre surface when increasing the ambient humidity.

The ambient pressure of below atmospheric pressure is not commonly used. This is

due to poor electrospinning stability at lower pressures. When pressure below atmo-

spheric pressure was used, the polymer solution in the syringe was observed to flow

out of the needle, causing unstable jet initiation. Moreover, decreased pressure results

in rapid bubbling of the solution due to uncontrolled rapid solvent evaporation. Fur-

thermore, very low pressures were observed to make electrospinning impossible due

to direct discharge of the electrical charge [93].

1.5 Electrospun fibrous scaffolds in the regenerative medicine

and tissue engineering field

Electrospun fibrous scaffolds are of increased interest in the use of tissue engineering

due to the multitude of polymers that can be used [129] and unique cell guiding and

supporting architecture (non-woven fibrous scaffolds in range of µm to nm fibre diam-

eters) [130]. These scaffolds were firstly implemented as biomedical scaffolds in 1978

by Annis et al. [131]. They electrospun polyurethane (PU) elastomers to produce elas-

tomeric vascular prothesis with the use of a rotating mandrel to form tubes of electro-

spun PU. These tubes were investigated in vivo as replacement for thoracic aorta in 42

mini-pigs. Although these tubes were observed to only withstand pressures under 800

mmHg these grafts were observed viable even without initial cell seeding [131]. This

encouraged the application of electrospun scaffolds in many different tissue engineer-

ing applications, in which choice of materials, fibre orientation, porosity, fibre surface

porosity and modifications were carefully chosen. Examples of tissue types where the

use of these scaffolds are considered are: vascular vessels, wound dressings,cornea,

muscles, neurons, cartilage/bone, heart and urethral regeneration (see overview of im-

plementation of electrospun scaffolds for human tissues Figure 1.6).
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Figure 1.6: Examples of different human tissue where electrospun scaffolds are being used for

tissue engineering purposes.

Zhou et al. [132] demonstrated the use of aligned PLLA microfibres with a porous

fibrous surface for blood vessel tissue engineering. They observed favorable cellular

responses of human vascular smooth muscle cells (hSMCs), resulting in increased cell

adherence, alignment and proliferation. Cells were observed to express desired vas-

cular matrix protein and maintained the desired contractile phenotype. This was con-

cluded due to the porous fibrous surface which enhanced the anisotropic wettability of

the fibres and contributed to increased protein adsorption (up to 17.69 µg mg−1). An-

other study, Wang et al. [133] demonstrated the use of crosslinked PU/PEGMA hybrid

nanofibres as potential substitute for artificial vascular scaffold. The incorporation of

PEGMA significantly enhanced the PU scaffolds mechanical strength as well as their

hydrophilicity. This resulted in more favorable scaffolds for the adhesion and prolif-

eration of human umbilical vein endothelial cells (HUVECs) compared to the pure PU

scaffolds. Similarly, He et al. [134] demonstrated good biocompatibility of PLA fibrous
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electrospun scaffolds for the culture of HUVECs. They observed a confluency of 75%,

while maintaining their differentiated phenotype.

Electrospun fibres are also implemented as wound healing dressing. Rho et al. [59]

demonstrated the use of cross-linked collagen nanofibres coated with ECM proteins for

early-stage wound healing. Human keratinocyte adherence when transplanted in vivo

(rats) was observed on the coated scaffolds, making them a good candidate for biomed-

ical application. A more recent study by Yao et al. [58] proposed the use of a bilayer

membrane electrospun nanofibrous scaffold as potential wound dressing. This multi-

layer was composed of a commercially available PU wound dressing (HeraDerm R©) as

outer layer and an electrospun gelatin/keratin nanofibrous mat as inner layer. These

bilayer membranes were observed to increase cell adherence, spreading and migration

within the gelatin/keratin nanofibrous mat. Moreover, in vivo animal studies observed

an increase in the number of blood vessels developed, reduction of the wound area af-

ter 4 days and complete wound healing after 14 days. A thicker epidermis and multiple

newly formed hair follicles were observed in the healed area. Therefore, these bilayer

scaffolds are concluded to be a successful scaffold for the complete regeneration of

the wounded skin tissue. Another area where electrospun scaffolds are implemented

is the regeneration of cardiac tissue. For example, Kenar et al. [135] produced blend

electrospun poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(L-D,L-lactic

acid) (P(L-D,L)LA) and poly(glycerol sebacate) (PGS) aligned fibre mats and observed

effective cell alignment and penetration of mesenchymal stem cells (MSCs) from the

human umbilical cord matrix cells. Similary, fibronectin-coated chitosan electrospun

fibres demonstrated cellular attachment and spreading of neonatal rat cardiomyocytes

when co-cultured with fibroblasts. The structural morphology of these cylindrical fi-

brous scaffolds was observed to be retained in long-term cell culture, concluding the

potential of these scaffolds in the heart tissue regeneration [136].

The ability of fabricating aligned fibrous scaffold morphology has encouraged the use

of electrospun scaffolds in neural tissue engineering for the regeneration of peripheral

nervous system (PNS) and central nervous system (CNS) injuries. These aligned fibres

provide directional cues for neuron cell orientation and extension [123]. For example,
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Wang et al. [137] investigated the response of Swann cells on aligned fibrous scaffolds

with different fibre diameters. Neurite extension was observed to be guided along the

aligned fibres of all fibre diameters. However, smaller fibre diameters (293 ± 65 nm) re-

sulted in shorter neurite lengths of 42% and 36% compared to intermediate (759 ± 179

nm) and larger fibre diameters ( 1325 ± 383 nmm) substrates. Therefore, suggesting the

importance of careful consideration of the fibre diameters when constructing nerve re-

generative electrospun scaffolds. Zhang et al. [138] also observed this cell orientation to

co-axial electrospun polyaniline (PANI) and poly(L-lactic acid-co-3-caprolactone)/silk

fibroin aligned fibres incorporated with nerve growth factor (NGF). The NGF present

in the fibres supported much higher cell numbers and differentiation of rat pheochro-

mocytoma 12 (PC12) cells with neurite outgrowth.

Another tissue area of interest for the implementation of electrospun fibres is the

cornea. The main part of the cornea (stroma) is built up of aligned collagen fibres.

Phu et al. [139] developed collagen I electrospun scaffolds to mimic the native envi-

ronment of the cornea and investigated the impact of aligned or random fibres on the

expression of the undesired asmooth musle actin (a-SMA, upregulated in hazy corneas)

of rabbit-derived corneal fibroblast. They observed reduced myofibroblast phenotype

expression of the cells on the electrospun scaffolds compared to the TCPS. Moreover,

significantly more down-regulation of the a-SMA was observed on the aligned fibre

scaffolds compared to the random fibre scaffold. Beside desired down regulation of

the undesired phenotype reduced light scattering of the scaffolds was observed. This

is important for the implementation of these scaffolds in the cornea, as transparency is

required. A more recent study by Kong et al. [140] incorporated aligned PLGA fibres

in a collagen gel hybrid compressed construct to improve their mechanical properties.

To improve the desired light transmittance these constructs were laser-perforated re-

sulting in 72 ± 1.8% transmittance from the scaffold after 7 days immersed in PBS.

These hybrid constructs were demonstrated to support human corneal epithelial cells

(hCECs) and human cornea stromal cells (hCSCs) adherence, proliferation and desired

phenotype. These studies suggest the viability of electrospun scaffolds or combination

of electrospun and hydrogels for the replacement of corneal tissues.
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Furthermore, electrospun scaffolds are shown to support cartilage and bone tissue

development. For instance, Shin et al. [141] observed cell adherence, proliferation and

ECM matrix formation of MSCs derived from neonatal rats on highly porous PCL elec-

trospun nanofibrous scaffolds. Moreover, mineralisation and type I collagen were de-

tected after 4 weeks of of culture. Similarly, osteogenic differentiation and minerali-

sation of human adipose tissue-derived MSCs was observed when cultured on PLA

electrospun nanofibres containing equisetum arvense extract (EE) and nanohydroxya-

patite (nHA) for 3 weeks. While less mineralization of about 1.8 and 3 times lower

were observed when cultured on PLA/nHA or TSCP control surface, respectively [66].

The micro-structural similarities of the fibrous scaffolds with the native collagen ma-

trix utilizes the support of chondrogenesis of human bone marrow-derived MSCs. In

addition, aligned PLLA fibrous scaffold can be used to promote human tendon progen-

itor stem cell (hTSPC) adherence, guides alignment and enables tendon-specific gene

expression [142].

Other areas that electrospun scaffolds have been used is the regeneration of urethral

and female reproductive system (anterior pelvic floor). Derakhshan et al. [143] demon-

strated the support of human bladder smooth muscle cells adherence, proliferation and

alignment when cultured on PLLA fibrous. Similarly, an in vivo study of PLGA fibrous

scaffold with autologous bladder cells were observed to sufficiently repair urinary flow

rate and bladder tissue after implantation into five boys with urethral defects [144].

Human clinical trials were also conducted successful for the reconstruction of anterior

pelvic floor. Poly(L-lactic-co-caprolactone) and fibrinogen blend electrospun fibrous

mesh were observed to improve the patients symptoms and resulted in significantly

greater improvement of the pelvis floor regeneration compared to the polypropylene

electrospun fibrous mesh [145]. Finally, electrospun scaffolds have been observed to

show potential in the regeneration of oesophageal tissue. PCL/PS electrospun fibrous

scaffolds were observed cytocompatible for primary epithelial cells (ECs), promoting

adherence and proliferation of these ECs. When these PCL/PS scaffolds were coated

with oesophageal basement membrane proteins the metochondrial activity of the ECs

was greatly improved and therefore, BM protein coated PCL/PS scaffolds were re-

ported suitable for the promotion of epithelium regeneration [146].
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1.6 Enzymatic digestion vs. thermo-responsive surfaces

To obtain large quantities of viable cell numbers, cells need to be detached from their

cell culture platform when confluent. Current enzymatic digestion utilises disrup-

tion of cell-substrate and cell-cell interactions (see schematic explanation Figure 1.7A).

This is done with a mixture of protease enzymes, such as trypsin, collagenase, dis-

pase and pronase [147–149] and chelating agents, such as ethylenediaminetetraacetic

acid (EDTA). Cell-cell interaction and cell-substrate interaction is mediated by vari-

ous adherence proteins (integrins and ECM proteins like fibronectin and vitronectin).

These protein interactions are strengthened with the use of divalent cationic metals.

For example calcium (Ca2+) encourage fibronectin-integrin interaction. Proteolysis by

protease proteins disrupt this interaction and chelating agent EDTA chelates the di-

valent cationic metals. This brings about damage of cell-membrane proteins, such as

growth-factor receptors and ion channels [150, 151]. Additionally, enzymatic digestion

can cause internal cell damage by degradation of polyribosomes [1]. Furthermore, en-

zymatic digestion by dispase was observed to damage desmosomes of keratinocytes.

However, alternative passaging by thermo-responsive surfaces was observed to show

no damage of the same desmosomes [1]. Therefore, over the last decade many stud-

ies have been focused on the development of enzymatic-free detachment systems, to

maintain cell viability and functions to obtain viable cells for clinical use [152–156].

Mainly they are evolved around thermo-responsive materials [157–165].
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B

Figure 1.7: Cells connect with each other via cell-to-cell junction proteins and ECM when

confluent. A) Enzymatic digestion disrupts these adhesive proteins and membrane receptors,

while B) Thermo-responsive surface detachment preserves the cell-to-cell junction proteins and

ECM resulting in cell sheet recovery.

1.6.1 Cell-sheet engineering by thermo-responsive culture

Thermo-responsive polymers undergo chain deformation, due to the transformation

from hydrophobic to hydrophobic interaction. This transformation is temperature de-

pendent and is defined as the lower liquid critical solution temperature (LCST, see

Figure 1.8C). The chain deformation to hydrophilic state has been observed to support

cell detachment and is therefore considered as a potential alternative application for in

vitro cell culture expansion for tissue engineering and regenerative medicine.

Thermo-responsive polymers show the potential of cell-sheet engineering as an alter-

native approach in the tissue engineering field. This method involves the non-invasive

harvest of cultured cells and cells sheets (see schematic explanation Figure 1.7B) [166].

These 2D cell-sheets can then be transferred to other culture-dish surfaces or direct

implantation in the host tissue. Examples include skin, corneal epithelium, bladder

urothelium and periodontal ligament. Poly(n-isopropylacrylamide) (PNIPAM, see Fig-
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ure 1.8A) has been widely investigated as a smart surface coating for cell-sheet recov-

ery [167, 168]. Kushida et al. [168] demonstrated the successful release of bovine aortic

endothelial cell sheets from PNIPAM (LCST of 32◦C) grafted TCPS. The cells were har-

vested without the disruption of cell-cell junctions and cell-surface/receptor damage

observed when detached by enzymatic digestion method. Deposition and accumula-

tion of fibronectin expressed by the cells was observed on the PNIPAM surface and was

detected to stay adhered to the cell sheets after detachment. These cell sheets with in-

tact ECM can function as a natural substance to attach these sheets onto other surfaces

or structures [169] and are observed to be suitable for in vivo tissue regeneration. For

example, primary hepatocytes cell sheets were successfully recovered from PNIPAM

grafted surface and were observed to form 2D en-grafted hepatic tissue when trans-

planted into a subcutaneous space. These cell sheets formed new tissue structure and

were shown to be stable for longer than 200 days, exhibiting liver-specific functionali-

ties and were therefore concluded suitable for in vivo liver repair [170]. Miyahara et al.

[171] also showed the successful application of cell sheet as in vivo tissue repair. MSCs

cell sheet monolayers recovered from responsive culture dishes were transplanted in

vivo onto scarred myocardium four weeks after coronary ligation. These sheets gradu-

ally grew to form en-grafted thick tissue layer with undifferentiated and few cardiomy-

ocyte cells. These MSCs cell sheets were observed to significantly improve cardiac

function (compared to fibroblasts cell sheets) in rats with myocardial infarction and

reversed wall thinning in the scarred tissue. Beside the successful recovery of viable

cell-sheets this non-invasive cell-sheet recovery result in minimal effect in cell pheno-

type changes [172]. A very recent study by Malheiro et al. [172] reported the successful

harvest of pre-polarised macrophages from PNIPAM-grafted plates with minimal cell

phenotype changes observed.

The use of cell-sheet engineering was observed to be significantly effective for the re-

covery of corneal tissues. Nishida et al. [173] reported the use of normal rabbit corneal

epithelial cell cell-sheets recovered from PNIPAM grafted dishes for the treatment of

corneal erosion. In vivo transplantation of these cell-sheets into rabbits were observed

to be well-accepted within the injured tissue after three weeks implantation. Addition-

ally, cell-sheets of human corneal endothelial cell sheets released from PNIPAM grafted
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dishes were observed to show morphologies and functionalities similar to the native

corneal endothelium ex vivo [174]. Furthermore, in vivo xenograft transplantation in

rabbits resulted in stromal hydration properties of these cell sheets. Therefore, cell-

sheets recovered from thermo-responsive surfaces were considered a possible clinical

application for ocular reconstructive surgery.

A B

C

Figure 1.8: A) PNIPAM and B) PEG containing polymers, m side chain groups number changes

the corresponding LCST of the polymer. C) Schematic representation of the hydrophobic-

hydrophilic change of thermo-responsive polymers and chemical of thermo-responsive.

Additionally, these 2D cell-sheets can also be used to construct a complex stratified

tissue structure of stacked cell-sheets, for the purpose of tissue replacement, such as

cardiac, liver, kidney, periodontal or blood vessels construction [175–179]. For exam-

ple, Haraguchi et al. [177] observed spontaneous and simultaneous pulsing of two lay-

ers of cardiomyocyte cell-sheets recovered from PNIPAM-grafted dishes. Beside syn-

chronised pulsation of the two layered cell-sheets, immunohistology analysis showed
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the formation of gap junction between the two cell-sheet layers. This demonstrated

successful construction of electrically communicative 3D cardiac constructs for cardiac

tissue repair. A later study by the same group [180] demonstrated the in vivo cardiac

repair applying a cardiomyocyte four layered cell-sheet construct in nude rats. The

construct was transplanted in the dorsal subcutaneous tissues of nude rats. After three

week post-transplantation a surface electrogram and spontaneous beating of the trans-

planted graft was observed. Beside only cell-sheet layered constructs, a synthetic struc-

ture can be added for extra mechanical support. Iwata et al. [179] incorporated a PGA

membrane sheet in a three-layered cell-sheet of periodontal ligament primary derived

cells. This construct was transplanted in vivo (canine) to a dental root surface with

three-wall periodontal defects. The transplanted cell sheet construct regenerated both

the cone and cementum of well-oriented collagen fibrils. Significantly less bone regen-

eration was observed for the control group without cell-sheet contruct transplantation.

Many cell types were successfully cultured and harvested from PNIPAM 2D coated

surfaces, these include cardiac myocytes, mouse embryonic stem cells, human smooth

musle cells, vaculas endothelial cells, human corneal endothelial cells, and keratinocytes.

However, irreversible phase transition [181], possible van der Waals binding of the

PNIPAM amide group with polyamides of the proteins [182] and recently observed

toxicity on endothelial cells [183] have led to doubt in the use of PNIPAM for tissue

engineering applications.

Other polymers have been observed to show thermo-responsive behaviour. These

side chain poly (ethylene glycol) (PEG) containing branch polymers are bio-compatible

and water soluble (see Figure 1.8B). The LCST of these thermo-responsive materials

are easily tunable with the length of the PEG side groups [184, 185]. The polymers

are easy to synthesise with the use of (methyl)acrylate by either anionic addition, free-

radical, or controlled radical polymerisation [184], which enables many variations of

PEG containing polymers. Sefcik et al. [162] observed adherence, detachment and no

gene expression change of fibroblasts on poly(MEO2MA-co-OEGMA) (PMO) polymer

substrates. Similarly, Dey et al. [163] demonstrated successful culture and subsequent

passaging over 10 cycles of mouse embryonic stem cells (mESCs) on plasma-polymer
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grafted PMO glass slides. Likewise, Wischerhoff et al. [186] saw similar adherence and

deadherence of L929 mouse fibroblasts on PMO modified gold substrate. All these

studies are built around the use of a thin layer of thermo-responsive material in 2D

culture. However, as discussed before 3D substrates are preferred over 2D platforms.

Different 3D structures with incorporated thermo-responsive polymers have been ob-

served to show successful cell culture and cell adherence. These include fibrous, mi-

croparticles and hydrogels. For instance 3D non-woven poly(propylene) (PP) grafted

PNIPAM scaffolds were observed to show thermal cell release of HC04 and HepG2

hepocytes after 2 h of temperature reduction [187]. Micro-particles of poly(ethylene

glycol) methacrylate (PEGMA) and poly(propylene glycol) methacrylate (PPGMA) were

observed to form aggregates that entrap mouse myoblast cells (C2C12) during cell cul-

ture temperature (37◦C), while aggregates collapsed and detached cells when cooled

[188]. The production of electrospun fibrous scaffolds with thermo -responsive be-

haviour have also been reported [133, 189, 190]. Despite the unique supporting archi-

tecture these fibrous scaffolds have poor cell penetration due to small porosity, which

makes them ideal for cell culture expansion and cell-sheet recovery methods. Cells

grown on these electrospun scaffolds form cell-sheets on the surface of the scaffold,

resulting in easy thermo-responsive harvest of these cell-sheets. The 3D structure sup-

ports better nutritional supply and large surface area compared to 2D grafted thermo-

responsive platforms. Examples include the production of poly((3-mercaptopropyl)

methylsiloxane)/ PNIPAM [189], N-isopropylacrylamide and stearyl acrylate (PNI-

PAM/SA) [190] and PEGMA/PU [133] containing electrospun fibrous scaffolds. Cell

adhesion and proliferation have been demonstrated on these thermo-responsive elec-

trospun fibrous scaffolds. Only one cell release study has been conducted to date [191].

To conclude, the use of a thermo-responsive electrospun scaffolds for the expansion of

mammalian cell culture (human corneal stromal cells (hCSCs) has been proposed for

this study. The aim of this study is further described below in the aims and objectives

of this research project.
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1.7 Project Aims and Objectives

Cell therapies and tissue engineering based treatment require large quantities of cells

of the desired phenotype. However, conventional 2D cell culture has been observed

inappropriate for many cell types to maintain their phenotypic characteristics when

grown in large quantities. 3D substrates have been proven to be a more suitable al-

ternative to obtain large quantities of cells while supporting desired phenotypes. This

is due to their 3D culture environment which shows similarities with native ECM. Be-

side the use of 3D environmental culture platforms, incorporation of smart materials,

such as thermo- responsive polymers, can eliminate the use of enzymatic digestion for

cell passaging. Enzymatic digestion has been reported to cause cell membrane damage

and risk of contamination can render the cells unsuitable for clinical use. Responsive

surfaces have been reported to induce significantly less damage to cells when passaged

and therefore result in increased quality of cells expanded.

The project aim of this study is to develop a cell culture expansion platform for the

expansion of mammalian cells to large quantities. For this reason the chosen scaffold

needed to utilise a 3D environment without the cell being trap between the 3D con-

struct for ease of cell sheet detachment. This was achieved by creating 3D electrospun

thermo-responsive fibrous scaffolds that mimic the native fibrous ECM environment

with a porous size to small for cells to penetrate through. Electrospinning has been

proven to be a reliable method to fabricate controlled fibre diameters, morphologies,

porosity and provides a cost-efficient scalable process for possible up-scaling. In addi-

tion to the similarities of the native ECM, the fibrous scaffolds show good mechanical

support, providing large surface areas for cell attachment. The cell will be grown on

top of this scaffolds, having the feel of a 3D environment, while keeping a sheet for-

mation which can be detached by the thermo-responsive behaviour of the scaffolds

incorporated polymer.

For the thermo-responsive behaviour of the scaffolds poly (di(ethylene glycol) methyl

ether methacrylate (PDEGMA) was considered, due to it’s lower critical solution tem-

perature (LCST) of 28◦C and FDA-approved material composition (oligo (ethylene gly-
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col) monomers) [192]. Poly-D-L-lactic acid (PDLLA) was used as a supportive material

within the electrospun scaffold. These two polymers were blend electrospun to ob-

tain fibrous scaffold for mammalian cell culture, in particular primary human corneal

stromal cells (hCSCs).

The project aim was achieved through the following objectives:

1. Optimise the electrospinning process and significantly impacting parameter in-

teractions on fibre morphologies with the use of a Design of Experiment (DoE)

optimisation model.

2. Investigate the attachment and proliferation of 3T3 fibroblast (3T3s) on different

electrospun scaffolds morphologies.

3. Produce blend electrospun PLA/PDEGMA scaffolds and investigate the thermo-

responsive behaviour of these scaffolds with the use of 3T3s.

4. Investigate the use of the optimised PLA/PDEGMA scaffolds for the support of

human corneal stromal cell phenotype (hCSCs) when cultured and after thermo-

responsive detachment.
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Chapter 2

Materials and Methods

2.1 Design of Experiments (DoE)

2.1.1 Design of Experiments (DoE) Theory

A design of experiments approach of 4 factors and 3 levels was used (see DoE factors

and levels in Table 2.1). From 25 different process parameters combinations, 81 scaf-

folds, including triplicate samples and 9 replicates of middle point, were generated. A

"randomisation strategy" was used to reduce variability. In addition, a one single oper-

ator approach was used to avoid unnecessary variability in the model. Linear regres-

sion, ANOVA and data analysis were performed in MODDE 10.1.1 and Minitab 17.2.1

software. The following linear regression equation (Eq. 2.1.1) was used to identify the

most significant impacting parameters (X1,X2,X3,X4) on the fibre diameter, standard

deviation and beads per µm2 (Y1,Y2,Y3).

Yi =β0 +
m

∑
j=i

βiXi +
m

∑
i=1

m

∑
j=i

βijXiXj +
m

∑
i=1

m

∑
j=i

m

∑
k=j

βijkXiXjXk +
m

∑
i=1

m

∑
j=i

m

∑
k=j

m

∑
l=k

βijklXiXjXkXl + ε (2.1.1)
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The linear regression output was fitted for each Y output of the experimental data to

obtain an "ordinary least square" linear estimation for Y(X1, X2, X3, X4). This is a third

order complete model with Xi, Xj, Xk, and Xl the independent electrospinning param-

eters (applied voltage, distance, flow rate and polymer concentration) that influence

the response Yi (mean fibre diameter, stdev or number of beads per µm2. The β0 is the

model constant; βi is the linear coefficient representing the influence factor of individ-

ual independent parameters on Yi. βij is the cross 1st order interactions, product coef-

ficients representing the influence factor of two independent parameter interactions on

Yi. bijk is the 2nd order interactions, product coefficients representing the influencing

factor of three independent parameter interactions on Yi. βijkl is the cross 3rd order

interaction coefficient representing the influencing factor of all independent parameter

interactions on Yi and ε is the error. The higher the β coefficient, the more influence

it has on Yi. Using this approach, the most important individual or combinations of

independent parameters can be identified.

95% confidence interval for estimates (CI) of DoE Prediction Equations

The models 95% confidence interval for estimates were calculated by the following

equations. Firstly the standard error was calculated by Eq. 2.1.2 which can be used to

find the 95% confidence interval for estimates (CI) Eq. 2.1.3.

standard error =
√

Σ(predicted − actual)2/sample size (2.1.2)

± 95% CI = predicted − degree of freedom ∗ standard error

(2.1.3)
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Table 2.1: Design of Experiments (DoE) Model Inputs, Output, and Constants Parameters and

Set Limits.

DoE Inputs Parameters

Parameter Xs unit Low Level (-1) Centerpoint (0) High Level (1)

Polymer Concentration X1 w/v% 15 20 25

Applied Voltage X2 kV 10 15 20

Flow Rate X3 mL/hr 1 3 5

Needle/ Collector Distance X4 cm 15 17.5 20

DoE Outputs

Parameter YS unit

Fiber Diameter Y1 nm

Standard deviation Y2 nm

Number of beads per µm2 Y3

DoE Constant Parameters

Parameter unit value

Rotation speed mandrel rpm 50

Temperature ◦C 20

Humidity % 44

PLA MW kDA 115 ± 69

2.1.2 Test DoE model predictions

The model was tested by electrospinning three scaffolds of random combinations in-

side the model limits, in which flow rate and concentration levels were different from
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the levels used to "train" the DoE model. For example, a flow rate of 2 mL/hr and 4

mL/hr were used in run B and C (Table 2.2), while flow rate of 1, 3, and 5 mL/hr were

used in training the model (see Table 2.1). Full and simplified predictions of the fibre

diameter, standard deviation and number of beads per µm2 were performed with the

corresponding model code. Confidence intervals (CI) 95% for estimates were calcu-

lated. The smaller the 95% CI the more in agreement the predictions from the equation

are with the data generated from the experiments; when this experimental data falls

within the 95 % CI the model is therefore considered predictive.

Table 2.2: Parameter combinations and corresponding model codes for the linear regression

prediction equations of the runs used to test the DoE model.All equation parameters are repre-

sented in DoE model coding of -1,-0.8...etc.

Targeted

Run

Applied

Voltage

[kV]

Model

code

Needle-

to-

collector

distance

[cm]

Model

code

Flow rate

[mL /hr]

Model

code

Polymer

Concen-

tration

[w/v%]

Model

code

A 20 0 20 1 1 -1 23 0.6

B 20 0 20 1 2 -0.5 17 -0.6

C 20 0 20 1 4 0.5 20 0

2.2 Electrospun scaffold preparation

2.2.1 Polymer solution analysis

Materials

A Acetone (Ac) and dimethylformamide (DMF) were purchased from Sigma-Aldrich,

Switzerland. Medical grade poly-D,L-lactic acid ( PDLLA; Mw: 115 kDa, Mn: 69 kDa,

Ð: 1.7, isomer composition ratio of 70:30) was purchased from Evonik Industries, Ger-

many, Essen. PDEGMA, PBI-PDEGMA and PDEGMA/PDEGSH were synthesized
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(see methods section 2.5 and 2.6.3).

Rheometeric analysis

All polymer solutions were prepared and stirred overnight at room temperature (20◦C,

rt). The rheological properties of the polymer solutions were determined using a Mod-

ular Compact Rheometer (MCR302, Anton Paar GmbH, Austria) with pressure control

chamber. Viscosity and thickening/thinning behaviour were observed over the shear

rate of 0.07 to 3000 s−1. Visco-elastic behaviour was observed by oscillatory shear test,

with varying frequencies between 0. 01 and 15 Hz, and an applied shear rate of 2 Pa.

2.2.2 Electrospinning

Production of PLA electrospun scaffolds

Electrospun solutions were prepared, the day before the planned experiment, in Ac:DMF

(1:1) with the desired concentration of PLA dissolved by stirring at rt overnight (ap-

prox. 16 h). Obtained scaffolds were fabricated using a Climate Control EC-CLI plat-

form with rotating target collector EM RTC electrospin unit (IME Technologies, the

Netherlands, Geldrop) with a 0.8 mm internal diameter (21 gauge) flat tip needle. The

conducting surface was reduced to a width of 5 cm (approx. 100 cm2 surface area) by

covering either side of the rotating mandrel (7.5 cm diameter) with parafilm. The cli-

mate control system was started 30 mins before the run to obtain constant temperature

and humidity of 20◦C and 44% respectively. A total volume of 2 mL polymer solution

per run was used in the spinning process for each scaffold batch. Applied voltage,

needle-to- collection mandrel distance and flow rate were adjusted according to the

DoE combinations (see Table 2.1 and Table S1). The tubing and needle were carefully

rinsed with acetone to remove any of the previous samples prior to every electrospin-

ning run.
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Production of blended PLA with (PBI)PDEGMA or PLA with PDEGMA/PDEGSH

electrospun scaffolds

Electrospun solutions were prepared, the day before the planned experiment, in Ac:DMF

(1:1) with PLA 25 w/v% and the desired weight percentage of (PBI) PDEGMA or

PDEGMA/PDEGSH (2.5, 5, 10, 15 and 20 wt%) at rt by stirring. Obtained scaffolds

were fabricated using a Climate Control EC-CLI platform with rotating target collector

EM RTC electrospin unit (IME Technologies, the Netherlands, Geldrop) with a 0.8 mm

internal diameter (21 gauge) flat tip needle. The conducting surface was reduced to a

width of 5 cm (approx. 100 cm2 surface area) by covering either side of the rotating

mandrel (7.5 cm diameter) with parafilm. The climate control system was started 30

mins before the run to obtain constant temperature and humidity of 20◦C and 44% re-

spectively. A total volume of 2 mL polymer solution per run was used in the spinning

process for each scaffold batch. Applied voltage, needle-to-collection mandrel distance

and flow rate were set to 19 kV, 17.5 cm and 0.5 mL/hr respectively. The tubing and

needle were carefully rinsed with acetone to remove any of the previous samples prior

to every electrospinning run.

2.3 Analytic techniques

2.3.1 Nuclear Magnetic Resonance spectroscopy 1D and 2D analysis

1D 1-Hydrogen and Carbon-13 NMR analysis (1H-NMR and C13-NMR)

1H-NMR and C13-NMR spectra were recorded on a Bruker Avance III 400 spectrometer

at 399.8 MHz (1H) and 100.5 MHz (C13) in deuterium chloroform (CDCl3). MestReN-

ova 11.0 software was used to analyse the obtained spectra. All chemical shifts are

reported in part per million (ppm) relative to CDCl3 (7.24 ppm for 1H-NMR and 77.2

ppm for C13-NMR) or tetramethylsolane (TMS). Full explanation of the analysis tech-

niques can be found in Supplementary section 9.0.1.
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2D-NMR Heteronuclear Single-Quantum Correlation spectroscopy analysis (HQSC)

HSQC 2D-NMR spectra was recorded on a Bruker Avance III 400 spectrometer at 399.8

MHz in deuterium chloroform (CDCl3). MestReNova 11.0 software was used to anal-

yse the obtained spectra. All chemical shifts are reported in part per million (ppm)

relative to CDCl3 (7.24 ppm for 1H-NMR and 77.2 ppm for C13-NMR).

2.3.2 Gel permeation chromatography (GPC) analysis

Molar masses of polymer were measured in tetrahydrofuran (THF) or dimethylfor-

mamide (DMF) eluents. THF samples were measured using a 1) Waters GPC ( Milford,

MA) with two Water Styragel (HR1 and HR4) columns, a Waters 2695 auto-sample

pump and a refractive index (RI) detector (Waters 410). Samples were eluted at 40◦C at

a flow rate of 1.0 mL/min. DMF samples were measured using a 2) Agilent/Polymer

Laboratories GPC-50 instrument with triplet detection (viscometry, refractive index

(RI), and multiangle laster light scattering (MALLS)). Separations were achieved us-

ing Polargel L columns (eluent-(DMF)). Calibration for both different eluents (DMF

and THF) were performed using linear poly(methyl methacrylate) (PMMA) standards

(Polymer Laboratories) in the molecular weight range 1- 1200 kDa. Molecular weights

and dispersity values were calculated using Cirrus GPC 3.0. Full explanation of the

analysis technique can be found in Supplementary section 9.0.2.

The samples were dissolved in THF or DMF in a concentration of 10 mg/mL and

filtered through 0.45 µm filters to remove any big particles and unwanted impurities.

2.3.3 Fourier transform infra-red (FT-IR) analysis

Sampels were measured using a Agilent FT-IR spectrometer, Agilent Technologies, UK.

Solid samples were put on top of the diamond, pressure was applied and spectras was

measured. Solid electrospun scaffolds result in not enough interaction with the dia-

mond detecto and therefore were dissolved in acetone, dropped on the diamond and

dried to form a sheet of electrospun scaffolds on the diamond detector. Full explanation
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of the analysis technique can be found in Supplementary section 9.0.3.

2.3.4 Measurement of polymer solution cloud points to estimate lower crit-

ical solution temperature (LCST)

A 2 mg/mL thermo-responsive polymer solution was prepared in dH2O and cooled

on ice to dissolve the polymer. The solutions were kept on ice to avoid polymer ag-

gregation. 1 mL of solution was added into a ultraviolet-visible (UV/VIS) cuvet and

placed into the UV/VIS equipment. The chamber was cooled to 5◦C before mea-

surement using a Quantum Northwest Peltier-Controlled Cuvette Holder (Quantum

Northwest Inc, WA, USA). UV absorbance was measured by Agilent Technologies

Cary 60 UV/VIS (Santa Clara, CA, USA) at 550 nm wavelength while the solution

was heated at 60◦C in a rate of 1◦C/min. The solution was left at 60◦C for 5 minutes

before measurement of the UV absorbance at 550 nm wavelength while cooling down

the solution to 5◦C again at the same rate of 1◦C/min. A approximation of the LCST

was determined at the solution cloud point temperature when non-linearly increase of

the absorbance was observed.

2.3.5 Fluorescence intensity measurements

The fluorescence labeled PBI-PDEGMA (see synthesis method 2.5.3) fluorescence inten-

sity in water was measured by Tecan Spark R© equipment (Tecan, Männedrof, Switzer-

land). Polymer was dissolve in water (2 mg/mL), added into a 24 well plate (1 mL

per well, n=3 wells) and placed in the plate reader. The 24 well plate was exposed to

different wavelengths from 400 to 800 nm increasing 2 nm/min and fluorescent inten-

sity of the solution was measured at the different wavelength points. Subsequently

fluorescent intensity to wavelength was plotted by GraphPad Prism 7.01 software.
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2.4 Electrospun scaffold characterisation

2.4.1 Scanning Electron Microscope (SEM)

For each obtained scaffold a 1x1 cm sample was cut out of the centre, mounted on a pin

stubs (12.5 mm) with carbon tabs (12 mm) and gold sputter coated for 300s at 25 mA

(EM SCD005, Leica Microsystems). All scaffolds were analysed by SEM (JSM-6060LV,

Jeol LtD Japan) at x1000, x2000, and x5000 magnifications (mag.) with six different

fields of view captured for each scaffold.

2.4.2 Fibre diameters, standard deviation and number of beads per µm2

measurements

Fibre diameter measurements were performed with ImageJ 1.48v software, six SEM

images were taken at x5000 mag. with 20 measurements per image (120 in total). Beads

were included in the measurements and measured on the widest point of the bead.

Mean fibre diameter and standard deviation of the measurements were calculated by

GraphPad Prism software. Number of beads per µm2 measurements were performed

with ImageJ 1.48v software on three x2000 magnification SEM images. Beads per image

were counted and beads per µm2 were calculated.

2.4.3 Tensile testing measurements

Tensile testing was performed by applying 5 g pull force on 3 x 1 cm (ht x wd) scaffolds

strips for the different scaffolds (TA.HDplus Texture Analyser, Stable Micro Systems,

UK). Blue role was wrapped around the top and bottom of the scaffold strips to im-

prove the grip of the Tensile tester clamps (see Figure S1). Corresponding force curves

were used to calculate the Young’s modulus by measuring the slope of the deformation

curve.
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2.4.4 Water contact angle measurements (WCA)

Static WCA

Static WCA measurement were performed on commercial contact angle goniometer

(KSV CAM 200). A dH2O drop was added to the surface of the scaffold and a picture

was made. The WCA software calculated the resultant WCA of the dH2O drop. For

each scaffold 36 measurements on different parts of the scaffold were performed and

the average was calculated by Graphpad Prism 7.01.

WCA hysteresis

Hysteresis is the difference between WCA of an increased and reduced waterdrop on

the surface of the scaffold. This was done by adding the initial water drop size as set

for static measurements and leaving the needle in the drop. Increased WCA was ob-

tained by adding slight more water to the initial drop. Hereafter, the drop was reduced

by aspirating the water slightly until a more tear drop form was obtained. With this

measurement more information can be observed about the WCA taking in account the

roughness of the surface.

2.4.5 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) sample

analysis

ToF-SIMS measurements were performed by Jiang Long. Scaffolds of different chemi-

cal combinations were attached to a glass slide by double tap. Samples were put into

the ToF-SIMS and set under vacuum the night before measurement to obtain a stable

vacuum. Negative and positive spectra were collected using a ION TOF, ToF-SIMS

IV instrument (Münster, Germany) equipped, with a bismuth liquid metal ion gun

(LMIG). A voltage of 25 kV and Bi3
+ primary ion source were used. The beam was

directed at a 45◦ angle to the sample with a beam spot of 1-2 µm in the high current

bunched mode. Three different points of the scaffolds of interest of a surface area of

46



500 µm by 500 µm were taken with 256 x 256 pixels, 15 scans (1 shot per pixel). Spectra

obtained were analyzed and relevant peaks identified by IONTOF GmbH SurfaceLab

6 Software, Germany. Full explanation of the analysis technique can be found in sup-

plementary section 9.04.

Spectra were normalised to total ion count and calibrated with m/z= 1 (H+), 15 (CH3
+),

31 (CH3O+), 55 (C3H3O+), 57 (C3H5O+) and 99 (C5H7O2
+) for positive spectra and

m/z= 1 (H−), 12 (C−), 13 (CH2
−), 14 (CH3

−) and 15 (CH4
−) for negative spectra.

2.5 Polymer Synthesis of PDEGMA and PBI-PDEGMA

2.5.1 General preparation

Materials

All chemicals were purchased from Sigma-Aldrich Co Ltd, Switzerland.

Recrystallisation of AIBN

Azobisisobutyronitrile (AIBN) was recrystallised in methanol. 4 g AIBN was added to

an 100 mL erlenmeyer flask, in a separated beaker 50 mL methonal was heated to 50◦C

and added to the erlenmeyer with AIBN. When all the AIBN was dissolved reaction

contents was left in the fridge for 1 h to allow crystals to form. The resulting crystals

were recovered by filtration and dried under vacuum. The product (melting point 102-

105◦C) was sorted in the freezer (-8◦C) until required.

2.5.2 Poly (di(ethylene glycol) methyl ether methacrylate) (PDEGMA)

Synthesis of poly(di(ethylene glycol) methyl ether methacrylate) (PDEGMA) 1

Di(ethylene glycol) methyl ether methacrylate (11 mL, 6 mmol), 2-butanone (20 mL),

1-dodecanethiol (0.088 mL) and recrystalised AIBN (see method section 2.5.1, 72 mg)
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Figure 2.1: Free radical polymerisation schematic for the synthesis of PDEGMA.

were added to a dry 50 mL round bottom flask. The reaction contents were degassed for

25 mins by N2, closed with parafilm and heated to 70◦C for 1 h. The mixture was cooled

to room temperature (rt, 20◦C) and added to hexane (500 mL) drop wise while stirring.

The precipitated polymer was re-suspended in 2-butanone and dropped into 500 mL

hexane. This was repeated 3 times. The resultant polymer was dried overnight and the

identity of the products were evaluated by spectroscopic methods (see supplementary

data Figure S2 and Figure S3).

1H-NMR (400 MHz, CDCl3): d(pm) = 0.8-1.0 (d, 3H, CH3), 1.0-1.1 (s, 3H, CH3), 1.8-2.1

(d, 2H, CH2), 3.4 (s, 3H, CH3), 3.45-3.5 (s, 2H, CH2O), 3.5-3.6 (s, 2H, CH2O), 3.6-3.7 (s,

2H, CH2O), 4.0-4.1 (s, 2H, CH2O(C−−O)). C13-NMR (100 MHz, CDCl3): d(ppm) = 16-17

(CH3 backbone), 33 (C(C=O)), 46 (C backbone), 52-54 (CH2 backbone), 59 (OCH3), 67

(CH2O(C=O)), 68-72 (3C, OCH2), 176 (C=O).
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2.5.3 Fluorescent labeled poly(di(ethylene-glycol)methyl ether methacrylate)-

2-methyl-propanoyl)oxy]ethoxy)ethyl)-perylene-3,4,9,10-tetracarboxylic

acid bisimide (PBI-PDEGMA) 4

Figure 2.2: Chemistry schematic for the synthesis of fluorescent labeled PBI-PDEGMA.
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Synthesis of N,N-Bis(2-[2-hydroxyethoxy]ethyl)perylene-3,4,9,10-tetra carboxylic acid

bisimide (PBI-OH) 2

Perylene-3,4,9,10-tetracarboxylic acid dianhydride (785 mg, 2 mmol) and 2-(2-amino-

ethoxyl) ethanol (1.5 mL) were added to a dry round bottom flask and degassed with

Ar. The mixture was heated 130◦C under argon for 3 h, cooled down to rt and diluted

into MeOH (20 mL). The suspension was centrifuged and the obtained precipitate was

washed with MeOH (4 x 20 mL). The product was obtained after drying under vacuum

as a dark red powder, dried in vacuum and confirmed by 1H-NMR, C13-NMR (see

supplementary data Figure S4) and FT-IR (see supplementary data Figure S5).

1H-NMR (400 MHz, CDCl3): d(ppm) = 3.54 (t, 4H, CH2), 3.95 (t, 4H, CH2), 3.73 (t,

4H, CH2), 4.05 (t, 4H, CH2), 8.65 (s, 4H, ArH), 8.71 (d, 4H, ArH). C13-NMR (100 MHz,

CDCl3): d(ppm) = 40 (CH2N), 61 (CH2OH), 70 and 72 (CH2O), 120 (=C(C=O)), 140

(C=C), 162 (C=O). FT-IR: cm−1 = 1650 (C=O amide stretching, strong), 1750 (C=O ester

stretching, strong), 2840-2900 (C-H alkane stretching, medium), 3000-3100 (C-H aro-

matic alkene stretching, medium).

Synthesis of N,N-Bis(2-bromo-2-methylpropanoyl)oxy]ethoxy)ethyl) perylene-3,4,9,

10-tetracarboxylic acid bisimide (PBI-Br) 3

The obtained product (PBI-OH, 570 mg, 1 mmol) of the condensation reaction was sus-

pended in dry CH2Cl2(150 mL) and Et3N (0.4 mL, 3 mmol) and cooled down to 0◦C. 2-

bromoisobutyryl bromide (0.69 g, 3 mmol) in dry CH2Cl2 (10 mL) was added drop-wise

into the mixture for 1 h while stirring. When all of the solution was added the mixture

was left while stirring for 24 h at rt (20◦C). The resultant triethylamine hydrobromide

( (C2H5)3N•HBr) and unreacted N,N’-bis(2-[2-hydroxyethoxy]ethyl)perylene-3,4,9,10-

tetracarboxylic acid bisimide were removed by filtration and CH2Cl2 was removed by

rotary evaporation (atmospheric pressure (1013 mbar), 40◦C waterbath). A silica gel

column with CHCl3/10% MeOH as eluent was performed to purify the N,N’-bis(2-(2-

bromo-2- methylpropanoyl)oxy]ethoxy) ethyl) perylene-3,4,9,10-tetracarboxylic acid

bisimide (PBI-Br) product. Initiator structure was confirmed by 1H-NMR, C13-NMR

50



(see supplementary data Figure S6) and FT-IR (see supplementary data Figure S5).

Resultant product was a dark red solid, 1H-NMR (400 MHz, CDCl3): d(ppm) = 1.84

(s, 12H, CH3 ), 3.54 (t, 4H, CH2), 3.95 (t, 4H, CH2), 3.73 (t, 4H, CH2), 4.35 (t, 4H, CH2),

8.65 (s, 4H, ArH), 8.71 (d, 4H, ArH). C13-NMR (100 MHz, CDCl3): d(ppm) = 33 (C3),

40 (CH2N), 51 (C), 63 (CH2OH), 65 and 70 (CH2O), 175 (OC(C=O)). FT-IR: cm−1 = 1650

(C=O amide stretching, strong), 1750 (C=O ester stretching, strong), 2840-2900 (C-H

alkane stretching, medium), 3000-3100 (C-H aromatic alkene stretching, medium).

Synthesis of poly(di(ethylene-glycol)methyl ehter methacrylate)-2-methyl propano

yl)oxy]ethoxy)ethyl)-perylene-3,4,9,10-tetracarboxylic acid bisimide (PBI-PDEGMA)

4

The PBI-Br (100 mg, 0.12 mmol), PMDETA (41.6 mg, 0.24 mmol) and PEGMA (2.0 g,

4.21 mmol) were dissolved in 10 mL of THF and added into a Schlenk tube. The so-

lution was purged with argon for 20 min and sealed with parafilm. Subsequently, in

a second Schlenk tube a CuBr(II) (34.6 mg, 0.24 mmol) was added and the solution

was purged for 20 min as well and sealed with parafilm. The purged PBI-Br solution

was added to the Schlenk tube containing CuBr via cannula using an argon gas line.

When all the solution was added Schlenk tube was sealed and heated to 45◦C or 60◦C

using an oil bath for 6 hours. NMR samples were taken at 2h, 4h and 6h to follow the

polymerisation. The resultant mixture was diluted in THF at a reaction mixture/THF

volume ratio of 1:3. The catalyst was removed from the mixture with the use of a neu-

tral alumina column. The product was concentrated by removing the solvent THF by

rotation evaporation (22 mBar, 35◦C) precipitated using a large amount of ethyl ether

and dried under vacuum. The crude product was purified by dialysis in water for 48

hours. The PBI-PDEGMA product was recovered after freeze-drying and confirmed by
1H-NMR and C13-NMR (see supplementary data Figure S7).

1H-NMR (400 MHz, CDCl3): d(ppm) = PBI: 3.95 (t, 4H, CH2), 3.73 (t, 4H, CH2), 4.35

(t, 4H, CH2), 8.65 (s, 4H, ArH), 8.71 (d, 4H, ArH) PDEGMA: 0.8-1.0 (d, 3H, CH3), 1.0-

1.1 (s, 3H, CH3), 1.8-2.1 (d, 2H, CH2), 3.4 (s, 3H, CH3), 3.45-3.5 (s, 2H, CH2O), 3.5-
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3.6 (s, 2H, CH2O), 3.6-3.7 (s, 2H, CH2O), 4.0-4.1 (s, 2H, CH2O(C−−O)). C13-NMR (100

MHz, CDCl3): d(ppm) = PBI: 26 (CH3), 37 (CH2N), 46 (C), 65 (OCH2). PDEGMA: 16-17

(CH3 backbone), 33 (C(C=O)), 46 (C backbone), 52-54 (CH2 backbone), 59 (OCH3), 67

(CH2O(C=O)), 68-72 (3C, OCH2), 176 (C=O).

2.6 Thermo-responsive/peptide conjugated polymer synthesis

Figure 2.3: PDEGSH synthesis schematic

2.6.1 Materials

Hexane was purchased from Fisher Scientific, USA. Fmoc-alanine, Fmoc-glysine, Fmoc-

isoleucine, Fmoc-valine, Fmoc-Tyrosin(t-butyl), Fmoc-arginine(Boc), Fmoc-lysine(Boc),

and Fmoc-serine(t-butyl) were purchased from ChemPep. All other materials were

purchased from Sigma-Aldrich, Switzerland.

2.6.2 Synthesis of poly(di(ethylene glycol) methyl ether methacrylate-co-

poly(di(ethylene-glycol) vinyl ether (PDEGMA/PDEGOH) 5

Di(ethylene glycol) methyl ether methacrylate and di(ethylene glycol) vinyl ether were

added in different ratios (see Table 2.3), 2-butanone (20 mL), 1-dodecanethiol (0.088

mL) and AIBN (recrystallised, see method section 2.5.1, 72 mg) were added to a dry 50
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mL round bottom flask. The reaction contents were degassed for 25 mins by N2, closed

with parafilm and heated to 70◦C for 1 hour. The mixture was cooled to room tem-

perature (rt) and added to hexane (500 mL) drop wise while stirring. The precipitated

polymer was re-suspended in 2-butanone and dropped into 500 mL hexane. This was

repeated 3 times. The resultant polymer was dried overnight and the identity of the

products were evaluated by spectroscopic methods, 1H-NMR, C13-NMR and 2D-NMR

(see supplementary data Figure S8-S16) and FT-IR (see supplementary data Figure S17).

1H-NMR (400 MHz, CDCl3): d(ppm) = 0.8-1.0 (d, 3H, CH3), 1.0-1.1 (s, 3H, CH3),

1.4 (s, 2H, CH2 of OH backbone), 1.8-2.1 (d, 2H, CH2), 3.4 (s, 3H, CH3), 3.45-3.5 (s,

2H, CH2O), 3.5-3.6 (s, 2H, CH2O and s, 1H, CH from OH backbone), 3.6-3.7 (s, 2H,

CH2O), 3.7-3.8 (t, 2H, CH2−OH), 4.0-4.1 (s, 2H, CH2O(C−−O)). C13-NMR (100 MHz,

CDCl3): d(ppm) = 16-17 (CH3 backbone), 33 (C(C=O)), 46 (C backbone), 52-54 (CH2

backbone), 59 (OCH3), 61 (CH2OH), 67 (CH2O(C=O) and CH from OH backbone), 68-

72 (6C, OCH2), 176 (C=O). IR: cm−1= 1163-1210 (C-O ester stretching, strong), 1375-

1450 (C-H alkane methyl group bending, medium), 1735-1750 (C=O ester stretching,

strong), 2700-3000 (C-H alkane stretching, medium), 2700-3000 (O-H intermolecular

bond stretching, weak).

Table 2.3: Different ratios of PDEGMA/PDEGOH

%PDEGMA:PDEGOH DEGMA [mL; mmol] DEGOH [mL; mmol]

100 : 0 11 ; 6.1 0 ; 0

95 : 5 10.45 ; 5.7 0.55 ; 0.4

90 : 10 9.9 ; 5.3 1.1 ; 0.8

80 : 20 8.8 ; 4.8 2.2 ; 1.6

70 : 30 7.7 ; 4.3 3.3 ; 2.4

53



2.6.3 Synthesis of poly(diethylene-glycol) methyl ether methacrylate-co-

poly(diethylene-glycol) thiol (PDEGMA/PDEGSH) 6

PDEGMA/PDEGOH (2.5 g, 4.4 mmol) was added to 200 mL toluene, and an excess

amount of 3-mercaptopropanoic acid (2.3 g, 2.2 mmol), p-TSA (0.33, 1.76 mmol) and

DTT (0.34 g, 2.2 mmol). This solution was reflux for 48 hours at 135◦C. Water re-

sulting from the condensation reaction was collected by a Dean stark trap as result

of azeotropic distillation. Toluene was removed by rotary evaporation under reduced

pressure and the resulting PDEGMA/PDEG-SH was precipitated in cold ether for three

times. The resultant polymer was dried under vacuum and the characterised by spec-

troscopic methods 1H-NMR, C13-NMR and 2D-NMR (see supplementary data S18-S25)

and FT-IR (see supplementary data Figure S17).

1H-NMR (400 MHz, CDCl3): d(ppm) = 0.8-1.0 (s, 3H, CH3), 1.0-1.1 (s, 3H, CH3), 1.4 (s,

2H, CH2 of OH backbone), 1.8-2.1 (d, 2H, CH2), 2.3 (t, 2H, CH2−C−−O of SH group),

2.9 (t, 2H, CH2−SH of SH group) 3.4 (s, 3H, CH3), 3.45-3.5 (s, 2H, CH2), 3.5-3.6 (s,

2H, CH2 and s, 1H, CH from OH backbone), 3.6-3.7 (s, 2H, CH2), 4.0-4.1 (s, 2H, CH2

and s, 2H, CH2−O−C−−O of SH group). C13-NMR (100 MHz, CDCl3): d(ppm) = 16-

17 (CH3 backbone), 33 (C(C=O)), 33 (CH2(C=O)), 34 (CH2SH), 46 (C backbone), 52-54

(CH2 backbone), 59 (OCH3), 68-72 (3C, OCH2), 176 (C=O). IR: cm−1= 1163-1210 (C-O

ester stretching, strong), 1375-1450 (C-H alkane methyl group bending, medium), 1735-

1750 (C=O ester stretching, strong), 2550-2600 (S-H stretching, weak), 2700-3000 (C-H

alkane stretching, medium).

2.6.4 Free thiol confirmation by Ellman’s assay

The presence of free thiols was confirmed by Ellman’s assay. When free thiols are avail-

able, they react with the Ellman’s reagent (5,5’-Disulfanediylbis(2-nitrobenzoic) acid

(DNTB)) disulfide bond; cleaving this disulfide bond results in 2-nitro-5-thiobenzoate

(TNB−) product. The TNB− ionises to the yellow coloured TNB2− dianion in water at

neutral and alkaline pH. The amount of free thiols can be calaculated by quantifying

the amount of TNB2−, by measuring the absorbance of visible light at 412 nm.
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Ellman’s assay reaction buffer was prepared using 0.1 M Sodium phosphate and 1

mM EDTA (pH of 8.4). Cysteine hydrochloride monohydrate standard curve solution

of final concentrations of 0, 0.25, 0.5 to 1.5 mM were prepared and Ellman’s reaction

solution (4 mg in 1 mL reaction buffer) were prepared freshly before every assay. 250

µL of cysteine standard curve solution was added to 2.5 mL reaction buffer and 50 µL

Ellman’s solution. This solution was mixed and incubated for 15 min at room temper-

ature. UV absorbance was measured by Agilent Technologies Cary 60 UV-Vis (Santa

Clara, CA, USA) at 412 nm wavelength. A standard curve was fitted (R2=0.99), in the

resulting equation Abs =1.108 * amount of free thiols was used as reference for amount

of free thiols in the PDEGMA/PDEGSH solution samples (see standard curve supple-

mentary data Figure S26).

PDEGMA/PDEGSH polymer samples of 2 mg/mL were prepared. 250 µL polymer

solution was added to 2.5 mL reaction buffer and 50 µL Ellman’s reagent solution, in-

cubated for 15 min at rt, and UV absorbance measured at 412 nm. Percentage free

thiol were calculated by the following equation. Percentage free thiols= (mmol poly-

mer/mmol free thiols) * 100.

2.6.5 Free thiol presents confirmation by fluorescein-5-maleimide labeling.

All PDEGMA/PDEGSH different ratio polymers were dissolved in acetone at 4 mg/mL.

One drop of 100 µL was dried on a glass slide. The dried polymers on the glass slides

or electrospun PLA and PDEGMA/PDEGSH blend scaffold (see method section 2.2.2)

were emerged in 3 mL PBS (5 mM EDTA). 30 µL of 0.1 mg/mL tris-(2-carboxyethyl)

phosphine (TCEP, 10 equivalent (eq.)) was added to reduce the possible disulfide

bonds formed when free thiol reacted together and incubated for 30 min at rt. A stock

solution of 0.01 mg/mL fluoresceince-5-maleimide was prepared and was added to

the glass slide in a 1:1 ratio, SH:maleimide group, incubated for 30 min at rt in a dark

environment and washed 3 times with PBS and imaged under confocal, images where

enhanced to observed lower signals on the fibres.
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2.6.6 Synthesis of norbornene functionalised peptide Nor-GGG-YIGSR 7

DMF, Fmoc deprotection agent piperazine, activator N,N’-Diisopropylcarbodiimide

(DIC), and activator base Oxyma were purchased from Fisher Scientific (Pittsburgh,

PA, USA). Norbornenene funcitonalised peptide Nor-GGG-YIGSR was synthesised on

a Rink Amide Resin (ChemPep, Wellington, FL) with a Liberty BlueTM Peptide Synthe-

sizer (CEM Corporation, UK). Fmoc-alanine, Fmoc-glysine, Fmoc- isoleucine, Fmoc-

valine, Fmoc-Tyrosin(t-butyl), Fmoc-arginine(Boc), Fmoc-lysine(Boc), and Fmoc-serine(t-

butyl) were used to build up the peptide sequence. Amino coupling cycles were as

followed: Fmoc-deprotection, 4x washing, coupling, coupling, 2 x washing. The N-

terminus of the peptide was functionalised with a norbornene acid end group using

the same coupling cycle. This norbornene functionalised peptide sequence was cleaved

off the resin in a strong acid solution of 95% trifluoracetic acid (TFA), 2.5% deionised

H2O, and 2.5% triisopropylsilane under shaking for 4 h. Cleaved resin was filtered

off, TFA was evaporated until 20% of the volume was left, and obtained product was

precipitated three times in 30 mL cold ethyl ether and centrifuged down. Product

was re-suspended in 80% water and 20% acetonitrile (ACN), frozen in liquid nitrogen,

and lypholised. Dried peptide was then reconstituted in the same water/ACN ratios

and purified by preparative-scale reverse-phase high performance liquid chromatogra-

phy (RP-HPLC) using a Waters Xbridge BEH130 Prep C-18 column. The mobile phase

comprised gradients of degassed, deionised water with 0.1% TFA and ACN with 0.1%

TFA, at a flow rate of 21 mL/min. Peptide presence was detected by UV absorbance

at 214 nm, fractions were collected and lypholised. Molecular weight of the purified

peptide sequence was verified by electrospray ionization mass spectrometry (ESI-MS,

AutospecQ, VG Analytical, Manchester, UK) (see obtained MS spectra supplementary

data Figure S27 and Figure S28).
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2.6.7 Photo-initiated thiol-ene reaction of PDEGMA/PDEG-S-Nor-peptide

or electrospun scaffolds PLA and PDEGMA/PDEG-S-Nor-peptide

blend.

10 mg PDEGMA/PDEGSH polymer was dissolved in PBS to a concentration of 1 mg/

µL, 10 eq. TCEP was added and left on a shaker in a cold room (8◦C) to avoid precipi-

tation of the thermo-responsive polymer. 10 mg Nor-GGG- YIGSR was dissolve in 100

µL DMSO and added to the polymer TCEP solution. 55 µL LAP solution of 13.4 µg/ µL

in PBS was added and left under a 365 nm Mercury spot UV lamp (Blak-Ray R© B-100

AP High Intensity UV Lamp, uUVP) at a strength of 6 mW/cm2 in an ice bath (to avoid

polymer precipitation). Sample was left for 15 min and a small sample was taken every

5 min to observed the reaction ratio of the thiol-ene click reaction. These polymer-S-

peptide samples were warmed up until polymer precipitated and centrifuged down,

dissolved in cold water and precipitated out by warming up of the sample for 3 times.

These polymer-S-peptides were dried overnight and characterised by Ellman’s assay

and IR measurements.

In case of the electrospun scaffolds the scaffold was emerged in 1 mL PBS (5 mM

EDTA, 7.4 pH), 10 eq. TCEP was added shaken for 30 min in a cold room (8◦C) to obtain

complete free thiol formation. Nor-GGG-YIGSR (10 eq.) and LAP solution (55 µL) was

added. This was UV exposed under a 365 UV lamp at a strength of 6 mW/cm2 for 90

seconds. Scaffolds were washed with de-ionised water and dried overnight before IR

measurements were taken.

2.6.8 Peptide presence after photo-initiated thiol-ene chemistry confirma-

tion by ATTO-NHS-ester labeling.

All PDEGMA/PDEGSH different ratio polymers were dissolved in acetone at 4 mg/mL.

One drop of 100 µL was dried on a glass slide. The dried polymers on the glass slides

or electrospun PLA and PDEGMA/PDEGSH blend scaffold were emerged in 3 mL PBS

(5 mM EDTA). 30 µL of 0.1 mg/mL tris-(2-carboxyethyl)phosphine (TCEP, 10 eq.) was

added to reduce the possible disulfide bonds formed when free thiol reacted together
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and incubated for 30 min at rt. Nor-GGG-YIGSR (10 eq.) and LAP solution (55 µL)

was added. This was exposed to UV (to initiated the thiol-ene reaction) under a 365

UV lamp at a strength of 6 mW/cm2 for 90 seconds. Scaffolds were washed with de-

ionised water a stock solution of 0.01 mg/mL ATTO-NHS-ester was prepared and was

added to the glass slide in a 1:1 ratio, peptide:ATTO group, incubated for 30 mins at rt

in a dark environment and washed 3 times with PBS and imaged under confocal.

2.7 Cell Culture

2.7.1 Materials

DMEM, Trypsin, PBS, 2% gelatin stock, Antiboitic-Antimycotic (AB/AM) buffer were

purchased from Sigma-Aldrich Co Ltd., Switzerland. Trypan Blue Solution (0.4 v/v%)

was purchased from Thermo Fischer Scientific, UK. Foetal Bovine Serum (FBS), Ala-

mar Blue, TrypLE dissociation reagent, DMEM/F-12 + Glutamax, KnockOut Serum Re-

placement (KSR), FGF-basic (bFGF), MEM Non-Essential Amino Acids (NEAA) were

purchased from Gibco Life Technologies, UK. Human Leukaemia Inhibitory Factor

(hLIF) was purchased from Cell Signalling Technologies, the Netherlands.

2.7.2 Cell culture media preparation

DMEM containing 10 v/v% FBS (DMEM10) for 3T3 fibroblasts

From a 500 mL DMEM media bottle 55 mL was removed and stored in a separate

centrifuge tube for any work with required antibiotic and serum free media. FBS (50

mL) and 5 mL AB/AM (100 units/mL penicillin, 100 µg/mL streptomycin (Sigma-

Aldrich Poole, UK)) were defrosted and added to the DMEM media bottle.
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Stem Cell Medium (SCM) for human Corneal Stromal Cells (hCSCs)

Previously aliquoted Knock-out serum (KSR, 100 mL), 4x bFGF aliquots (50 µL, 10

µg/mL of sterile distilled water), 1x hLIF aliquot (50 µL, 5 µg/mL of PBS (0.1% BSA))

and 1 mL AB/AM was defrosted in the fridge (4◦C). From a 500 mL DMEM/F11 + Glu-

taMAX 110 mL was removed and saved for Alamar blue assay serum-free medium. A

100 mL KSR (20 v/v%), bFGF aliquots (0.04 w/v%), hLIF aliquot (0.01 w/v%), AB/AM

(0.2 w/v%) and 5 mL MEM Non-essential Amino Acids (NEAA, 1 w/v%) was added.

The SCM was aliquoted in 50 mL falcon tubes (40 mL per tube) and stored in freezer

(-20◦C). When required the aliquots were defrosted in the fridge (4◦C) overnight and

syringed through a 0.2 µm filter before use. Defrosted aliquots were used up to 7 days

after defrost and kept in fridge. Medium aliquots were not used after this period as the

bFGF and hLIF rapidly lose their activity.

2.7.3 General method for cell counting by haemocytometer

A glass Neubauer haemocytometer with coverslip was used. Both parts were cleaned

with IMS. The coverslip was moistered with water and affix to the haemocytometer.

Before centrifuging the cell suspension 100 µL of cell suspension was removed. Trypan

Blue (100 µL of 0.4%) was added (final concentration 0.2% Trypan Blue). Trypan Blue

will penetrate through the membrane of dead cells, while is not taken up by living cells.

100 µL of Trypan Blue-treated cell suspension gently applied to both chambers of the

haemocytometer. Using a inverted microscope the grid lines of the haemocytometer

were put in focus using the 10x objective. The living unstained cells were counted in

one set of 16 squares of the heamocytometer with the use of a hand tally counter (see

Figure 2.4 for schematic of haemocytometer). Cells were only counted when present

within the square or on the right-hand and bottom boundary lines. All 4 sets of 16

corners were counted and cells/mL was calculated using Eq. 2.7.1. Stained cells (dead)

were counted if present to estimate the cells viability.
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Figure 2.4: Schematics of cell counting by haemocymeter. Cells were counted which fall within

the 4 corner squares of 16 squares. Only cells present on the right and bottom borderlines were

included.

Amount of cells/mL =
Total cell count

Amount of corner squares
∗ Dilution factor (2.7.1)

Total cells in pellet = Amount of cells/mL ∗ Total volume cell suspension (2.7.2)

2.7.4 3T3 fibroblasts cell culture

3T3 cell revival from cryo-store

Genetically modified red fluorescent protein expressing 3T3 fibroblast were modified

in-house by Dr. James Dixon. Red fluorescence expressing 3T3 fibroblast were de-

frosted from cryo-store in a waterbath at 37◦C. Diluted in 50 mL DMEM10 (10 v/v%

FBS), 50 µL was removed for cell counting, centrifuged and DMEM10 was aspirated

of leaving the pellet of cells. By cell counting (see method section 2.7.3) the amount of

DMEM10 to obtain 250.000 cells/mL was calculated, solution was prepared and 1 mL

per T75 cell culture flasks was added with 11 mL of DMEM10. The cells were incubated
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at 37◦C, 5% CO2.

3T3 cell culture and passaging

Every 2-3 days a media change was performed. Spent media was aspirated, cells were

washed with PBS (3 x 5 mL) and 11 mL DMEM10 was added. PBS and DMEM10 were

pre-warmed in a waterbath at 37◦C. When cells were 80% confluent (6-7 days culture)

the cells were washed with PBS (3 x 5 mL) and 3 mL Trypsin was added and incubated

for 5 mins at 37◦C. The trypsinised cells in the flask were gently tapped to make sure all

cells were detached from the T-flasks surface. DMEM10 (7 mL) was added and gently

mixed over the cell culture surface and added to a centrifuge tube, centrifuged (5 mins

at 500 g) and reseeded in the necessary density using cell counting by haemocytometer

(see method section 2.7.3) for the required experiment.

Preparation of 3T3 cryo-store samples

All steps were the same as in previous section. However, the obtained pellet was re-

suspended in a 10% DMSO to FBS ratio resulting in 1x106 cells per mL and added to the

1 mL cryo tubes. These tubes were frozen overnight at controlled gradual decrease in

temperature (1◦C per min at - 80◦C in a Mister Frosty) before being placed in the liquid

nitrogen (N2) long term storage’s. Tubes were labeled with the cells type, passage

number, cell density and date of preparation. All cells were cryo-stored at passage

number 72.

2.7.5 human Corneal Stromal Cell (hCSCs) culture

0.1 v/v% gelatin coating of 2D cell culture surfaces

T75 and 24 well plates were used as positive controls and were coated with 0.1 v/v%

gelatin in PBS to improve attachment. 0.1 v/v% gelatin in PBS was made up by adding

1 mL gelatin stock (1 v/v% gelatin) in 19 mL PBS. This solution filter sterilised through
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a 0.2 µm filter to sterilise. Solutions were freshly prepared when needed. 200 µL or 3

mL, 24 well or T75 flask respectively was added, agitated to insure complete coverage

of the solution on the surface and incubated for 2 h at 37◦C. Excess gelatin solution was

removed before cell seeding. Coated T75 flasks were kept in 3 mL PBS in the fridge

at 4◦C for up to a week, when cell seeding was not performed on the same day as the

coating.

hCSCs isolation

hCSCs were isolated from corneal rims (donor number=E2840/41) in-house by Laura

Sidney Academic Opthamology, Division of Clinical Neuroscience, Queen’s Medical

Centre Campus. The excess sclera was removed and the epithelium and endothelium

were gently detached. Resulting in the remaining stromal tissue. This was divided into

small pieces and digested in 1 mg/mL collagenase Type IA (Sigma Aldrich) for 7 h at

37◦C. Cell digests solution was filtered (40 µm cell strainer), centrifuged, resuspended

in SCM, culture, and cryo-preserved at passage number 2 [193, 194].

hCSCs cell revival from cryo-store

Laura Sidney provided the hCSCs cryovials for all studies. All vials contained hCSCs

at passage number 2. hCSCs were defrosted from cryo-store in a waterbath at 37◦C.

Diluted in 50 mL SCM (10 v/v% FBS), 50 µL was removed for cell counting, centrifuged

and SCM was aspirated of leaving the palette of cells. By cell counting (see method

section 2.7.3) the amount of SCM medium to obtain 250.000 cells/mL was calculated,

solution was prepared and 1 mL per T75 cell culture flasks was added with 11 mL of

SCM medium. The cells were incubated at 37◦C, 5% CO2.

hCSCs cell culture and passaging

Every 2-3 days a media change was performed. Spent media was aspirated, cells were

washed with PBS (3 x 5 mL) and 11 mL SCM medium was added. PBS and SCM
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medium were pre-warmed in a waterbath at 37◦C. When cell were 80% confluent (7-9

days culture) the cells were washed with PBS (3 x 5 mL) and 2 mL TripLE was added

and incubated for 5-10 mins at 37◦C. The trypsinised cells in the flask were gently

tapped to make sure all cells were detached from the T-flasks surface. DMEM10 (serum

containing media, 3 mL) was added and gently mixed over the cell culture surface and

added to a centrifuge tube, centrifuged (5 mins at 500 g) and reseeded in the neces-

sary density using cell counting by haemocytometer (see method section 2.7.3) for the

required experiment.

2.7.6 Proliferation study of 3T3s or hCSCs on electrospun scaffolds.

Scaffold preparation and sterilisation.

Electrospun scaffolds were cut into 1.5 cm by 1.5 cm squares which were fixed in the

Cell CROWN R© inserts and transferred to a non-tissue culture plastic 24 well plate.

These transwells were sterilised for 10 mins under UV light at 800 energy level and in-

cubated for 2 h at 37◦C in 1 mL of DMEM containing 10 w/v% AB/AM (100 units/mL

penicillin, 100 µg/mL streptomycin). The solution was removed and scaffolds were

washed with PBS (3 x 1 mL) to removed any traces of media.

Cell seeding

Cells were passaged from T75 flasks and 3T3 (passage number 74) or hCSCs (passage

number 4) were seeded onto the scaffolds at 60.000 cells/mL in DMEM10 or SCM

medium respectively. Per scaffold 1 mL media was added and incubated at 37◦C, 2%

CO2. Media was changed every 2 to 3 days culture.

Proliferation study by cell viability assay Alamar blue

Alamar blue cell viability reagent, resazurin, is used to assess the viability of the cells.

Resazurin, is non-toxic and can penetrate the cell membrane. When the cell is metabol-
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ically active the cytosol of the cell is reduced. This reduced environment results in the

reduction of resazurin into the highly fluorescent compound resorfin. A calibration

curve of known cell numbers (30 000, 60 000, 120 000, 240 000, 480 000, 960 000, and 1

920 000 3T3s or hCSCs cells) were obtained and resultant fluorescence was compared

to obtain the amount of viable cells on the electrospun scaffolds. See corresponding

calibration curves for 3T3s and hCSCs cells (see supplementary data Figure S29).

A stock solution of 10 w/v% Alamar blue in serum free DMEM was prepared. Scaf-

folds were rinsed with warm Hank’s Balanced Salt Solution (HBSS, pre-warmed in a

waterbath 37◦C) for 3 times to remove any traces of FBS, which can interfere with the

assay. 500 µL of the Alamar blue solution was added to scaffolds, plus 3 wells with

cells without scaffold as positive control and unseeded scaffolds for negative control.

The Alamar blue and scaffolds were incubated for 90 min at 37◦C and flourescence

intensity was analysed by plate reader (TECAN, infinite R© M200, Männedrof, Switzer-

land at excitation wavelength and bandwidth of 560 nm; 9 nm, emission wavelength

and bandwidth of 590 nm; 20 nm, number of flashes 25 and integration time 20 µs).

Gain were set to 64 and 87 for 3T3s and hCSCs respectively. Alamar blue assays were

performed at day 0, 2, 5 and 7 of culture for 3T3s and for hCSCs at day 0, 2, 5, 7 and 9

of culture. In case of day 0 the cells were left to attach after seeding for 6 h. Samples

were assayed in-triplicate to be statistically reliable.

2.8 Cell-electrospun scaffolds interaction studies using imuno-

cytochemistry

Para-formaldehyde (PFA), Bovine Serum Albumin (BSA), Glycine, Triton X-100, Don-

key Serum were purchased from Sigma-Aldrich Co Ltd., Switzerland. 4’,6-diamidino-

2-phenylindole (DAPI) was purchased from Santa Cruz Biotechnology. Alexa-FLour

488-conjugated phalloidin was purchased from New England Biolabs. Antibodies de-

tails can be found in Table 2.4.
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Table 2.4: Details of primary, secondary antibodies and chemical staining used in immunos-

tainings.

Antigen Clone Source (Catalog No.) Host Conjugates

Primary anitbodies

Vimentin V9 Vecto Labs (VPV684) Mouse -

CD34 QBEND10 Sigma (SAB4700736) Mouse -

CD105 Polyclonal R&D Systems (AF1097) Goat -

ALDH3A1 Polyclonal Abcam (Ab76976) Rabbit -

a-SMA 1A4 LSBio (LS-C210475) Mouse -

Lumican Polyclonal R&D Systems (AF2846) Goat -

Collagen I Polyclonal Abcam (Ab34710) Rabbit -

Secondary anitbodies

Mouse IgGa Polyclonal Life Technologies (A-21202) Donkey AFb-488

Goat IgGa Polyclonal Life Technologies (A-11056) Donkey AFb-546

Rabbit IgGa Polyclonal Life Technologies (A-10040) Donkey AFb-546

Chemical staining

Phalloidin - Thermo-Fisher (A12379) - AFb-488

DAPI - Thermo-Fisher (D1306) - -

a IgG, immunoglobulin; b AF, Alexa Fluor

2.8.1 Buffer preparation for immuno-staining

Permeabilisation Buffer

For the permeabilisation buffer 100 µL of Triton-X100 was dissolved into 100 mL PBS

(0.1% Triton-X100) using a magnetic stirrer and flea. This buffer was stored in the fridge

at 8◦C.

Wash Buffer

For the wash buffer, 2 g Bovine Serum Albumin (BSA, 1% BSA) and 4.5 g glycine (0.3M

glycine) to 200 mL PBS and stirred using a magnetic stirrer and flea. This buffer was
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stored in the fridge at 8◦C.

Blocking Buffer

The blocking buffer was prepared, 150 µL of donkey serum to 5 mL wash buffer (3%

donkey serum) and stirred using a magnetic stirrer and flea. This buffer was prepared

the day on which the immuno-staining was performed and only the required volume

was made up at a time.

2.8.2 Immuno-staining of fixed hCSCs on electrospun scaffolds

To observe the phenotype expression of the hCSCs on the different electrospun scaf-

folds the cell were immuno-stained for the following markers, see Table 2.5 for primary

and secondary antibodies used.

Three different immuno-staining combinations were selected, see Table 2.5. For immuno-

staining combinations B and C membrane permeabilisation was required. While immuno-

staining combination A are cell surface antigens and so permeabilisation of the cells

was not required.

Fixing Cells for SEM or immuno-staining

To observe their adherence and proliferation of the cells and there interaction with the

electrospun scaffolds. Cells were fixed on the scaffold by 2 w/v% paraformaldehyde

(pFA) in PBS at day 0, 2, 5, 7 and 9. Media was removed and scaffolds was rinsed with

PBS. pFA 1 mL per scaffolds were added and incubated for 10 min at room temperature.

Subsequently, the scaffolds with fixed cells were washed with PBS for 3 times. Fixed

samples were stored in PBS at 4◦C for up to a 1 month if microscopes were not available.
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Table 2.5: List of chosen primary and secondary antibodies and their counter combinations

for A) and B) phenotype marker expression, C) morphology staining and D) ECM expression

of fixed hCSCs cells to confirm the phenotype of the cells in interaction with the elctrospun

scaffolds. Ratio of µL of antibody to µL wash buffer is presented in the brackets. m= mouse, g=

goat, r= rabbit.

Double staining

sample code

Primary anti-

bodies

Secondary

antibodies

Primary anti-

bodies

Secondary

antibodies

Cells

Perme-

abilised

(Yes/No)

A CD34-m AF488-m CD105-g AF546-g No

(1:200) (1:300) (1:200) (1:300)

B ALDH3A1-r AF488-r a-SMA-m AF594-m Yes

(1:100) (1:300) (1:200) (1:300)

C -
Phalloidin

AF488
Vimentin-m AF594-m Yes

- (1:60) (1:100) (1:300)

D Collagen I-r AF488-r Lumincan-g AF546-g Yes

(1:100) (1:300) (1:100) (1:300)

Permeabilisation

Following storage, the PBS was removed from the scaffold with fixed cells are stored

in was removed 200 µL of permeabilisation buffer was added per scaffold for immuno-

staining combinations B, C and D and incubated for 10 mins at room temperature.

Permeabilitisation buffer was removed and scaffolds were washed with PBS for three

times, each wash lasting 5 mins.

Blocking

Blocking was performed to prevent non-specific binding of the primary antibodies.

After samples with permeabilised membranes were performed the blocking step was

performed to all immuno-staining combinations. 200 µL of blocking buffer was added
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per scaffold and incubated for 1 h at room temperature.

Primary antibody incubation

200 µL of primary antibody solution was added according to the immuno-staining

combination per scaffold at the required dilution factor prepared in wash buffer (see

Table 2.5). Samples were incubated at 4◦C overnight for about 16 h. Negative controls

were incubated in wash buffer only.

Secondary antibody incubation

The primary antibody solutions were removed and the scaffolds were rinsed with wash

buffer for 3 times, each wash lasting 5 minutes. Work was moved to a dark room to

protect the fluorescent secondary antibodies. 200 µL secondary antibodies were added

per scaffold, including negative controls. This was incubated for 1 h at room tempera-

ture in the dark (covered in foil). Subsequently, the scaffolds were washed 3 times with

PBS, each wash lasting 5 mins.

Phalloidin counterstain

The actin cytoskeleton of combination C was stained by phalloidin counterstain. After

washing with wash buffer in previous step the scaffolds of combination C were incu-

bated for 20 mins in the dark in 200 µL actin solution (see dilution ratio, Table 2.5).

Subsequently, they were washed once in wash buffer.

DAPI or Hoechst counterstain

All fixed cells nuclea were stained with DAPI (hCSCs) or Hoechst (3T3). 200 µL DAPI

or Hoechst solution (5 µL of 250 µg/mL stock solution in 5 mL wash buffer (1:1000))

was added per scaffold and incubated for 10 mins at room temperature in the dark.
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DAPI solution was removed and samples were washed 3 times by PBS, each wash

lasting 5 mins.

2.8.3 Confocal microscopy

Scaffolds were observed to stay fixed in position of Cell CROWN R© insert into a bas-

ket kind of structure. To obtain flat scaffolds for imaging the immunostained scaffold

sides were cut off. These were mounted in fluorescence mounting medium (Dako) and

sealed with colourless nail-polish. When imaging on the Zeiss Elyra S.1 Super Res-

olution Confocal Miscroscope, slides were imaged upside down, as the scaffolds are

opaque. For 3T3s on scaffolds with PBI-PDEGMA, 10x and 64x water lens were used

for imaging on the Zeiss Elyra S.1 using ZEN 2.3 SP1 software (Black, Zeiss). Images

were captured at wavelength 405 nm, 488 nm and 561 nm for Hoechst, PBI-PDEGMA

and red fluorescent protein expression of genetically modified 3T3 respectively. In case

of the hCSCs immunostaining, 4x and 20x lens were used in case of the upright flu-

orescence microscope (BX51, Olympus) with images captured with a black and white

camera (XM-10, Olympus) and Cell ˇ F software (Olympus). Samples were measured

upright in this case, with no coverslip. Wavelength of 405 nm, 488 nm and 566 nm for

DAPI, CD34 or ALDH or Actin and CD105 or a-SMA or Vimentin, respectively.

2.9 Cell thermo-responsive detachment studies

2.9.1 3T3 fibroblast detachment

Scaffolds were moved from the Cell CROWN R© and place in a new non-treated 24 well

plate and submerged in 1 mL DMEM10. This well plate was moved out of the incubator

and cooled to rt or 8◦C in the fridge for different times. This will change the scaffold to

hydrophilic characteristics which detach the cells. Scaffolds were vigorously agitated

in the DMEM media by holding it with a tweezer. Subsequently, the DMEM10 with

detached cells were placed into a cell culture treated 24 well plate and incubated for 6

hour before performing the Alamar blue viability assay (see method section 2.7.6). The
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remaining scaffolds were left in the well plate and fresh DMEM10 1 mL was added and

incubated for the same amount of time and subsequently Alamar blue viability, to see

if any cells were remaining on the scaffold after detachment.

2.9.2 hCSCs detachment

Scaffolds were moved from the Cell CROWN R© and place in a new non-treated 24 well

plate and submerged in 1 mL SCM. This well plate was moved to the fridge for 30

min at 4◦C. This will change the scaffold to hydrophilic characteristics which detach

the cells. Scaffolds were vigorously agitated in the DMEM media by holding it with

a tweezer. Subsequently„ the SCM with detached cells we placed into a cell culture

treated 24 well plate and incubated for 6 hour before performing Alamar blue viability

assay (see method section 2.7.6). The remaining scaffolds were left in the well plate

and new SCM 1 mL was added and incubated for the same amount of time and sub-

sequently Alamar blue viability, to see if any cells were remaining on the scaffold after

detachment.

In case of the cells detached for FACS the cells were centrifuge down and re-suspended

in PBS and immunostained, see method section 2.8.

2.9.3 Percentage of cell detached

All detachment data is presented in percentage of cells detached. This is calculated

by subtracting the amount of cell on the scaffold left after passaging with the initial

amount of cells before the passaging. This number was then defined by initial amount

of cells and multiplied by 100. Obtained number represent percentage of cells detached.

70



2.10 Fluorescence-activated cell sorting (FACS)

2.10.1 Immunostaining of suspended cells for Fluorescence-Activated Cell

Sorting (FACS)

Instead of fixing cells on scaffolds the hCSCs were detached from the scaffolds (see

method section 2.9.2), re-suspended in 2 w/v% pFA and fixed for 30 min, centrifuged

(5 mins at 500 g) and re-suspended in PBS. Samples were stained in combinations A

and B (see Table 2.5) with the sample method (see method section 2.8.2). As cells were

in suspension, cells were washed between every step by centrifugation (3x for 5 mins

at 300g each washing step). Positive control were samples CD34, CD105, ALDH and

a-SMA on their own and negative control were the secondary antibodies without the

primary antibodies present. Cells were stored for 2 days in 4% pFA after the secondary

antibody step. Number of cells stained were measured by FACS to quantify cell popu-

lations expressing certain markers of interest (see method section 2.10).

2.10.2 FACS measurements

Cell were immuno-stained in two different combination in suspension 2.10.1. Samples

were stored in 4 w/v% pFA solution and analysed with MoFLo R© AstriosTM (Beckman

Coulter, USA) flow cytometry equipment. Samples were agitated before analysis to

assure single cells in the solution. Data obtained were analysed by Kaluza Analysis

software and obtained X-means and Y-means were analysed with two-way ANOVA

by GraphPad Prism 7.01 software.

2.11 Statistical Analysis

Statistical significance of all cell studies were determined by one or two-way ANOVA

followed by the Tukey’s multiple comparisons test using GraphPad Prism 7 software.

Results were presented as means ± standard deviation (SD). Significant differences
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were considered when p < 0.05. All significant difference are indicated by *=<0.05,

**=<0.01, ***=<0.001, and ****=<0.0001.
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Chapter 3

Optimisation of the electrospinning

process

3.1 Introduction

Electrospinning is widely used in the manufacture of biologically relevant scaffolds

for cell culture, enabling the formation of micro or nanoscale fibres and porous ma-

trix structures [85]. Scaffolds produced by this method exhibit similarities in physical

and material properties to the native extracellular matrix (ECM), facilitating their ap-

plication in regenerative medicine and tissue engineering as in-vitro culture platforms

for mammalian cells [27, 85, 94, 95, 195–199]. In the electrospinning process, a poly-

mer solution or melt is accelerated through a charged needle towards a grounded or

opposite polarity collector. A high voltage is applied to the needle, which acts on the

meniscus solution droplet at the tip. The rounded droplet extends to form a conical

shape known as a Taylor cone [200], in which the electric field exceeds the surface ten-

sion of the droplet resulting in a fibre jet being ejected from the Taylor cone towards

the collector. Solvent evaporation occurs while the fibre jet travels through the atmo-

sphere, leading to solid polymer fibre deposition on the collector [96]. Flat or rotating

mandrel collectors are commonly used [199]. Although electrospinning can produce

well-defined fibres, process parameters can greatly affect fibre morphology.
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Figure 3.1: Presentation of the complex interactions between electrospinning process parameters (red), polymer solution characteristics (purple),

underlying influencing variables (green), ambient factors (brown) and electrospun scaffold characteristics (blue); based on published literature

between 2006 and 2016 [101, 107, 112, 123, 201–205].
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Many parameters may change the resultant fibre morphologies; these factors include

applied voltage, collector plate distance from the needle, polymer solution concentra-

tion, solvent type and flow rate. The interaction between these process parameters is

complex, with variation of one factor often altering another, as shown in Figure 3.1

[101, 107, 112, 123, 201–205]. It is therefore challenging to investigate each individual

parameter experimentally and the resultant procedure is time-consuming. For repro-

ducible electrospinning to occur, the key process parameters must be identified and

stably controlled.

In general, three fibre morphologies can arise from electrospinning; uniform fibres,

‘beads- on-strings’ and ‘big beads’ (see Figure 3.2). The occurrence of beading is thought

to be as a result of flow rate or polymer concentration [102, 118, 206] , with beading im-

pacting upon the reproducibility, biological significance and downstream cell viability

of the scaffolds [68]. As a result, much effort has been invested to identify process

parameters that will yield uniform fibres. Although bead formation is a common phe-

nomenon, the understanding of the parameter combinations resulting in beaded mor-

phologies is still unclear. Electrospinning process optimisation is a common topic in

published literature as researchers attempt to understand the specific effect of multiple

variables [97, 111, 118, 119, 121, 205, 207].

Big Beads Beads-on-strings Uniform fibres

Figure 3.2: SEM images of the three common fibre morphologies observed in electrospun fi-

brous scaffolds (and as used in this study). A) Big beads (SD ± 1406 nm), B) Beads-on-strings

(SD ± 1297 nm), and C) uniform fibres (SD ± 433 nm). (n=18, 3 scaffolds, 6 SEM images per

scaffolds, 20 fibre measurements per SEM images.) Scale bar is 10 µm.

75



Much research has been reported on the impact of such parameters (on fibre diameter

for example), however little is known about the interaction between these parameters

(i.e. how they influence each other). To date, experimental design towards understand-

ing process parameter effects has mostly involved one factorial approaches (see more

info in Supplementary data Figure S30). This singular focus excludes the interrela-

tionship between interacting parameters and as mentioned above, results in time con-

suming optimisation experiments. Design of experiments (DoE) or quality by design

(QbD) approaches use fractional design to identify the most influential parameters.

This method takes into account the interaction of parameter interrelationship, using

linear regression and analysis of variance (ANOVA) mathematical models [208], iden-

tifying the significantly impacting factors and parameter interactions on the resultant

fibre characteristics. Different combinations of the factors (parameters, such as applied

voltage etc.) levels (high or low values of the parameter settings, example for applied

voltage 10, 15 and 20 kV) are tested and resultant outputs (such as, fibre diameter etc)

are used to define factor combination interactions. Building on the understanding of

parameter interaction and interdependence, the DoE approach contributes to the over-

all understanding of the electrospinning process as a manufacturing technique.

3.1.1 DoE Model

A DoE model gives information of the process inputs cause-and-effect relationship

with the outputs. Inputs are set to higher and lower levels and are combined in dif-

ferent combinations. For example in this study, a full four factor, three level fractional

design with replication of 3, was used giving 3
4 f actors
levels = 81 runs (Table 3.1) of differ-

ent combinations) or in this case electrospinning runs(a.k.a. degrees of freedom - dof -

in statistical parlance). Collecting such a large dataset has the benefit of, 1) increased

accuracy of statistical estimates and 2) confidence intervals, which are crucial for a

systematic and comprehensive investigation of the electrospinning parameters [209].

Most DoE are performed in a "randomisation strategy" for uncontrolled parameters

to reduce variability. In addition, a one single operator approach is recommended to

avoid unnecessary variability in the model ("blocking strategy" of operator effect). Lin-

76



ear regression is thereafter used to identify the factor or interacting factors with the

most impact on the process output.

Table 3.1: Different limits combination generated by MODDE 10.1 for the randomised DoE

model, replica of three for all combinations and a replica of nine for the center point (N25) are

not included in the table.

Run Voltage (X1) Distance (X2) Flow rate (X3) Polymer Concentration (X4)

N1 -1 -1 -1 -1

N2 1 -1 -1 -1

N3 -1 1 -1 -1

N4 1 1 -1 -1

N5 -1 -1 1 -1

N6 1 -1 1 -1

N7 -1 1 1 -1

N8 1 1 1 -1

N9 -1 -1 -1 1

N10 1 -1 -1 1

N11 -1 1 -1 1

N12 1 1 -1 1

N13 -1 -1 1 1

N14 1 -1 1 1

N15 -1 1 1 1

N16 1 1 1 1

N17 -1 0 0 0

N18 1 0 0 0

N19 0 -1 0 0

N20 0 1 0 0

N21 0 0 -1 0

N22 0 0 1 0

N23 0 0 0 -1

N24 0 0 0 1

N25 0 0 0 0
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Regression Model

A regression model is fitted for each Yi output of the experiment data to obtain a "or-

dinary least square" linear estimation for Y(X1, X2, X3, X4), which is a second-order

complete model (Eq. 3.1.1) with yi, where Xi, Xj, Xk, and Xl are the independent vari-

ables that influences the response y. β0 is the model constant, βi, β j, βk, and βl are the

linear coefficients βij, βik, βil , β jl , and βkl are the cross, 1st order interactions, product co-

efficients. βijk is the cross, 2th order interactions, product coefficients, βijkl is the cross,

3th order interaction coefficient, m is the number of X (in this case 4 factors) and ε is the

error.

yi =β0 +
m=4

∑
i=1

βiXi +
m=4

∑
i=1

m=4

∑
j=i

βijXiXj +
m=4

∑
i=1

m=4

∑
j=i

m=4

∑
k=j

βijkXiXjXk

+
m=4

∑
i=1

m=4

∑
j=i

m=4

∑
k=j

m=4

∑
l=k

βijklXiXjXkXl + ε i (3.1.1)

This equation can be rewritten to give the ε2
i , given by Eq. 3.1.2, in which n is the

amount of data points (in this case 81).

ε2
i =yi − β0 −

m=4

∑
i=1

βiXi −
m=4

∑
i=1

m=4

∑
j=i

βijXiXj −
m=4

∑
i=1

m=4

∑
j=i

m=4

∑
k=i

βijkXiXjXk

m=4

∑
i=1

m=4

∑
j=i

m=4

∑
k=j

m=4

∑
l=k

βijklXiXjXkXl (3.1.2)

This can be used in the least square function L, given by Eq. 3.1.3, which will be used

to estimate the β values.
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L =
n

∑
i=1

ε2
i

=
n

∑
i=1

(
yi − β0 −

m=4

∑
i=1

βiXi −
m=4

∑
i=1

m=4

∑
j=i

βijXiXj −
m=4

∑
i=1

m=4

∑
j=i

m=4

∑
k=i

βijkXiXjXk (3.1.3)

−
m=4

∑
i=1

m=4

∑
j=i

m=4

∑
k=j

m=4

∑
l=k

βijklXiXjXkXl

)2

The parameters β0, βi, βij, βijk and βijkl were estimated by minimising the least square

functional L. Herefore, the L was differentiate with respect to each of the parameters

and set the derivative to zero.

These least square estimation of the regression coefficients βi, βij, βijk,and βijkl can be

filled into the general linear regression equation, giving the following full estimated

equation (Eq. 3.1.4):

Y =β̂0 + β̂1X1 + β̂2X2 + β̂3X3 + β̂4X4 + β̂12X1X2 + β̂13X1X3 (3.1.4)

+ X3 β̂23X2X3 + β̂14X1X4 + β̂24X2X4 + β̂34X3X4

+ β̂123X1X2X3 + β̂234X2X3X4 + β̂124X1X2X4

+ β̂134X1X3X4 + β̂1234X1X2X3X4

The following factors (see Table 3.2) can be filled in with the parameter (X) levels (-1, 0,

1) and the Y value generated from the DoE runs analysis, after which matrix inversion

can give the values for βi, βij, βijk, and βijkl .

As Seyedmahmoud et al. [209] cites by using code variables the role of each parameter

is normalised so that ranking [βi, βij, βijk, and βijkl] immediately renders the relative im-

portance of each parameter. The design is orthogonal so each parameter [βi, βij, βijk,and

βijkl] can be estimated separately and dropped if not significant.
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Table 3.2: Factors that can be solved by the re-

sults of linear regression of the DoE outputs.

Factors filled in by DoE results

yi X1 X2

X3 X4 X1X2

X1X3 X1X4 X2X3

X2X4 X1X2X3 X1X2X4

X1X3X4 X2X3X4 X1X2X3X4

Meaning the higher the β value the more it

has an impact on the electrospinning, while

low β values are negligible. To decide the

statistical significance of the each parame-

ter their p-value is calculated. p-value de-

fines the probability of observing a certain

value by chance against a reference statis-

tical distribution. In practice, an effect or

interaction is non-significant and negligi-

ble when the p-value associated to a C-

coefficient is higher than the significance level value chosen. In most cases a signif-

icance level of 5% is used. These calculations are done by ANOVA. t-value repre-

sents the standardised effect of the parameter or interacting parameters. Therefore,

the higher the t-value the more impact it has on the electrospinning. t-test can be used

to find the most significant parameter combinations. Using a 5% significance level,

which will vary by the amount of dof or in this case the amount of runs in the DoE.

Coefficient of determination R2 is used to indicate the goodness of fit of the model and

is represented by the percentage of the variation in Y that is explained by the regression

model. As the R2 value increases with the number of parameters p in the model, it is

appropriate to consider the R2-adj which is less than R2 and is defined with Eq. 3.1.5.

R2
adj = 1 − (1 − R2)

p
n − p − 1

(3.1.5)

In which, p is the total number of explanatory variables in the model and n is the

sample size. This adjusts the R2 for the number of predictors relative to the number of

data point in regression models encompassing two or more terms.

3.1.2 DoE approaches in literature

Currently there is limited research focusing on DoE approaches in electrospinning

[210–216]. Desai and Sung [217] described a DoE approach using a two level frac-
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tional design of four factors. Polymer concentration and needle-collector distance, in-

dividually and in combination, were observed to have a significant impact on the fibre

thickness and bead density (number of beads) of fibres fabricated from polyaniline/

poly (methyl methacrylate) (PANI/PMMA). Cui et al. [218] used a three level frac-

tional design of six factors to investigate the effect of parameters (voltage, polymer

conc., molecular weight (MW), solvent system, flow velocity, and nozzle size) on the

mean fibre diameter and percentage of beading of PDLLA fibres. A significant impact

of MW and concentration of the polymer on the fibre diameter was observed. Likewise,

a significant effect of MW, concentration and solvent system used, on the percentage

of beading was identified. A more recent and larger DoE investigation by Seyedmah-

moud et al. [209] used different polymer MWs as a variable while keeping the polymer

concentration constant (12 w/v%), to fabricate bead-free poly-L-lactic acid (PLLA) fi-

bres. This DoE was proposed by the authors to be more robust due to the size of the

model: 5 factors, 3 levels and replicated runs (96). A significant impact of polymer

MW on the fibre diameter was observed. To date, there are few published studies us-

ing DoE models to identify parameters that would yield uniform fibre formation with

little to no beading. When embarking upon a new DoE approach for electrospinning,

an initial optimisation phase is performed to identify the key parameter values to be

selected for the model. Most chosen parameters are selected based on the production

of uniform fibres whilst excluding the ‘undesirable’ morphologies of bead formation

that can be observed in the electrospinning process. In adopting this ‘trial and error’

approach, there is a lack of understanding of the impact of process parameters on the

different fibre based morphologies. Investigating these features (such as ‘big beads’

and ‘beads-on-strings’; see Figure 3.2), in addition to uniform fibres, would provide a

better understanding of which parameters lead to which morphologies. This should

reduce optimisation time and give an indication of the most appropriate process pa-

rameter window required to achieve the desired fibre morphology. A DoE model can

also provide a linear regression equation that can be used to predict the fibre diameter

and the chance of bead formation within the chosen set of parameters.

In this chapter, a DoE method is presented which focuses on finding the parameters

that significantly influence the fibre diameter, morphologies and bead distribution ob-
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served in electrospinning of PDLLA fibres. A simple three level design of four factors

and three input levels (high; 1, middle; 0 and low; -1) in combination was performed.

Scaffold produced for cell culture purposes have focused on the behaviour of cells on

uniform fibre orientations [95, 132, 137, 198, 219–224]. However, very few studies have

compared the different fibre morphologies for cell proliferation [225]. The scaffolds

with different fibre morphologies obtained by the DoE model were tested for the pro-

liferation capacity of 3T3 fibroblasts (more information supplementary data Figure S30

and Figure S31).

3.2 Aims and Objectives

The aim of the study presented in this chapter is the investigation of the impact of

parameter interactions in the electrospinning process on the resultant fibrous mor-

phology. This is done by the use of a Design of Experiments approach. The fibrous

morphology scaffolds obtained were mechanically tested and used to investigate 3T3

proliferation on these different scaffolds.

This study aim was achieved through the following objectives:

1. Identify parameter limitations for the DoE model.

2. Produce scaffolds of different parameter combinations of the DoE model, mea-

sure average fibre diameter, standard deviation and beads per µm2.

3. Process DoE outputs and investigate the significant parameters interactions.

4. Test DoE model linear regression equation outputs predictions against real data.

5. Analyse mechanical properties (water contact angle (WCA) and Young’s modu-

lus) of the scaffolds with different fibre morphologies.

6. Observe 3T3 proliferation and viability on the different morphology scaffolds us-

ing scanning electron microscopy (SEM) and Alamar blue assay.
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3.3 Experimental methods

3.3.1 Scaffold preparation

The scaffolds were electrospun with DoE parameter combinations (see method section

2.2.2 and Table 3.1), SEM images were taken (see method section 2.4.1) and FD, SD and

beads per µm2 were calculated using ImageJ software (see method section 2.4.2) .

3.3.2 DoE model output

Obtained FD, SD and beads per µm2 per scaffolds were added into DoE software

MODDE 10.1 and outputting linear regression formulas, paretto plots and 4D response

contour plots were analysed and concluding were drawn (see method section 2.1 and

Figure 3.3).

3.3.3 Scaffold characterisation

Water contact angle (see method section 2.4.4) and strength of scaffolds were analysed

(see method section 2.4.3).

3.3.4 3T3 Fibroblast behaviour on scaffolds

3T3 fibroblast were seeded onto the scaffolds at 60 000 cells/mL (n=12 scaffolds per

different morphology, see method section 2.7.6), proliferated for 6 days and cell num-

bers on different time points were calculated with the use of Alamar blue assays on 6 of

the 12 scaffolds (see method section 2.7.6). One scaffold per morphology per day was

fixed for SEM imaging (see method section 2.8.2). See schematic of the experimental

timeline in Figure 3.4.
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Figure 3.3: Schematic representing of the DoE model timeline.
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Figure 3.4: Schematic representing the Alamar blue (AB) and cell fixing for SEM imaging time-

line for cultured 3T3 fibroblast cells over 6 days on the different electrospun fibre morphology

scaffolds (n=12 per different scaffold).

3.4 Results & Discussion

A DoE approach can identify the parameters with the most significant impact on the re-

sulting PDLLA fibre morphology. As difference in isomeric properties of PLA has been

investigated intensely through existing literature [226–228], this work is exclusively

focused on PDLLA polymer. A preliminary study, supplementary data; Figure S30,

identified the sets of parameter levels (see Table 3.3) for the DoE model used to pro-

duce fibres of all three morphologies. From these sets, a DoE model of 4 factors, 3

levels and 3 replications was considered suitable, resulting in 81 electrospinning runs

in total (25 different parameter sets, 3 replicates for each parameter set, 9 replicate of

middle point). The preliminary study identified a correlation between the variation of

fibre diameters over the different morphologies observed in the electrospinning pro-

cess. These three different morphologies were termed ‘big beads’, ‘beads-on-strings’

and ‘uniform fibres’ (see Figure 3.2). Although the standard deviation gives an indi-
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cation of morphology, it does not give a measure of the number of beads. Therefore,

number of beads per µm2 was included in the DoE model. The significant parameters

that influenced mean fibre diameter, standard deviation and number of beads per µm2

were identified by the DoE model. Parameter combinations and corresponding aver-

age fibre diameter, standard deviations and number of beads per µm2 are shown in

supplementary data; Table S1.

Table 3.3: Parameter limitation levels for the DoE model per parameter set by preliminary

study and used outputs.

Parameter Inputs Xs Unit -1 0 1

Voltage X1 kV 15 20 25

Distance X2 cm 15 17.5 20

Flow rate X3 ml/hr 1 3 5

Concentration X4 w/v% 15 20 25

DoE Model Outputs

Mean fibre Diameter Y1 nm

Standard deviation Y2 ± nm

Beads per µm2 Y3 number of beads

3.4.1 Fibre diameter (Y1)

A normal distribution was observed throughout the data with a mean of 871 ± 189 nm

(see Figure 3.5A). Linear regression was observed (see corresponding linear regression

equation 3.4.1). A pareto plot (see Figure 3.5B) showed applied voltage as the most

significant influencing parameter (X1), followed by the flow rate and polymer concen-

tration combined (X3X4), on the mean fibre diameter and the polymer concentration on

its own (X4).
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Y1 =872.5 − 72.4X1 + 31.5X2 − 39.3X3 − 62.5X4 − 21.2X1X2 (3.4.1)

+ 9.4X1X3 + 23.7X1X4 + 8.2X2X3 − 1.7X2X4−

73.6X3X4 + 24.4X1X2X3 − 9.7X1X2X4 + 45.0X2X3X4

+ 42.3X2X3X4 − 12.0XiXjXkXl

The corresponding linear regression equation can be simplified to include only the

significant impacting factors in the regression equation, as the non-significant impact-

ing factors will generate a small change in the outcome Y of the equation due to their

low β factor (see Eq. 3.4.2). The 95% confidence interval (CI) for estimates was calcu-

lated giving a 95% CI of ± 32 nm for a full prediction and a 95% CI of ± 35 nm for the

simplified prediction.

Y1 =872.5 − 72.4X1 − 62.5X4 − 73.6X3X4 (3.4.2)

For a stable electrospinning process, the force (flow rate) required to push the poly-

mer solution into the Taylor cone must be equal to the force generated by the jet pull

rate that carries the solution away. This jet pull rate is created by the difference in

electrical potential [115]. A good balance between the flow rate and the applied volt-

age is therefore important [117] (see Figure 3.7A). Polymer concentration has a direct

impact on the whipping and stretching of the polymer jet. A decrease in whipping oc-

curs with increasing polymer concentration due to the physical weight of polymer and

polymer/solvent interaction within the jet. This results in an increase in fibre diameter

and explains the significant interacting effect of flow rate and polymer concentration on

the resultant fibre diameter observed here as well as the significant impact of applied

voltage (see Figure 3.5B).
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A B

C D

E F

Figure 3.5: Histogram of distribution (81 scaffolds, n=120 fibre measurements per scaffold;

bead count on three mag. x2000 SEM images per scaffold) and Pareto plots of most influencing

parameter/parameter interactions of A), B) mean fibre diameter, C), D) fibre morphology, and

E), F) number of beads per µm2. Parameters with standardised effect over t0 (0.05) = 2 or 1.997

have a significant impact on the scaffold’s characteristics.
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3.4.2 Fibre morphology (Y2) and Beads per µm2 (Y3)

Standard deviations (SD) in the range of ± 200 to ± 1800 nm were observed throughout

the DoE. Figure 3.5C shows ± 400-500 nm and ± 1000-1200 nm as the most frequently

observed standard deviations. SEM images with SD ranges ≤ 500 nm showed scaffolds

with uniform fibres. Beads-on-strings formation was observed between 500-1300 nm

and large beads were observed within the range of ± 1300-1800 nm. Therefore, SD was

concluded to be an appropriate measure of fibre morphology. A pareto plot showed

a significant influence of only the polymer concentration (X4; see Figure 3.5D) on the

corresponding fibre morphology. Linear regression was observed (see corresponding

full and simplified linear regression equations 3.4.3 and 3.4.4); 95% CI was calculated

giving a 95% CI of 359 nm for a full prediction and a 95% CI of 358 nm for the simplified

prediction.

Y2 =929.6 − 83.1X1 + 67.7X2 + 70.6X3 − 352.5X4 − 2.8X1X2 (3.4.3)

− 10.5X1X3 + 62.4X1X4 + 46.5X2X3 + 37.9X2X4

+ 83.2X3X4 + 41.1X1X2X3 − 10.8X1X2X4 + 13.9X2X3X4

+ 69.8X2X3X4 − 18.7X1X2X3X4

Y2 =929.6 − 352.5X4 (3.4.4)

The number of beads per µm2 had a direct correlation with the SD ranges observed for

the fibre diameters. More beads per µm2 were observed at higher standard deviations

for big bead morphologies (± 1-3 beads per µm2), the beads-on-string morphology

correlated to ≤ 1 beads per µm2, while uniform fibres correlated with 0-0.2 beads per

µm2 (Figure 3.5E). No beading was observed at the highest polymer concentration 25

w/v% PDLLA at the lowest flow rate (1 mL/hr). The highest number of beads (3

beads per µm2) was observed for the lowest concentration 15 w/v% PDLLA and the

highest flow rate of 5 mL/hr. The pareto plot showed a significant impact of polymer

concentration (X4) and flow rate (X3) on the number of beads per µm2 (see Figure 3.5F

and Eq. 3.4.5 and 3.4.6).
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Y3 =0.8793 + 0.0880X1 + 0.1220X2 + 0.2393X3 − 0.9754X4 + 0.0181X1X2 (3.4.5)

− 0.0968X1X3 − 0.0873X1X4 + 0.0303X2X3 − 0.0660X2X4

− 0.1510X3X4 − 0.0493X1X2X3 − 0.0263X1X2X4 + 0.0715X2X3X4

+ 0.0376X2X3X4 + 0.0421X1X2X3X4

Y3 =0.8793 ++0.2393X3 − 0.9754X4 (3.4.6)

The three observed fibre morphologies corresponded to particular SD ranges due to

including the bead diameters in the fibre diameter measurements. By including the

beads in the measurement the standard deviation increased when the scaffold was

heterogeneous in diameter (due to this beading) and decreased when the fibres were

uniform and more homogenous. Therefore, lower standard deviations corresponded

to uniform fibres (homogenous morphologies) while larger standard deviations corre-

sponded to large bead formation (heterogeneous morphologies). More uniform fibres

were observed for high concentrations of PDLLA (25 w/v%). An increase in beading

was observed when the PDLLA concentration was reduced to both 20 and 15 w/v%.

The DoE results confirmed this observation showing that the fibre morphology was

only significantly affected by the polymer concentration (X4; see Figure 3.5D). The

number of beads per µm2 value had a direct correlation with the SD ranges observed

for the fibre diameters. The amount of beading was observed to increase at the lowest

concentration of PDLLA and the highest flow rate, whilst no beading was observed

for higher concentrations of PDLLA and lower flow rates. This observation was con-

firmed by the DoE output showing a significant impact of polymer concentration (X4)

and flow rate (X3) on the number of beads per µm2 (see Figure 3.5F). This is attributed

to the instability of the Taylor cone. As mentioned before, Taylor cone interruption

resulted in bead formation (i.e. electro-spraying rather than electrospinning) , which

increased when a high flow rate was used with a low polymer concentration solution

[115] (see Figure 3.7B). The number of beads per µm2 was therefore directly correlated

with the flow rate used.
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3.4.3 Test model predictions

The predictive equations 3.4.1, 3.4.2, 3.4.3, 3.4.4, 3.4.5 and 3.4.6 were tested by choosing

different random combinations of parameters within the boundary of the DoE model

(see Table 3.4) and testing the resulting prediction against measurements generated

from scaffolds fabricated using those test parameters.

Table 3.4: Parameter combinations and corresponding model codes used for the linear regres-

sion prediction equations of the runs used to test the model. All equation parameters are rep-

resented in DoE model coding of -1,-0.8...etc.

Run

Applied

Voltage

[kV]

Model

Code

Needle-

to-

collector

distance

[cm]

Model

Code

Flow rate

[mL/hr]

Model

Code

Polymer

conc.

[wt%]

Model

Code

A 20 0 20 1 1 -1 23 0.6

B 20 0 20 1 2 -0.5 17 -0.6

C 20 0 20 1 4 0.5 20 0

The obtained fibre diameters of the test runs were within the 95% CI of the predicted

mean fibre diameters for all test runs (Figure 3.6A). A much higher 95% CI was ob-

served for the SD and number of beads per µm2. This was due to the inability to control

the unstable Taylor cone, which made the prediction of the exact size of the beads and

number of beads per µm2 less accurate. However, as stated earlier, different ranges of

SD and number of beads per µm2 corresponded to the different morphologies (see Ta-

ble 3.5). Beads-on-strings formation was observed (Figure 3.6D-F) when morphology

SD predictions fell within the beads-on-strings SD ranges (see Table 3.5). The number

of beads per µm2 data showed the same correlation of the predicted number of beads

ranges to SD ranges. A more appropriate way to predict fibre morphology and bead-

ing was to group the calculated SD or number beads per µm2 to the corresponding

morphology, i.e. the extent of beading (see Table 3.5).
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D E F

Figure 3.6: Full and simplified predictions plotted against actual data from the three test runs for A) the mean fibre diameter, B)

standard deviation and C) beads per µm2 and corresponding SEM images from the test runs. D) Run A, E) Run B and F) Run C.

All test runs fall within the 95% confidence intervals for estimates of the prediction equations. Morphologies observed in the SEM

images shown are in correspondence to where the observed range the predictions fall, see B) and C). (n=18, 3 scaffolds per run, 6

SEM images per scaffold, 20 measurements per SEM images, error bars=SD)
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B

Figure 3.7: Schematic diagram of fibre formation. A) Applied voltage and polymer concentra-

tion have an impact on a) flow rate, b)Taylor cone stability and c) jet pull rate. This influences

fibre formation and therefore the mean fibre diameter. Flow rate and pull rate must be equal

for a stable electrospinning process (i.e. a=c), while a<c and a>c results in the formation of an

unstable jet and fibre interruption resulting in bead formation. Schematic of polymer concen-

tration effect on fibre formation. B) Increased polymer concentration results in an increased

amount of polymer in the Taylor cone which in turn increases the stability of the cone. a)

Low conc. polymer solutions result in breakage of the Taylor cone causing bead formation. b)

Medium conc. polymer solutions result in less Taylor cone breakage but the Taylor cone is un-

stable and leads to the beads-on-string morphology. c) Higher conc. polymer solutions result

in the formation of a stable Taylor cone and hence uniform fibres are produced.
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Table 3.5: Expected fibre morphologies and number of beads as predicted by the DoE model

for standard deviation and beads per µm2.

Fibre Morphology Uniform fibres Beads-on-strings Big beads

Standard deviation ≤ 500 nm 500-1300 nm ≥ 1300 nm

Beads per µm2 0-0.2 0.2-1 ≥ 1

A stable/uninterrupted Taylor cone has a direct effect on the stability of the polymer

jet. The concentration of the polymer solution significantly affects Taylor cone stability,

as observed in the DoE, with low polymer concentrations leading to jet instability. This

is because polymer concentration influences the viscosity of the solution which in turn

affects Taylor cone stability. Higher polymer concentrations will stabilise the Taylor

cone when the electric field pulls away the polymer jet. At lower polymer concentra-

tions, a weaker Taylor cone forms and is subsequently interrupted resulting in beading

when a voltage is applied. Besides the amount of polymer required to stabilise the Tay-

lor cone, the flow rate used has to be sufficient to yield a continuous Taylor cone (see

Figure 3.7B). The viscosity of the polymer solution is directly related to the molecular

weight of the polymer [97, 99, 100, 212], structure of the polymer, additives (such as

addition of salts) and solvent system used [101]. The effect on the solution viscosity

must therefore be considered when changing the polymer or solvent system [102, 103].

A previous study observed a correlation between polymer entanglement concentra-

tion (Ce ; i.e. the extent of interaction between polymer chains) and bead formation

[106]. Beading was generated at a minimum C1
e , while uniform and defect free fibres

were observed at Ce
2−2.5. Entanglement concentration increases with higher polymer

concentrations. This explains the decrease in beading observed when increasing the

polymer concentration since the lower concentrations are below the entanglement con-

centration of the PDLLA solution.

No difference in fibre diameter was observed for big beads and beads-on-string fibre

morphologies (Figure 3.8), while a significantly higher fibre diameter was observed

for uniform fibres. This is due to the beads holding most of the polymer, so the fi-
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bres between the beads were possibly stretched more during the whipping stage of

the electrospinning process (see Figure 1.4C). Due to the significantly different topo-

graphic roughness of the surface between the scaffolds morphologies, a significantly

higher WCA was observed for the big beads morphology (see Figure 3.8). This rela-

tionship of higher WCA when the surface is rougher has previously been observed

in literature [229–233]. Water contact measurement on porous surfaces can result in

two different effects: 1) the Cassie and 2) Wenzel state. The Cassie state is when air

is trapped underneath the drop between the fibres, resulting in a higher WCA [234].

The Wenzel state is when the water droplet emerges between the fibres decreasing the

WCA of the surface [235]. The topography of the surface of the scaffolds may increase

the energetic barrier of the water droplet to separate the Cassie state to the Wenzel state

resulting in a higher water repellence (hydrophobicity to the interfaces) [229, 236]. To

reduce the influence of the Cassie effect on the WCA measurement, contact hysteresis

can be used, which is the difference between the advancing (increase the droplet size)

and receding (decreasing droplet size) contact angle [237, 238].
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Figure 3.8: A) Average fibre diameter in nm for the three different morphologies. Beads were

not included in the measurement. Significantly higher fibre diameters were observed for the

uniform fibres. While the big beaded morphology showed a very small average fibre diameter.

B) Beads size of the different morphologies were similar for the beads-on-string and big bead

morphologies. C) Summary of the mean WCA and standard deviation are plotted in graph.

Significantly higher WCA were observed for big beaded fibres. D) Tensile testing Young’s mod-

ulus results are plotted. Scaffold consisting of uniform fibres have significantly higher Young’s

modulus those consisting of big beads and beads-on-string morphology. (n=3 scaffolds, Two-

way ANOVA, ***=<0.001, ***=<0.0001, error bars=SD)
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A lower Young’s modulus was observed for the big beads morphology scaffold than

for the beads-on-strings morphology. This may be because, unlike the big beads mor-

phology, the larger fibre diameter and more stretched beads allows initial stretching

of the fibres without resulting in their breakage (see Figure S1 and Figure S32). Ten-

sile testing is performed by applying a vertical pull force on two sides of the scaffolds

while this method is well established for aligned fibre materials, its accuracy for mea-

suring the young’s modulus for random fibre arrangements is limited. This is due to

variation between batches and on how the sample is cut, due to changes in the orien-

tation of the fibres. A few studies have focused on the use of atomic force microscopy

(AFM) as an alternative method to measure the mechanical properties of electrospun

fibres [239, 240]. Using this technique, single PCL fibres were manipulated either by

pushing the fibre down [240] or sideways [239], and generating information on the

Young’s modulus, energy loss, and elasticity of this single fibre. Although these meth-

ods give information on the properties of singular fibres, no studies have yet focused

on possible bulk fibre scaffold analysis by AFM, which may be a more accurate repre-

sentation on what the cells experience when they bind to the scaffold surface. Initial

experiments (data not shown) of these scaffolds by AFM resulted in loss of contact of

the AFM needle to the fibres and subsequently no workable force curve. This is prob-

ably due to the small diameter of the fibres, round nature of the fibres and multiple

layers of fibres. This results in no support for the fibre and subsequently in bending

of the total fibre into the porous structure below the fibre. Liang et al. [241] explored

this limitation by using a deposit of 2D xanthan fibres on a flat surface resulting in

successful measurement of Young’s modulus of the fibres. However, it is debatable if

this is a good representation of the actual forces cells experience on a fibrous scaffold

of different layers of fibres. More optimisation is needed to get a better representation

of the scaffolds Young’s modulus. However, this was considered to be outside of the

scope of this work.
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3.4.4 Cell behaviour on different electrospun scaffold morphologies

Fibre diameters were measured excluding the beads to observe actual diameter of the

fibre between the beads. A significantly higher average fibre diameter was observed for

uniform fibres of 844 ± 239 nm (see Figure 3.8D), while smaller average fibre diameter

were observed for the big beads and beads-on-strings morphology (BB; 493 ± 140 nm

and BoS; 337 ± 157 nm). However, no significant difference in bead size was observed

between big beaded and beads-on-string morphologies with sizes ranging from 2000

to 2500 nm (see Figure 3.8B).

Static water contact angle (WCA) measurements showed a significantly higher WCA

for the big beaded morphology compared to uniform and beads-on-strings morpholo-

gies (see Figure 3.8C). Tensile testing resulted in a significantly lower Young’s mod-

ulus and low elongation for the big beaded scaffold observed (see Figure 3.8E and

Figure S1). On the other hand, deformation with high elongation was observed for

beads-on-strings morphology.

Cell proliferation studies resulted in no significant difference observed between uni-

form fibres and beads-on-strings morphology. However, significantly higher cell growth

is observed for the big beads morphology at day 6 as indicated by the increasing cell

number (see Figure 3.8B and Figure 3.9).

98



Figure 3.9: Cell proliferation over 6 days on different fibre morphologies. (n=3 scaffolds, two-

way ANOVA **=0.01, error bars=SD)

This could be due to the change in WCA and Young’s modulus compared to the

other two morphologies. This may be due to the more hydrophobic and softer scaf-

fold characteristic. No difference in cell proliferation was observed for the uniform

and beads-on-strings morphology scaffolds. The SEM images show no preference in

cell attachment on either beads or fibres present in the scaffolds (white arrows, see Fig-

ure 3.10). Therefore, the presence of beads-on-strings defects seems to have no effect

on the cell attachment to the scaffolds, as observed from SEM images (white arrows,

see Figure 3.10).

The current limited knowledge of the effects of interacting electrospinning process

parameters on fibre morphology requires further understanding of the relationship

between those parameters and bead formation. Understanding this relationship will

make optimisation easier and less time consuming without having to perform many

experiments where a single parameter is tested in turn. From the DoE model, it is ev-

ident that the concentration of the polymer solution significantly influences the fibre

morphology whereas polymer concentration and flow rate both significantly influence
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Figure 3.10: SEM images of fixed cells on different morphologies over 6 days proliferation.

Complete cell coverage of the scaffolds surface was observed at day 6 for all morphologies.

White arrows are part of the scaffolds fibre morphology, the black arrow indicate cells on the

scaffolds and the orange arrows show cells moving from front to the back over the scaffolds

etch. Scale bar first four rows = 20 µm and last row = 50 µm.
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the number of beads in the scaffold. A previous study on PLLA fibres [242] showed that

only polymer concentration had a significant impact on the extent of bead formation

which is in contrast to the findings reported here. This could be due to the lower levels

of polymer concentrations explored by Patra and colleagues (4 and 7 w/v% compared

to 15 and 25 w/v% in this study), a difference in the solvent system used (DCM:DMF

compared to Ac:DMF in this study) and the size of the DoE of only 30 runs (compared

to 81 runs in this study). In this study, mean fibre diameter was mostly influenced by

the applied voltage and the interaction between polymer concentration and flow rate.

These findings are not fully in agreement with previous DoE studies. For example,

Coles et al. [243] observed a significant impact of polymer concentration on the resul-

tant PLA average fibre diameter with applied voltage and distance having much lower

impact on the fibre diameters. However, their study excluded data from experiments

which resulted in no fibre formation, thus reducing the range of morphologies consid-

ered by their model. Other studies using different polymers saw the same significant

impact of polymer concentration on the fibre diameter with no significant impact of the

voltage and flow rate/polymer concentration as. Again, this could be due to selected

data sets being considered in the prior studies rather than the whole sets of fibres, in-

cluding the ‘imperfect’ ones. Differences in the previous work include the exclusion of

fibre defect formation [244, 245], using only visual observation as a measure of beading

formation [246], not including flow rate in the DoE [246–248], not factoring in the differ-

ence in the characteristics of the polymers [244–246, 249, 250] and solvents used [248].

For example, Senthil and Anandhan [250] looked at the impact of polymer concentra-

tion, applied voltage and flow rate (ml/min) on the average fibre diameter of styrene-

acrylonitrile copolymer (SAN) using DMF as solvent. Clearly, even if using a similar

solvent (DMF to Ac/DMF in this study), the electrospinning of a polymer such as SAN

with very different physical properties to the PDLLA in this study, would greatly affect

the viscosity, conductivity and surface tension of the electrospinning solution. There-

fore, this model has limited application to other polymer/solvent systems, due to the

impact of solvent differences (such as, volatily, permittivity) and polymer characteris-

tics (such as molecular weight) within the electrospinning system [98, 101, 111, 251].

However, this DoE model could be expanded with more parameters such as solvent
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systems to investigate the impact further.

4D contour prediction plots were produced from the data generated in this study and

from the observed interactions in the DoE model (see Figure 3.11). These prediction

plots show that uniform fibres or fibres with a very small number of defects could be

obtained with mean fibre diameters between 600 and 1000 nm when using the highest

polymer concentration (25 w/v%; see Figure 3.11A). Fibre mats with a small number

of beads per µm2 were observed at the highest flow rate (5 mL/hr), at a PDLLA con-

centration of 25 w/v% and a collector plate distance of 20 cm (see Figure 3.11B-C).

Although this resulted in more defects, these parameters generated scaffolds with the

lowest mean fibre diameters (650-700 nm; Figure 3.11i). When defect-free fibres were

apparent, the range of fibre diameters was found to increase to between 700-1000 nm

(see Figure 3.11D). An increased number of beads will occur at high flow rates and

low polymer concentrations, with the highest number of beads observed at very low

or high voltages and larger collector plate to needle distances (see Figure 3.11B-C).

Higher mean fibre diameters will be observed when using low applied voltages. When

defect-free fibres are required, a compromise must therefore be made as the mean fibre

diameter will increase, whilst for smaller fibre diameters a small number of defects are

likely to occur (see Figure 3.11D, i-ii). It may therefore be appropriate to set tolerance

limits for such beading defects with the knowledge that these will be unavoidable.

102



A B

C D

Figure 3.11: 4D contour predictions plots of A) mean fibre diameter, B) fibre morphology by standard deviation and C) number of beads per

µm2. Most significant impacting parameters are positioned in axes X and Y. Parameter values are concentration (1) 25 w/v%, (0) 20 w/v%, (-1)

15 w/v%; applied voltage (1) 25 kV, (0) 20 kV, (-1) 15 kV; flow rate (1) 5 mL/hr, (0) 3 mL/hr, (-1) 1 mL/hr and distance of collector plate from the

needle (1) 20 cm (0) 17.5 cm, (-1) 15 cm. D) Contour plots show that if i) lowest fibre diameters are required some beading will occur. While ii)

uniform fibres with small standard deviation will result in a higher mean fibre diameter.
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3.5 Conclusion

A DoE model is an effective approach to identify the most significantly impacting pa-

rameters and the effects of parameter interactions on resultant electrospun PDLLA

scaffold characteristics. Identifying these significant parameters can streamline opti-

misation experiments thus reducing the time spent on preliminary studies to find the

required parameter combination for the desired fibres. By separating the morpholog-

ical characteristics of the fibre scaffolds, it was clear that polymer concentration plays

a vital role in influencing the final fibre morphology and extent of beading. Polymer

concentration plays a more interacting role with the flow rate in terms of influencing fi-

bre diameter. Applied voltage also had a significant effect on the fibre diameter, which

confirms the importance of the formation of a stable polymer jet and Taylor cone dur-

ing the electrospinning process. Matrix inversion on the regression equations as well

as interpretation of the 4D contour plots (see Figure 3.11) reported by the DoE can be

used as guidance to identify the most appropriate parameter combination for the de-

sired scaffold morphology and fibre diameter. For example, when uniform fibres are

required, high polymer concentrations and low (1 mL/hr) to medium (3 mL/hr) flow

rates are recommended. Production of fibre mats composed of small fibres of ≤ 700 nm

in diameter will result in a small number of fibres exhibiting the ‘beads-on-strings’ mor-

phology. In this way, these regression equations give the parameters needed to result

in the desired fibre diameter and provide a valuable indication of expected bead for-

mation, or avoidance, as well as morphology. Slight defects of the fibrous morphology

of beads-on -strings did not result in a different response of the 3T3s cell proliferation.

However, big beads significantly changed the scaffolds strength and WCA. Hereby,

it can be concluded that small defects (beads-on-strings) within the scaffold will not

result in a significant difference in cell attachment and proliferation.
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Chapter 4

Thermo-responsive electrospun

scaffolds and enzymatic-free

passaging

4.1 Introduction

Current cell culture relies on the use of enzymes such as trypsin, collagenase and

pronase to detach cells by the digestion of cell adherence proteins [148]. However,

this results in damage of the cell membranes surface, which occurs through hydrolysis

of membrane-associated protein resulting in apoptosis signaling due to membrane re-

ceptor damage [151, 252, 253]. Huang et al. [150] observed a significant up-regulation

of cell death supporting proteins expression and a down-regulation of cell adherence/

proliferation proteins expression of the cells after the use of trypsin. This digestion-

induced damage is very time dependent [254] and unsuitable for more enzymatic-

sensitive cell lines such as RAW264.7 [255]. Over the last decade many studies have

focused on developing an enzymatic-free detachment method through responsive ma-

terials, which maintains the cell viability and function after passaging [152–156]. The

vast majority involves the use of thermo-responsive polymers to attach and detach
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cells [157–163, 165, 256, 257]. The detachment of cells from thermo-responsive sur-

faces occurs due to changes in polymer chain hydration as the polymer under goes

an sharp volume transitions from extended hydrophilic states at lower temperature to

collapsed hydrophobic states when reaching across their Lower Critical Solution Tem-

perature (LCST)[183] or visa versa when the polymer exhibits a Upper Critical Solution

Temperature (UCST)[258, 259]. This transition is entropy driven and dependent on

the solvent-interaction with the ratio of polar and apolar groups in the polymer struc-

ture. The progressive exclusion of the water solvent on reaching temperatures above

its LCST creates an entropically driven hydrophobic self-association. For example, the

is hydrophilic amides interacts with water molecules by van der waals interaction in

cold conditions. However, when heated the hydrophobic collapsed backbone and iso-

propyl result in the interruption of these H-bondings in which the water molecules are

released to the bulk solution and the polymer collapses and aggregates when in solu-

tion. This aggregation when in solution can be used to identify the thermo-responsive

polymer’s LCST or UCST. This is done by measuring the light transmittance of the

thermo-responsive polymer in solution when heated. When the polymer reaches it’s

LCST or UPST the polymer will aggregate resulting in an cloudy solution, which re-

duces the light transmittance of the solution. The LCST or UPST can be estimated from

this change of transparent to cloudy solution [260–262].

Poly(N-isopropylacrylamide) (PNIPAM) is the most commonly used thermo-respon-

sive material. Achiha et al. [167] were the first to propose the use of the thermo-

responsive material PNIPAM as a cell culture passaging substrate. PNIPAM has a LCST

of 32◦C, making the polymer hydrophobic at cell culture temperatures (37◦C) and hy-

drophilic when cooled to temperatures lower than the LCST and is therefore suitable

for cell culture and detachment. It is hypothesised that this hydration ruptures the cel-

lular anchors (the ECM laid down by the cells onto the surface), this rupture results

in cellular detachment in cell sheet formation [183]. This thermo-responsive cell sheet

harvest has been observed to be less damaging for the cells and their ECM than enzy-

matic digestion and mechanical dissociation passage methods. For example, Canavan

et al. [263] compared the removal of bovine aortic endothelial cells (BAEC) monolayer

via three different methods; 1) thermo-responsive PNIPAM surfaces, 2) mechanical dis-
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sociation and 3) enzymatic digestion. Immuno-assays after detachment showed non-

destructive harvest of cell sheets and most underlying ECM when harvested via the

thermo-responsive method, while damage of the cells and ECM were observed for

both the enzymatic and the mechanical dissociation method [263]. Although, PNIPAM

is commonly used, recent literature suggests possible cytotoxicity of the polymer [264].

Cooperstein and Canavan [264] investigated the cytotoxicity of the PNIPAM on four

different cell types (endothelial, epithelial, smooth muscle and fibroblast cells). No cy-

totoxity was observed at low concentrations (below 5 mg/mL) and contact time (below

24 h). However, endothelial cells showed decreases of viability after 48 h exposure of

the PNIPAM (above 5 mg/mL). This was explained as being due to the more sensitive

cells reaction on impurities left from the PNIPAM synthesis. Besides the cytotoxicity of

PNIPAM in solution other studies have suggested a toxic effect of PNIPAM’s monomer

to neural tissue. However, they observed no toxic effect when the polymerised to PNI-

PAM on cells or tissue. Therefore, toxicity seems to be highly related to impurities

of the polymerisation or trashes of the monomer.As this study aims to develop a cell

culture platform for the highly sensitive human corneal stromal cells, PNIPAM was

considered unsuitable.

Poly (ethyl glycol) (PEG) based polymers are a promising alternative showing similar

hydration effects when cooled under the LCST ( different depending on the length of

the side brushes) [163, 256, 265–267]. For instance, Dey et al. [163] observed success-

ful multiple passage cycles (10 cycles) without differentiation of mouse embryonic stem

cells when cultured on poly ( methoxyethoxyethylmethacrylate-co-oligoethyleneglycol

methacrylate) (poly(MEO(2)MA-co-OEGMA)) grafted glass slides. Voss et al. [256]

also observed successful detachment of PaTu 8988t cells from the PEG based poly-

mer poly(di(ethylene glycol) methyl ether methacrylate (PDEGMA) coated monolayer

when cooled to 25◦C for several minutes (LCST of 28◦C). A recent study reported the

cytotoxicity of PEG-based monomers mPEGMA-500 (IC50 values of 4.7 mg/mL for

HeLa cells and 5.3 mg/mL for L929 cells) and mPEGA-480 (0.2 mg/mL for Hela cells

and 0.1 mg/mL for L929 cells) [268]. No reports have been found of the toxicity of

PDEGMA’s monomer, as well as, previous research in our group has demonstrated no

cytotoxic response to the PDEGMA polymer[269]. Therefore, PDEGMA was consid-

107



ered as a suitable thermo-responsive polymer for this study.

A significant challenge in bioengineering is translating phenotypic control of the cell

by substrate chemistry into a 3D platform. This might be achieved through innova-

tive manufacturing methods, such as 3D-printing, topographic patterning, microparti-

cles and electrospun fibres. However, most of the thermo-responsive polymers studies

are based around a deposited polymer in thin layers on a 2D TCPS surface [154, 157,

158, 163, 164, 183, 219], which shows no similarities with the ECM structure within

the body, as the native ECM is a 3D mesh of instructive cues. Only a few studies

have focused on the incorporation of 3D topographic features with thermo-responsive

properties [159, 219, 270]. For example, Tsai et al. [161] reported successful detach-

ment of confluent NIH3T3 fibroblast sheets from electrospun PNIPAM microgel pat-

terned polystyrene (PS) substrates. Oh et al. [271] also observed detachment of hu-

man fibroblast from PNIPAM-grafted nanofibres, while PNIPAM-grafted PS dishes

showed decreased detachment. Moreover, the nanofibrous structure not only resulted

in cell detachment but also enabled improvement of the fibroblast attachment, spread-

ing and cell growth. For these reasons, an electrospun fibrous scaffold with incor-

porated PDEGMA thermo-responsive polymer was investigated in this study, which

combines the benefits of a 3D environment, including increased cell adherence and

non-invasive cell detachment. The thermo-responsive polymer behaviour is used to

detach the cells from these electrospun scaffolds.

This chapter is focused on the production of thermo-responsive electrospun scaffolds

and their ability to adhere and proliferate 3T3 fibroblast cells. The thermo-responsive

change of hydrophilicity of PDEGMA when cooled will be used to detach the 3T3 fi-

broblast cells from the 3D structure when confluent (see Figure 4.1).
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Figure 4.1: Schematic of thermo-responsive fibres and the effects on cell attachment and de-

tachment.

4.2 Aim and Objectives

The aim of the study presented in this chapter is the preparation of thermo-responsive

electrospun scaffolds and to investigate their application as supports for a cell culture

platform with enzymatic-free passage of 3T3 fibroblasts (3T3s).

This was achieved through the following objectives:

1. The synthesis of poly(di(ethylene glycol) methyl ether methacryalate (PDEGMA).

2. The preparation of different concentration PDEGMA and PDLLA electrospun

scaffolds.

3. Investigation of the attachment and detachment of 3T3 fibroblasts on different

wt% PDEGMA containing electrospun scaffolds.

4. Identification of the concentration needed of thermo-responsive PDEGMA in scaf-

fold, resulting in the best adherence, proliferation and detachment of 3T3 fibrob-

lasts.

5. The synthesis of fluorescent labeled PDEGMA, poly(di(ethylene-glycol) methyl
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ether methacrylate)-2-methyl propanoyl)oxy]ethoxy)ethyl)-perylene-3,4,9,10

-tetracarboxylic acid bisimide (PBI-PDEGMA).

6. Investigation of the distribution of the PBI-PDEGMA within the scaffolds and the

3T3 fibroblast behaviour.

7. Investigation of the influence of fibre diameter on the thermo-responsive passage

behaviour.

4.3 Experimental methods

4.3.1 Polymer synthesis

The thermo-responsive polymer poly(di(ethylene glycol) methyl ether methacrylate

(PDEGMA) and poly(di(ethylene-glycol) methyl ether methacrylate)-2-methyl-propan

oyl)oxy]ethoxy)ethyl)-perylene-3,4,9,10-tetracarboxylic acid bisimide (PBI-PDEGMA)

were synthesised by RAFT and ATRP polymerisation respectively, see methods sec-

tion 2.5.2 and 2.5.3. Polymer structures were determined by H1-NMR and C13-NMR

(see method section 2.3.1). Molecular weights were measured using GPC (see method

section 2.3.2) and thermo-responsive behaviour was determined by cloud point mea-

surements (see method section 2.3.4).

4.3.2 Blend electrospun scaffolds fabrication

PLA polymer was blend electrospun with PDEGMA or PBI-PDEGMA in different weight

percentages (2.5, 5, 10, 15 and 20 wt%, see method section 2.2.2). 1H-NMR (see method

section 2.3.1) was performed to confirm wt% present in resultant fibres as well as to ob-

serve any trace of the toxic electrospun solvent DMF used during the electrospinning

process.

110



4.3.3 Blend electrospun scaffold characterisation

Scaffold morphology was analysed using SEM (see method section 2.4.1). Average FD

and SD were calculated using ImageJ software (see method section 2.4.2). Static and

hysteresis WCA were analysed, as well as a static WCA of 40 s time period to determine

the thermo-responsive behaviour of the scaffolds, see method section 2.4.4.

4.3.4 PBI-PDEGMA distribution studies

Confocal imaging was performed to analyse the distribution of the fluorescent labeled

PBI-PDEGMA in different wt% of the blend electrospun scaffolds (2.5, 5, 10, 15 and 20

wt%), see method section 2.8.3.

4.3.5 Cell distribution studies on the PLA/PBI-PDEGMA scaffolds

Red fluorescent expressing 3T3s (p=74) were seeded at 60 000 cells/ml on the different

wt% scaffolds (n=3 per different wt% scaffolds) and cultured for 7 days , see method

section 2.7.6. Cells were fixed at day 7 (see method section 2.8.2) and cell nuclei were

stained with Hoechst (see method section 2.8.2). Fixed and counter-stained cells dis-

tribution on the scaffolds were analysed using confocal imaging, see method section

2.8.3.

4.3.6 Cell proliferation and detachment studies

Red fluorescent expressing 3T3s (p=74) were seeded at 60 000 cells/ml onto the scaf-

folds (n=12 scaffolds per different morphology, see method section 2.7.6), proliferated

for 7 days and cell numbers at different time points were calculated with the use of

Alamar blue assays on 6 of the 12 scaffolds (see method section 2.7.6). The other 6

scaffolds were used for detachment studies at day 6. Scaffolds were imaged using

confocal imaging (see method section 2.8.3) in PBS at 37◦C, subsequently cells were de-

tached (see method section 2.9.1) and imaged again using confocal imaging. Cells left
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attached on the scaffolds and detached cell numbers were calculated with the use of

Alamar blue assay and percentage detached were calculated, see method section 2.7.6

and 2.9.1. See schematics of experimental timeline in Figure 4.2.

Figure 4.2: Schematic representing the Alamar blue (AB) and cell detachment experimental

timeline for cultured 3T3 fibroblast cells over 6 days on the different electrospun fibre morphol-

ogy scaffolds (n=12 per different scaffold).

4.4 Results and Discussion

4.4.1 PLA/PDEGMA blend electrospun scaffolds

The thermo-responsive polymer PDEGMA was successfully synthesised and charac-

terised by 1H-NMR, C13-NMR and 2D-NMR (see Figure S2, S3 and corresponded peaks

section 2.5.2). The Lower Critical Solution Temperature (LCST) was estimated by mea-

suring the cloud point of the polymer in aqueous solution (see method section 2.3.4).

The purified polymer after synthesis was dissolved in an aqueous solution and heated
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to 60◦C. The solution became cloudy as the polymer chains associated above LCST and

formed aggregates, whereas cooling the solution resulted in a phase change to a trans-

parent solution. A difference in cloud point was observed with a LCST of 28◦C when

heated and shifted to 20◦C when cooled (see Figure 4.3A). This observed difference in

cloud point from heated to cooled and cooled to heated (also known as the cloud point

hysteresis) is a commonly observed phenomenon, which is driven by the rate of aggre-

gate formation or deformation and is temperature, concentration and time dependent

[256, 257, 272]. For example, previous studies on the kinetics of the dissolving and

resolving of PiPAAm/water solution show a reversible molecular change if the tem-

perature remains less than ca 6-8◦C above the LCST for less then a few minutes [273].

However, when left at higher temperatures for a longer time, the deformation time of

the formed polymer aggregates increases significantly [274].

The thermo-responsive fibrous scaffolds of PLA with PDEGMA were fabricated. The

obtained PDEGMA was blend electrospun with PLA in different wt% PDEGMA (2.5 to

20 wt%) to PLA (25 w/v%) in Ac:DMF (1:1). See Table S2 and Figure 4.6 for optimum

parameters and corresponding fibre SEM images of different wt% PDEGMA to PLA

scaffold formation. 1H-NMR spectra confirmed percentage of PDEGMA to PLA as

well as no traces of the toxic solvent DMF observed after electrospinning (see 1H-NMR

spectra Figure S33). To investigate the thermo-responsive behaviour of the scaffolds

water contact angle measurements were performed (see method section 2.4.4). A water

contact angle (WCA) of below 90◦ can be identified as a surface with hydrophilic prop-

erties. Scaffolds were heated to 37◦C and cooled to rt (as well as the WCA liquid) and

WCAs were measured upon contact of the drop with the scaffolds’ surface. Thermo-

responsive behaviour was observed for scaffolds containing 10 to 20 wt% PDEGMA

(see Figure 4.3B). However, no significant difference was observed between the wet-

ting behaviour as a proxy for polymer phase transition behaviour between scaffolds of

10 to 20 wt% PDEGMA. When measuring the WCA over a period of 40 s (temperature

was left constant at rt, 20◦C), a change in WCA was observed on scaffolds with 10, 15

and 20 wt% PDEGMA (see Figure 4.3C and supplementary data Table S3). The time

studies demonstrated difference in the WCA droplet shape on the different scaffolds

(see Figure 4.4). As discussed in chapter 3, topographic roughness has a significant in-
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fluence on surface wettability [229–233]. Two different wetting transitions can occur on

a rough topographic surface when measuring the WCAs, which occur due to air being

trapped between the topography and droplet (Cassie state). These two wetting transi-

tions are as follows; 1) the bottom of the droplet is pinned and the drop falls in between

the topography while keeping its round shape, or 2) the droplet is de-pinned and dis-

placed laterally [229]. The first wetting transition was observed for the scaffold with 15

wt% PDEGMA, while the second transition was observed for the scaffolds with 10 and

20 wt%. Therefore, the topography of the electrospun scaffolds has an impact on the

resulting WCA. To reduce this topographic effect, WCA hysteresis measurements were

performed. This is done by measuring the difference between an advancing and reduc-

ing waterdrop on the surface of the scaffold (see method section 2.4.4). A significantly

higher hysteresis was observed for the 20 wt% PDEGMA scaffolds (see Figure 4.3D).

Smaller hysteresis was observed for all other PDEGMA concentrations, while the PLA

on its own showed the lowest hysteresis. This gives an indication that the thermo-

responsive polymer concentration in the fibres changes the wettable behaviour of the

scaffolds. This could be due to insufficient PLA to PDEGMA distribution resulting

in difference of surface chemistry. This results in macroscopicpatches of high WCA

and others with low WCA, which subsequently increases the hysteresis. In case of the

20 wt% scaffolds loss of droplets was observed while trying to measure the reducing

WCA, due to very hydrophilic macroscopicpatches of scaffold (see Figure S34). This

uneven distribution probably occurred during the electrospinning process. When a

mixture of polymers are blend electrospun, heterogeneity of the polymer solution has

a significant impact on the distribution of the polymers within the formed fibres of

the scaffold. The brush like structure of the PDEGMA may hinder even mixing of the

polymer within the electrospinning solution, resulting in uneven distribution when

electrospun.
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Figure 4.3: A) Cloud point hysteresis of PDEGMA and PBI-PDEGMA and WCA B) static anal-

ysis, C) static WCA over 40 s and D) WCA hysteresis of PLA with different wt% PDEGMA

scaffolds. Error bars = SD.
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Figure 4.4: WCA images of changing WCA over time (40 s) at higher concentration of wt%

PDEGMA present in the scaffolds.
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Table 4.1: Mean fibre diameter and standard deviation for PLA with different wt% percentage

PDEGMA or PBI-PDEGMA scaffolds.

PDEGMA PBI-PDEGMA

% Mean fibre diameter [nm] SD [nm] Mean fibre diameter [nm] SD [nm]

0 870 348 789 219

2.5 834 755 729 385

5 899 740 863 688

10 759 402 853 678

15 1032 393 811 385

20 1228 758 857 338

Figure 4.5: PBI-PDEGMA chemical structure, part of structure that causes the fluorescence

response is coloured green.

4.4.2 PDEGMA distribution study

To test this hypothesis of uneven distribution of the PDEGMA in the scaffold a fluores-

cent labeled poly(di(ethylene- glycol) methyl ether methacrylate)-2-methylpropanoyl)

oxy]ethoxy)ethyl)perylene-3,4,9,10-tetracarboxylic acid bisimide (PBI-PDEGMA, Fig-

ure 2.2) was synthesised. The linear asymmetric structure of the PBI-PDEGMA poly-

mer was considered preferable, due to the small difference in structure of the fluo-

rescent labeled PDEGMA to the original PDEGMA structure (see Figure 4.5). This is

essential to avoid difference in behaviour during the electrospinning process, such as

viscosity and electrospinning solution homogeneity. The original ATRP polymerisa-

tion [275] was performed at 45◦C. However, this was observed to be unsuitable due
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to low conversion rates of 22% (see Figure S35) and high molar mass distribution of

5.2 (see Figure S36). The method was optimised to 60◦C, which resulted in a signif-

icantly higher conversion of 60% after 4 h (see Figure S35). GPC analysis showed a

significantly lower molar mass distribution of 2.2 for PBI- PDEGMA (60◦C) compared

to the PBI-PDEGMA (45◦C, see Table 4.2). Lower Mn and Mp were observed for PBI-

PDEGMA ( 60◦C) compared to the PDEGMA polymer. However, due to the lower

PD and average molecular weight nearer to the PDEGMA Mw, PBI-PDEGMA (60◦C)

the polymer was concluded to be suitable for the distribution studies. Fluorescence

intensity studies of the PBI-PDEGMA (60◦C) in water indicated high fluorescence in-

tensity (9000 a.u.) in the low blue-green range (425-510 nm), while lower intensities

(90 a.u.) were observed in the green to far red range (510-700 nm, see supplemen-

tary data Figure S37 and method section 2.3.5). PBI-PDEGMA (60◦C) was successfully

blend electrospun with PLA at different wt% at the same electrospinning parameters

used for PLA with PDEGMA scaffolds (see Table S2 and Figure 4.6). Fibre diameters of

the 2.5 to 20 wt% PBI/PDEGMA to PLA were observed to be in a similar range to the

PDEGMA scaffolds, between 750-1000 nm (see Table 4.1). However, some defects were

observed. As discussed in chapter 3 small defects did not result in a significant differ-

ence in the proliferation of the 3T3 fibroblast and were therefore considered acceptable

within the fibrous structures. Confocal imaging at 488 nm of the blend electrospun

PLA with PBI-PDEGMA (60◦C) showed even distribution of the PDEGMA throughout

the fibres from 10 wt% PBI-PDEGMA (60◦C).

Table 4.2: GPC data of PDEGMA, PBI-PDEGMA (45◦C) and PBI-PDEGMA (60◦C) in DMF.

Polymer Mn [kDa] Mp [kDa] Mw [kDa] Ð

PDEGMA 41 27 44 1.7

PBI-PDEGMA

(45◦C)

73 44 277 5.2

PBI-PDEGMA

(60◦C)

15 13 31 2.2
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Figure 4.6: SEM images of different wt% percentage PDEGMA or PBI-PDEGMA.
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Figure 4.7: Representative confocal imaging of different PBI-PDEGMA percentage to observe

PDEGMA distribution in the electrospun scaffolds. Imaging taken with 488 nm filter channel.

Scale bar for x10 and x63 = 20 µm and 5 µm respectively.
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However, at the lowest concentration the PBI-PDEGMA (60◦C) was contained in the

beads within the fibrous beads-on-string structures, which explains the higher WCA

observed for these scaffolds (135◦ compared to 110◦ for 10 wt% and higher, see Fig-

ure 4.3B). Therefore, even coverage of the PDEGMA within the blend electrospun fi-

bres is concentration and fibre morphology dependent and shows even distribution at

concentration above 10 wt%. The observed hysteresis of the WCA is therefore highly

unlikely due to the heterogeneity of the PDEGMA but is more topography dependent.

4.4.3 3T3 proliferation and detachment studies

Genetically modified red fluorescent protein (RFP) expressing 3T3 fibroblast cells were

successfully cultured on the different PDEGMA and PBI-PDEGMA scaffolds for 7 days

(see Figure 4.9A and supplementary data Table S4). Lower cell numbers were observed

for scaffolds with more then 10 wt% PBI-PDEGMA (see Figure 4.9A), indicating pos-

sible cytotoxicity of the PBI-PDEGMA at higher concentrations. Confocal images of

scaffolds with PBI-PDEGMA (60◦C) observed background fluorescence from the PBI-

PDEGMA polymer in the red channel (561 nm). However, when channels were over-

lapped the cells were easily identified. Images showed no change of cell morphology

and large patches of cell attachment on the PBI-PDEGMA (60◦C) containing scaffolds,

while clusters of cells were observed on the PLA controls. Increased cell spreading

was observed for all PBI-PDEGMA containing scaffolds, however no complete cover-

age was observed. This could be due to the hydrophobic nature of the PLA polymer in

the electrospun scaffolds, resulting in difference in cell adherence protein attachment

and subsequently cell adherence to the scaffold [276]. Hydrophilic surfaces promote

sufficient cell adherence proteins from the media and result in better cell distribution

attachment. The presence of the PDEGMA or PBI-PDEGMA in the scaffolds results

in a decrease of hydrophobic, resulting in increased protein adherence and therefore

increased cell adherence and distribution on the scaffolds.
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Figure 4.8: Representative confocal images of cell growth distribution on different PBI-

PDEGMA containing electrospun scaffolds. Cell nuclei stained with Hoechst and genetically

modified 3T3 fibroblast with red fluorescent protein expression. Scale bar = 100 µm. (better

contrast images can be found in the electronic version.)
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To investigate the thermo-responsive passaging abilities of the fibrous scaffolds, scaf-

folds at day 0, 2, 5 and 7 of cell culture were cooled for 1 h at rt (20◦C). The number of

cells on the scaffolds before and after thermal cycling above and below the PDEGMA’s

phase transition temperature were calculated by Alamar blue assay. No significant

cell detachment was observed for scaffolds with 2.5 and 5 wt% PDEGMA for all days,

which correlates with the uneven distribution of the PBI-PDEGMA observed (see Fig-

ure 4.9B and supplementary data Table S5). Significant detachment was observed at

day 2 and 7 for 10 and 15 wt%; and 10 and 20 wt% respectively(see Figure 4.9B); indicat-

ing insufficient detachment for most scaffolds. Therefore, a time dependent study was

performed. Scaffolds were cooled for 1 or 3 h at rt or cooled at a controlled 1◦C/min till

reaching 20◦C. As the initial detachment study showed no significant difference in per-

centage detached from scaffolds with 10 to 20 wt%; 10 wt% PDEGMA PLA scaffolds

were taken forward for all other thermo-responsive studies. Percentage of detached

cells (day 7 of cell culture) for passages at 1 or 3 h at room temperature (20◦C) and

controlled cooling were calculated. Less cell detachment was observed after 3 h (ap-

prox. 15%), while only 25% of cells were observed detached from the scaffolds when

cooled to rt for 1 h (see Figure 4.10A) Even less detachment of max 5% was observed

when cooled in a controlled temperature change of 1◦C per minute to 20◦C in the -80◦C

freezer (stored in a freezing container with IPA for controlled cooling). This indicates

that leaving the scaffold for a longer time or exposure to colder environments does not

increase their thermo-responsive cell detachment behaviour and may have a negative

effect on the cell metabolism, due to increased stress on the cells inducing metabolic

changes. Therefore, detachment in cold conditions should neither take too long nor be

performed at too low temperatures (around 0◦C) [94]. This finding concludes that best

cell detachment was observed at shorter times (1 h). However, a higher percentage of

cell detachment is preferable.
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Figure 4.9: A) Cell proliferation on PDEGMA/PLA and PBI-PDGEMA/PLA containing elec-

trospun scaffolds over 7 days on different wt% PDEGMA and different wt% PBI-PDEGMA

compared to control of 10 wt% PDEGMA. B) Cell detachment at different days for different

concentration PDEGMA. (n=3 scaffolds, two-way ANOVA, *=<0.05, **=<0.01, ****=<0.0001, er-

ror bars=SD).
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Figure 4.10: Percentage of cell detachment at A) 1 and 3 h at rt (20◦C) or control cooling condi-

tions. B) cells cultured on two different fibre diameters and C) cultured on coated PLA scaffolds

with PDEGMA, blend scaffolds PLA/PDGEMA and PDEGMA coated on 2D tissue culture

(TCPS) plastic. D) 3T3 fibroblasts (3T3s) vs human corneal stromal cells (hSCSs) percentage

detached. (n=3 scaffolds, two-way ANOVA Tukey’s multiple comparison for A and B, on-way

ANOVA Tukey’s multiple comparison for C and unpaired t-test for D. *=<0.05, ***=0.001, error

bars=SD)

Confocal imaging of the scaffolds in suspension showed small clusters of cells de-

tached from the scaffolds after cooling (see Figure 4.12). Previous research within the

group [269] observed significant detachment of 3T3s of PLGA 10 wt% PDEGMA scaf-

folds when cooled for 10 mins at 8◦C. Cells were observed to detach in sheets, due to

the cell adherence between the cells not being disrupted during the thermo-responsive

method [263]. This differs from the current finding, which could be due to the differ-
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ence in cell interaction with the scaffolds surfaces, due to the difference in base polymer

of PLA to PLGA in the previous study. The cells show a patching morphology on the

scaffolds surface, see Figure 4.12, which could result in small cells cluster detached in-

stead of a cell sheet. Besides difference in cell behaviour on the scaffolds, the previous

study has differences in fibre diameter used (2-3 µm to 900 nm in this study), cell seed-

ing number (100.000 cells/ml to 60.000 cells/ml in this study) and different passage

method (10 mins at 8◦C to 1 h at rt in this study). Therefore, another possible reason

for the low detachment observed on the scaffolds may be the lower FD used (900 nm),

giving the cells more surface anchor point to hold on to resulting in lower detachment

[277] (see Figure 4.11 for schematic description).

Figure 4.11: Schematic example of cell adherence to fibrous scaffolds of different fibre diame-

ters. Fibre diameters of 900 nm results in many more anchor points for the cell to hold on to,

while larger fibre diameters result in less anchor points for the cells to attach.
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Figure 4.12: Representative confocal images of scaffolds in suspension before and after 1 hr at

rt, after 7 days of genetically modified 3T3 fibroblasts culture. Scale bar at 37◦C is 300 µm and

scale bar after 1 h at rt is 1 mm. Cell clusters observed detached are circled on images.
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Hence, a detachment study of two different fibre diameter scaffolds was performed.

A passage method of lower detachment temperature of 8◦C for 10 mins of the pre-

vious study was implemented to eliminate differences [269]. Approximately 10 and

20% cell detachment from the fibres of 900 nm and 2-3 µm diameter respectively were

observed. A slightly lower cell detachment percentage was obtained for the 900 nm

FD. However, no significant difference was observed. When cooled for 30 mins, cell

detachment increased to 25% for the 900 nm FD scaffolds, while lower detachment of

20% was observed for 2-3 µm FD scaffolds. This concludes that the fibre diameter does

not play a significant role in the cell detachment, while length of cooling resulted in

increased detachment from the 900 nm FD scaffolds.

Another possible reason for the lower cell detachment could be due to the location

of the thermo-responsive brushes of the polymer within the fibres. Although, even

distribution through the fibres was confirmed by fluorescent labeling. The PDEGMA

brushes may be hidden away under the PLA in the fibres, resulting in hindrance of

the brushes to expand under cooled conditions. To confirm this hypothesis a detach-

ment study of PLA/PDEGMA scaffolds, coated PLA fibres and PDEGMA coated on

tissue culture (TCPS) plastic was performed. Significantly lower detachment of 25%

was observed on the blend electrospun PLA/PDEGMA scaffolds. While no significant

difference was observed between PDEGMA coated PLA fibres and coated TCPS. This

finding gives an indication that the PDEGMA blended during the electrospinning may

not be predominantly present on the fibres’ surface. Thermo-responsive brushes may

have moved inwards during the electrospinning process resulting in a lower amount

of thermo-responsive brushes available on the surface of the fibres. A possible way to

overcome this problem is by bringing the PDEGMA to the outside of the fibres with

the use of co-axial electrospinning [69], in which a sheath of PDEGMA can be formed

on the outside of a PLA core fibre. This is further discussed in more detail in chapter 7.

The 3T3 fibroblast used are commonly used for cell culture optimisation, due to their

robust nature [278]. However, in the case of these scaffolds this may have resulted in

negative results. PDEGMA has been observed to have a relatively lower hydrophilic-

ity than other thermo-responsive materials [272]. Previous 3T3s fibroblast detachment
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studies were performed with the more hydrophilic polymer PNIPAM (LCST of 32◦C),

resulting in greater difference of WCA and therefore, resulting in a more prominent

thermo-responsive response. The PDEGMA thermo-responsive behaviour may be not

strong enough for the robust fibroblast used. As these scaffolds are aimed for the cell

culture of human corneal stromal cells (hCSCs), an initial study of cell detachment with

the more sensitive cells (hCSCs) was performed. A significant increase in detachment

was observed of approx. 100% compared to the 25% for 3T3s (see Figure 4.10D).

Thermo-responsive substrates are an increasing area of interest to overcome the dis-

advantages of enzymatic digestion detachment. Multiple different studies have con-

firmed successful detachment of cell sheets from thermo-responsive materials [154,

157–159, 163, 183, 271]. Only one study in our research group has reported the use of

PDEGMA for successful cell sheet detachment from blend electrospun scaffolds [269].

However, on the PLA/PDEGMA manufactured scaffold only appr. 25% detachment of

small clusters of cells were observed, instead of a cell sheet. This was likely due to the

patches morphology of cells on the electrospun scaffolds. These cell patches could be

due to the absence of polar functional groups in the PLA electrospun scaffolds result-

ing in a hydrophobic surface. This hydrophobicity affects the adsorption of proteins

from the cell culture media via hydrophobic interaction, resulting in an unfolded or al-

tered conformation of the protein structures to expose the hydrophobic domains which

become tightly adherent to the hydrophobic surface, which subsequently affects the

cellular response [276, 279, 280]. This could explain the clusters of cells observed when

grown on scaffolds without PDEGMA and uneven coverage of cells on the PDEGMA

containing scaffolds.

No significant difference in detachment percentage was observed when increasing

time or temperature of the passage method. Also a physical difference in fibre diame-

ters was observed to have no positive effect on the detachment. However, when com-

paring the blended polymer scaffolds with PLA scaffolds with PDEGMA coated scaf-

fold surface and TCPS PDEGMA coated control, significantly more detachment was

observed for the PDEGMA coated PLA scaffolds (50%) and PDEGMA coated TCPS

(90%) compared to the electrospun scaffolds (25%, see Figure 4.9C). This finding in-
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dicates possible hindrance of the PDEGMA thermo-responsive brushes to rehydrate

within the fibres resulting in insufficient thermo-responsive behaviour on the scaffolds

surface. However, when seeding and proliferating the more sensitive hCSCs on to the

scaffold significantly more detachment was observed (approx. 100%). This finding

concluded that these scaffolds may not result in sufficient detachment of robust cell

lines, while resulting in sufficient detachment of more sensitive cells. Therefore, these

scaffolds were taken forward for the investigation of the attachment, proliferation and

thermo-responsive passaging of the hCSCs.

4.5 Conclusion

Thermo-responsive materials have been identified as suitable for enzymatic-free cell

passaging. In this study, PLA/ PDEGMA thermo-responsive blend electrospun scaf-

folds were fabricated and 3T3s cells’ adherence, proliferation and thermo-responsive

detachment were investigated. Even distribution of the PDEGMA was confirmed by

the fluorescent labeled PBI-PDEGMA polymer. This was concentration dependent and

PDEGMA wt% to PLA below 10 wt% resulted in insufficient distribution. Thermo-

responsive behaviour of the PDEGMA polymer and blend electrospun scaffolds was

confirmed by cloud point and WCA measurements. 3T3 fibroblasts were observed to

attach and proliferate well on the PDEGMA containing scaffolds, due to their lower

hydrophobicity compared to PLA scaffolds. However, no significant detachment was

observed when cells were cultured for up to 7 days. Only approximately 30% 3T3

fibroblast detachment was confirmed at day 7 of cell culture. No difference in detach-

ment was observed from scaffolds containing more then 10 wt% PDEGMA. Therefore,

10 wt% PDEGMA containing scaffolds were concluded as most suitable for optimisa-

tion. Longer detachment times and increased fibre diameters did not result in an in-

crease of percentage detached and the highest detachment was observed when the scaf-

folds were cooled for 30 mins at 8◦C . Significantly more detachment was observed for

PDEGMA coated PLA fibres and 2D coated TCPS. This indicates insufficient exposure

of the PDEGMA thermo-responsive brushes on the fibres. Optimisation is needed to
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improve the exposure of the PDEGMA on the surface of the fibres. Although the man-

ufactured scaffolds were observed unsuitable for the robust fibroblast, significantly in-

creased detachment was observed for the more sensitive intended cell line (hCSCs). For

this reason, the optimised scaffolds were considered suitable for further investigation

for the attachment, proliferation and detachment of hCSCs.
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Chapter 5

human Corneal stromal cell (hCSCs)

behaviour on the thermo-responsive

fibrous electrospun scaffolds.

5.1 Introduction

The cornea is a key component of the eye. It is located in front of the iris therefore

is required to be transparent and have a certain refractive index to direct light onto

the retina (1.376 Rays) [281]. The cornea is composed of 6 layers, each of which con-

tribute to its overall function (see Figure 5.1). The first and most outer layer, consisting

of fast-growing regenerative epithelium cells, protects the eye from foreign materials

such as dust, bacteria and water, while absorbs oxygen and soluble nutrients from flu-

ids. The second most outer layer, the bowman’s membrane, is composed mainly of

collagen and forms a thin transparent film. Little is known about the contribution of

this layer towards corneal physiology, however recently it has been postulated that

the bowman’s membrane may act as a physical barrier that prevents direct traumatic

contact with the corneal stroma, and protects the sub-epithelial nerve plexus hasten-

ing epithelial innervation and sensory recovery. The third layer, the stroma, is by far
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the thickest and the most complex layer making up around 90% of the total corneal

thickness. This layer is composed of regularly arranged collagen fibres with sparsely

distributed keratocytes or human cornea stromal cells (hCSCs, 3% of stroma volume)

[282]. There are approximately 200 laminar layers (1.5-2.5 µm) of mostly type I collagen

fibres, and are organised in ordered structure of remarkable uniformity in terms of fib-

ril diameter. The unique shape, arrangement and spacing play a key role in the cornea’s

light-conducting transparency [283]. The scattered light interferes constructively sin-

gularly in a forward direction allowing light through to the retina. In 2013 , Dua et al.

[284] detected the presence of an additional layer between the cornea stroma and De-

scent’s membrane and has a thickness of 15 µm. This Dua layer is impermeable to air

and very strong withstanding up to 2 bars of pressure [285–287]. The fifth layer, the

Descent’s membrane is composed ocollagen IV fibres and has higher flexibility when

compared to collagen I [288]. The thickness of the membrane is dependent upon age,

adults having thicker membranes (8-10 µm) as compared to children (3 µm) [289]. The

sixth and final layer, the corneal endothelium is a single layer of cells on the inner sur-

face of the cornea. This layer regulates the fluid movement into the cornea. Fluids from

inside the stroma diffuse into the eye. Without this excess fluid being pumped away

by the endothelium, the stroma would swell and lose its transparency thus its ability

to function.

This study is focusing on keratocytes within the stroma layer of the cornea as a ther-

apeutically relevant mammalian cell type. There is particular interest in the keratocyte

expansion with the aim of producing tissue engineered corneal replacements. This

will be discussed later in detail. In corneal homeostasis, quiescent cells control the

transparency of the cornea by synthesis of collagen and tissue-specific keratan sulfate

proteoglycans [282, 290]. They also play a role in degradation of stromal matrix by

the secretion of collagenase and additional hydrolytic enzymes [291–293]. Moreover,

it is suggested that they contribute to the structural stability of the interlamellar or-

ganisation of the collagen fibres, which provides the transparency of the cornea [294].

Keratocyte cells have been observed to express high levels of the water-soluble pro-

tein ALDH1 in rabbit studies [295]. Jester et al. [295] suggested that high expression

of ALDH1 plays a vital role in the transparency of the cornea and optical properties.
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When damage occurs in the stroma these quiescent keratocytes are activated and dif-

ferentiate into corneal fibroblast (their repair phenotype) [296–298]. These corneal fi-

broblasts migrate to the area of damage and produces a substituted stromal matrix. To

aid tissue repair, local populations of corneal fibroblasts differentiate into myofibrob-

lasts as they have the ability to contract and close the wound area. These myofibroblast

can be identified by the expression of a-smooth musle actin (a-SMA) [22].

Figure 5.1: Schematic of the structures of the eye and corneas six different layers. Modified

from [299].

134



However, this wound healing can lead to scar formation resulting in loss of corneal

transparency leading to blindness, where upon transplantation is the only option. Scar-

ring in response to wound healing is the fourth leading cause of blindness and af-

fects more then 10 million people worldwide [300]. Common causes of corneal blind-

ness include trachoma (bacterial infection) [301], keratitis (inflammation) [302], cataract

(clouding of the eye) [303], glaucoma (optic nerve damage) [304] and age-related de-

generation [305]. Currently the successful treatment is the replacement of the damaged

cornea by transplantation, however this treatment is limited due to donor shortage,

immune rejection and tissue quality issues. Stem cell therapies in development offer

new possibilities of treatments [282]. Keratocytes extracted from the limbus (found

at the border of the cornea and the sclera, the white part of the eye) have been ob-

served to express CD105 in in vitro, a mesenchymal stomal cell marker [306]. This

observation gave reason to believe that the limbal keratocytes have MSC potency [307]

and gives rise to possible applications of this stem cell type in regenerative cell thera-

pies for the cornea. However, expanding keratocytes in 2D conventional mammalian

cell culture to the numbers required for viable tissue engineered therapies is limited

due to change in phenotype to the active myofibroblast also being observed [308, 309].

Many strategies have been researched to maintain the keratocyte phenotype including

altering/developing new media composition [193, 310], co-cultures [311] and culture

on three dimensional structures [61, 312–314]. Soluble biomolecules within cell cul-

ture media can direct or maintain phenotype of cells supported on scaffolds. Sidney

et al. [193] investigated different combinations of cell culture media (DMEM10, M199,

SCM, EGM, MethoCult, K-SFM and Stem Pro-34) and their influence on the hCSCs

phenotypic response. SCM media composed of DMEM/F12 with knock out serum

and growth factors (see details chapter 2, section 2.7.2) was observed to support a cell

phenotype closest to the pluripotent cell and was deemed the most suitable option for

clinical-grade medium for cell expansion for cell therapies. In this chpater the fab-

ricated PLA/PDEGMA thermo-responsive three dimensional scaffolds were proposed

as possible alternative to the 2D conventional cell culture expansion platform for the ex-

pansion of hCSCs. As an initial experiment of thermo-responsive enzymatic-free pas-

sage of hCSCs on these scaffolds was observed successful (see chapter 4, Figure 4.10D).
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SCM media composition reported by [193] was considered most appropriate as cell

culture media in this study. The behaviour of hCSCs and their ability to maintain their

quiescent phenotype on these scaffolds were investigated.

Transmembrane phosphoglycoprotein CD34 has been identified as a hematopoietic

and progenitor cell marker and is believed to not be expressed by multipotent mes-

enchymal stromal cells (MSC) [315]. However, recent studies suggest that many more

cell types express CD34, including nonhematopoietic cells [316, 317], multipotent mes-

enchymal stromal cells (MSC) [318], interstitial dendritic cells [319], epithelial progeni-

tors [320] and corneal keratocytes [321]. In case of corneal keratocytes the expression of

CD34 reduces over multiple passages in 2D and ultimately disappears when become

activated/adopt an activated phenotype [295, 321, 322]. Therefore, CD34 was identi-

fied as a marker to identify the quiescent hCSCs phenotype. As mentioned before ker-

atocytes express ALDH to maintain the cornea structure and transparency. Therefore,

within this study ALDH1A3 (an isoform found in mammals) was also identified as one

of the markers to confirm keratocyte phenotype expression. To identify the change into

a fibroblastic phenotype, expression of a-SMA was considered for identification.

5.2 Aims and Objectives

The aim of the study presented in this chapter was the investigation of human corneal

stromal cell behaviour on the thermo-responsive electrospun scaffolds and their de-

tachment from the scaffold following cooling. Cell adherence, proliferation and phe-

notype expression will be observed on different scaffold morphologies and chemical

characteristics of the electrospun scaffolds.

This study’s aim was achieved through the following objectives:

1. Observe the adherence and proliferation on thermo-responsive scaffolds with dif-

ferent morphologies (big beads, beads-on-strings and uniform fibres).

2. To observe the phenotype expression on the different scaffolds fibre morpholo-
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gies.

3. To functionalise the thermo-responsive polymer (PDEGMA) with a free thiol

groups (PDEGMA/PDEGSH) for peptide functionalisation of the scaffolds using

photo -initiated thiol-ene chemistry to improve hCSCs attachment and pheno-

type support on the thermo-responsive fibrous scaffolds.

4. Investigate the adherence and proliferation on peptide functionalised scaffolds

and compare them with the original scaffolds (PLA/ 10 wt% PDEGMA).

5. Investigate the phenotype expression (CD34, CD105, ALDH and a-SMA) and

morphology using actin and vimentin staining on peptide functionalised scaf-

folds and compare them with the original scaffolds (PLA/ 10 wt% PDEGMA).

6. To culture hCSCs on peptide funtionalised scaffolds and passage them from the

scaffolds with the use of the thermo-responsive co-polymer (PDEGMA/PDEGSH)

in the fibres by lowering the culture temperature.

5.3 Experimental Methods

5.3.1 Polymer synthesis

The thermo-responsive polymer poly(di(ethylene glycol) methyl ether methacrylate

(PDEGMA) and poly(di(ethylene-glycol) methyl ether methacrylate-co-poly(di(ethylene-

glycol) thiol (PDEGMA/PDEGSH) were synthesised by RAFT polymerisation, see meth-

ods section 2.5.2 and 2.6.3. Polymer structures were determined by H1-NMR, C13-NMR

and 2D-NMR (see method section 2.3.1). Molecular weights were measured using GPC

(see method section 2.3.2) and lower critical solution temperature (LCST) points were

estimated using UV-VIS cloudy point measurements (2 mg/mL, see method section

2.3.4).
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5.3.2 Free thiol confirmation of PDEGMA/PDEGSH polymers

Free thiol presence and percentages in the PDEGMA/PDEGSH polymers were anal-

ysed using Ellman’s assay and fluorescein-5-maleimide staining, see methods section

2.6.4 and 2.6.5.

5.3.3 Blend electrospun scaffolds fabrication

PLA polymer were blend electrospun with 10 wt% of PDEGMA or PDEGMA/PDEGSH

to obtain a thermo-responsive fibrous scaffolds (see method section 2.2.2).

5.3.4 Blend electrospun scaffold characterisation

Scaffolds fibre morphology was analysed using SEM (see method section 2.4.1). Av-

erage FD and SD were calculated using ImageJ software (see method section 2.4.2).

Thermo-responsive behaviour of the fibrous scaffolds were analysed by static WCA

measurements (see method section 2.4.4).

5.3.5 Free thiol confirmation on blend electrospun scaffolds

Free thiol presence on the blend electrospun scaffolds fibres were analysed using fluorescein-

5-maleimide staining and Tof-SIMS analysis, see methods section 2.6.5 and 2.4.5. See

schematics of fluorescein-5-maleimide labeling in Figure 5.2A.

5.3.6 Peptide synthesis

GGG-YIGSR peptide sequence with a norbornene acid N-terminal functionalised group

was synthesised and purified with the use of HPLC. The peptide structure was deter-

mined with the use of MS, see method section 2.6.6.
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A B

Figure 5.2: Schematics of photo-initiated and non photo-initiated peptide scaffold labeled with

fluorescein and ATTO.

5.3.7 Photo-initiated thiol-ene chemistry confirmation

PDEGMA/PDEGSH polymer reactivity to photo-initiated thiol-ene chemistry of the

free thiols to the alkene group of the norbornene acid of the Nor-GGG-YIGSR peptide

was investigated using the method in section 2.6.7. Presence of the Nor-GGG-YIGSR

peptide after photo-initiation on the scaffolds was investigated using NHS-ATTO flu-

orescence labeling (see method section 2.6.8) and ToF-SIMS analysis (see method sec-

tion 2.4.5). Un-reacted free thiols after the thiol-ene reaction was investigated using

fluorescein-5-maleimide fluorescence labeling (see method section 2.6.5). See schemat-

ics of ATTO labeling Figure 5.2B.

5.3.8 Cell proliferation, phenotypic and ECM expression studies

hCSCs were seeded onto the scaffolds at 60 000 cells/ml (n=9 scaffolds per different

polymer containing scaffolds, see method section 2.7.6), proliferated for 9 days and

cell numbers on different time point were calculated with the use of Alamar blue as-

says on 3 of the 9 scaffolds (see method section 2.7.6). 3 scaffolds of the 6 remain-

ing scaffolds were used for immuno-staining studies at day 9. Cells were fixed onto

the scaffolds, scaffolds were cut into 3 pieces and immuno-stained with two different
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phenotypic marker combination (CD34/CD105 and ALDH/a-SMA) and morphology

markers actin and vimentin (see method section 2.8). Remaining 3 scaffolds were used

for ECM expression studies at day 9. Cells were fixed onto the scaffolds and immuno-

stained with two ECM markers Collagen I and Lumican (see method section 2.8.2). See

schematics of experimental timeline in Figure 5.3.

Figure 5.3: Schematic representing the Alamar blue (AB) and immunostaining experimental

timeline for cultured hCSCs over 9 days on the different electrospun fibre morphology scaffolds

(n=6 per different scaffold type).

5.3.9 Detachment studies

hCSCs were seeded onto the scaffolds at 60 000 cells/ml (n=6 scaffolds per different

polymer containing scaffolds, see method section 2.7.6), proliferated for 9 days and cell

numbers on different time point were calculated with the use of Alamar blue assays on

3 of the 6 scaffolds (see method section 2.7.6). Other 3 scaffolds were used for detach-

ment studies at day 9. Cells were detached by different methods (see method section

2.9.2). Cells left attached on scaffold after the detachment step and cell detach numbers

were calculated with the use of Alamar blue assay, see method section 2.7.6 and 2.9.1.

See schematics of experimental timeline in Figure 5.4.
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Figure 5.4: Schematic representing the Alamar blue (AB) and cell detachment experimental

timeline for cultured hCSCs over 9 days on the different electrospun fibre morphology scaffolds

(n=6 per different scaffold type).

5.3.10 Phenotype studies after detachment by FACS.

hCSCs detached from scaffolds were immuno-stained with CD34/CD105 and ALDH/a-

SMA and analysed by FACS, see method section 2.10.2.

5.4 Results & Discussion

The quiescent phenotype of human corneal stromal cells (hCSCs) has been observed

to be present when cells were grown on 3D structures. Wu et al. [323] investigated

the gene expression of hCSCs cultured on poly(ester urethane) urea (PEUU) fibres.

Their results showed differentiation of the corneal stromal stem cells to keratocytes

on these structures. A more recent study showed similar results. Both ECM proteins

and gene expression of keratocyte markers of hCSCs were observed up-regulated on

3D silk structures compared to 2D silk films (cultured for 9 weeks) [61]. For this reason

the ability of 3D electrospun fibrous structures to support the phenotype of hCSCs was
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investigated. The electrospinning process can result in different fibrous morphologies,

as investigated in chapter 3. These three different morphologies were investigated fur-

ther to observe the behaviour of hCSCs on these scaffolds with or without the thermo-

responsive polymer, for trypsin free-passaging as investigated in Chapter 4 (PLA with

10 wt%, big beads, beads-on-strings, and PLA uniform as control). The hCSCs were ob-

served to attach and proliferate on beads-on-strings (BoS) fibre morphologies and PLA

uniform (PLA Uni) fibres. Significantly less proliferation was observed on the uniform

(Uni) fibres with 10 wt% PDEGMA and big beads (BB) fibre morphology scaffolds, 1

x 104 cells for Uni and BB compared to 3.5 x 104 cells for the PLA Uni and BoS fibres

(see Figure 5.5). Staining for actin and vimentin showed round clusters of cells on all

scaffolds. This gives an indication of no real interaction of the cells onto the scaffolds

fibrous surface, resulting in cells aggregating together.

Immuno-staining for the keratocyte marker CD34 was only observed on the uniform

fibres with thermo-responsive PDEGMA. While, ALDH and CD 105 expression was

observed when cells were cultured on all scaffold types. Concluding that, although,

greater cell proliferation was observed on the beads-on-strings fibre scaffold and uni-

form PLA control, uniform fibres with thermo-responsive polymer were also able to

support CD34 keratocyte expression. This could be due to the slightly lower hydropho-

bic characteristic of the scaffolds with PDEGMA compared to the PLA scaffolds (see

Figure 4.3A). However, the fibroblastic marker a-SMA was expressed by cells cultured

on all scaffold types with the strongest expression on the PLA uniform fibre control

scaffolds (see Figure 5.6).

The cell aggregation observed could be due to the lack of serum in the cell culture me-

dia used. Previous work within our group on PLGA/PDEGMA scaffolds with hCSCs

with the use of serum containing media DMEM10 resulted in cell being able to adhere

to the scaffolds [269]. However, in this study the use of no serum containing cell cul-

ture media SCM resulting in no initial adsorption of essential attachment proteins onto

the scaffold surface. Serum allows proliferation and rapid expansion of cells due to the

combination of attachment and growth factors the serum provides. However, FBSs un-

defined biological combination and batch to batch variation makes serum unsuitable
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A Uniform B Big beads C Beads-on-strings D PLA Control

789 ± 210 nm 972 ± 1339 nm 1536 ± 1726 nm 870 ± 348 nm

E

Figure 5.5: Representative SEM images of the different electrospun fibre morphologies with

corresponding average fibre diameter. A) Uniform fibres of PLA/10 wt% PDEGMA, B) beads-

on-strings fibre morphology of PLA/10 wt% PDEGMA,C) big beads fibre morphology of

PLA/10 wt% PDEGMA and D) uniform fibres of PLA. hCSC were cultured on these scaf-

folds for 9 days in SCM and E) cell viability was measured. (n=3 scaffolds, two-way ANOVA,

**=<0.01, ****=<0.0001, error bars=SD)
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Figure 5.6: Representative confocal images of corneal stromal cells on the different electro-

spun fibre morphologies after 9 day culture. Cells were stained for keratocyte markers CD34

and ALDH, as well as a mesenchymal stromal cell (MSC) marker CD105 and myofibroblas-

tic marker a-SMA. Actin and VIMENTIN were also stained to assess cell morphology on the

scaffolds. All nuclei were stained with DAPI. Scale bar = 50 µm. (better contrast images can be

found in the electronic version.)
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for clinical grade research. Furthermore, FBS has been reported to trigger spontaneous

differentiation of keratocytes to their fibroblastic or myofibroblastic phenotype [324–

326]. Therefore, cell culture media composition without serum is desirable.

As none of the scaffolds supported quiescent hCSCs specific markers without the ex-

pression of the myofibroblastic marker a-SMA, and cell aggregates was observed on

the fibrous scaffold. A new strategy was proposed with the use photo-initiated thiol-

ene chemistry to functionalise the scaffolds with a peptide sequence to enhance the

attachment and cell interaction and phenotype support of the uniform fibrous scaffold

with 10 wt% PDEGMA. A thiol containing thermo-responsive polymer was obtained

using RAFT polymerisation (see Figure 2.3). This brush like thiol containing poly-

mer has two different side groups in different ratios; 1) poly(diethylene glycol) methyl

methacrylate (PDEGMA) and 2) poly(diethylene glycol) ether thiol (PDEGSH). The di-

ethylene glycol base for the thiol side groups was added to keep the thermo-responsive

properties of the polymers as near to the original LCST of PDEGMA (see Figure 5.7A).

This co-polymer was blended with PLA and electrospun to form fibrous scaffolds with

free thiol groups available on the surface. Previous literature observed proliferation

of hCSCs on tyrosine-isoleucine-glycine- serine-arginine (YIGSR) containing peptide

nanofibre structures [327], as well as, has been reported to enhance cornea regener-

ation in vivo pigs when YIGSR containing collagen hydrogels were used [328]. This

laminin peptide sequence was therefore considered suitable for this work. A spacer

of three glycine groups was attached to increase the distance of the peptide from the

surface creating access of the peptide from the fibrous scaffold surface. The peptide se-

quence was functionalised with a norbornene acid on the N-terminal group, resulting

in the following full sequence norbornene-glycine-glycine-glycine-tyrosine-isoleucine-

glycine- serine-arginine (Nor-GGG-YIGSR). The alkene group of the norbornene acid

reacts with the free thiols presence on the surface when exposed with UV light. This

photo-initiated thiol-ene chemistry reacts rapidly and is therefore commonly used for

self-assembling bioconjugates [329–331] (see schematics Figure 5.7).
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Figure 5.7: Schematics of A) PDEGMA/PDEGSH synthesis and B) the formation of polymer-

peptide derivatives electrospun scaffolds.
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5.4.1 Polymer and peptide synthesis

PDEGMA/PDEGOH

Free radical polymerisation of different ratios of the monomers di(ethylene glycol)

methyl ether methacrylate (DEGMA) and di(ethylene glycol) vinyl ether (DEGOH;

100:0, 95:5, 90:10, 80:20, and 70:30) were performed, resulting in the polymer prod-

uct poly(di(ethylene glycol) methyl ether methacrylate-co-poly(di(ethylene glycol)

vinyl ether (PDEGMA/PDEGOH). 1H-NMR samples were taken at different time points

during the reaction (60, 120, 280 and 240 mins) to observe the conversion rate of the

RAFT polymerisation (see supplementary data Eq. 9.0.1). From 120 mins, a plateau

was observed with a final conversion of 80% (see supplementary data Figure S38).

Due to delays in commercial availability of di(ethylene glycol) vinyl methacrylate the

monomer di(ethylene glycol) vinyl ether was used. This monomer is analogous to the

oligo (ethylene glycol) methacrylate monomers but exhibits a less stable radical forma-

tion upon initiation and therefore earlier termination of the polymerisation chain with

lower PDEGOH ratio than initially added monomer ratios. This was confirmed by 1H-

NMR integration of the singlet -O-CH3 of PDEGMA to the triplet of the -CH2-OH of the

PDEGOH (see Figure S9). In case of the di(ethylene glycol) methyl ether methacrylate

the C=O stabilises the radical resulting in head-to-tail addition. However, di(ethylene

glycol) vinyl ether has no groups around to stabilise the radicals resulting in possible

head-to-head addition [332]. This was confirmed by 1H-NMR data showing a peak at

1.4 ppm for the CH of the C(PDEGMAchain)-CH(O-DEGOH) group. The real percent-

age co-monomer ratios after RAFT polymerisation were identified as 0, 2, 3, 4 and 10

mole % PDEGOH to PDEGMA (see supplementary data Table S6).

Molecular weights of the purified PDEGMA/PDEGOH polymers were measured in

THF GPC-derived molecular weights (Mw) of 40 to 80 kDa with a Ð (polydispersity

(PD)) of around 2 to 3 (see Table 5.1). DEGMA/DEGOH of 70:30 ratio showed a slightly

lower molecular weight. As previously explained, this is due to the less stable diethy-

lene glycol vinyl ether radicals resulting in earlier termination of the polymerisation

and shorter polymer chain lengths. Increasing DEGOH within the reaction mixture re-
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sulted in an increase of reactive unstable radicals and therefore earlier termination of

the polymer chain.

Table 5.1: GPC data of PDEGMA/PDEGOH polymers in THF.

% of -OH Mn [kDa] Mp [kDa] Mw [kDa] PD [Ð]

0 31 43 59 2.1

2 35 56 79 2.2

3 34 59 86 2.5

4 30 51 75 2.5

10 16 33 43 2.7

PDEGMA/PDEGSH

The PDEGMA/PDEGOH polymers were functionalised with a free thiol end group

by a condensation reaction with 3-mercaptopropanoic acid (see method section 2.6.3).

The condensation product (PDEGMA/PDEGSH) was successfully obtained after pre-

cipitation and was confirmed using 2D-NMR interpretation; by the disappearance of

the -CH2OH peak (j at 3.7 ppm 1H-NMR) and the appearance of the CH2 peaks of

the CH2CH2SH group (k and l at 2.6 and 2.9 ppm 1H-NMR, see 2D-NMR spectra Fig-

ure 5.8).

148



A

B

Figure 5.8: 2D-NMR spectra of A) PDEGMA/PDEGSH (90:10) and its starting product B)

PDEGMA/PDEGOH (90:10) from RAFT polymerisation 70:30 monomer ratio. The success of

the condensation reaction was confirmed by the disappearance of the CH2OH peak at 3.7 ppm

(j) and the appearance of the thio-alkyl ester CH2 peaks at 2.7 and 2.9 ppm (k and l).
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Free thiol presence on all polymers was confirmed by Ellman’s assay (see Table 5.2).

A standard curve of known concentrations of thiols (cysteine solution, see Figure S26)

was used to calculated the percentage of thiols. An increase in percentage of free thi-

ols was observed when a higher percentage ratio of PDEGOH monomer was used

in the PDEGMA/PDEGOH synthesis. However, the expected percentage thiol was

slightly lower than the known percentage of PDEGOH. This could be due to the re-

action of free thiols with themselves under aqueous conditions resulting in disulfide

bond formation [333], which are not reactive with the Ellman’s reagent. Ellman’s assay

is performed in aqueous conditions and an incubation time is required to obtain the

fluorescent signal. This incubation time could be too long resulting in free thiols inter-

acting with each other to form disulfides bonds. Although, this formation can occur,

reduction agents can be used to reduce the disulfide bonds back to free thiols. How-

ever, most common thiol reducing agents (dithiothreitol (DTT) and b-mercaptoethanol

(BME)) results in a free thiol containing by-product which will interfere with the Ell-

man’s assay measurement. Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) does

not result in interfering by-products, which could be used to avoid disulphide bond

formation during the Ellman’s assay [334]. A second possible reason for the lower

percentage of thiols then expected could be due to the similar boiling point of the 3-

mercaptopropanoic to the toluene (110-111◦C and 110.6◦C respectively) resulting in

evaporation of 3-mercaptopropanoic acid during the condensation reaction. A con-

densation reaction’s solvent could be changed into a solvent with a lower evaporation

rate such as chloroform; in which the water will be removed by a reverse Dean stark

trap.
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Table 5.2: Free thiol presence percentage in the PDEGMA/PDEGSH co-polymer as confirmed

by Ellman’s assay.

% of -SH Polymer

concentration

[mmol/mL]

Absorbance [412

nm]

Standard

Curve/1000

[mmol/mL]

Thiol%

2 70 * 10−4 0.0877 1.2 * 10−4 1.7

3 70 * 10−4 0.1249 1.5 * 10−4 2.2

4 70 * 10−4 0.2483 2.6 * 10−4 3.7

10 70 * 10−4 0.7328 6.8 * 10−4 9.7

To confirm the presence of free thiols in the purified polymers, the polymer was coated

onto glass slides and labeled with maleimide-fluorescein. The maleimide alkene dou-

ble bond reacts with the free thiols by a Michael-type addition reaction; if thiols are

present a fluorescence signal of the attached fluorescein will be observed when imaged

with confocal microscopy at 488 nm wavelength. A fluorescence signal was observed

for all thiol containing co-polymer. An increase in signal was observed when the ratio

of PDEGMA/PDEGSH increased; 10% PDEGSH resulted in the strongest fluorescence

observed.

Cloud point hysteresis measurements were performed to investigate the thermo- re-

sponsive properties of the functionalised PDEGMA, PDEGMA/ PDEGOH and

PDEGMA/PDEGSH polymers. Figure 5.10 and Table 5.3 shows the cloud point hys-

teresis patterns and corresponding LCST of the polymer in solution when heated or

cooled. Unmodified PDEGMA has a LCST of 27◦C when heated. However, a shift

was observed when cooled to a LCST of 20◦C. This is due to the nature of the polymer

when hydrophobic as the PDEGMA branched polymer is folded and aggregated. This

leads to a slower rate of unfolding during the cooling process and a change in poly-

mer conformation as the chains rehydrate (as previously described in chapter 4) [181].

For all different concentrations of PDEGMA/PDEGOH a shift was observed from 27

to 29◦C when heated, while an earlier cloud point changes was observed when cooled

compared to the 100% PDEGMA polymer. This is due to the more hydrophilic nature
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Figure 5.9: Fluorescein staining of free thiols presence on dried PDEGMA/PDEGSH polymer

films on glass slides containing different ratios of -MA to -SH. Scale bar = 50 µm. (better contrast

images can be found in the electronic version.)
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of the polymer branches. The co-polymer PDEGOH alcoholic end group results in a

slower transition to hydrophobic characteristics when heated and a faster transition to

the hydrophilic state when cooled. The PDEGMA/PDEGSH with a thiol end group

produced a different cloud point pattern then observed for the other polymers. The

hydrophobic aggregation changes when heated occurred earlier, at 18, 22, 25, 18◦C for

2, 3, 4, 10 PDEGSH respectively. As well as the change back, to the hydrophilic prop-

erties was observed to occur earlier (11, 18, 19, 13◦C for 2, 3, 4, 10 mole % PDEGSH

respectively, see Table 5.3). This is due to the increase in the hydrophobic nature of the

co-polymer side group from PDEGOH to PDEG-C(=O)O(CH2)2 SH. A decreasing slope

was observed for concentration of SH group higher than 2% when cooled. This may

be due to cross-reactivity with other thiol groups. Free thiols can oxidise to a disulfide

bond in water and temperature can increase this reaction. However, a more in depth

investigation into the kinetics is required to confirm this assumption.

Table 5.3: Cloud-points of all different PDEGMA, PDEGMA/PDEGOH and

PDEGMA/PDEGSH polymers ratios when heated and cooled.

ratio % -OH or -SH Heated Cooled

PDEGMA 0 28 22

PDEGMA/PDEGOH 2 27 23

3 25 24

4 27 26

10 28 25

PDEGMA/PDEGSH 2 18 11

3 22 18

4 25 19

10 18 13

PDEGMA/PDEGS-Nor-GGG-YIGSR 4 25 19
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Figure 5.10: Cloud point hysteresis of PDEGMA, different ratios of PDEGMA/PDEGOH and

PDEGMA/PDEGSH in water (2 mg/ml). A) 2, B) 3, C) 4 and D) 10% PDEGOH to PDEGMA.

LCST shift down when polymer is cooled down. This is due to the aggregation of the polymer

which takes time to break up. PDEGOH LCST is slightly higher in temperature due to the

additional hydrophilic group OH. PDEGSH polymer shows an earlier LCST change than the

PDEGMA and PDEGOH polymers as well as a slow steady slope when cooled.
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Figure 5.11: Chemical structure of the synthesised Nor-GGG-YIGSR peptide sequence. Nor

(blue block) is the norbornene acid photo-initiative active group, GGG (green block) is used as

a spacer and YIGSR (red block) sequence previously identified to promote hCSCs proliferation

[327].

Nor-GGG-YIGSR peptide sequences (see Figure 5.11) with a norbornene acid ter-

minal end group were synthesised successfully by solid-phase peptide synthesis on

rink amide resin and purified by HPLC and identified by HPLC-MS spectra inter-

pretation (see supplementary data Figure S28). The standard method cycle of Fmoc-

deprotection, 4x washing and double couplings resulted in many by-products (see Fig-

ure S27A). Therefore, an extra two washes were added after the double coupling, which

successfully reduced the amount of by-product contaminating the peptide product (see

Figure S27B).

An initial study was performed to confirm the photo-initiated thiol-ene reaction be-

tween the PDEGMA/PDEGSH and crude Nor-GGG-YIGSR (before HPLC purification,

see Figure S27B). Crude Nor-GGG-YIGSR and PDEGMA/PDEGSH (96:4) at 1:1 ratio

were dissolved in PBS and exposed to UV-light for 15 mins at 365 nm, 6 W/cm2 on

ice (see method section 2.6.7). To measure the conversion, aliquots were taken at 0,

5, 10 and 15 mins. Polymers were successfully purified by precipitation. A decrease

in percentage of free thiols was observed by Ellman’s assay, confirming that the Nor-

GGG-YIGSR had reacted with the thiols. The percentage of free thiols of 1.3% were
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observed at 15 mins, indicating an conversion of 65% after 15 mins. However, crude

Nor-GGG-YIGSR was used which could be the cause of the incomplete conversion ob-

served. Beside a decrease of free thiols observed, FT-IR showed the disappearance of

the double bond and the appearance of the amino-groups of the peptide in the case of

the reacted peptide-thiol polymer (see Figure 5.12A). Therefore, the reaction between

the free thiols to the double bond of the norbornene acid group was judged to be suc-

cessful.

Table 5.4: Decrease of free thiol present of PDEGMA/PDEGSH (96:4) was observed when ex-

posed to UV for a longer time with Nor-GGG-YIGSR.

Time UV

exposed

[min]

Polymer

concentration

[mmol/mL]

Absorbance

[412 nm]

Standard

Curve/1000

[mmol/mL]

Thiol % Conversion

%

0 70 * 10−4 0.2483 2.6 * 10−4 3.7 0

5 19 * 10−4 0.0300 6.8 * 10−4 2.0 46

10 19 * 10−4 0.0295 6.8 * 10−4 2.0 46

15 70 * 10−4 0.0537 0.9 * 10−4 1.3 65

Cloud point hysteresis of the PDEGMA/PDEGS-Nor-GGG-YIGSR derivatised poly-

mer showed a similar cloud point transition of 22◦C when heated and 12◦C when

cooled as PDEGMA/PDEGSH (see Figure 5.12B). However, the previous decreasing

slope observed of PDEGMA/ PDEGSH when cooled did not occur in case of the deriva-

tised PDEGMA/ PDEGS-Nor-GGG-YIGSR. This observation assumes that the decreas-

ing slope was caused by the presence of free thiols in the polymer.
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Figure 5.12: A) FT-IR spectra from pure Nor-GGG-YIGSR (red), PDEGMA/PDEGSH (green)

and peptide functionalised PDEGMA/S-Nor-GGG-YIGSR by photo-initiated thiol-ene chem-

istry (purple). The double bond from the norbornene acid disappeared and the amino groups of

the peptide appeared on the FT-IR of the functionalised polymer-peptide. B) Cloud point analy-

sis showed a similar pattern for the peptide functionalised polymer to the PDEGMA/PDEGSH.

However, the slow steady decrease of cooling down was not present after photo-initiated thiol-

ene chemistry.

In summary the PDEGMA/PDEGOH and PDEGMA/PDEGSH were successfully syn-

thesised and identified. Cloud point hysterises confirmed the thermo-responsive prop-

erties of the polymers. Free thiol presence in the PDEGMA/PDEGSH polymer was

confirmed by Ellman’s assay and fluorescein-5-maleimide labeling. The reactivity of

the free thiol containing PDEGMA/PDEGSH to the alkene group of the norbornene

acid functionalised peptide when UV exposed was confirmed in the initial experiment.

Ellman’s assay analysis showed decrease in free thiols on the polymer and FT-IR con-

firmed the presence of the peptide after the photo-initiated thiol-ene reaction.
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5.4.2 PDEGMA/PDEGSH electrospun scaffolds

The synthesised PDEGMA/PDEGSH polymers were successfully blend electrospun

with PLA in uniform fibres (19 kV, 17.5 cm, 0.5 hr/ml and 25 w/v% PLA and 10

wt% PDEGMA /PDEGSH polymers) with an average fibre diameter range of 800-

1200 nm (see SEM images Figure 5.13 and fibre diameters Table 5.5). Aggregates of

the PDEGMA/PDEGSH polymer (90:10) was observed when mixed with the PLA in

Ac/DMF (1:1) solution. This was likely due to formation of disulfide bonds which can

occur 103 times faster in polar aprotic solvents (such as the DMF used in this study)

than in polar protic solvents [333, 335]. Water contact angle (WCA) measurement were

performed. Electrospun scaffolds with 10 wt% of 4 and 10 mole % PDEGMA/

PDEGSH showed an increasing WCA angle of 135◦ compared to approximately 110◦

for the other PDEGMA/PDEGSH containing scaffolds or control of PLA/PDEGMA

(see supplementary data Figure S39). This could be due to the increase of hydrophobic

nature of the co-polymer when the PDEGSH branch percentages increase.

Table 5.5: Representative range, average and standard deviation (SD) of the different scaffolds

fibre diameters.

%-SH Fibre diameter range in nm Average Fibre diameter in nm ± SD

0 450-1000 789 219

2 550-2700 1150 492

3 470-1660 887 220

4 570-2230 994 267

10 650-3100 1187 324

The PDEGMA/PDEGSH containing PLA electrospun scaffolds were labeled with fluor

escein-5-maleimide (as described before 5.4.1) to confirm the presence of free thiols on

the surface (Figure 5.13) . A second study was performed to confirm the presence of the

peptide on the surface after photo-initiated thiol-ene chemistry. An ATTO NHS ester

fluorescence label, which reacts with the amide group of the peptides arginine present

in the peptide sequence, was added after photo-initiated thiol-ene reaction. When the

peptide sequence is present a red fluorescence signal will be observed during imaging
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(see Figure 5.13A). An additional fluorescein-5-maleimide staining was performed onto

the derivatised scaffold surfaces to identify if any free un-reacted thiols were present

after the photo-initiated thiol-ene chemistry step. Microscopy imaging showed fluores-

cein signals for all PDEGMA/PDEGSH containing scaffolds, confirming the presence

of free thiols on the surface (see Figure 5.13) . A slight increase in intensity was ob-

served when the percentage of thiols was higher. No fluorescein signals were present

after photo- initiated thiol-ene chemistry on the derivatised scaffolds with the peptide,

while ATTO fluorescent signals were observed. This confirms that the photo-initiated

thiol-ene reaction was successful and no free thiols were present after the reaction.

However, the expected fibrous pattern of thiols on the scaffold fibres was not observed

for the fluorescein labeled thiols. This indicates an possible uneven distribution of the

thiols on the fibres surface.

To investigate the distribution of the free thiols and presence of the peptides on the

peptide derivatised fibrous surface in more detail Time-of-Flight Secondary Ion Mass

Spectrometry (ToF-SIMS) analysis was performed. ToF-SIMS is a highly sensitive anal-

ysis method; detecting absorption of proteins on polymeric substrates as low as 10

ng/cm2 [336] and was therefore considered for the chemical analysis of our scaffolds.

Mass spectra peaks of the ion fragments were identified for PLA and was confirmed

through literature (see supplementary data Table S7) [337–340]. The ion fragment peak

CH3O− was observed and attributed to the PDEGMA. A decrease in peak intensity of

CH3O− was observed for all the scaffolds containing PDEGMA/PDEGSH co-polymer.

However, no significant correlation between the increase in intensity of the SH− and

S − and increase percentage of PDEGSH present in the co-polymer was observed (see

Figure 5.14). This may be due to the small difference in percentage of thiols between

the scaffolds with 2-10% thiols. However, as ToF-SIMS only provides qualitative data,

quantitative data (such as XPS) is needed to confirm the actual percentage of the thiols

on the surface. Obtained ToF-SIMS distribution images show a fibrous pattern for the

SH−, while no significant fibrous structure was observed for the CH3O− signals (see

Figure 5.16, 2 and 4% thiols). This confirms an even distribution of the free thiols on

the surface of the fibres, while the thermo-responsive -OCH3 end group is likely
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Figure 5.13: SEM images and fibre diameter measurement show fibres in the same diame-

ter range for all different PDEGMA/PDEGSH ratios. Scale bar = 10 µm. Fluorescein and

ATTO stained PDEGMA/PDEGSH and derivatised PDEGMA/PDEGS-Nor-GGG-YIGSR elec-

trospun scaffolds confocal images. Thiol presence was observed by fluorescein staining on the

PDEGMA/PDEGSH scaffolds and peptide presence after the thiol-ene reaction was observed

by ATTO staining with subsequent fluorescein staining to confirm full conversion. Scale bar =

100 µm.
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to be buried within the surface of the fibres and beyond the detection limit of the ion

beam. The sampling depth in ToF-SIMS for Bismuth trimers is considered to be ap-

prox. 3 nm under the conditions used in these experiments. A decreases in S− was

observed for photo-initiated thiol-ene derivated scaffolds (see Figure 5.15). However,

the SH− 33 m/z peak was observed to increase in intensity due to the overlapping

of the PH2 peak from traces of PBS salts on the surface (see Figure S42), intensity are

therefore not reported. This assumption was confirmed when looking at the distribu-

tion images, showing no fibrous structures for the 33 m/z peak. Instead large crystal

like structures were observed (see Figure S40). This problem of overlapping peaks can

be solved by more advanced ToF-SIMS orbitrap systems and improvement in the re-

flectron unit of the ToF-SIMS. The CNO- peak of the amino-groups of the peptide were

observed for all scaffolds (included 0SH-P). Significantly higher intensity was observed

for the scaffold 3S-P. While a decrease in CNO- intensity was observed for 4 and 10 S-

P. Nor-GGG-YIGSR peptide fragment signals in positive spectra were identified and

were corroborated to literature [341, 342]. See fragments structures of identified sig-

nals in Figure S41. Peptide fragment signals were observed for all scaffolds, including

the PLA/PDEGMA scaffolds with thiol groups present. This observation of peptide

on scaffolds without thiols present is due to the occurrence of non specific electrostatic

binding with the surface of the scaffolds. When looking at the distribution images of

the signal, an even distribution of peptide fragment peaks was observed on the 0%

thiol scaffold without a defined fibre morphology. However, in case of the peptide

derivatised scaffolds more defined fibre morphologies were observed (see Figure 5.17).

This observation gives an indication that more specific binding onto the fibres surface

occurs when free thiols are available, while some, albeit low-level, non-specific elec-

trostatic interaction between the scaffolds surface and peptide was observed in case of

scaffolds with no thiols present.

In summary, blend electrospun scaffolds of PLA with 10 wt% PDEGMA/PDEGSH

(of different ratios MA:SH) polymers were fabricated. The presence of free thiol was

confirmed by fluorescein-5-maleimide staining and ToF-SIMS analysis. Scaffolds were

functionalised by photo-initiated thiol-ene chemistry between the free thiols and nor-

bornene acid functionalised peptide sequence (Nor-GGG-YIGSR). Functionalisation
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was confirmed by NMS-ATTO labeling and ToF-SIMS analysis.
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Figure 5.14: Total intensity of the ToF-SIMS peaks CH3O− (31 m/z), SH− (33 m/z) and S−

(32 m/z) from the free thiol containing scaffolds (n=3 measurement areas on one scaffold each,

data normalised against total count, error bars = SD).

Figure 5.15: B) Total intensity of the ToF-SIMS peaks of different sequences of the Nor-GGG-

YIGSR peptide presences on the scaffold surfaces, (R(-NH2, 147 m/z), GSR(-COOH, 326 m/z),

IGSR (-NH2, 425 m/z), GGGYIGS (-COOH, 605 m/z), GGGYIGSR (-COOH, 628 m/z) and

GGGYIGSR (765 m/z) (n=3 measurement areas on one scaffold each, data normalised against

total count, error bars=SD)
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Figure 5.16: ToF-SIMS measurement of the free thiol containing scaffolds. A) Total count

images, B) CH3O− group of the PDEGMA thermo-responsive part of the co-polymer

PDEGMA/PDEGSH, C) SH− group of the PDEGSH and D) S− group of the PDEGSH (im-

age surface area is 500 x 500 nm, normalized to MC of 200 for total count and MC of 3 for all

other signals).

164



% S-P Total count C5H13N3O2
+ C17H27N7O6

+ C26H37N8O9
+

0

2

3

4

10

Figure 5.17: ToF-SIMS measurement of the derivatised scaffolds. A) Total count images, B)

C5H13N3O2
+ lysine (R) part of the Nor-GGG-YIGSR sequence, C) C17H27N7O6

+ IGSR part of

the Nor-GGG-YIGSR sequence and D) C26H36N8O9
+ GGGYIGS part of the Nor-GGG-YIGSR

sequence (image surface area is 500 x 500 nm, normalized to MC of 200 for total count and MC

of 3 for all other signals).
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5.4.3 hCSCs behaviour studies on the photo-initiated thiol-ene peptide

derivatised electrospun scaffolds.

hCSCs attachment, proliferation and phenotype expression were investigated on the

different electrospun scaffolds of different surface chemistries. For this experiment

the following scaffolds were used: PLA with 10 wt% PDEGMA (see Figure 5.18B),

PLA with 10 wt% PDEGMA /PDEGSH (90:10) (see Figure 5.18C), PLA with 10 wt%

PDEGMA/PDEGS-Nor-GGG-YIGSR (90:10) (see Figure 5.18D), PLA as negative con-

trol (see Figure 5.18A), and 0.1% gelatin coated 2D TCPS as a positive control. Sig-

nificantly higher proliferation was observed on the scaffolds with free thiols and Nor-

GGG-YIGSR compared to the PLA/PDEGMA scaffolds and was comparable to the

positive control (see Figure 5.18E). No significant difference in cell proliferation were

observed between the free thiols and Nor-GGG-YIGSR containing scaffolds. Morphol-

ogy staining (actin and vimentin) studies showed clusters of cells on PLA and PLA with

10 wt% PDEGMA (as observed previously in Figure 5.6), elongated morphology on

PLA with 10 wt% PDEGMA/PDEGSH (90:10), while showing spread out morphology

of the cells on the peptide derivatised PLA scaffolds with 10 wt% PDEGMA/PDEGS-

Nor-GGG-YIGSR (90:10). The round morphology of the cells on the PLA and PLA with

10 wt% PDEGMA scaffolds is the result of no interaction between the cells and the fi-

brous scaffold and can therefore be concluded unsuitable for cell attachment and sup-

port. The elongated morphology observed on the free thiol containing scaffolds is most

probably due to the effect of the free thiols present. The strong nucleophilic thiolated

functional group (-SH), which is also present in the cysteine groups of natural pro-

teins, play a key role in the cross-linking of proteins. Consequently, thiolated surface

can result in improved protein adsorption and subsequently better cell attachment and

proliferation [343]. Esmaeilzadeh et al. [344] observed significantly more cell attach-

ment of human keratinocyte cells (HaCaT) on thiolated polysaccharides multilayers

(105 cells/mm) compared to natural polysaccharides multilayers (10 cells/mm). Jans

et al. [345] also found a difference in cell morphologies of neurons cultured on thiol

self-assembled monolayers with minor chemical composition differences. They con-

cluded this was due to the protein adsorption influenced by the chemical composition.
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Therefore, it can be concluded that the free thiols on the scaffolds support increased

cell attachment [346]. A spread out morphology was observed when laminin mimetic

sequence YIGSR peptide was present on the peptide derivatised fibres surfaces (see

Figure 5.20). Uzunalli et al. [327] observed a similar spread out morphology of hCSCs

when cultured on YIGSR containing nanofibres compared to fibronectin-mimetic pep-

tide nanofibres, as well as, increased proliferation, supporting the findings reported

here.

Immuno-staining of the hCSCs showed the keratocyte phenotype markers CD34 and

ALDH, and mesenchymal stem cell (MSC) expression of CD105 on all the different sur-

faces (see Figure 5.19). However, the undesired myofibroblast phenotype expression of

a-SMA was observed on the PLA, PLA with 10 wt% PDEGMA and 2D TCPS control.

As well as, a very low expression of a-SMA was observed on the PLA with 10 wt%

PDEGMA/ PDEGSH (90:10). While no a-SMA expression was observed on the deriva-

tised PLA with 10 wt% PDEGMA/PDEGS-Nor-GGG-YIGSR (90:10) scaffolds. This

confirms that the peptide supports keratocyte phenotype expression and suppresses

de-differentiation of the keratocytes to their myofibroblast phenotype. The PLA with 10

wt% PDEGMA/PDEGSH (90:10) and derivatised PLA with 10 wt% PDEGMA/PDEGS-

Nor-GGG-YIGSR (90:10) scaffolds shows increased phenotype support and cell attach-

ment compared to the PLA and PLA with 10 wt% PDGEMA. However, the pres-

ence of a-SMA and and elongated morphology of the cells on the scaffolds with 10

wt% PDEGMA/PDEGSH (90:10) indicates a slight change to fibroblastic character-

istics. While, the derivatised PLA with 10 wt% PDEGMA/PDEGS-Nor-GGG-YIGSR

(90:10) scaffolds showed increased support of the keratocyte phenotype, showing only

the keratocyte antibody expression and morphology. Therefore, the presence of the

YIGSR peptide sequence can be concluded to support the desired keratocyte pheno-

type compared to all other scaffolds and the 2D TCPS control.
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Figure 5.18: hCSCs cultured on PLA fibrous scaffolds with different surface chemistry as com-

pared with 2D control. A) PLA, B) PLA with PDEGMA, C) PLA with PDEGMA/PDEGSH

and D) derivatised PLA with PDEGMA-DPEGS-Nor-GGG-YIGSR. E) Number of cells per scaf-

fold were identified using Alamar blue assay. Increased proliferation was observed on thiol

and peptide functionalised scaffold. (n=3 scaffolds, hCSCs of one donor. two-way ANOVA,

*=<0.05, **=<0.01, ***=<0.001, ****=<0.0001, error bars=SD)
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Figure 5.19: Representative confocal images of hCSCs cultured on PLA fibrous scaffolds with different surface chemistry and their corresponding

phenotype expression. Cell immuno-stained with keratocytes markers CD34 and ALDH, MSC marker CD105 and fibroblast marker a-SMA. The

nuclei was stained with DAPI. Scale bar = 100 µm.
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Figure 5.20: Representative confocal images of hCSCs cultured on PLA fibrous scaffolds with

different surface chemistry and their corresponding morphology. Cells immuno-stained with

Actin, Vimentin and the nuclei with DAPI. Scale bar = 100 µm.

ECM expression after 9 days cell culture on thiol containing and peptide derivatised

scaffolds was investigated to confirm the hypotheses that the free thiol group contain-

ing scaffold supports ECM expression and adsorption and hence cell adhesion and

proliferation as observed in Figure 5.18 and Figure 5.20. Cells were fixed and stained

with collagen I and lumican to observe their ECM expression. Collagen I expression

was observed for all scaffolds (see Figure 5.21). The collagen I expression is increas-

ingly higher and more evenly distributed on the peptide containing scaffolds. Stromal

keratocytes in normal unwounded cornea express the keratan proteoglycan (KSPG) lu-

170



mican. Lumican is a key regulator of collagen fibrilogenesis, responsible for the unique

corneal transparency [347, 348]. For keratocytes to express lumican, collagen I needs to

be present as well. Lumican expression is therefore identified as a marker of the quies-

cent phenotype of hCSCs in a later stage of ECM expression. Lumican was observed on

the scaffold with peptide present, including the 0SH scaffold wiht non-specific bound

peptide. This shows that the non-specific bounded Nor-GGG-YIGSR on the surface ob-

served during ToF-SIMS analysis does support ECM expression. However, clusters of

cells were still observed. This observation shows that non specifically bound peptide

does not support cell interaction with the scaffold. Only when the peptide is bound

to the fibres surface cells are able to spread out on the scaffolds’ surface. Increased

amount of Lumican was observed for the peptide bound scaffold with 3, 4 and 10%

PDEGSH presence confirming this statement.
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Figure 5.21: Representative confocal images of ECM deposition onto free thiol containing scaffolds and derivatised peptide containing scaffolds

following culture of hCSCs. Cell immuno-stained with Collagen I, Lumican and the nuclei with DAPI. Scale bar = 100 µm.
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As the derivatised scaffolds with the Nor-GGG-YIGSR peptide was observed to pro-

mote the desired phenotype and ECM expression, the proliferation and response of

hCSCs on a range of different concentrations of PDEGMA/PDES-Nor-GGG-YIGSR

scaffolds were investigated. After 9 days cell culture, significantly higher prolifera-

tion was observed for 3 and 10% peptide derivatised scaffolds(see Figure 5.22A). The

keratocyte phenotype CD34 and ALDH markers were observed for all different con-

centrations of peptide. A significantly increased expression of ALDH was observed for

the 3% peptide scaffold (see Figure 5.23). As ALDH expression plays an important role

in the maintenance of the cornea’s transparency, this expression is desired to be main-

tained in cell culture. CD105 MSC marker expression was observed on all scaffolds.

This change to a more stem cell like phenotype suggests a loss of the differentiated qui-

escent phenotype [194]. The myofibroblastic a-SMA expression was observed for 2%

peptide and 0% control. These observations give an indication that there is a threshold

of peptide percentage needed to be present to avoid myofibroblast activation. Peptide

concentrations of 2% was too low to support the quiescent phenotype and resulted

in myofibroblastic change, while scaffolds containing 3% peptide and above resulted

in no a-SMA expression. The previously rounded and cluster cell morphology was

observed on the scaffolds containing 0 and 2% peptide concentrations, while a more

spread out morphology was observed for concentration above 2% (see Figure 5.24).

Therefore, this threshold peptide percentage on the scaffold above 2% resulted in a

higher interaction of the cells with the scaffolds’ surface. It can therefore be concluded

that a percentage above 2% of Nor-GGG-YIGSR bound to the scaffolds fibres surface

significantly improves the cell attachment, proliferation and support a quiescent cell

phenotype.
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Figure 5.22: hCSCs cell culture over 9 days in serum free media on different % peptide deriva-

tised onto the fibrous surface. A) Number of cells per scaffold were identified by Alamar blue

assay. Increased proliferation was observed on thiol and peptide functionalised scaffold. B)

Cell number per scaffolds before thermo-responsive passaging after 9 days cell culture at 37◦C

and after thermo-responsive passaging at 8◦C for 30 mins (n=3 scaffolds, two-way ANOVA,

*=<0.05, **=<0.01, ***=<0.001, ****=<0.0001, error bars=SD)
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Figure 5.23: Representative confocal images of hCSCs on scaffolds containing different percentages of bound Nor-GGG-YIGSR

peptide and their corresponding phenotype expression. Cell immuno-stained with keratocytes markers CD34 and ALDH, MSC

marker CD105 and fibroblast marker a-SMA. The nuclei was stained with DAPI. Scale bar = 100 µm.
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5.4.4 Thermo-responsive passaging

The thermo-responsive PDEGMA/PDEGS-Nor-GGG-YIGSR polymer PLA scaffolds

were not only designed to improve the cell attachment and phenotype support, but also

to prevent cell damage observed through enzymatic passaging. Many studies to date

have investigated the potential of the thermo-responsive polymer PNIPAM for corneal

cell type detachment [157, 159, 173, 174]. Teichmann et al. [157] successfully detached

human corneal endothelial cells (HCEC) from 2D coated PNIPAM/poly(vinyl methyl

ether)-based composites. Positive function-associated marker and extracellular ma-

trix proteins expression before and after cell detachment transfer has been observed.

Nara et al. [159] also investigated the use of PNIPAM for the detachment of kera-

tocytes from silk-PNIPAM and gelatin-PNIPAM patterned surfaces. They observed

cell sheet detachment of keratocytes within 10 mins of temperature change (37◦C to

20◦C). However, no studies to day have reported the use of thermo-responsive poly-

mer PDEGMA used in this study. In this section a preliminary experiment illustrat-

ing the ability to culture and detach cells from PDEGMA and PDEGMA/PDEGS-Nor-

GGG-YIGSR containing scaffolds and subsequent quantitative assessment of the cells

phenotype by flow cytometry analysis (FACS). hCSCs grown on peptide derivatised

fibrous scaffolds containing different concentrations of PDEGMA/PDEGS-Nor-GGG-

YIGSR were passaged after 9 days of cell culture at 37◦C by placing the scaffolds in

the fridge for 30 mins at 8◦C. Cell numbers on scaffolds were calculated by Alamar

blue assay before and after thermo-responsive passaging (see standard curve used Fig-

ure S29B) and percentage detached was calculated. Cell detachment was observed for

all scaffolds with no significant difference in percentage of population detached. How-

ever, large standard deviations were observed for the scaffolds containing 2 and 10%

PDEGMA/PDEGS-Nor-GGG-YIGSR (see Figure 5.22B). This was due to no detach-

ment observed for two of the three samples and one of the three samples containing

2 and 10% PDEGMA/PDEGS-Nor-GGG-YIGSR respectively. This may be due to hin-

drance of the thermo-responsive brushes by the peptide sequence attached to the same

polymer. Nonetheless, more consistent detachment cell numbers were observed for

the scaffold containing 3 and 4% PDEGMA/PDEGS-Nor-GGG-YIGSR. The thermo-
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Figure 5.24: Representative confocal images of hCSCs on scaffolds containing different percent-

ages of bound Nor-GGG-YIGSR peptide. Cell immuno-stained with Actin, Vimentin and the

nuclei with DAPI. Scale bar = 100 µm.

177



responsive behaviour of the scaffold was therefore considered inconsistent and further

work is required.

Flow cytometry was conducted for the cells detached from the scaffolds to support

immuno-staining findings. Cells grown on gelatin coated 2D TCPS and passaged

by TripLE were used as control. Cell number obtained after staining and washes

ranged from 1000 to 2000 cells per scaffold. This is significantly lower than the num-

ber of cells seeded of 60.000 cells per scaffold. This difference may be due to loss of

cells during the washing steps of the staining protocol. Cells cultured on 3% pep-

tide scaffolds were observed to have an increased cell sub-population of 15.98% of

only expressing the CD34+/CD105− keratocyte marker (see Table 5.6) compared to

all other scaffolds. However, CD34−/CD105+ and CD34+/CD105+ sub-populations

combined comprised of half of the total cell population (53%, see Table S10 and Ta-

ble S11). While CD34+/CD105+ and CD34+/CD105− comprised 45% of the total cell

population. Therefore, a significant percentage of the population show MSC character-

istics beside the desired keratocyte CD34 marker.

Table 5.6: Flow cytometry % of cell population of keratocyte phenotype expression. Two

groups of combination staining were performed (CD34/CD105 and ALDH/a-SMA). -/- is pop-

ulation of cells with no staining observed. -/+ is population of cells with the undesired acti-

vated phenotype expression. +/- is population of cells with the desired quiescent phenotype

expression and +/+ is population of cells with the both desired and undesired activated phe-

notype expression. (n=3 scaffolds per staining group)

% of cell population

CD34/CD105 ALDH/a-SMA

-/- -/+ +/- +/+ -/- -/+ +/- +/+

0S-P 68.11 9.3 5.76 16.83 22.11 10.89 34.49 32.51

2S-P 37.38 31.07 7.22 24.33 46.30 10.49 29.63 13.58

3S-P 31.45 23.98 15.96 28.62 38.91 3.04 32.83 25.23

4S-P 45.40 16.25 3.58 34.78 37.71 4.97 44.24 13.61

10S-P 28.81 21.15 3.52 46.51 38.94 16.13 28.80 16.13

2D-Gelatin 9.07 21.44 4.48 65.01 0.75 0.13 6.54 92.58
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A similar sub-population percentage of CD34−/CD105+ and CD34+/CD105+ of 51%

was observed for the scaffolds with 4% peptide on the surface, nevertheless an in-

crease of total cell population expressed the CD34 marker (38% of total cell population).

Significantly less CD34+/CD105+ was observed for all scaffolds compared to the 2D

TCPS control when comparing the Y-mean (see means and ANOVA values Table S8

and Table S9). This observation shows that the 3D structure significantly reduces the

expression of MSC marker CD105. While, no significant difference could be observed

for the different percentage peptides. This may be due to the small scaffold size and

small sample size (n=3 scaffolds), as well as, the largest population percentage of cells

expressing no markers (-/-). This high percentage -/- could be due to insufficient stain-

ing and therefore the experiment needs to be repeated. Equally an increased expression

of ALDH+/a-SMA− was observed for 3 and 4% peptide scaffolds. Only 24, 28, 19 and

32% of the total cell population (ALDH+/a-SMA− and ALDH+/a-SMA− combined,

see Table S10 and Table S11) for 2, 3, 4 and 10% peptide respectively were observed to

express the a-SMA activated myofibroblastic marker. This was significantly less than

the 93% observed for the 2D control. Hence the 3D structure of the scaffolds containing

specifically bound peptide on the surface reduces the differentiation to the undesired

activated myofibroblastic phenotype expression compared to the 2D control. Although

no significant difference could be observed between the scaffolds for the CD34/CD105

expression. A significant decrease of ALDH+/a-SMA− was observed for the scaffolds

with 3 and 4% peptide compared to 2D and non-specific bound peptide 0% scaffold

when comparing the X-mean (see means and ANOVA values Table S8 and Table S9).

This gives an indication that the specific bounded peptide does reduce the change to

the active myofibroblast phenotype and supports increased ALDH expression.

3D fibrous scaffolds for cell culture and tissue engineering has been an increasing area

of interest within the research community [71, 276, 349–351]. The nanofibrous struc-

ture is designed to mimic ECM properties, resulting in an increased in desired cell

response. However, these synthetic polymers are non native to the cells which could

result to no cell detachment, inflammation or undesired cell differentiation due to their

mechanical or chemical properties (such as stiffness and hydrophobicity). Peptide or

protein incorporation or functionalisation has been investigated to overcome this hur-
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dle [276, 327, 352–354]. For example, Rodina et al. [276] investigated migration and

proliferation of mesenchymal stromal stem cells (MSSCs) on collagen protein modi-

fied PLA fibrous scaffolds. They observed more uniform distribution and cell penetra-

tion into these modified scaffolds. Beside proteins more specific peptide sequences can

be used. Arg-Gly-Asp (RGD) collagen peptide sequence is the most commonly used

peptide incorporated in biomaterials to increase their cell adherence properties. For

instance Hogrebe and Gooch [355] incorporated a RGD to improve cell binding in self-

assembling fibrous peptide hydrogel systems for hMSCs cell culture. Similarly, Shin

et al. [356] observed significant improvement in the physical interaction of cells on RGD

incorporated alginate particles. Besides, incorporation of known cell attachment pep-

tide sequences (such as RGD), more cell specific peptide sequence can be incorporated

to improve specific cell type behaviour or differentiation on the materials. For example,

Li et al. [354] incorporated the specific bone morphogenetic protein-2-related peptide

P24 and rhBMP2 into PLGA/CS micro-spheres to the improvement of the repair of rat

cranial bone defects. They observed significantly improved bone repair for PLGA/CS

micro-spheres containing P24 and rhBMR2 compared to the blank PLGA/CS spheres.

This study showed a similar approach by functionalising thermo-responsive fibrous

scaffolds with a laminin-1 peptide conjugate YIGSR to promote hCSCs interaction and

to support quiescent keratocyte to the designed thermo- responsive PLA/PDEGMA

scaffolds. Previous studies have demonstrated that laminin improves growth, organ-

isation and differentiation of many cell types [327, 357–360]. Nonetheless, laminin

has many disadvantages such as degradation, tumorigenesis and immuno responses,

which make the full sequence unsuitable for clinical application [361]. This risk can

be minimised by selecting small peptide sequences within the laminin sequence which

have the ability to improve adhesion and cell migration. One of these sequences is

YIGSR which has been observed to improve cell adhesion and migration [362–364].

For example, Nam et al. [364] observed promotion of wound healing of the salivary

gland tissue by laminin 1 peptide-conjugated (YIGSR-A99) containing fibrin hydro-

gels. While, Zhu et al. [73] observed axonal regeneration and functional recovery

on non-covalent bounded RGD/YIGSR poly(ε-caprolactone) (PCL) electrospun con-

duits. Neuronal and salivary cells exhibited similar cell adhesion and proliferation
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as observed for cells from the cornea. Nibourg et al. [365] investigated the use of

two laminin-derived peptides (IKVAV and YIGSR) in different ratios when incorpo-

rated in nanogels to moderate the common compilation capsular opacification (CO)

seen after cataract surgery. This decline in transparency is due to lens epithelial cell

(LECs) proliferation, migration and trans-differentiation, also referred to as epithelial-

to-mesenchymal transformation (EMT). They observed no LEC transformation in the

form of cellular spreading when peptides-nanogels were implanted in the lens after the

surgery. While in a previous study [366] severe cellular spreading was observed in case

of nanogels not containing peptides. Uzunalli et al. [327] investigated the response of

hCSCs on bioactive self-assembled peptides nanofibres. They investigated two pep-

tide sequences 1) YIGSR (laminin derived) and 2) RGD (fibronectin derived). hCSCs

were observed to maintain their characteristic morphology, and their proliferation was

enhanced when YIGSR was present. Significantly less proliferation was observed for

the RGD fibres as well as less cell adhesion was observed. This concludes that the use

of YIGSR sequence has a direct impact on cell adherence, proliferation and migration

on 3D structures. These observations are in line with the increase in proliferation ob-

served of the hCSCs on our scaffolds with increasing ratio of GGG-YIGSR covalently

bound on the surface. Many studies have reported improved adherence and prolif-

eration of human cornea epithelial cells [75, 328, 367–369]. However, only one paper

reports the response of hCSCs on YIGSR incorporated scaffolds [327], and no pheno-

typic support study has been performed to our knowledge. The immuno-staining and

FACS data reported here concluded that not only does YIGSR support adherence and

proliferation on the fibrous scaffold, but also supports a higher percentage of popula-

tion of cells expressing the desired phenotype. Down-regulation of the undesired my-

ofibroblastic marker a-SMA was observed, while up-regulation of keratocyte markers

CD34 and ALDH were also observed. hCSCs have a low limit of passages (5 passages

max.) before dedifferentiation into activated myofibroblasts. Phenotype characteristics

were observed to stay constant when passaged by the thermo-responsive enzymatic

free passaging capabilities of the scaffolds. This gives an indication that the designed

scaffold can support the desired phenotype during cell culture and passaging and give

rise to possible uses of these scaffolds as hCSCs cell culture platforms. However, only
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one passage was performed in a small scale. More research is needed to confirm if the

desired phenotype stays present when cultured for multiple passage cycles.

5.5 Conclusion

The aim of this chapter was to use the thermo-responsive electrospun scaffolds for

human cornea stromal cells (hCSCs) proliferation, phenotype support and enzymatic

digestion-free passaging. The initially proposed scaffolds (PLA with 10 wt% PDEGMA)

did not support hCSCs adhesion and proliferation. Therefore, a peptide functionalised

scaffold was produced to improve the hCSCs attachment on the scaffold and support

the quiescent phenotype. PDEGMA/PDEGSH polymers were successfully synthe-

sised. Thermo-responsive properties and free thiols of the polymers were confirmed

present. The polymers were successfully blend-electrospun with PLA into fibrous scaf-

folds. Free thiol presence on the scaffolds’ surfaces was confirmed by fluorescein-5-

maleimide labeling and ToF-SIMS analysis. The peptide sequence Nor-GGG-YIGSR

derivatised on the surface of these fibres was successfully performed and confirmed

by ATTO labeling and ToF-SIMS analysis. Non-specific binding (electrostatic binding)

was observed on the thermo-responsive fibrous scaffold with no thiols present. How-

ever, morphology studies showed aggregated cells on these scaffolds, while elongated

and spread cell morphologies were observed on thiol containing scaffold. Therefore,

specifically bounded peptide on the fibres only results in increasing hCSCs interac-

tion with the scaffold. The undesired myofibroblastic phenotype was observed to de-

crease with increased percentage of Nor-GGG-YIGSR bound to the scaffolds surface.

However, a high conc. of peptide resulted in a decrease in keratocyte specific markers

ALDH and CD34. However, a concentration of between 3 and 4% Nor-GGG-YIGSR

resulted to the highest expression of keratocyte markers, while suppressing the active

myofibroblastic phenotype. Cells were observed to detach from the scaffolds in cell

population percentages of 80-100%. However, some scaffolds resulted in no full de-

tachment. Despite inconsistent detachment of the cells from the scaffolds, cells were

able to retain their cell phenotype after thermo-passaging. Hence it can be concluded
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that the design thermo-responsive peptide conjugate fibrous scaffolds are suitable for

the adherence, proliferation and quiescent keratocyte phenotype support and thermo-

passaging of hCSCs. Making them a possible alternative for the expansion of hCSCs

for tissue engineering and clinical applications.
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Chapter 6

Conclusion

This PhD study aimed to fabricate an enzymatic digestion free thermo-responsive 3D

cell culture platform for the expansion of cells, which can be tailored to the cell type

of choice. 3D PLA scaffolds were fabricated with the use of electrospinning. Process

parameter interactions were investigated and optimised with the use of a Design of

Experiment approach. The interaction of the flow rate and polymer concentration was

observed to have a significant impact on the resultant electrospun fibre diameter, while

fibre morphology and the extent of beading was mainly controlled by the polymer

concentration. The obtained prediction model was tested experimentally and the pre-

diction of the fibre diameter and morphology was observed successful. Cell culture

on the obtained different fibrous scaffolds (uniform, beads-on-strings and big beads)

showed no significant difference in the proliferation of 3T3 fibroblast on uniform and

beads-on-string morphologies. In conclusion, the presence of fibre defects (such as

beading) has no significant impact on the cell behaviour. The optimised electrospun

method was taken forward for the fabrication of PDEGMA containing PLA scaffolds.

Even distribution of the thermo-responsive polymer in the fibrous scaffolds was con-

firmed by fluorescent labeled PBI-PDEGMA. Scaffolds with a 10 wt% PDGEMA ratio

to PLA were observed to show the higher levels of 3T3 cell detachment by thermo-

responsive behaviour when cooled for 30 mins at 8 ◦C. However, only a maximum of

25% of the 3T3 cells detached was observed. Increasing fibre diameter and different
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cooling methods did not result in higher levels of cell detachment. While, PDEGMA

coated PLA fibres and PDEGMA coated TCPS showed a significantly higher detach-

ment percentage. This finding concludes an insufficient thermo-responsive behaviour

of the scaffolds for the detachment of 3T3 fibroblasts. However, detachment of hCSCs

observed to be significantly higher from these same scaffolds.

The optimised scaffolds were functionalised with Nor-GGG-YIGSR with the use of

photo-initiated thiol-ene chemistry to improve the hCSCs behaviour and phenotypic

expression on the PDEGMA/PLA scaffolds. The co-polymer PDEGMA/PDEGSH was

successfully synthesised and blend electrospun with PLA into fibrous scaffolds. Fluo-

rescent labeling and ToF-SIMS analysis confirmed the presence of free thiol and peptide

groups when functionalised by thiol-ene chemistry on the surface of the fibres in an

even distribution. However, electrostatic interaction of peptide to the PDEGMA/PLA

control was observed. Nonetheless, no improved cell interaction of the hCSCs on the

control was observed. This concluded that non-specific bound peptides did not im-

prove the cellular behaviour on the scaffolds. In contrast, specifically bound peptide

(achieved by photo-initiated thiol-ene conjugation) was observed to improve the cellu-

lar attachment to the scaffolds, as well as, supporting the desired quiescent phenotype

of the hCSCs. hCSCs were successfully detached from the scaffolds after proliferation

and flow cytometry analysis showed an increase in the cell population of the desired

quiescent hCSCs phenotype. These findings demonstrate the potential of the optimised

thermo-responsive YIGSR derived PLA scaffolds for the adherence, proliferation and

recovery of quiescent hCSCs as a cell expansion technique for cellular therapies and

tissue engineering applications. Additionally, these scaffolds can be tailored with dif-

ferent peptides for adherence, proliferation and detachment of the cell type of choice.
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Chapter 7

Future work

7.1 Electrospinning optimisation and scaffold characterisation.

The discussed DoE model in this study could be expanded with many more input fac-

tors to improve electrospinning process parameter understanding. This could include

different solvents, different polymers or polymer blends and subsequently will increase

the accuracy of the model.

The measurement of the random electrospun scaffolds Young’s modulus was chal-

lenging, due to AFM tip disconnection. Although many studies have investigated one

fibre tensile testing, no real method has been establish for the measurement of bulk fi-

bres in a random formation. Future possibilities are to change the pointed conventional

AFM tip with a beaded AFM colloid probe with a size greater than the porosity of the

fibrous scaffolds (diameter size similar to cell size), which reduces the possible discon-

nection of the tip to the fibrous surface when measured (see Figure 7.1). This will give

a more accurate representation of the Young’s modulus experienced by the cells when

in contact with the fibrous surface.
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A B

Figure 7.1: Schematic example of possible alternative AFM method to measure a more accurate

Young’s modulus of randomised fibrous scaffolds. A) Conventional AFM tip and B) colloid

probe.

7.2 Thermo-responsive electrospun scaffolds fibrous design.

Although the obtained blend electrospun PDEGMA/PLA scaffolds resulted in suffi-

cient detachment of the hCSCs, no significant detachment of the more robust 3T3 fi-

broblast was not observed. A thermo-responsive electrospun scaffold platform which

has a universal cell application is preferred. Therefore, the use of these scaffolds for

multiple cell lines should be investigated. As no more than 25% of detached 3T3 fi-

broblast cells was collected from the supernatant following detachment, a different

electrospinning approach could be investigated to improve the contact of the thermo-

responsive polymer to the cells attached. This can be done with the use of a co-axial

electrospinning approach [370, 371] which has the PDEGMA as a sheet while having a

supporting polymer as the fibrous core (see Figure 7.2).

Beside the improvement of the thermo-responsive behaviour of the fibrous scaffolds

by co-axial electrospinning, a different thermo-responsive material could be used. A

polymer with an upper critical solution temperature (UPLC) could be implemented

instead of a polymer with a LCST as used in this study. For example, Xue et al. [258]

observed successful cell detachment from poly(N-acryloyl glycinamide)-stat-poly(N-

phenylacrylamide) (PNAGAm–PNPhAm) grafted TCPS surface when heated to 37◦C.

While no detachment was observed at temperature below 37◦C.
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A B

Figure 7.2: Schematic explanation of the co-axial electrospun fibre formation. A) The co-axial

needle has a sheet and core needle, the thermo-responsive material will be drawn out as a

sheet, while the supporting polymer PLA will be drawn out as the core of the fibre. B) shows

the obtained co-axial fibre build up.

7.3 hCSCs detachment studies on the fabricated scaffolds.

Although initial results are promising more research is needed. This study conducted

experiment with hCSCs cells from one donor, however experiments using cells from

different donors should be conducted to increase the reproducibility of this study. In

addition, the size of the experiment should be increased to obtain a higher number of

cells for more reproducible flow cytometry data.

7.4 Cell specific peptide functionalisation on the fabricated scaf-

folds.

In this study the peptide sequence GGG-YIGSR was used to increase hCSCs response.

However, this platform can be implemented for many different cell types, in which the

peptide sequence can be altered. Any peptide sequence can be conjugated to the fab-

ricated scaffolds with the use of a N-terminal functionalised norbornene acid group,
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which will conjugate with the free thiols on the fibres surface. These could be adher-

ence peptides (including RGD and IKVAV) [73], peptides that induce a desired cell re-

sponse (such as KIPKASSVPTELSAISTLYL; which triggers osteogenic differentiation

of pMSCs) [372] or enzyme responsive peptides (such as Fmoc-propargyl-GAARGD

which can be cleaved to ARGD by the enzyme elastase expressed by porcine pancreas)

[373, 374].

7.5 Scale-up of the fabricated scaffolds.

Scale-up experiments can be investigated in the future to make these scaffolds a cell

culture platform for large scale expansion platforms.
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Chapter 9

Supplementary data

9.0.1 Hydrogen Nuclear Magnetic Resonance spectroscopy (1H-NMR)

Nuclear Magnetic Resonance spectroscopy is an analytical technique which gives infor-

mation on the molecular structure and purity of the sample. This is done by using the

magnetic properties of atomic nuclei in the sample. Nuclei are electrically charge and

some can spin and act as a magnet. By applying an external magnetic field an energy

transfer occurs from the base energy to a higher energy level. This energy transfer takes

place at a wavelength corresponding to a radio frequency. When the spin returns to its

base energy the energy emitted is the same frequency. The precise resonant frequency

of the energy transition depends on the effective magnetic field of the nucleus. Electron

shielding and chemical environment affect this field. Therefore, nucleus chemical envi-

ronment can be observed from its resonant frequency. The higher resonant frequencies

correspond to more electronegative nucleus. Other factors such as ring currents and

bond strain affect the frequency shift. The exact chemical shift are slightly affected by

isotopic substitution, such as solvent, temperature etc, known as isotope shift.

Besides the slight affect of the isotope shift nuclei are affected by there orientation in

the molecular structure and there neighbouring nuclei. This phenomenon is known as

spin-spin coupling, this causes the signal to split for each type of nucleus into two or
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more lines. The coupling constant or J is the size of the splitting and is independent

of the magnetic field and is measured as an absolute frequency (Hertz). The number

of splitting gives information on the number of chemically bonded nuclei around the

observed nucleus. When dealing with more then two spins, extra signals may appear,

these are called second order coupling.

9.0.2 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) is used to measure the molecular weight dis-

tribution of a sample and is a type of size exclusion chromatography (SEC). Separation

is based on the size or hydrodynamic volume (radius of gyration) of the sample. A

packed porous beads column is used to separate the samples different size molecules.

Smaller molecules can easily enter these porous beads pores, as a result they spend

more time in these pores, increasing their retention time. Larger molecules spend

less time in the pores and eluted more quickly. Every column has there own range

of molecular weight they can separate. Too small molecules will get stuck on the col-

umn ( resulting in pore blockage) while too large molecules will pass through directly.

Therefore, its important to carefully review the correct column separation range before

analysis.

9.0.3 Fourier transform infra-red (FT-IR)

Fourier transform infrared is the study of absorption of IR radiation. This radiation

causes a vibrational transition in the molecules electrons. Functional group in molec-

ular structures absorb characteristics frequencies of the IR radiation spectrum. This

results in a specific peak value of this functional group. Only functional groups with

dipole moment will result in IR absorption and vibration.
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9.0.4 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

ToF-SIMS is an analytic method to observe the chemical topography of the sample’s

surface. A pulsed particle beam (in this case a 10 keV Argon1455 cluster ion source)

is focused on to the surface and removes the chemical species on a materials surface.

Dissociated ions (positive or negative) fly of from the surface and are measured by

mass spectrometry. Smaller particles fly faster to the detector then the larger (secondary

particles) with are mostly molecular compounds, resulting in a spectrum the correlates

with the detected particles mass.

Figure S1: Examples of Tensile test samples. Blue role was wrapped on both sides of the sample

for improved clamp grip. Samples were image after tensile testing. A) Uniform fibrous scaffold,

B) bead-on-string samples and C) big beads morphology scaffold.
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Figure S2: A) 1H-NMR and B) C13-NMR of PDEGMA
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A

B

Figure S3: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA.
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B

Figure S4: A) 1H-NMR and B) C13-NMR of PBI-OH. A) PBI-OH with trashes of the starting

product 2-(2-hydroxyethoxy)ethamine which was used in excess. Only a very low signal of

the florescence molecule is visible on PBI-OH spectra, signal is lost in background for all other

products. Trashes of starting product 2-(2-hydroxyethoxy)ethamine was observed.
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Figure S5: IR graph of PBI, PBI-OH and PBI-Br products.
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B

Figure S6: A) 1H-NMR and B) C13-NMR of PBI-Br. A) PBI-Br, trashes of 2-(2-

hydroxyethoxy)ethamine from previous step were removed during column purification of

the PBI-Br product. Only a very low signal of the florescence molecule is visible on PBI-OH

spectra, signal is lost in background for all other products. Trashes of starting product 2-(2-

hydroxyethoxy)ethamine was observed.
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B

Figure S7: A) 1H-NMR and B) C13-NMR of PBI-Br. A) PPBI-PDEGMA, trashes of THF[375]

were observed and overlap with peak b, c, h, i, j, l and backbone peaks f.
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Figure S8: 1H-NMR of DEGOH impurities in starting product were observed.
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B

Figure S9: A) 1H-NMR and B) C13-NMR of PDEGMA/PDEGOH 95:5 monomer ratio, trashes

re-suspending solvent 2-butanone was observed present and overlap with the peak a.
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B

Figure S10: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA/PDEGOH 95:5

monomer ratio.
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B

Figure S11: A) 1H-NMR and B) C13-NMR of PDEGMA/PDEGOH 90:10 monomer ratio, trashes

re-suspending solvent 2-butanone was observed present and overlap with the peak a.
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B

Figure S12: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA/PDEGOH 90:10

monomer ratio.
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A

B

Figure S13: A) 1H-NMR and B) C13-NMR of PDEGMA/PDEGOH 80:20 monomer ratio,

trashes re-suspending solvent 2-butanone was observed present and overlap with the peak

a in A.
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B

Figure S14: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA/PDEGOH 80:20

monomer ratio.
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A

B

Figure S15: 1H-NMR and C13-NMR of PDEGMA/PDEGOH 70:30 monomer ratio, trashes re-

suspending solvent 2-butanone was observed present and overlap with the peak a.
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B

Figure S16: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA/PDEGOH 70:30

monomer ratio.
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Figure S17: FT-IR of all PDEGMA/PDEGOH and PDEGMA/PDEGSH polymers. Peak -OH

weak intermolecular bond stretching (g, 3200-2700 cm−1) and -SH peak weak stretching (c,

2600-2550 cm−1) are too weak too identify in the spectra.
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Figure S18: A) 1H-NMR and B) C13-NMR of PDEGMA/PDEGSH 98:2 ratio, A) trashes re-

suspending solvent 2-butanone was observed present and overlaps with the peak a. Water

from the condensation reaction was observed in the spectra and overlaps with the peak b. B)

Peak of CH2OH in block has disappeared.
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A

B

Figure S19: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA/PDEGSH 98:2 ratio.
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A

B

Figure S20: A) 1H-NMR and B) C13-NMR of PDEGMA/PDEGSH 97:3 ratio, A) trashes re-

suspending solvent 2-butanone was observed present and overlaps with the peak a. Water

from the condensation reaction was observed in the spectra and overlaps with the peak b. B)

Peak of CH2OH in block has disappeared.
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B

Figure S21: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA/PDEGSH 97:3 ratio.
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A

B

Figure S22: A) 1H-NMR and B) C13-NMR of PDEGMA/PDEGSH 96:4 ratio, A) trashes re-

suspending solvent 2-butanone was observed present and overlaps with the peak a. Water

from the condensation reaction was observed in the spectra and overlaps with the peak b. B)

Peak of CH2OH in block has disappeared.
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B

Figure S23: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA/PDEGSH 96:4 ratio.
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A

B

Figure S24: A) 1H-NMR and B) C13-NMR of PDEGMA/PDEGSH 90:10 ratio, A) trashes re-

suspending solvent 2-butanone was observed present and overlaps with the peak a. Water

from the condensation reaction was observed in the spectra and overlaps with the peak b. B)

Peak of CH2OH in block has disappeared.
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Figure S25: A) 2D-NMR and B) zoomed in 2D-NMR spectra of PDEGMA/PDEGSH 90:10 ratio.
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Figure S26: Ellman’s assay standard curve amount of cysteine HCL mol/L. (R2=0.9965, error

bars=SD)
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B

Figure S27: HPLC-MS data of A) crude-product synthesis cycle without extra washes and B)

crude-product synthesis cycle with two extra washes.
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B

Figure S28: HPLC-MS data of A) purified Nor-GGG-YIGSR product peak and B) purified Nor-

GGG-YIGSR shoulder of product peak.
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A) B)

Figure S29: Representative standard curves used to determine cell number using the Alamar

blue assay. A) Standard curve for 3T3 fibroblast cells and B) standard curve for human corneal

stromal cells (hCSC). (n=6 scaffolds, A) R2=0.9998, B) R2=1, error bars=SD)
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Figure S30: Preliminary study performed to identify the right limitations per parameter to

include all fibre morphologies into the DoE model. A) 15 kV, 15 cm, 6 ml/hr, 10 w/v%; B) 15

kV, 15 cm, 6 ml/hr, 15 w/v%; C) 15 kV, 15 cm, 6 ml/hr, 20 w/v%; D) 25 kV, 15 cm, 3 ml/hr, 10

w/v%; E) 25 kV, 15 cm, 3 ml/hr, 15 w/v%; F) 25 kV, 15 cm, 3 ml/hr, 20 w/v%; G) 15 kV, 15 cm,

1 ml/hr, 10 w/v%; H) 15 kV, 15 cm, 1 ml/hr, 15 w/v%; I) 15 kV, 15 cm, 1 ml/hr, 20 w/v%; J) 15

kV, 15 cm, 1 ml/hr, 25 w/v%; K) 15 kV, 20 cm, 1 ml/hr, 10 w/v%; L) 15 kV, 20 cm, 1 ml/hr, 15

w/v%; M) 15 kV, 20 cm, 1 ml/hr, 20 w/v%; N) 15 kV, 20 cm, 1 ml/hr, 25 w/v%. Scale bar is 10

µm. (n=3, 3 scaffolds per combination.)
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Table S1: DoE model parameter combinations with corresponding average of replicated

(n=120, 3 scaffolds, 6 SEM images per scaffold, 20 fibre measurements per SEM images) mean

fibre diameters (FD), standard deviations (Stdev) and number of beads per µm2.

Exp. Name X1 X2 X3 X4 FD (Y1) Stdev (Y2) No. beads per µm2

N1 -1 -1 -1 -1 866 1226 1.32

N2 1 -1 -1 -1 831 1064 1.17

N3 -1 1 -1 -1 1094 1439 0.43

N4 1 1 -1 -1 866 1070 2.37

N5 -1 -1 1 -1 1154 1441 2.29

N6 1 -1 1 -1 830 942 2.34

N7 -1 1 1 -1 1100 1322 2.77

N8 1 1 1 -1 875 1094 2.63

N9 -1 -1 -1 1 992 351 0

N10 1 -1 -1 1 861 352 0

N11 -1 1 -1 1 1091 434 0

N12 1 1 -1 1 744 261 0

N13 -1 -1 1 1 588 490 0.09

N14 1 -1 1 1 625 414 0.02

N15 -1 1 1 1 796 919 0.39

N16 1 1 1 1 760 878 0.26

N17 -1 0 0 0 879 1031 0.50

N18 1 0 0 0 821 1054 0.11

N19 0 -1 0 0 853 1146 0.23

N20 0 1 0 0 886 1256 0.27

N21 0 0 -1 0 921 1068 0.61

N22 0 0 1 0 788 1007 0.99

N23 0 0 0 -1 915 1239 1.45

N24 0 0 0 1 991 420 0

N25 0 0 0 0 826 1070 0.31
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Figure S31: SEM images of different parameter combinations; applied voltage, distance needle

to collector, flow rate and PLA polymer concentration. A) Example of a one fractional design

model changing one factor at a time. Starting from i) changing higher voltage resulting in

ii); when changing distance resulting in iii); when changing flow rate resulting in iv); and

when changing concentration resulting in v) which showed fibre formation, but no uniform

fibre diameter distribution. SEM images of different parameter combinations; applied voltage,

distance needle to collector, flow rate and PLA polymer concentration.) By changing multiple

parameters from starting v) resulted in more uniform fibre formation of vi). Scale bar is 10 µm.
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Figure S32: Representative tensile testing graphs of the scaffolds with uniform fibres A), beads-

on-string morphology B), and big beaded morphology C).
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Table S2: Optimum electrospinning parameters for different % PDEGMA with 25 w/v% PLA.

wt% PDEGMA Voltage [kV] Distance [cm] Flow rate [mL/hr]

0 15 15 1

2.5 19 17.5 0.5

5 19 17.5 0.5

10 19 17.5 0.5

15 12 17.5 0.5

20 12 17.5 0.5

wt% PBI-PDEGMA Voltage [kV] Distance [cm] Flow rate [ml/hr]

0 15 15 1

2.5 19 17.5 0.5

5 19 17.5 0.5

10 19 17.5 0.5

15 12 17.5 0.5

20 12 17.5 0.5

Figure S33: Representative 1H-NMR spectra of PLA/PDEGMA blend electrospun scaffolds

at different wt% PDEGMA to PLA. No trashes of the toxic electrospinning solvent DMF was

observed in the spectra.
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Table S3: WCA hysteresis values of PLA with different wt% PDEGMA scaffolds. (n=3, ± SD)

wt% PDEGMA ACA RCA H cos θadv cos θred cos ∆θ ∆θ%

0 135 ± 1.0 110 ± 1.3 26 -0.71 -0.33 0.38 19

2.5 146 ± 3.0 96 ± 0.4 49 -0.83 -0.10 0.72 36

5 139 ± 7.1 97 ± 0.2 42 -0.76 -0.12 0.64 32

10 134 ± 0.2 94 ± 1.2 40 -0.70 -0.07 0.63 31

15 145 ± 4.0 97 ± 1.8 48 -0.82 -0.12 0.71 35

20 147 ± 2.6 52 ± 6.6 95 -0.84 0.61 1.45 73

Figure S34: WCA images of hysteresis measurements. ACA is advanced contact angle and

RCA is reduced contact angle. Lost of droplet was observed for 20wt% PDEGMA scaffolds.
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Figure S35: Conversion and ln(Mo/M) for ATRP polymerisation of PBI-PDEGMA.

Figure S36: GPC peaks for PDEGMA, PBI-PDEGMA(45◦C) and PBI-PDEGMA(60◦C) in DMF.
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Figure S37: Fluorescence intensity of PBI-PDEGMA(60◦C) in water at different wavelengths.
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Table S4: Two-way ANOVA values for different %wt PDEGMA or PBI-PDEGMA proliferation

studies. Tukey test of different cell numbers per day for PDEGMA or PBI-PDEGMA. (*=<0.05,

**=<0.01, ***=<0.001 and ****=<0.0001)

A PBI-PDEGMA
PB

I-
PD

EG
M

A

Day 5 0% 2.5%wt 5%wt 10%wt 15%wt 20%wt

0%wt - ns ns *** ns ns

2.5%wt ns - ns **** *** ***

5%wt ns ns - * ns ns

10%wt *** **** * - ns ns

15%wt ns *** ns ns - ns

20%wt ns *** ns ns ns -

B PDEGMA

PD
EG

M
A

Day 7 0% 2.5%wt 5%wt 10%wt 15%wt 20%wt

0%wt - ns ns * * ns

2.5%wt ns - ns ns ns ns

5%wt ns ns - ns ns ns

10%wt * ns ns - ns ns

15%wt * ns ns ns - ns

20%wt ns ns ns ns ns -

266



Table S5: Two-way ANOVA values for different %wt PDEGMA or PBI-PDEGMA compared

per day. Tukey test of different cell numbers per day for PDEGMA or PBI-PDEGMA. (*=<0.05,

**=<0.01, ***=<0.001 and ****=<0.0001)

A PBI-PDEGMA
PD

EG
M

A

Day 5 0% 2.5%wt 5%wt 10%wt 15%wt 20%wt

0%wt ns ** ns ns ns ns

2.5%wt ns ** ns ns ns ns

5%wt ns *** ns ns ns ns

10%wt ns **** ns ns ns ns

15%wt ns **** ns ns ns ns

20%wt ns **** ns ns ns -

B PBI-PDEGMA

PD
EG

M
A

Day 7 0% 2.5%wt 5%wt 10%wt 15%wt 20%wt

0%wt ns ns ns ** ns ns

2.5%wt ns ns ns ns ns ns

5%wt ns ns ns ns ns ns

10%wt ns ** ns ns ns ns

15%wt ns ** ns ns ns ns

20%wt ns ns ns ns ns -

Conversion% =
C − C peakingration

0.5
/3 ∗ 100 (9.0.1)
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Figure S38: Conversion rate of the PDEGMA and PDEGMA/PDEGOH different ratios RAFT

polymerisation.

Table S6: Calculated percentage of OH in co-polymer vs. observed percentage free thiol after

condensation reaction.

DEGMA:DEGOH Integration Protons % of -OH Thiol [%]

70:30 CH2O 6.66-5.91=0.7 7 10 9.7

CH2OH 0.49 2 25

80:20 CH2O 6.20-5.91=0.29 7 4.1 3.7

CH2OH 0.11 2 5.5

90:10 CH2O 6-5.91=0.09 7 1.3 2.2

CH2OH 0.05 2 2.5

95:5 CH2O 6.16-5.91=0.25 7 3.6 1.7

CH2OH 0.34 2 17

100:0 CH2O 5.91-5.91=0 6 0 0

CH2OH 0 0 0
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0% -SH 2% -SH 3% -SH

115 ± 7 ◦ 105 ± 16 ◦ 114 ± 13 ◦

4% -SH 10% -SH

134 ± 4 ◦ 134 ± 1 ◦

Figure S39: Water contact angle on the different PDEGMA or PDEGMA/PDEGSH scaffolds.

Increasing contact angle was observed when more thiols were present in the scaffolds. (n=3

scaffolds per scaffold type)
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Table S7: Negative and Positive secondary ions reported from the electrospun scaffolds of different chemical composition.

Assignment deviation [ppm]

m/z Structure PLA 0SH 2SH 3SH 4SH 10SH 0S-P 2S-P 3S-P 4S-P 10S-P

PLA 55.022 C3H3O− -15.4 25 -15.8 -39.3 5.8 -16.6 -22.3 -11.6 -59.3 -6.3 -9.7

56.028 C3H4O− 28.3 97.1 56.9 33.3 86.5 43 112.9 100.3 84.7 118.7 84.4

PDEGMA 31.026 CH3O+ - -49.7 -55.6 31 36.4 -127.6 34.6 11.9 48.5 20.5 -5.2

31.026 C2H4O+ - 4 -7.5 -34.1 9.2 -6.1 -22.3 -25.1 -60.1 -6.3 -20.7

PDEGSH 31.969 S− - -30.4 -16.3 -101.2 -88.9 -65.9 -206.9 -144.6 -129.5 -140.2 -125

32.984 SH− - 311.9 122.6 112.2 104.5 152 330.1 161.1 173.3 242 196.6

Peptide 32.984 CNO− - - - - - - 141.3 130.7 102.9 136.6 132.7

147.091 C5H13N3O2
+ - - - - - - -65.0 -58.6 -59.2 -63.7 -76.3

425.258 C17H27N7O+ - - - - - - 128.5 138.7 167.3 167.1 166.9

605.236 C26H35N8O9
+ - - - - - - -59.4 -64.5 -75.2 -68.9 -77.5

627.206 C28H35N8O9
+ - - - - - - -72.7 -86.9 -88.9 -93.3 -93.4

765.366 C32H51N11O11+ - - - - - - -36.7 20.9 -6 0.3 13.2
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% S-P Total count CH3O− SH− and PH2
− S−

4

Figure S40: ToF-SIMS measurement of the non derivatised scaffolds. A) Total count images, B)

CH3O− group of the PDEGMA thermo-responsive part of the co-polymer PDEGMA/PDEGSH,

C) SH− group of the PDEGSH or -PH2 PBS salt and D) S− group of the PDEGSH (image surface

area is 500 x 500 nm, normalized to MC of 200 for total count and MC of 3 for all other signals).

Figure S41: Schematics of possible fragments of Nor-GGG-YIGSR observed by ToF-SIMS.
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Figure S42: ToF-SIMS peak 32 m/z overlap of signal SH− (red) and PH2 (green). Standard

deviation of peak -SH− for non derivatised scaffold is -60 dev, while increase of the derivatised

scaffolds signal peak this increased to 223 dev, however, when identified to PH2 this reduced

to -59.3 dev. Indicating that the peak represents a deposit of salt from the PBS used during

UV-curing.
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Table S8: Flow cytometry Y-mean and X-mean cell population of keratocyte phenotype expres-

sion of the two group of stains CD34/CD105 and ALDH/a-SMA. -/- is population of cells with

no staining observed. -/+ is population of cells with the undesired activated phenotype ex-

pression. +/- is population of cells with the desired quiescent phenotype expression and +/+ is

population of cells with the both desired and undesired activated phenotype expression.(n=3,

scaffold per staining group)

X-axis median

CD34/CD105 ALDH/a-SMA

-/- -/+ +/- +/+ -/- -/+ +/- +/+

0S-P 4.84E+05 1.34E+06 5.08E+06 6.25E+06 8.36E+05 1.52E+06 6.48E+06 7.12E+06

2S-P 6.65E+05 1.94E+06 3.58E+06 4.02E+06 7.34E+05 7.51E+05 1.95E+07 3.61E+07

3S-P 7.61E+05 1.96E+06 3.08E+06 4.56E+06 9.67E+05 1.55E+06 6.76E+06 9.13E+07

4S-P 6.09E+05 1.69E+06 3.88E+06 4.98E+06 8.36E+05 1.23E+06 1.35E+07 9.18E+07

10S-P 6.79E+05 1.82E+06 3.56E+06 4.90E+06 7.26E+05 7.22E+05 8.61E+06 4.00E+07

2D-Gelatin 1.39E+06 1.72E+06 3.88E+06 5.60E+06 1.16E+06 1.04E+06 7.67E+07 1.30E+08

Y-axis median

-/- -/+ +/- +/+ -/- -/+ +/- +/+

0S-P 5.19E+05 2.44E+07 1.52E+06 7.54E+07 4.61E+05 5.59E+06 3.76E+05 8.04E+06

2S-P 5.67E+05 3.47E+07 7.94E+05 6.00E+07 3.66E+05 1.56E+07 5.21E+05 5.84E+06

3S-P 7.13E+05 2.25E+07 5.71E+05 5.92E+07 3.83E+05 6.84E+06 7.38E+05 6.56E+06

4S-P 6.08E+05 1.96E+07 1.88E+06 6.88E+07 4.27E+05 5.25E+06 6.34E+05 6.54E+06

10S-P 6.38E+05 1.49E+07 1.82E+06 2.80E+07 5.18E+05 1.15E+07 5.80E+05 6.05E+06

2D-Gelatin 1.22E+05 1.14E+07 8.97E+04 1.67E+07 2.59E+05 8.61E+06 2.20E+06 4.22E+06
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Table S9: [ANOVA value of Y-mean and X-mean of FACS.Two-way ANOVA analysis by

Tukey test of the X-axis medains for CD34+/CD105+ and Y-axis medains of ALDH+/a-SMA+.

(*=<0.05, **=<0.01 and ***=<0.001)

X-axis medians ALDH+/a-SMA+

0S-P 2S-P 3S-P 4S-P 10S-P 2D Gel

0S-P - ns * * ns ***

2S-P ns - ns ns ns **

3S-P * ns - ns ns ns

4S-P * ns ns - ns ns

10S-P ns ns ns ns - *

2D-Gelatin *** ** ns ns * -

Y-axis medians CD34+/CD105+

0S-P 2S-P 3S-P 4S-P 10S-P 2D Gel

0S-P - ns ns ns ** ***

2S-P ns - ns ns ns *

3S-P ns ns - ns ns *

4S-P ns ns ns - ns **

10S-P ** ns ns ns - ns

2D-Gelatin *** * * ** ns -

Table S10: Total % of cell population expression (CD34+/CD105− + CD34+/CD105+), CD105

(CD34−/CD105+ + CD34+/CD105+), ALDH (ALDH+/a-SMA− + ALDH+/a-SMA+) or a-

SMA (ALDH−/a-SMA+ + ALDH+/a-SMA+) in which sub-populations were combined.

% of cell population

CD34 CD105 ALDH a-SMA

0S-P 22.59 26.13 67 43.4

2S-P 31.55 55.37 43.21 24.07

3S-P 44.58 52.58 58.06 28.27

4S-P 38.36 51.02 57.85 18.58

10S-P 50.03 67 44.93 32.26

2D-Gelatin 69.49 86.45 92.96 99.12
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Table S11: Two-way ANOVA analysis by Tukey test of the total % of cell population express-

ing CD34 (CD34+/CD105− + CD34+/CD105+), CD105 (CD34−/CD105+ + CD34+/CD105+),

ALDH (ALDH+/a-SMA− + ALDH+/a-SMA+) or a-SMA (ALDH−/a-SMA+ + ALDH+/a-

SMA+). (*=<0.05 and **=<0.01

% of cell population expressing CD34

0S-P 2S-P 3S-P 4S-P 10S-P 2D Gel

0S-P - ns ns ns ns ns

2S-P ns - ns ns ns ns

3S-P ns ns - ns ns ns

4S-P ns ns ns - ns ns

10S-P ns ns ns ns - ns

2D-Gelatin ns ns ns ns ns -

% of cell population expressing CD105

0S-P 2S-P 3S-P 4S-P 10S-P 2D Gel

0S-P - ns ns ns ns *

2S-P ns - ns ns ns ns

3S-P ns ns - ns ns ns

4S-P ns ns ns - ns ns

10S-P ns ns ns ns - ns

2D-Gelatin * ns ns ns ns -

% of cell population expressing ALDH

0S-P 2S-P 3S-P 4S-P 10S-P 2D Gel

0S-P - ns ns ns ns ns

2S-P ns - ns ns ns ns

3S-P ns ns - ns ns ns

4S-P ns ns ns - ns ns

10S-P ns ns ns ns - ns

2D-Gelatin ns ns ns ns ns -

% of cell population expressing a-SMA

0S-P 2S-P 3S-P 4S-P 10S-P 2D Gel

0S-P - ns ns ns ns *

2S-P ns - ns ns ns *

3S-P ns ns - ns ns **

4S-P ns ns ns - ns *

10S-P ns ns ns ns - *

2D-Gelatin * * ** * * -
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