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Abstract 

Introduction: The introduction of antimicrobial agents into tissue engineering 

scaffolds to overcome infection in regenerative medicine has been of great 

interest. Erythrosine B (ERY) and Methylene Blue (MB) are well-known 

photosensitisers (PS) that have been used in studies of antibacterial 

photodynamic therapy (APDT) and are also present in agents revealing dental 

plaque. The combination of scaffolds, PS and light irradiation may provide a 

new way to overcome oral infections and maintain oral/dental health during 

regenerative medicine procedures used to replace tissue which has been lost 

as a result of trauma or disease. 

Aim: The primary aim of this work was to fabricate, characterise and evaluate 

the cytotoxicity and photodynamic therapy (PDT) efficacy of electrospun poly-

(glycolic acid) (PGA) scaffolds containing ERY or MB. The secondary aim was 

to test the scaffolds’ antibacterial PDT efficacy in preventing the growth of 

bacteria such as Enterococcus faecalis (E. faecalis) and Escherichia coli (E. 

coli).  

Results: Morphological assessment of PS-containing scaffolds showed that 

the scaffold fibre diameter decreased as PS was introduced. However, while 

the diameter of the scaffold fibres decreased as the ERY concentration 

increased, no further changes were caused by increasing the MB 

concentration incorporated in the scaffolds. The degradation rates, PS 

released, and hydrophilicity of the scaffold increased concurrently with the PS 

concentration. 

The cytotoxicity of engineered scaffolds with respect to human dental pulp 

stromal cells (hDPSCs) was tested. ERY scaffolds were able to sustain the 
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attachment and proliferation of hDPSCs, but after 72 h in culture, MB scaffolds 

showed cytotoxicity to hDPSCs as cell metabolic activity and DNA content 

was reduced, contrary to the results found with ERY scaffolds. 

APDT was carried out on E. coli and E. faecalis bacteria. The high ERY or MB 

concentrations showed an antibacterial effect on E. faecalis, both in planktonic 

and biofilm culture. In E. coli, an antibacterial effect was only exhibited at a 

high concentration of MB (5%M) among the four scaffolds used. 

Conclusion: The addition of PS to the PGA polymer solution prior to 

electrospinning resulted in the production of nanofibre scaffolds containing 

incorporated PS. These scaffolds possessed antibacterial properties that 

could be activated by light irradiation, resulting in the killing of both planktonic 

and biofilm-grown bacteria.  
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Chapter 1  
Introduction 

1.1 Regenerative medicine 

Regenerative medicine is an interdisciplinary field that is concerned with the 

replacement or regeneration of human tissue or organs, to restore or establish 

normal function (Mason and Dunhill, 2008). Classically, it involved tissue 

engineering which derived from a combination of cells, scaffolds and growth 

factors to achieve regeneration of the human tissues or organs (Badylak, 

2005). FDA (Food and Drug Administration) approval of artificial skin and 

cartilage are examples of tissue engineering applications which are accepted 

for clinical use (Capo et al., 2014). 

Previous researchers had initial success in redeveloping and reconstructing 

bladder, blood vessels, skin, trachea and vision through tissue engineering 

and regenerative medicine techniques (Colombo et al., 2016). In bone 

regeneration, a combination of bone marrow stromal cells and demineralised 

bone matrix exhibited osteogenic and angiogenic properties in a defect fibula 

bone model, thus promoting new fibular bone regeneration (LoGuidice, 

Houlihan and Deans, 2016). Previous research was also able to construct and 

implant a tissue-engineered vascular graft for small diameter arteries in mice 

(Kurobe et al., 2015). Engineered skin was first reported in 1979 where human 

epidermal cells were used for skin grafting (Green, Kehinde and Thomas, 

1979). In bladder repair, a bladder reconstructed using collagen scaffolds 

seeded with the patient’s cells and engineered bladder biopsies showed 

adequate structural architecture and phenotype of a bladder (Atala et al., 
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2006). Mooney and Vacanti achieved the development of liver tissue, cartilage 

and bone tissue as well as epithelial tissue for intestine using a synthetic 

polymer that was seeded with hepatocytes, chondrocytes/ osteocytes and 

uroepithelial cells (Mooney et al., 1997; Mooney et al., 1996; Vacanti et al., 

1995; Vacanti et al., 1993). Recently, artificial intestine was developed using 

primary organoid cultures (mouse or human) and nonwoven scaffolds of poly-

(glycolic acid) (PGA)/ poly-(lactic-co-glycolic acid) (PLGA) that was implanted 

for 4 weeks in mice and which demonstrated digestive and absorptive function 

upon extraction (Grant et al., 2015). 

Oral disease such as periimplantitis and trauma will result in tissue damage. 

In the repair of the oral tissues, implants such as bone substitutes and grafts, 

metallic dental implants, and guided tissue regeneration (GTR) are in common 

use (Thomas and Puleo, 2011). However, implants are susceptible to infection 

which is caused by microbial colonisation and can result in peri-implantitis 

(Fig. 1.1). The infection eventually leads to disruption of the osseointegration 

process and promotes implant failure (Bijukumar, McGeehan and Mathew, 

2018; Pye et al., 2009; Tanner et al., 1997). 
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Figure 1.1 Schematic illustration of progression to peri-implantitis. 

 
After implant introduction, the bacteria will colonise the soft tissue and 

dental implant which can lead to the development of peri-implant 

mucositis. Over time, the bacteria cause the gum to become inflamed 

with accompanying deterioration of the bone supporting the dental 

implant. 
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GTR is a periodontal regenerative technique that promotes cell repopulation 

and tissue regeneration in the periodontal defect area (Needleman et al., 

2006). Tissue regeneration is promoted by using a barrier material that will 

avoid any contact between the gingival epithelium and the root surface, thus, 

giving space and support needed for regeneration of the tissues (Thomas and 

Puleo, 2011). After any surgical placement, the barrier materials are rapidly 

colonised by periodontal pathogens (De Sanctis, Zucchelli and Clauser, 

1996). Consequently, the prognosis for the treatment will be compromised if 

any deep pockets between the implant or tooth and bone or mucosa are 

present as these pockets serve as bacterial reservoirs that will expedite more 

microbial colonisation on the barrier materials (Nowzari and Slots, 1995). The 

common membrane barrier materials used in the GTR procedure are made 

from synthetic polymers (polytetrafluoroethylene and aliphatic polyesters), 

natural polymers (collagen, chitosan and alginate), metals (titanium alloy and 

cobalt-chromium alloy) and inorganic compounds (calcium sulfate and 

calcium phosphate) (Elgali et al., 2017). The use of aliphatic polyesters such 

as PGA (poly-(glycolic acid)), PLA (poly-(lactic acid)) and PCL (poly-e-

caprolactone) as a bioresorbable membrane is also commonplace for the 

reconstruction of bone or tissue defects in the tissue regeneration field. 
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1.2 Scaffolds in regenerative medicine 

Scaffolds play a significant role in regenerative medicine. They serve as three-

dimensional (3D) tissue templates and are intended to provide synthetic 

extracellular matrix (ECM) microenvironments for cell attachment, 

proliferation, differentiation, and tissue neogenesis (Kim et al., 2013; Kim and 

Mooney, 1998). The porous nature and 3D features of a scaffold also enable 

longer cell survival times by allowing the diffusion of nutrients, oxygen and 

bioactive factors (Hosseinkhani et al., 2014). Scaffolds can be fabricated from 

polymers, bio ceramics and hybrid materials whether it is from natural or man-

made sources. There are various kinds of polymers used to fabricate scaffolds 

in regenerative medicine including synthetic polymers, semi-synthetic 

polymers, naturally derived polymers and tissue-derived scaffolds (Fig. 1.2). 

Scaffolds fabricated from synthetic polymers are reproducible and modifiable 

in order to refine their mechanical properties, porosity and their morphologies. 

PGA, PLA, PCL and polyester are examples of synthetic polymers (Mohiti-Asli 

and Loboa, 2016). Synthetic polymers are known for their good mechanical 

strength when compared to naturally-derived polymers. However, due to their 

hydrophobic surface and lack of cell-scaffold interaction, naturally-derived 

polymers may have more of an advantage (Armentano et al., 2010). Cui and 

co-workers exhibited successful repair in articular cartilage regeneration using 

chondrogenic-induced adipose derived stem cells (ASCs) and PGA/PLA 

scaffold after implantation in a porcine model for 6 months (Cui et al., 2009). 
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Figure 1.2 Classification of biodegradable polymers used in biomedical 
applications based on their original source (natural, synthetic, or 
semi-synthetic). 
 
PHA (poly-(hydroxyalkanoates)); PET (poly-(ethylene terephthalate)); 

PMMA (poly-(methyl methacrylate)); PHB (poly-(hydroxybutyrates)); 

PBAT (poly-(butylene adipate-co-terephthalate)). 

  

Polymers 

Natural 

Plants - Starch, 
Cellulose, Agar, 

Alginate

Animals and Fungi 
- Collagen, 

Keratin, Elastin, 
Heparin

Microbial activity -
Gellan gum, 

Dextran, PHA

Synthetic

PCL, PGA, PET, 
PMMA, PHB

Semi-synthetic

Dextran-PCL, 
Grafted chitosan, 

PBAT starch 
blends
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Another study showed that electrospun PCL membranes freeze-dried with a 

tricalcium phosphate (TCP) bone stratum were able to successfully 

regenerate osteochondral defects in a rabbit model when used as a periosteal 

scaffold. In vitro results also showed that the orientation and penetration of 

bone marrow mesenchymal stem cell (BMSCs) on the PCL-TCP membrane 

scaffold was promoted (Liu, Liu and Cui, 2014). 

Naturally derived polymers are known to be more biocompatible than synthetic 

polymers (Shin, Jo and Mikos, 2003). However, their mechanical properties 

are weak and are not easily modified. Some of them are also insufficient in 

supply and not cost effective. Collagen, chitosan, fibrin and alginate fall under 

the naturally derived polymer category (Bao Ha et al., 2013). Hydrogels that 

consist of collagen type I have been used as a dermo-epidermal skin 

substitutes by Hartmann-Fritsch and co-workers. They tested the dermo-

epidermal skin substitutes in vivo using immune-incompetent rats and after a 

predetermined time, the substitutes were successfully grown into a well-

stratified epidermis distributed homogenously over the skin grafts (Hartmann-

Fritsch et al., 2016). Electrospun gelatin-hydroxyphenylpropionic acid (Gel-

HPA) also showed successful soft tissue regeneration which promotes cell 

adhesion, penetration and vascularisation after one month implanted 

subcutaneously into the dorsal region of rats (Nie et al., 2020). Nevertheless, 

the particular source and extraction process of natural polymer can profoundly 

influence their qualities and their biological interactions. This means that it is 

difficult to directly compare those scaffolds that have been derived using 

different sources or extraction processes, a significant drawback in tissue 

engineering (Bonani et al., 2018; Bhattarai et al., 2018). 
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Tissue-derived scaffolds are obtained through the decellularization of a tissue 

or organ. Decellularization is achieved by a clearing of the cellular 

components from the tissues or organs so that the resulting template consists 

of extracellular matrix to be used as scaffolds (Tapias and Ott, 2014). 

Research by Kajbafzadeh’s group demonstrated recellularization of the 

acellular rat colon-derived scaffold 9 months after grafting. Recellularization 

was shown by the presence of smooth muscle cells, endothelial progenitor 

cells, and neural elements in decellularized colon (Kajbafzadeh et al., 2020). 

The decellularization method has the advantage of giving the similar 

mechanical and biological properties of the decellularized ECM that may 

promote cell growth and tissue regeneration. However, there is lack of 

homogeneous cell adhesion and spreading in decellularized tissue scaffolds. 

In addition, incomplete removal of cellular components during the production 

process may induce an immune response at the implantation site (Zheng et 

al., 2005). 
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The advantages and disadvantages associated with the biomedical use of 

natural and synthetic polymers are listed in Table 1.1. 

Table 1.1 Advantages and disadvantages of natural and synthetic 
polymers used in scaffold fabrication for tissue engineering (Filippi 
et al., 2020; Garg, 2011) 

Scaffold Properties Advantages Disadvantages 

Synthetic 
polymers 

Mechanical and 
degradation 
properties can be 
adjusted by 
varying the 
polymer 
properties. 

Excellent 
biocompatibility, 
good bioresorbable 
and degradation 
rate. 

Defined purity and 
reproducible 
chemical/mechanical 
properties. 

Low immune 
response. 

Low production cost. 

Off-the-shelf 
availability and 
production in large 
uniform quantities. 

Produce local 
acidic condition 
from degradation 
products. 

Inflammatory 
response is 
possible. 

Poor cell 
adhesion, poor 
compression 
strength 

Naturally 
derived 
polymers 

Properties 
dependent on 
extraction and 
processing 
procedures. 

Natural origin. 

Good 
biocompatibility, 
bioresorbable and 
degradation rate. 

Good cell 
recognition and 
adhesion sites. 

Not required harsh 
chemicals for 
processing. 

Inadequate 
mechanical 
properties. 

Difficult to 
maintain structural 
integrity. 

Expensive 
production. 

Difficult 
processing. 

Susceptible to 
cross-
contamination and 
have low stability. 
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Methods used in the fabrication of scaffolds for tissue engineering and 

regenerative medicine applications include emulsion freeze-drying (Sultana 

and Wang, 2012); foaming (Cho et al., 2008); particle leaching (Xin et al., 

2016); electrospinning (MacKintosh et al., 2015); sintering (Wiria et al., 2007); 

and polymer casting and phase separation (Papenburg, 2009) as well as 3D 

printing (Fierz et al., 2008). Figure 1.3 shows the various fabrication 

techniques of scaffolds that fall under conventional and rapid prototyping 

techniques (Eltom, Zhong and Muhammad, 2019). 

Conventional fabrication techniques include solvent casting and particulate 

leaching, gas-foaming, emulsion freeze-drying, electrospinning, powder 

compaction and thermally induced phase separation. The classification of 

conventional and rapid prototyping scaffold fabrication techniques are 

summarised in Table 1.2. 
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Figure 1.3 Methods of polymer processing techniques 
 
Polymers were processed to produce scaffolds with different 

architectures to suit the application. This includes hydrogels, sponges, 

fibrous scaffolds, micro or nanoparticles, biofilms and membranes (Filippi 

et al., 2020). 

  

Polymer processing techniques

Conventional 

Solvent casting and 
particulate leaching

Gas-foaming

Emulsion freeze-
drying

Electrospinning
Powder compaction

Thermally induced 
phase separation

Others

Rapid Prototyping Selective Laser 
Sintering

Fused Deposition 
Modeling

3D PrintingOrgan Printing

Stereolitography

Others
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Table 1.2 Methods of fabricating scaffolds with advantages, 
disadvantages and application (Prasad, Sankar and Katiyar, 2017; 
Eltom, Zhong and Muhammad, 2019). 

Fabrication 
technique 

Advantages Disadvantages Applications 

Solvent casting 
and particle 
leaching 

Fits thin membrane 
of thin wall three-
dimensional 
specimens 

High porosity (50%-
90%) 

Low cost technique 

Biodegradable 
controlled porous 
scaffold 

Time consuming since 
thin membranes are 
only used 

The widespread use of 
very toxic solvents, 
residual and porogen 
material 

Limited mechanical 
properties 

Bone and 
cartilage tissue 
engineering 
(Sola et al., 
2019) 

Gas foaming Porosity up to 85% 

Controlled porosity 
and pore structure 
sponge 

If the fabrication 
process is not 
combined with other 
processing techniques, 
the product obtained 
might have a closed 
pore structure or a solid 
polymeric skin 

Limited mechanical 
properties and 
inadequate pore 
interconnectivity 

Inconsistent production 

Drug delivery 
and tissue 
engineering 
(Costantini and 
Barbetta, 
2018) 

Emulsion freeze-
drying 

Capability of 
obviating high 
temperature 

Pore size can be 
controlled by 
changing the 
freezing method 

3D porous sponge 
structure, durable 
and flexible 

High energy 
consumption 

Long-term timescale 

The use of cytotoxic 
solvents 

Small production 

Irregular pore sizes  

Tissue 
engineering 
and 
regenerative 
medicine (Du 
et al., 2020) 

Electrospinning Produce nanoscale 
fibrous scaffolds 

Homogenous 
mixture made of 
fibres with high 
tensile strength 

Solvent used can be 
toxic 

Processing parameters 
depend on many 
variables 

Drug delivery, 
wound healing, 
soft tissue 
synthetic skin, 
and scaffolds 
(Chong et al., 
2019) 
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High surface area 
and good 
biomechanical 
properties  

Pore size decreases 
with fibre thickness 

Thermally-
induced phase 
separation 

Low temperature 
can be utilised for 
the integration of 
bioactive molecules 

Highly porous 
scaffold with 
interconnected pore 
morphology 

Limited used 

Difficult to precisely 
control scaffold 
morphology. 

Thermoplastic 
(Han, 2019) 

Stereolithography 
(SLA) 

Reduces wastage in 
relation to the 
subtractive 
fabrication method 

High resolution 

Uniformity in pores 
and connectivity 

Limitation in the 
process of 
photopolymerization 

Requiring massive 
amount of monomers 
and postpolymerization 
treatment to improve 
monomer conversion 

Production in small 
batches 

Cannot withstand high 
pressure forces 

Cabin 
accessories 
(Najmon, 
Raeisi and 
Tovar, 2019) 

Selective laser 
sintering  

Uses ultrahigh-
molecular-weight 
polyethylene 

Provides excellent 
control over the 
microstructures of 
the produced 
scaffold by adapting 
SLS process 
parameters 

Utilized to obtain the 
preferred properties 
of the created 
scaffold. 

Steps required to 
remove injected powder 

High operating 
temperature 

Rapid cooling after 
heating effect causes 
deformation and 
shrinkage of structure 

Bio-metal 
scaffold (Liu et 
al., 2013) 

Solvent-based 
extrusion 
freeforming (SFE) 

Can be utilized to 
make ceramic, 
metal, and metal/ 
ceramic composite 
parts  

It can directly or 
indirectly function in 
printing the actual 
part or a mould 

Temperature extrusion 

The design includes a 
change to the 
parameters affecting 
extrusion pressure, 
including nozzle length-
to-diameter ratio, a 
paste formulation and 
the extrusion velocity. 

Ceramic 3D 
scaffolds (Lu 
et al., 2010) 
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Precise control of 
scaffold structure at 
the micron level  

Able to follow the 
structure of the 
natural tissue and 
the mechanical 
characteristics of the 
scaffold 

Bioprinting Low costs 

Higher accuracy and 
greater shape 
complexity 

The high speed of 
printing with the 
capability of 
supporting parallel 
high cell viability (80-
90%) 

Depend on the 
existence of cells 

Tissue 
regeneration 
(Rider et al., 
2018) 

Fused deposition 
modelling (FDM) 

Useful in scaffold 
design under the 
different aspects of 
scaffold fabrication 

Low temperature 
deposition 

Limited application in 
biodegradable 
polymers 

Additive 
manufacturing 
(Chacón et al., 
2017) 

 

Solvent casting and particulate leaching (SCPL) uses solvents such as 

chloroform combined with salt particles and polymer to produce a scaffold. 

The salt particles are insoluble in solvent and thus, when the solvent 

evaporates and the scaffold is submerged in warm water, the salt particles 

dissolve, leaving the scaffold with a highly porous structure (Prasad, Sankar 

and Katiyar, 2017). 

In the gas foaming process, a gas (typically CO2) is applied at an elevated 

pressure in order to solidify the polymer discs until they reach saturation. The 

spongy structure of the scaffold created by the infiltration of the gas bubbles 

results from the high pressure gas becoming soluble in the polymeric solid 

phase (Gorth and J Webster, 2011). As the pressure is reduced to ambient 



 15 

pressure, inducing instability, the gas begins to phase separate from the 

polymer and causes pore formation. However, the interconnectivity of the pore 

network formed by this technique is still limited due to the formation of a 

closed-pore structure due to the rapid depletion of the gas between pores 

(Carter and Bhattarai, 2013). In order to improve pore connectivity, this 

technique needs to be combined with other techniques such as particulate 

leaching (Hutmacher, Woodfield and Dalton, 2014). 

A polymer solution is dissolved in an organic solvent and water for emulsion 

freeze-drying. It is promptly cooled down to maintain the liquid state structure 

after the solution is homogenised. To extract solvent and water and further 

generate a porous structure, the liquid state structure undergoes a freeze-

drying phase (Walker and Santoro, 2017). Freeze drying is generally used for 

scaffold preparation, but some of the drawbacks associated with this 

technique include longer time needed, high energy consumption, the use of 

cytotoxic solvents and the creation of closed pores (Wahid et al., 2018). 

In the thermally-induced phase separation technique, high temperature is 

needed to dissolve the polymers in the solvent. After the polymers are 

dissolved, the solution is induced to a solid-liquid or liquid-liquid phase 

separation by decreasing the temperature. The porous structure of the 

scaffold is then produced by a sublimation process that eliminates the 

solidified solvent-rich phase (Martínez-Pérez et al., 2011). The key drawbacks 

are that it is limited to certain polymers (such as PEG/PLLA and PLA-dextran 

blend) and its processing technique requires an organic solvent (dioxane) 

(Akbarzadeh and Yousefi, 2014). 
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More advanced processes such as stereolithography, solvent-based 

extrusion free forming, selective laser sintering, fused deposition modelling 

and bioprinting fall under rapid prototyping fabrication techniques.  

The process of stereolithography is also known as manufacturing scaffolds 

with layers of polymer resin. A light-emitting device is used to cause 

photosensitive liquid polymerisation, accompanied by polymerized solid 

formation. In order to extract the residual resin, the post-polymerization 

process involves rinsing the produced scaffold in solvent (Walker and Santoro, 

2017; Viera Rey and St-Pierre, 2019). This process, however, requires 

biodegradable and photocurable materials such as resin that are limited in 

supply and thus this method is typically used in small scale production (Kundu 

et al., 2013; Salonitis, 2014).  

Selective laser sintering (SLS) is a type of powder bed fusion process. A 

powder of polymer is sintered by controlled laser beam scanning that induces 

powder molecular interaction, followed by polymer solidification in layers 

(Muzaffar et al., 2020). In solvent-based extrusion freeforming, the 

structure is fabricated from a paste of a polymer powder and a binder in a 

solvent. The paste undergoes extrusion and then is transformed into a solid 

state by solvent evaporation. After solvent removal, the fabricated polymer 

filaments undergo debinding and sintering processes (Lu et al., 2010). The 

poor surface finishing of fabricated parts is one of the major limitations of SLS 

and the scaffold produced appears to have high shrinkage rates, which require 

post-processing procedures (Munir, Li and Wen, 2017).  

Bioprinting is a technique that provide alternative ways to regenerate tissue. 

In bioprinting, the scaffolds are produced with bio-ink consisting of live cells, 
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biomaterials and additional biological substances such as growth factors 

(Semba, Mieloch and Rybka, 2020). Bio-ink modulation of, for example, cell 

types and biomaterials, are crucial in the production of the optimised scaffold. 

The bioprinting technique has been investigated using various types of cells 

in order to regenerate tissue (Mandla and Radisic, 2019; Williams, Yoo and 

Atala, 2019; Gillispie et al., 2019). As well as being time consuming due to 

bio-ink preparation, production processes such as the layer by layer printing 

technique, also present difficulty in printing complex hollow 3D structures 

using this technique (Mukherjee, Rani and Saravanan, 2019). 

The fused deposition modelling (FDM) technique uses a polymer material 

that is heated until it is transformed into a semi-liquid state. The heated 

polymer material is then extruded and solidifies rapidly to form layers of 

construct (Chacón et al., 2017; Masood, 2014). Due to the high temperature, 

the inclusion of cells or biological materials in the process is not possible. The 

FDM technique also needs preformed fibres with consistent size and material 

properties due to the need to go through the rollers and nozzle (Altuntaş, 

Özkan and Yener, 2017).  

In this study, the electrospinning method was chosen based on previous 

research with Neotherix Ltd. Basically, because of the manufacturing and 

planning process, all techniques have benefits and drawbacks. Scaffolds 

produced via the electrospinning method have a high surface to volume ratio, 

more tuneable porosity, and are easily adjustable to the desired fibre size, 

shape and composition to achieve the desired functionality.  

Electrospinning produces a range of fibres from microfibres to nanofibers and 

smaller pores which are reflected in the higher surface area than fibres 
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produced from other methods (Cortez Tornello et al., 2016). Electrospun fibres 

have been fabricated in various fields such as tissue engineering scaffolds, 

clothing fabrication and healthcare (Mo et al., 2019). The characteristics and 

properties of the fibres can be changed by adjusting the solution and process 

parameters of electrospinning. Electrospinning is a simple and cost-effective 

method to produce scaffolds with a dense woven network of fibres compared 

to self-assembly and phase separation techniques (Shi et al., 2015). 
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Some of the ideal characteristics of synthetic polymeric scaffolds were 

reviewed and listed  (Hosseinkhani et al., 2014; Kim and Mooney, 1998; 

O'Brien, 2011; Murphy, Haugh and O'Brien, 2010) as: 

1) Promoting new tissue growth and providing proper surface properties 

that facilitate cell adhesion, proliferation and differentiation; 

2) Biocompatibility – the cells can adhere, migrate, proliferate and interact 

on the scaffolds with no immunological rejection that can cause 

rejection by the host tissue; 

3) Biodegradability – the scaffold must be able to degrade over time in 

order to allow cells to generate their own ECM and the by-product of 

degradation must be non-toxic and not interact with other organs during 

removal from the body; 

4) Scaffold architecture - high porosity and high surface area to volume 

ratio is desired, with an integrated pore network for cell growth which 

also permits flow transport of nutrients and metabolic waste. The pore 

size needs to be optimised to allow the cells to penetrate the network 

of fibres and to permit efficient binding of cells on the fibres; 

5) Adequate mechanical properties to withstand in vivo stresses – the 

fabricated scaffold must have adequate mechanical properties that are 

acceptable for the tissue properties at the implantation site; 

6) Manufacturing technology – the manufactured scaffold must be 

capable of being produced cost-effectively in batch processing. Off-the- 

shelf availability is preferable for medical practitioners as it is less time 

consuming. 
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1.2.1 Poly-(glycolic acid) (PGA) as a scaffold 
One example of a polymer used as a scaffold material is PGA (Fig. 1.4). PGA 

scaffolds made using electrospinning methods possess a dense mesh that 

has high porosity and surface-area-to-volume ratio, thus facilitating new tissue 

formation (MacKintosh et al., 2015; Bonfield, 2006; Kim and Mooney, 1998). 

PGA is a rigid thermoplastic material with high crystallinity and is not soluble 

in most organic solvents (Generali, Dijkman and Hoerstrup, 2014). It is 

approved by the United States Food and Drug Administration (F.D.A) for 

clinical use and has previously been used to support the growth of human 

umbilical cord stromal cells, adipose stem cells and periodontal ligament cells 

(Mahmoudifar and Doran, 2010; Zhao and Detamore, 2010; Li et al., 2006; 

Wang et al., 2005).  Recently, PGA scaffold was used to develop a functional 

3D in vitro model of the endometrium with bovine stromal and epithelial cells 

(MacKintosh et al., 2015). PGA is widely used in clinical settings such as in 

surgical sutures as it is biodegradable, hydrophilic and highly biocompatible 

with human tissue (Casagrande et al., 2011; Pillai and Sharma, 2010; Frazza 

and Schmitt, 1971).  

 

 

                         n 

Figure 1.4 Molecular structure of PGA (C2H2O2)n. 
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Degradation of PGA is by a non-enzymatic hydrolysis process, with the 

eventual production and removal of carbon dioxide and water, which are non-

toxic to the human (Giuliani et al., 2014), and this provides advantages for 

PGA polymer when used in tissue engineering. The biodegradation of PGA is 

completed when PGA undergoes all four steps of the degradation mechanism: 

hydration, initial degradation, further degradation and solubilisation (Li et al., 

2017; Fredenberg et al., 2011).  

(i) Hydration: The penetration of the aqueous medium into the polymer 

matrix will interfere with the secondary forces, which lead to the 

relaxation and reduction of the glass transition temperature (Chen 

et al., 2020);  

(ii) Initial degradation: After hydrolysis, the cleavage of the covalent 

bonds in the polymer backbone starts in the hydrated region of the 

polymer, resulting in the polymer’s molecular weight reduction. As 

the hydrolysis process proceeds, more and more carboxylic end-

groups auto-catalyse the hydrolysis reaction within the polymer 

matrix, leading to a continuous decrease in the polymer’s molecular 

weight. Along with the decrease in molecular weight, the polymer 

loses its mechanical strength, but the polymer’s integrity remains 

(Siye et al., 2014; Zhang et al., 2014a).  

(iii) Further degradation: The polymer’s molecular weight keeps 

decreasing to a threshold so that the polymer’s integrity can no 

longer be maintained (Siye et al., 2014) . A significant mass loss will 

be detected at this point. 

(iv) Solubilization or erosion: The polymer further loses its weight and 
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the fragments are further cleaved to monomer and oligomer which 

are soluble in the medium (Low et al., 2020). 

Inherent properties that may affect the PGA degradation rate include 

composition of the copolymer, molecular weight, shape, and indirect glass 

transition temperature and crystallinity factors that depend on the composition 

of the copolymer (Alexis, 2005). 
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1.2.2 Electrospinning method in scaffold fabrication 
Electrospinning is one of the methods used to fabricate nanofibrous scaffolds. 

It is a process that is a combination of 2 techniques:  electrospray and spinning 

(Agarwal, Wendorff and Greiner, 2009). This technique produces a scaffold 

with fibres that have a high surface to volume ratio and fibre diameter ranging 

from several microns to nanometres (Haider, Haider and Kang, 2015; Hasan, 

Azim and Reza, 2014). The basic electrospinning equipment consists of a 

syringe loaded with a polymer solution, metallic needle, power supply and 

metallic collector (Fig. 1.5). 

 

 

Figure 1.5 Illustration of electrospinning set up. 
 
The polymer solution is loaded in the syringe and ejected from the needle 

when a high voltage is applied. The thin fibres are formed by the ejected 

solution and collected by the rotating mandrel. 
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Briefly, the electrospinning process starts when an electric charge is applied 

across the needle and pressure on the syringe causes the ejection of the 

polymer jet solution out of the needle. Repulsion of charges within the polymer 

solution produces a force that opposes and weakens the surface tension of 

the polymer. Increasing the voltage produces a cone-shape of the polymer 

solution (Taylor’s cone) and stretches out the ultrafine fibres to be directed 

towards the metallic collector. During this process, the solvent evaporates 

from the polymer solution and deposition of dry polymer fibres can be seen on 

the rotating collector (Hasan, Azim and Reza, 2014; Bhardwaj and Kundu, 

2010). Numerous studies have been performed to investigate the biomedical 

applications of the electrospun nanofibrous scaffold. These studies mostly 

focused on using the electrospun scaffold in tissue engineering, wound 

dressing, drug delivery and enzyme immobilisation (Jun et al., 2018; 

Nwachukwu, Einstein and Tulp, 2017; Weng and Xie, 2015; Tran and Balkus 

Jr, 2012). 

Many working parameters, such as the characteristics of the polymer solution, 

process parameters and ambient conditions, affect the electrospinning 

process. All of these parameters play an important role in the development of 

the required morphology and diameters of the scaffold fibres, (Hasan, Azim 

and Reza, 2014). 

Molecular weight, concentration, viscosity, conductivity, and surface tension 

are polymer solution parameters. A high molecular weight polymer will result 

in the desired polymer solution concentration and viscosity. It is known that 

high molecular weight polymers possess a higher degree of polymer chain 

entanglement, thus creating larger and smoother fibre diameters during the 
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electrospinning process (Xue et al., 2019). 

Furthermore, the polymer concentration also directly affects the viscosity of 

the solution as the increase in the polymer concentration will lead to an 

increase in viscosity of the polymer solution. This will cause a further increase 

in entanglement of the polymer chains. As the chain entanglement is 

increased, it will overcome the surface tension of the polymer solution and 

produce spindle-like and uniform fibres (Haider, Haider and Kang, 2015). 

Meanwhile, low polymer concentration leads to low viscosity of the polymer 

solution which tends to cause the continuous jet of the polymer solution to 

break into droplets due to the instability of the solution (Rayleigh instability) 

(Hasan, Azim and Reza, 2014). An increase in polymer concentration results 

in increased viscosity which will eventually overcome the solution surface 

tension and lead to smooth fibre formation (Nezarati, Eifert and Cosgriff-

Hernandez, 2013). However, too high a viscosity will result in polymer build 

up at the needle tip and prevent efficient polymer ejection with beaded fibre 

formation due to high cohesion of the polymer solution (Amariei et al., 2017).  

To form smooth fibres in the electrospinning process, an optimal solution 

concentration is vital. If the concentration of the polymer is too low, it will create 

an aggregate of beads and fibres (Motamedi et al., 2017). However, if the 

concentration is too high, it may be possible to generate larger fibres. Spindle-

like and uniform fibres will be produced by the optimum polymer concentration 

solution (Husain et al., 2016). The close relationship between polymer 

molecular weight, concentration and viscosity can therefore be modified to 

create the diameter of choice, whether nanofibers or microfibres (Pillay et al., 

2013; Olkhov et al., 2020). 
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The electrospinning process requires electrical charge transfer from the 

electrode to the polymer solution at the tip of the needle. Therefore, a 

minimum electrical conductivity is required to form the thread of fibres and 

initiate the electrospinning process. An increase in electrical conductivity will 

affect the elongation and thinning of the thread of fibres ejected from the 

needle thus controlling its tendency to form nanofibres (Pillay et al., 2013). 

Conductivity-devoid solutions cannot be electrospun due to the lack of 

electrical charge in the solution. A substantial reduction in the diameter of the 

fibres results from an increase in the solution's electrical conductivity 

(Deshawar, Gupta and Chokshi, 2020). However, too high a conductivity will 

result in insufficient elongation of the polymer jets to produce uniform fibres 

and bead formation will also be observed (Haider, Haider and Kang, 2015). 

The surface tenson is the property of the solution that demonstrates strong 

cohesiveness in between molecules. It is strongly influenced by the nature of 

the solvent used to dissolve the polymer. The polymer solution  can be ejected 

from the needle due to the result of the electrical conductivity action that 

overcome the solution’s surface tension (Hasan, Azim and Reza, 2014). A 

surface tension that is either too high or too low will cause instability of the 

ejected polymer solution thus increasing the formation of droplets of polymer 

solution and the production of beaded fibres (Deshawar, Gupta and Chokshi, 

2020). In order to ensure the uniformity of the fibre produced, the surface 

tension can be adjusted by altering the polymer to solvent ratio in the polymer 

solution.  

Processing parameters for electrospinning include flow rate, applied voltage, 

types of collector mandrel, the distance between needle tip and mandrel, 
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needle tip design and placement and collector composition and geometry. The 

flow rate of the polymer to be ejected from the syringe determines the velocity 

of the solvent ejected and the transfer rate of the polymer. The flow rate must 

be kept to a minimum in order to provide adequate time for the solvent to 

evaporate. The fibres and pore diameter are found to increase as the flow rate 

increases, but too high a flow rate can result in beaded fibres because while 

residing on the mandrel, the polymer does not dry properly (Zong et al., 2002). 

An optimum applied voltage is needed to ensure that a jet of solution is ejected 

from the needle tip so the force of the electric field must be sufficient to 

overcome the surface tension of the solution and produce bead free fibres. 

However, as the voltage increases, the ejected solution will produce larger 

fibre diameters, and will eventually lead to bead formation and clogging of the 

needle tip (Motamedi et al., 2017). Other than that, the type of collectors used 

to retrieve the ejected solution also play a crucial part in the electrospinning 

process. The collector acts as a conducting material, upon which the ejected 

solution settles. After the solvent evaporates, the newly formed fibres can be 

harvested from the collector (Xue et al., 2019). Aluminium foil has been used 

as a collector material, but the disadvantage of aluminium foil is the difficulty 

in casting off the foil from the scaffold after the process. Other collectors have 

also been used such as conductive paper, conductive cloth, mesh wire and a 

rotating drum. 

The needle tip to collector distance also determines the diameter and 

morphology of the fibres produced. A minimum distance is needed to provide 

an ample drying time for the fibres before they meet the collector. In the case 

that the distance is too close or too far, beading is rendered (Leach et al., 
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2011). 

Finally, environmental parameters like temperature and humidity also play a 

role in the electrospinning process. An elevated temperature can result in a 

decrease in the polymer’s viscosity, thus decreasing the fibre diameter (Yang 

et al., 2017a). Low humidity will result in the formation of many broken fibres 

during the electrospinning process due to increased stretching of the 

electrospun fibres after solvent evaporation (Nezarati, Eifert and Cosgriff-

Hernandez, 2013). The electrospinning process has to be accomplished 

under vacuum in order to obtain higher electric fields and produce the 

favoured fibre diameter for the scaffold. Table 1.3 summarizes the effects of 

different parameters on fibre morphology in the electrospinning technique. 
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Table 1.3 The effect of different parameters on fibre morphology (Hasan, 
Azim and Reza, 2014). 

Parameter Effect on fibre morphology 

Viscosity/ concentration Low concentrations or viscosities lead to bead 
formation. 

Fibre diameter increases with increasing 
concentration or viscosity.  

Conductivity Increasing the conductivity aided in the production of 
uniform charge density, bead-free fibres. 

Increase in conductivity will result in decreased fibre 
diameter.  

Surface tension No conclusive relation is established between 
surface tension and fibre morphology. 

Molecular weight of the 
polymer 

The number of beads and droplets reduces with the 
increased molecular weight. 

Flow rate A decrease in fibre diameter with decreased flow rate 
and generation of beads with too high flow rate. 

High flow rates produces fibres that are not dry upon 
reaching the collector. 

Applied voltage Beading is observed at too high voltage. 

A decrease in fibre diameter results from a voltage 
increase. 

Distance between needle 
tip and collector 

A minimum distance was required to obtain dried 
fibres. 

Beading was observed at distances either too far or 
too close. 

Collector composition and 
geometry 

Smoother fibres are obtained from metal collectors; 
more porous fibre structure is obtained using porous 
collectors. 

Aligned fibres are obtained using a conductive frame, 
rotating drum, or a wheel-like bobbin collector. 

Ambient parameters Increased temperature causes a decrease in solution 
viscosity, thus resulting in a decrease in fibre 
diameter. 

High humidity may result in circular pore formation. 

Low humidity may result in fibre breakage. 
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All of these parameters will influence the morphology of the generated fibres 

so it is essential that they are all optimised as far as possible to enable the 

production of scaffolds with the desired morphology and physical 

characteristics for the chosen application. (Jun et al., 2018; Haider, Haider 

and Kang, 2015). 

1.2.3 Incorporation of antimicrobial agents into scaffolds 
Recently, there has been much interest in the incorporation of antimicrobial 

agents into scaffolds to overcome infection in regenerative medicine 

(Chatzistavrou et al., 2014; Furtos et al., 2017; Saravanan et al., 2011; Feng 

et al., 2010). Along with their main function to supply cells with synthetic ECM 

microenvironments, these scaffolds also serve as a medium for sustained, 

localised drug release as well as having tuneable degradation properties to 

promote tissue integration and support cell delivery (Johnson and Garcia, 

2015). Scaffolds provide an ideal medium to deliver long-term bactericidal 

doses of antibiotics to the injury site to treat infections (Dorati et al., 2017). 

Some modification to the mode of drug release can also be achieved by 

encapsulating the drug within biodegradable polymer matrices used as a 

coating for orthopaedic implants that are prone to infections (Macha et al., 

2018). 

Antimicrobial silver nanoparticles (SNPs) were used as a coating for 

hydroxyapatite and PETA (Pentaerythritol triacrylate-co-trimethylolpropane) 

composite scaffolds and significantly inhibited the proliferation of 

Staphylococcus aureus (S. aureus) and E. coli (Smoak et al., 2014). Another 

example of antimicrobial activity engineered into scaffolds for tissue 

regeneration is Poly-(L-lactic acid) nano-composite scaffolds containing silver 
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nanoparticles, which have antibacterial properties when used as bone grafts 

(Marsich et al., 2013). A previous research performed by Qian and co-workers 

which used a combination of Poly (lactic-co-glycolic acid) (PLGA) and PCL 

scaffold produced by electrospinning process with silver nanoparticle 

impregnation followed by polydopamine and collagen I coatings. The scaffold 

exhibited a wider antibacterial zone towards S. aureus and Streptococcus 

mutans (S. mutans) after 24 h inoculation (Qian et al., 2019). 

However, the previous studies showed that silver nanoparticles can be 

absorbed easily by the recipient and tend to accumulate in various organs 

such as liver (Yang et al., 2017b) which is detrimental for the prognosis of the 

treatment. While the antibacterial effect of silver nanoparticles seems 

promising, previous experiments have shown that when the silver 

nanoparticles were used for wound treatment in mice, the histopathological 

effects on the liver were an increase in inflammatory cells, fatty degeneration, 

cell swelling and extension and congestion of the central vein after 14 days 

dermal exposure (Heydarnejad et al., 2013). From in vitro studies, high 

amounts of silver nanoparticles (5 mg/ kg) are also known to interact with 

mammalian cells in a way which may disrupt cell membranes by altering 

membrane permeability and further, induce apoptosis (Wen et al., 2017). 

Furthermore, silver nanoparticles can enter the cell by diffusion or endocytosis 

and accumulate in mitochondria which leads to reactive oxygen species 

(ROS) production and thus, initiation of oxidative stress that will lead to DNA 

damage, inhibition of cell proliferation and induced cell apoptosis (McShan, 

Ray and Yu, 2014). 

In other studies by Albuquerque and co-workers, they constructed an 
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electrospun tubular-shaped scaffold made from polyester poly(p-dioxanone) 

that incorporated three antibiotics (metronidazole, ciprofloxacin, and 

minocycline). The scaffold was introduced to a multispecies biofilm consisting 

of Actinomyces naeslundii, Streptococcus sanguinis and E. faecalis grown on 

a dentin surface and inside dentinal tubules for 7 days. The elimination of 

viable bacteria was nearly accomplished after 7 days treatment when 

compared to antibiotic-free scaffold (Albuquerque, Nagata and Bottino, 2017). 

Using a scaffold that has antimicrobial properties may help in the prevention 

of infection when the scaffold is introduced to the wound or surgical site, as 

the scaffold has an additional function to act as a medium for drug transfer to 

the local environment. However, the toxic effects on the mammalian cells of 

the antimicrobial agents within the scaffold should also be considered. This 

means that an antimicrobial scaffold is required to be toxic to bacteria but at 

the same time preserve the targeted cells and promote tissue regeneration.  
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1.3 Antimicrobial resistance 

The World Health Organization (WHO) (2018) reported that bacterial 

resistance to common antibiotics has increased in many parts of the world 

(WHO, 2018). Furthermore, the WHO (2018) stated that between 8% and 65% 

of E. coli associated with urinary tract infections have developed resistance to 

standard antibiotics such as ciprofloxacin. This has increased in infections 

caused by multidrug-resistant bacteria worldwide (Blair et al., 2015). Based 

on data reported in the Annual Report of the Chief Medical Officer (2011), 

approximately 25,000 people die annually due to multidrug-resistant infections 

in Europe. Therefore, alternative strategies to the use of antibiotics are 

needed for the treatment of bacterial infections. 

Antibiotic resistance is either innate or acquired. Innate resistance is the ability 

of bacteria to resist the activity of an antimicrobial agent through their inherent 

structure or functional characteristics. Innate resistance may be due to a lack 

of affinity of the drug for the target in bacteria, the drug being unable to 

penetrate the bacteria due to the cell wall or outer membrane structure, an 

efflux pump or the bacteria producing enzymes that can inactivate the 

antibiotic. For example, some Gram-positive bacteria such as E. faecalis are 

known to have resistance to alpha beta-lactam antibiotics due to the lack of 

penicillin-binding protein, thus reducing the efficacy of this antibiotic (Arbeloa 

et al., 2004). Most of the Gram-negative bacteria are resistant to vancomycin 

due to the inability of vancomycin to penetrate the outer layer of the cell 

membrane and thus fail to inactivate the bacteria (Munita and Arias, 2016). 

Efflux pumps are found in both types of bacteria. In Gram-negative bacteria, 

the efflux pump is located in the inner membrane and works in conjunction 
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with the periplasmic protein and outer membrane. Examples of efflux pumps 

are AcrB that can be found in E. coli and MexB in Pseudomonas aeruginosa. 

In Gram-positive bacteria, the efflux pump is solely mediated by pump proteins 

such as NorA in S. aureus and PmrA in S. pneumoniae (Cattoir, 2004; Li and 

Nikaido, 2004; Poole, 2004; Van Bambeke et al., 2003). 

For acquired resistance, the bacteria develop resistance after prolonged 

exposure to the drug. After being exposed to the antibiotic many times, the 

bacteria undergo mutation or modification in their DNA which alters the 

antibiotic target site resulting in resistance to the same antibiotic (Munita and 

Arias, 2016). This is more likely to happen due to overuse and misuse of the 

antibiotic in people and animals. Bacteria overcome the toxic effects of the 

antibiotic through physical removal of the antibiotic from the cell (efflux pump), 

chemical modification or prevention of access by binding or secretion of 

enzymes that inactivate or degrade the antibiotic (Blair et al., 2015; Tenover, 

2006). Figure 1.6 illustrates some examples of antibiotic resistance 

mechanisms for bacteria. 
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Figure 1.6 Main mechanisms of antibiotic resistance by bacteria (Alav, 
Sutton and Rahman, 2018). 

 
Antibiotic resistance is either innate or acquired. An example of innate 

antibiotic resistance is reduced binding affinity by protein on the bacterial 

cell wall. Examples of acquired antibiotic resistance are the modification 

and increase of efflux pump activity. 
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Antimicrobial resistance is also affected by bacterial conditions such as 

environment, growth phase and whether the bacteria are growing 

planktonically or as a biofilm. Recent studies found a planktonic culture of P. 

aeruginosa was more susceptible to antibiotics than the biofilm retrieved from 

the patient (Aaron et al., 2002; Ahmed et al., 2020). In planktonic form, 

bacteria mostly do not form aggregates with each other and are present as 

individual cells. However, bacteria will form aggregates with each other after 

they settle on a suitable surface for attachment and thus form a biofilm (Fig 

1.7). Biofilms are a mode of growth that is associated with increased levels of 

tolerance to antimicrobials such as antibiotics, disinfectants and host defences 

(Jamal et al., 2015).  

The biofilm is protected from the external environment by the production of 

extracellular polymeric substance (EPS) which surrounds the bacteria in the 

biofilm. EPS is composed of proteins, DNA, polysaccharides, RNA and water. 

The biofilm is protected from antimicrobial agent infiltration due to; (i) EPS 

matrix that inhibits the diffusion of antimicrobial substances; (ii) slower growth 

of bacteria in the biofilm, thus minimising the uptake of the antimicrobial agent 

into the bacteria; and (iii) the environment surrounding the bacteria promotes 

protection to the bacteria (Donlan, 2001). 
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Figure 1.7 The biofilm life cycle: individual cells attach to a surface 

followed by growth and cell-cell interaction resulting in the 
formation of colonies and 3D structures which can also further 
detach in clumps (Jamal et al., 2015). 
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Bacterial resistance to antibiotics can also be brought about by horizontal 

gene transfer (HGT). HGT is the mechanism whereby the bacteria acquire 

and transmit antibiotic-resistant genes (ARG) from outside their lineage. The 

three main mechanisms of HGT in bacteria are conjugation, transduction and 

natural transformation (Lerminiaux and Cameron, 2019). HGT makes use of 

plasmids, bacteriophages and extracellular DNA to transport the ARG within 

the human host and environment. 

Plasmids spread in bacterial populations by a conjugation process which 

requires physical contact between cells in a mutually beneficial environment, 

followed by bridge formation that provides a route of transfer of a plasmid from 

a donor to the beneficiary cell in response to the presence of antibiotics 

(Sørensen et al., 2005). Meanwhile, transduction occurs when infected 

bacterial DNA is transferred to the genome of the recipient cell by a 

bacteriophage. Both chromosomal- and plasmid-borne ARGs can be 

transferred by transduction (Lerminiaux and Cameron, 2019). Natural 

transformation occurs when naturally competent bacteria are able to uptake  

foreign extracellular DNA and integrate it into their genome by recombination 

(Johnston et al., 2014).  
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1.4 Photodynamic therapy  

Photodynamic therapy (PDT) is a treatment that comprises the combination 

of visible light and a photoactive molecule called a photosensitiser (PS). PDT 

has been employed for several years as a treatment for various types of 

cancer (Casas, 2020; Joubert et al., 2020; Li et al., 2020; Mpourazanis et al., 

2020; Xie et al., 2020). More recently there has been increased interest and 

research on the use of PDT as an antibacterial therapy in different fields (St 

Denis et al., 2011; Hamblin and Hasan, 2004; Boltes Cecatto et al., 2020; 

Souza et al., 2020; Shen et al., 2020; Pantò et al., 2020). 

The principle of PDT is that a photoactive chemical known as a PS is 

introduced to the body. After a certain time or incubation time, the PS is 

absorbed by the diseased tissue or pathogen. After being irradiated with light 

at a wavelength corresponding to an absorption maximum of the PS, the PS 

will be excited or activated, and thus produce free radicals or reactive oxygen 

species (ROS) that eventually induce cell death in the abnormal or diseased 

tissue targeted. Either PS or light alone is non-toxic, which immediately 

provides the opportunity for targeting of the therapy to diseased areas (Yano 

et al., 2011; Kalka, Merk and Mukhtar, 2000; Castano, Demidova and 

Hamblin, 2004). 

The advantages of using PDT are that the PS used are selectively taken up 

by target cells or tissues. The precise application of the light causes the killing 

of target cells with minimal phototoxicity effects on the surrounding tissue 

(Gursoy et al., 2013). The procedure can be performed in out-patient settings 

and repeated doses and treatment is acceptable. However, one drawback of 

PDT in cancer treatment is the possibility of persistent skin photosensitivity 
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that lasts more than a week for certain PS (Yano et al., 2011). Nevertheless, 

antibacterial PDT treatment is more likely to be local, so skin photosensitivity 

should be minimal, depending on the mode of application of the PS.  

Furthermore, antimicrobial resistance to treatment does not develop with 

repeated PDT treatment, and no genotoxic or mutagenic effects have been 

observed after PDT (Konopka and Goslinski, 2007). In cancer treatment, PDT 

is usually used as local treatment and is not commonly used as a treatment 

for metastasised cancer (Capella et al., 2003). 

However, because of the depth of light penetration and poor tissue penetration 

of the PS, the efficacy of the PDT treatment is limited. The effectiveness of PS 

is decreased if the PS tends to self-aggregate and is thus impermeable to the 

lipid bilayer of the cell (Zhang et al., 2018). The drawbacks of PDT are also 

due to the lack of complete selectivity in the diseased tissue and normal tissue 

and the localization of PS. 
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1.4.1 Mechanism of action 
Figure 1.8 graphically illustrates the activation processes which occur during 

illumination and energy transfer in PDT. During illumination, the ground PS 

(1PS) absorbs light energy and undergoes an electronic transition (an electron 

is excited to the lowest unoccupied molecular orbital) to the singlet excited 

state (1PS*) that has a short lifetime (Castano, Demidova and Hamblin, 2004). 

The singlet excited state, which is unstable and short-lived, may go through a 

radiative process, producing either heat or light (fluorescence) or can undergo 

intersystem crossing from the singlet to the excited triplet state (3PS*). The 

excited triplet state has a longer lifetime compared to the singlet excited state 

and allows a longer interaction time between the activated 3PS* with 

surrounding substrates (Nevřelová et al., 2005; Kochevar and Redmond, 

2000). The excited triplet state 3PS* can then interact with neighbouring 

molecules by either Type I or Type II mechanisms (Foote, 1991).  

The Type I mechanism includes electron or hydrogen-atom transfer between 

the excited triplet state 3PS* and substrate (D) or molecular oxygen. Very 

highly reactive products known as free radicals or radical ions such as 

hydroxyl radicals (HO•) are formed by the direct interaction between the 

excited triplet state 3PS * and the substrate, which can then react with further 

substrates and thus intensify the oxidative damage within the cell or target. 

Superoxide anion O2 –• can be formed from: (1) PS anion radical (PS-•) electron 

exchange with oxygen and (2) triplet excited state PS (3PS *) electron transfer 

with oxygen. Thus, the generation of singlet oxygen in the Type II mechanism 

will vie with the superoxide anion formation from the PS triplet excited state. 

Two superoxide anion molecules can combine with protons to produce 

hydrogen peroxide (H2O2). Then, the reduction of Fe3+ by superoxide anion 
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and subsequent Fe2+ reaction with hydrogen peroxide leads to the formation 

of a highly reactive hydroxyl radical. All these species can interfere with the 

biological functions of nucleic acids, fatty acids and certain amino acids. Table 

1.4 lists the series of reactions occur in Type I and Type II during PDT. 
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Figure 1.8 The photophysical and photochemical mechanisms of PDT. 

 
The energy from light irradiation will excite the ground state PS (1PS) to 

the singlet excited state (1PS*). After intersystem crossing, the resulting 

triplet excited state (3PS*) can react with intracellular substrates, forming 

free radicals and ROS (Type I) or undergo energy transfer to ground 

state molecular oxygen (3O2) thus producing reactive singlet oxygen 

(1O2) (Type II) and further producing more ROS. 
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Table 1.4 Reactions occurring during photodynamic action (Josefsen 

and Boyle, 2008). 
Photoprocess Reaction Product 

Type I  3PS* + 1PS !  PS –• + PS+• 

 3PS* + D ! PS –• + D+ 

 PS –• + O2 ! 
1PS + O2 –• 

 3PS* + O2 ! PS+•+ O2 –• 

 2O2 –• + 2H+ ! O2
 + H2O2 

 FE3++ O2 –• ® FE2++ O2 

 FE2++ H2O2 ® O2
 + OH– + OH• 

Type II 3PS* + 3O2 ! 
1PS + 1O*

2 

1PS = PS in ground state, 3PS* = PS in triplet excited state, D = electron donor 
molecule (NADH, cysteine), PS –• = PS anion radical, PS+• = PS cation radical, D+ = 
oxidized donor, O2 –• = superoxide anion, H2O2 = hydrogen peroxide, OH–  /OH• = 
hydroxyl radical.   
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The Type II mechanism involves energy transfer between the excited triplet 

state 3PS* and ground-state molecular oxygen (3O2), resulting in the 

production of very highly reactive singlet oxygen (1O*2). Reactive singlet 

oxygen 1O*2 is the primary cytotoxic agent In Type II mechanisms since it is 

extremely reactive and can interact with several biological molecules in the 

target tissue such as lipids, proteins and nucleic acids to cause oxidative 

damage (Mroz et al., 2011). It has a very short lifetime of about 40 ns, so 

damage is typically limited to the region in which it is produced (Meisel and 

Kocher, 2005) – a diameter of approximately 10 nm (Macdonald and 

Dougherty, 2001). 

Clinically, predominantly “Type II” mechanism PSs are currently used in the 

clinic. The Type II process involves only a limited number of molecules as 

reacting species must have a triplet state multiplicity. Both types of reaction 

can occur at the same time however, Type II is the dominant process in PDT 

and it is catalytic (Ormond and Freeman, 2013). 

1.4.2 Photosensitiser 
In PDT, the PS plays the crucial role of absorbing and translating light energy 

into Type I and II chemical reactions (Allison et al., 2004), thus initiating the 

production of lethal cytotoxic agents (Sharman, Allen and van Lier, 1999). 

Type I and II chemical reactions both cause oxidation of biomolecules in the 

cell. Hundreds of natural and synthetic compounds have been found to have 

photosensitising potential (Rousset, Bourré and Thibaud, 2003; Castano, 

Demidova and Hamblin, 2004). Allison et al. (2004) have listed the 

characteristics that need to be considered in selecting the PS such as its dark 

toxicity, mutagenicity/ carcinogenicity, elimination time/ duration, selectivity, 

activation, sunlight precautions, route of administration, indications, reliability, 
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pain-free therapy, outpatient therapy, availability, cost, safety, biochemistry, 

the wavelength of activation, integrative ability, and transparency (Allison et 

al., 2004).  

For successful PDT, the PS must be able to generate sufficient singlet oxygen 

or reactive species to cause cell death. In particular, an ideal PS should also 

have the following characteristics (Josefsen and Boyle, 2008; DeRosa and 

Crutchley, 2002):  

a) have strong absorption with high extinction coefficient in the red or near 

infrared region of the electromagnetic spectrum, allowing deeper tissue 

penetration 

b) effectively generates the singlet oxygen and ROS 

c) has suitable photophysical characteristics:  

a. high quantum yield of triplet formation (FT ³ 0.5);  

b. high quantum yield of singlet oxygen (FD ³ 0.5) 

c. a longer triplet state lifetime (tT = microsecond range) 

d. a high triplet state energy  

d) have no or minimum dark toxicity 

e) exhibit greater retention in target tissue over healthy tissue 

f) be water soluble for easy administration and clearance from the human 

body 

  



 47 

Table 1.5 summarises some of the most common photosensitiser families with 

their basic molecular structure. Porphyrin families are based on 

haematoporphyrin (Hp) and its derivatives. Commercial products such as 

Photofrin® and Photosan are made by the modification and purification of 

molecules of hematoporphyrin derivatives (HpD) (Allison et al., 2004). Fig. 1.9 

represents the basic structure of HpDs made up of four methyl radicals (CH3), 

two propanoyl radicals (CH2CH2COOH) and two hydroxylethyl radicals 

(CHOHCH3) (Rousset, Bourré and Thibaud, 2003). Chlorophyll-like 

substances known as chlorins, also have photosensitising properties. Meso-

tetra-hydroxyphenyl-chlorin (m-THPC, temoporfin, Foscan®), MACE and 

NpE6 (Bonnett, 2002) have all been used clinically. Foscan® was developed 

by Biolitec Pharma Ltd., Dublin, Ireland. Currently, Foscan® is used as a 

palliative treatment for patients with advanced head and neck cancer (Soukos 

and Goodson, 2011).   
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Table 1.5 PS families with their basic molecular structure (Soukos and 
Goodson, 2011; Allison et al., 2004). 

PS families Basic molecular structure PS families 

Porphyrin 

platform 

 

HpD (hematoporphyrin 

derivative) 

HpD-based 

BPD (benzoporphyrin 

derivative) 

ALA (5-aminolevulinic 

acid) 

Texaphyrins 

Chlorophyll 

platform 

 
 

Chlorins  

Purpurins  

Bacteriochlorins  

Dyes 

 

 

Phthalocyanines 

Naphthocyanines  
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Figure 1.9 Basic structure of haematoporphyrin derivates (HpD) 
(Rousset, Bourré and Thibaud, 2003). 
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Chemical dyes that have been used in treatment include phthalocyanines and 

naphthocyanines (Rosenthal, 1991). Phthalocyanines (PC) and 

naphthocyanines with maximum absorption wavelengths 680 nm and 780 nm, 

respectively, have strong absorption bands but are sparingly soluble in 

aqueous solvent (Bonnett, 2002). However, the addition of polar side groups, 

for example by sulphonation, is known to help to solubilise the 

phthalocyanines and has resulted in the production of effective compounds 

such as Photosens® (General Physics Institute) (Yano et al., 2011; Bonnett, 

2002). PDT-Photosens® has been investigated in clinical trials for primary 

tumours including lung, head and neck, oesophagus, stomach, vulva, bladder, 

breast cancer, skin (basalioma, melanoma, Kaposi’s sarcoma) and breast 

cancer (Yano et al., 2011).  

Dyes such as PCs are relatively efficient and have a longer wavelength of 

radiation absorption due to more extensive conjugation of their ring structure 

compared to porphyrins (Josefsen and Boyle, 2008; Rosenthal, 1991). PCs 

are capable of forming metal complexes (metallophthalocyanines) with 

diamagnetic metal ions such as zinc (Zn2+) and aluminium (Al3+) that affect the 

photophysical properties of the PS by increasing the quantum yield and 

lifetime of the excited triplet state, thus enhancing the intersystem crossing 

process (Tedesco, Primo and Beltrame, 2016; DeRosa and Crutchley, 2002). 

Examples of PC-based PSs are CGP55847 developed by Ciba-Geigy that has 

undergone Phase I/II clinical trials and Photocyanine developed in China that 

has also undergone Phase II clinical trials (Lo et al., 2020).  

Table 1.6 provides the properties of some PS dyes approved for PDT 

treatment and used in PDT-related clinical and preclinical trials (Ormond and 
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Freeman, 2013). In this thesis, the PS that will be discussed further are 

Methylene Blue (MB) and Erythrosine B (ERY) as they were both used in this 

project. 
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Table 1.6 Properties of some PS dyes approved for PDT treatment and used in PDT-related clinical and preclinical trials 
(Ormond and Freeman, 2013) 

Photosensitiser  Wavelength 
(nm) 

emax (M-1 cm-1) Application 

Porfimer sodium 632 3000 Bladder cancer, oesophageal cancer, lung cancer, Barrett’s 
oesophagus, cervical cancer, endobronchial cancer 

Methylene Blue 668 82000 Basal cell carcinoma, Kaposi’s sarcoma, bladder carcinoma 

5-Aminolaevulinic acid  632 5000 Actinic keratosis 

Methyl aminolevulinate -  - Actinic keratosis 

Tin etiopurpurin 664 30000 Breast adenocarcinoma, basal cell carcinoma, Kaposi’s sarcoma, 
age-related macular degeneration 

Toluidine blue  630 51000 Chronic periodontitis 

Rose Bengal 549 100000 Breast carcinoma, metastatic melanoma 

Merocyanine  556 110000 Leukemia, neuroblastoma 

Curcuminoids  420 55000 Oral surgery via PDT 

Hypericin 590 44000 Squamous cell carcinoma, basal cell carcinoma, Kaposi’s 
sarcoma 
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1.4.2.1 Methylene Blue (MB) 
One of the PS currently used in the clinic other than the HpDs is MB (Sharman, 

Allen and van Lier, 1999). MB falls under the category of phenothiazinium 

dyes that have a cationic character. Figure 1.10 shows the tricyclic chemical 

structure of MB (C16H18ClN3S). The absorption maximum wavelength of MB 

(668 nm), makes it ideal for use in PDT as the long wavelength absorption 

provides better tissue penetration of light during irradiation (Allison et al., 

2004).  

Some of the other relevant characteristics of Methylene Blue (MB) are:  

a. Molecular weight 319.85 g/mol  

b. Absorption maximum wavelength is 668 nm 

c. e (extinction coefficient): 82000 at 668 nm 

d. FD ~ 0.5 (Lutkus, Rickenbach and McCormick, 2019) 

e. FT ~ 0.52 (Junqueira et al., 2002) 

 

Figure 1.10 Chemical structure of MB C16H18CIN3S (Soukos and 
Goodson, 2011). 
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MB is usually used for staining purposes in molecular studies (Jori et al., 2011) 

and is also known to have a low toxicity level when tested with cell lines 

(mouse mammary carcinoma, mouse melanoma, human melanoma and 

mouse fibrosarcoma) and also when given orally (100 mg and 500 mg) for 

anti-malarial treatment (Wainwright, 2011; Burhenne et al., 2008). MB is also 

classified in WHO’s List of Essential Medicines as an antidote used in 

poisonings (WHO Model List of Esential Medicines (19th List), 2015). 

Previously, it was shown that PDT with MB, using a laser (665 nm) as a light 

source, was able to inhibit the growth of the bacteria that cause prosthetic joint 

infections such as methicillin-sensitive S. aureus (MSSA), methicillin-resistant 

S. aureus (MRSA) and Staphylococcus epidermidis (Briggs et al., 2018). MB 

has also been tested at the preclinical and clinical level to treat nasal MRSA 

colonization; it eradicated MRSA from the nose with total treatment times less 

than 10 min (Street et al., 2009). The photo-antimicrobial effect of MB was 

discovered when it was used to decontaminate freshly frozen plasma units by 

deactivating extracellularly enveloped viruses. MB was also reportedly used 

in the treatment of methaemoglobin anaemia as it can reduce the 

methaemoglobin to haemoglobin (Wainwright and Crossley, 2004). Clinically, 

in dentistry, a combination of MB and the commercially-available product, 

Periowave (http://www.periowave.com), was used to disinfect bacteria after 

scaling and root planning. Periowave utilises a non-thermal diode laser with 

light-activated antimicrobials agents (LAAAs) and has been approved for 

various dental disease treatment such as chronic periodontitis, gingivitis, 

endodontics and peri-implantitis. 
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The cationic PS such as MB are beneficial in deactivating Gram-negative 

bacteria as they can attach to the outer cell membrane of the bacteria due to 

the electrostatic attraction between positively-charged MB and the negatively-

charged outer cell membrane, thus producing reactive singlet oxygen at 

effective target sites during illumination. Cationic PS may also improve the 

effectiveness of antibiotics and other hydrophobic molecules by disrupting the 

normal barrier properties of the outer cell membrane, thus facilitating the 

uptake of the antibiotics (Jori et al., 2011). MB is hydrophilic (strong affinity for 

water) and reacts with guanine bases of DNA and hence, causes damage 

followed by cell death upon irradiation (Tardivo et al., 2005). However, without 

any irradiation, MB showed no toxicity in humans even at high concentrations 

of 10 mg/ mL (Eichner, Gonzales and Maisch, 2013).  

Cellular enzymes may reduce MB to a colourless (leuco) form in vivo which 

makes it photodynamically inactive (Sharman, Allen and van Lier, 1999). 

However, MB’s properties can be altered by the inclusion of one or two methyl 

(- CH3) groups to increase the lipophilicity of the molecule and hence the 

singlet oxygen yield to overcome the reduction process. This methylation 

process was found to inhibit the reduction of MB to its inactive leuco form (Fig. 

1.11) (Wainwright, 2011). However, it is also known that the leuco form will be 

auto-oxidised to MB by the presence of any oxygen molecules in the 

environment (Liu et al., 2017).  

Figure 1.11 Redox equilibrium of MB (Wainwright, 2011). 
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1.4.2.3 Erythrosine B (ERY) 
ERY is a xanthene dye used as a food colourant that can act as PS and has 

low toxicity to the host (Ergaieg and Seux, 2009; Allaker and Douglas, 2009). 

Its absorption maximum wavelength is 533 nm. ERY is an anionic PS and 

possesses an amphiphilic nature which has hydrophilic and lipophilic 

properties (affinity to both water and lipid) (Pellosi et al., 2013). The presence 

of heavier halogens in ERY increases the yield of intersystem crossing to the 

triplet state of the dye, thus making it a more efficient PS than other 

halogenated derivatives such as eosin (DeRosa and Crutchley, 2002).  

Erythrosine B (ERY) (C20H6I4Na2O5):  

a. Molecular weights of 879.86 g/mol 

b. Absorption maximum wavelength (lmax) is 525 nm 

c. e (extinction coefficient): ³82500 at 527-529 nm  

d. FD ~ 0.59 (Fracalossi et al., 2016) 

e. FT ~ 0.55 (Tomasini, Braslavsky and San Román, 2012) 

 

Figure 1.12 Chemical structure of ERY (Silva et al., 2015). 
 

Figure 1.12 shows the chemical structure of ERY, a 2,4,5,7-

tetraiodofluorescein disodium salt (C20H6I4Na2O5) (Silva et al., 2015). 
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In the dental setting, ERY is used to disclose dental biofilms or plaque and it 

possesses antibacterial properties against oral bacteria (Garapati et al., 

2015). Previous studies found that PDT-ERY induced damage to the outer 

membrane of Citrobacter freundii bacteria after being irradiated with laser light 

at 532 nm (Silva et al., 2015). PDT-ERY also showed antimicrobial effects in 

treating Candida albicans and Candida dubliniensis in buccal candidiasis 

infections without damaging the adjacent tissues using a light-emitting diode 

(LED) (Costa et al., 2012; Costa et al., 2011). Other than that, PDT-ERY 

showed excellent potential for oral plaque biofilm treatment by using visible 

light as a light source (Wood et al., 2006). ERY also has the following benefits: 

it is nontoxic to the host cell, and has been approved by F.D.A as a food 

colourant and as a stain to visualize dental plaque in the form of disclosing 

solution or tablets. 

According to Rolim et al. (2012), when the peak of light absorption is at 580 

nm and the PS concentration is 163.5 μM, ERY effectively inhibited 

Streptococcus mutans, a cariogenic oral bacterium, when compared to other 

PS. However, they also reported that ERY exhibited some toxicity even 

without light irradiation (Rolim et al., 2012). In other areas, ERY also has the 

potential for treating MRSA that is responsible for acute and chronic sinusitis 

inflammation (Garapati et al., 2015). In oral cancer cells lines such as DOK 

and H357, ERY was also found to be effective in the killing of malignant and 

pre-malignant oral cancer cells (Garg et al., 2012). 

In previous work, ERY was used to induce photoinactivation of S. aureus and 

it was found that ERY enhanced the leakage of K+ from bacteria, dissipating 

the membrane potential and further increasing membrane permeability (Kato 
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et al., 2012). It was suggested that E. faecalis and Aggregatibacter 

actinomycetemcomitans take up anionic PS through a protein transporter, not 

by simple diffusion, and increased uptake was observed under conditions of 

higher Ca2+/ Mg2+ concentration thus suggesting that anionic PS may be 

suitable to inhibit bacteria in biofilm (George, Hamblin and Kishen, 2009). 

1.4.3 Light sources 

The light sources that are used to activate the PS during PDT, include lasers, 

lamps, and light-emitting diodes (LEDs) (Calin and Parasca, 2009; Nagata et 

al., 2012). Argon and metal vapour lasers were initially used as a light source 

in PDT (Brancaleon and Moseley, 2002). Lasers were used due to their 

monochromaticity and efficiency of coupling into a single optical fibre when 

delivering the light to the targeted area of the body. Monochromaticity of laser 

light provides illumination at the specific wavelength of the absorption 

maximum of PS (Nagata et al., 2012; Calin and Parasca, 2009; Brancaleon 

and Moseley, 2002). However, lasers have a low transparency range, high 

scattering effect and may induce damage and long-term degradation to the 

optical materials (Wood, Taylor and Rouse, 1975; Kiedrowski et al., 2020). In 

addition, since lasers of an unspecified intent can burn and damage healthy 

tissue, the person who manipulates the laser must be fully qualified and 

professional. Lasers may also induce dysregulation by altering cell 

metabolism and transcription factors responsible for gene expression in the 

molecular mechanism of cell function. Scarring and hypopigmentation may 

occur several months after laser treatment (Khalkhal et al., 2020).  

Usually, one photon absorption is enough to activate a molecule of PS and 

the volume of tissue affected depends upon the area that has been irradiated, 

and the absorption and scattering properties of the tissue during illumination 
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at a specific wavelength (Wilson, 2003b). However, the illumination process 

in PDT may also be improved by utilising two-photon absorptions when using 

an ultrafast laser as a source of light (Wilson, 2003a). There are two main 

effects when two-photons are absorbed simultaneously. Firstly, each photon 

has a longer wavelength that increases penetration of light into the tissue in 

the area on which the beam is focused. Secondly, the intensity of light will 

determine the cross-sectional interaction between two photons and the 

interaction of photons only occurs in the immediate area of illumination so 

targeting is improved (Wilson, 2003a). However, due to the high cost of laser 

and ultrafast laser systems, alternative sources of light such as lamps and 

LEDs have been developed and used for PDT treatment. As far as possible, 

these light sources possess the ideal characteristics needed for excitation of 

the PS being used and to maximise the efficacy of the treatment. For example, 

for the effective penetration of light into human tissues, the wavelength of the 

light should be at least in the 400-700 nm range (Maisch, 2007). 

A tungsten lamp has been used in previous studies as it has a continuous 

spectrum (350 – 850 nm) of visible light (Calin and Parasca, 2009) which 

corresponds well with the optimal therapeutic light window (600 – 800 nm) for 

effective PDT (Kim and Darafsheh, 2020). The maximum absorption 

wavelengths of ERY and MB are 533 nm and 668 nm, respectively, and these 

wavelengths fall under the broad spectrum of visible light from the tungsten 

lamp. The tungsten lamp was introduced for use in PDT by Kennedy and 

Pottier (Kennedy, Marcus and Pottier, 1996) when they used a slide projector 

lamp in animal experiments. The tungsten lamp has also been used clinically 

as a light source for topical ALA-PDT. Due to the broad emission wavelength 

of these lamps, several PSs with different absorption wavelengths can be 
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excited concurrently during illumination. Furthermore, the lamps are much 

more cost-effective than lasers, are more portable and are user-friendly 

(Brancaleon and Moseley, 2002). 

As well as providing light of a wavelength that corresponds to an absorption 

maximum of the PS being used, one of the primary requirements for light 

source and delivery devices in PDT is to achieve adequate light illumination 

throughout the target tissue volume. This means having optical output at the 

appropriate wavelength for activation of the PS and optimum penetration into 

the target tissue (Star, 1990). Table 1.7 shows the advantages and 

disadvantages of laser, LED and lamp sources.  

Table 1.7 Advantages and disadvantages of laser, LED and lamp 
sources (Kim and Darafsheh, 2020) 

Light 
sources 

Advantages Disadvantages 

Laser Capable of high powers 
Highly monochromatic 
Adaptable to various source 
fibres  

Expensive 
Can be large 
Requires high maintenance 

LED Small, adaptable 
Low cost 
Can be used directly for 
endoscopic/ interstitial 
applications 

Thermal effects 
Low power 
Broad spectral width 
Large beam divergence 

Lamp Simple design 
Low cost 
Broad field irradiation 

Can suffer from coupling 
losses with light guides 
Very broad spectrum 
Large beam divergence 
Needs optical filtering 
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1.5 Photodynamic therapy in regenerative medicine 

Current therapeutic strategies to overcome infection include oral or systemic 

antibiotic therapy. However, an increase in bacterial resistance to antibiotics, 

as well as an increase in the number of immunocompromised patients and 

the fact that many infections are not caused by a single microorganism, mean 

that new ways to eradicate infection such as PDT (Fig 1.13) are needed 

(Meisel and Kocher, 2005; St Denis et al., 2011). PDT was shown to be an 

efficient method for decontaminating dental implant surfaces by using MB as 

a PS (Marotti et al., 2013). PDT also reduced the number of microorganisms 

in ligature-induced peri-implantitis in dogs and there was no significant 

difference when compared to conventional therapy (treated using 

mucoperiosteal flaps for scaling the implant surface and chlorhexidine 

irrigation) (Hayek et al., 2005). Other researchers reported that PDT 

significantly reduced the bleeding on probing-positive sites compared to 

baseline. Thus, PDT represents an alternative approach to local drug delivery 

in the non-surgical treatment of initial peri-implantitis (Bassetti et al., 2014). 

Furthermore, PDT is also suggested as a treatment for oral plaque biofilms 

and PDT using ERY which showed the highest cell killing efficacy when 

compared to Photofrin and MB in killing the cariogenic bacterium S. mutans 

after 15 min visible light irradiation  (Wood et al., 2006). 
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Figure 1.13 The advantages of PDT for localised infections compared 
to antibiotic drugs (Dai, Huang and Hamblin, 2009). 

Adapted and modified (https://www.seekpng.com/ipng). 

 
The advantages of PDT for the treatment of infections include: it is known to 

be safe for human tissue, instant results can be observed after treatment, has 

a broad therapeutic window, no development of resistance and destroys 

secreted virulence factors (Dai, Huang and Hamblin, 2009). 

As described in section 1.4.2.1, PS such as MB can bind to the outer bacterial 

membrane, penetrate the membrane and interact with the molecules inside to 

produce reactive singlet oxygen and free radicals upon illumination. 

Resistance to PDT is unlikely to develop due to the action of free radicals and 

singlet oxygen that react with many molecular species in the target cell or 

tissue. The free radicals and singlet oxygen cause oxidative damage to 

bacterial cell membrane components such as lipids, amino-lipid, peptide and 

nucleic acid, thus drive the cell lysis (Wainwright, 1996). 

There are some distinctive characteristics of Gram-positive (+) and Gram-

negative (-) bacteria that govern the effectiveness of PDT. The cell wall of 

Gram-positive bacteria is 15-80 nm thick and is made up of a cytoplasmic 

membrane, which is surrounded by a layer of highly porous peptidoglycan that 
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allows the penetration of PS (Maisch, 2007; Jori et al., 2011). Fig. 1.14 

represents the structure of the Gram-positive bacterial cell wall (Hamblin and 

Hasan, 2004). Some of the neutral or anionic compounds such as ERY are 

known to penetrate the cell wall well and inactivate the Gram-positive bacteria 

due to the action of free radicals and reactive oxygen species after illumination 

(Kato et al., 2012). Soukos and Goodson (Soukos and Goodson, 2011) 

showed that MB encapsulated within PLGA was able to induce 99% bacterial 

killing (E. faecalis) in planktonic form after red light irradiation. 

Gram-negative bacteria have a thinner cell wall compared to Gram-positive 

bacteria but have an outer cell membrane, which surrounds the peptidoglycan 

layer (Fig 1.15). This outer cell membrane is relatively impermeable to anionic 

PS, thus restricting the uptake of anionic PSs into the cells (Nagata et al., 

2012; Jori et al., 2011).  However, the situation is different when using cationic 

PSs, such as Photofrin® which can penetrate the outer cell membrane and 

inactivate Gram-negative bacteria. Cationic PSs have a positive charge that 

promotes the binding of PS to the outer bacterial membrane, thus inducing 

localised damage, which helps in the penetration of PS and release of free 

radicals into the cell in a process known as self-promoted uptake (Eichner, 

Gonzales and Maisch, 2013; Sperandio, HUang and Hamblin, 2013; Melo et 

al., 2011). 
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Figure 1.14 Structure of Gram-positive bacteria cell membrane. 
 

Figure 1.15 Structure of Gram-negative bacterial cell membrane. 
  

Protein 
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There is much ongoing research involving antimicrobial PDT to overcome 

bacterial infections caused by oral biofilms (Soukos and Goodson, 2011). PDT 

has been used to treat microorganisms isolated from a deep carious lesion in 

20 patients using Fotosan (Agent high) as PS and irradiated with a diode laser 

for 60 seconds (l = 632 nm). The bacterial number was reduced, thus 

eliminating the microbial infection after the treatment (Dogandzhiyska et al., 

2013). Then, the combination of PDT and scaling and root planning (SRP) 

significantly reduced the A. actinomycetemcomitans bacteria in the treatment 

of chronic periodontitis (Marta et al., 2017). 

In conclusion, PDT is an emerging field that has been used in several cancer 

treatments. However, the use of PDT in antimicrobial treatment is still being 

established, but more research needs to be performed to prove that PDT may 

be able to help to overcome the antibiotic resistance problem. Earlier work 

has shown that the level of toxicity of PSs against microbial species is much 

higher than against mammalian cells, thus making it less damaging to the host 

cells during PDT treatments at PS and light doses that are sufficient to kill 

bacteria (Fontana et al., 2013; Costa et al., 2012). It may be possible to utilise 

this “therapeutic window” to eradicate infections using PDT while sparing the 

surrounding host tissues, a process which will be of particular benefit in the 

field of regenerative medicine. 
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1.6 Aim and objectives: 

We hypothesised that a newly fabricated scaffold that incorporates PS (MB 

and ERY) would support cell attachment and regeneration of dental pulp 

tissue and have capabilities as an antibacterial when activated by visible light. 

The overall aim of this research was therefore to fabricate and characterise 

tissue regenerative scaffolds that incorporate PS (MB or ERY) and that can 

be activated by PDT to fight bacterial infection.  

 The objectives of this study are: 

1) To fabricate and characterise the newly developed electrospun PGA 

scaffolds that contained a variety of PS. 

2) To evaluate the biocompatibility of the selected scaffolds and to 

determine their effects on hDPSCs attachment and proliferation in vitro. 

3) To evaluate the PDT effects on human dental pulp stromal cells seeded 

on tissue culture well-plates and the PGA scaffold in in vitro culture. 

4) To investigate the potential anti-microbial effects of the scaffold and 

PDT on Enterococcus faecalis (a Gram-positive bacterium) and 

Escherichia coli (a Gram-negative bacterium).  
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Chapter 2  
Fabrication and characterisation of the Poly-(glycolic acid) 

scaffold incorporating photosensitiser (Erythrosine B or 
Methylene Blue) 

2.1 Introduction 

A scaffold is one of the essential elements of regenerative medicine which is 

needed to provide a 3-dimensional site for the initial attachment of cells and 

to enhance the production of the extracellular matrix during cell proliferation 

and differentiation after cell adherence to the scaffold. As such, the structure 

and properties of the scaffold are crucial to the success of regenerative 

medicine (Chang and Wang, 2011). The electrospinning process was used to 

produce the scaffolds in this study (MacKintosh et al., 2015). One of the 

advantages of using electrospinning is that the scaffold can be reproduced 

and maintain its character between different batches. The poly-(glycolic acid) 

(PGA) polymer has been widely accepted and used in the medical field, and 

the characteristics of the polymer have been extensively characterised (Ulery, 

Nair and Laurencin, 2011). However, the introduction of a photosensitiser 

(PS) into the PGA polymer scaffolds raises the question of whether or not the 

properties of the PGA polymer may be affected by the PS. Therefore, this 

chapter seeks to elaborate on the fabrication of the PGA scaffold that has PS 

incorporated during the production of the scaffold. The scaffolds produced 

were then characterised in terms of their morphology, water binding capacity 

and in vitro degradation studies (Li et al., 2006; Park et al., 2006).  
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2.2 Aim and objective 

2.2.1 Aim 

The aim of the work described in this chapter was to fabricate and characterise 

the newly developed electrospun PGA scaffolds that contain PS.  

2.2.2 Objectives 

The above aim will be achieved through the following objectives: 

• To synthesise the PGA scaffolds using the electrospinning process 

both with and without the incorporation of different concentrations of 

PS (MB and ERY). 

• To characterise the properties of these scaffolds and investigate the 

effects of incorporation of PS on the PGA scaffolds. 

• To investigate the PS release profile from the scaffolds in vitro and the 

effect of incorporation of PS on the PGA scaffolds’ degradation rate.  
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2.3 Materials and methods 

All materials were purchased from Sigma-Aldrich, UK unless otherwise 
stated. 

2.3.1 Poly-(glycolic acid) (PGA) scaffold with or without 

photosensitiser 

Poly-(glycolic acid) (PGA) (PURAC Biomaterials, Netherland) with an 

approximate weight-average molecular weight 130,000 was used. PGA must 

be extruded (quenching process) before being used experimentally in order 

to improve the polymer chains’ orientation and to increase their strength. This 

process was carried out by Neotherix Ltd (UK): a regenerative medicine 

company specialising in the development of novel bioresorbable scaffolds for 

tissue regeneration and repair. 

The quenching and solution preparation by Neotherix Ltd. is explained in detail 

in Appendix C. Briefly, PGA granules were well dispersed across the bottom 

of an aluminium foil dish before the dish was placed in a fan assisted oven at 

270°C for 150 seconds to be melted. After that, the dish with melted PGA 

granules was immediately removed from the oven and plunged into water at 

2 to 5°C to rapidly cool the PGA granules. After 10 seconds the dish was 

removed from the water and placed upside down on a clean absorbent tissue 

paper to drain. The quenched PGA granules were then dried in a vacuum 

oven for 24 h at room temperature. The granules were then packed in an 

aluminium foil pouch and sealed until use in scaffold fabrication. 

When used for scaffold fabrication, the extruded PGA was weighed out using 

an analytical balance (Avery-Weigh Tronix, USA) to prepare 11.5% (PGA only 

scaffold) and 12% (scaffolds incorporated with PS or PGA-PS scaffold) weight 

per volume (w/v) solutions of PGA in HFIP. Weighed PGA was dissolved in 
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1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) (99.9%) (FluoroChem, UK) in a 

glass vial with a polymeric push on cap (VWR International Ltd, UK). For 

scaffolds containing PS, 1%, 3%, 5% and 7.5% weight per weight (w/w) of PS 

in PGA was then added. PS was added by percentage according to the 

protocol used in previous work by (Wood et al., 2010) and the molar value 

was calculated as shown in Table 2.1. Two dyes were used as PS in this 

study:  

1) Erythrosine B (ERY) (C20H6I4Na2O5):  

a. Molecular weights of 879.86 g/mol; 

b. Absorption maximum wavelength (lmax) is 525 nm; 

c. e (extinction coefficient): ³82500 at 527-529 nm  

 

2) Methylene Blue (MB) (C16H18ClN3S):  

a. Molecular weight 319.85 g/mol  

b. Absorption maximum wavelength is 668 nm; 

c. e (extinction coefficient): 82000 at 668 nm 
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Table 2.1 Electrospinning protocols for each of the three different types 
of scaffolds. 

Type of 
scaffold 

PGA PGA-PS 

PGA-M PGA-E 

Polymer %  11.5% 12.0% 12.0% 

PS % - 1% 3% 5% 7.5% 1% 3% 5% 7.5% 

PS loading 
concentration 
in Molar (mM) 

- 6.8 20.4 34.2 51.6 2.5 7.4 12.4 18.6 

Needle tip to 
mandrel 
distance (mm) 

150 90 60 

Pump rate per 
needle 
(mL/min) 

0.04 0.03 0.03 

Voltage (kV) 11 14 15 16 17.5 12 13.5 14.5 16 

Total time for 
electrospinning 
(min) 

50 63 63 

Lab 
temperature 
(°C)  

21.6 22.2 21.5 

Relative 
humidity (%) 

39.8 40.4 43.5 

Target scaffold 
thickness 

100 µm 

  

!"#$%&'	%	 = 	+ !,-	.&/0ℎ2345!	6"#7%&8 100 

 

!;	%	 = 	+ !;	.&/0ℎ2!,-	.&/0ℎ28 100 
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The details of the settings for each scaffold are summarised in Table 2.1 which 

describes the polymer percentage concentrations used, PS concentration in 

percentage and molar, needle tip to mandrel distance, pump rate per needle, 

the voltage used, laboratory temperature, laboratory relative humidity, scaffold 

thickness and total time for electrospinning for each different scaffold. These 

settings had been optimised to ensure that the thickness of the scaffolds 

fabricated was 100 µm, on average. 

The PGA-HFIP and PGA-PS-HFIP solutions in a vial (VWR International Ltd, 

UK) were covered with aluminium foil and placed on a roller (Thermo 

Scientific, UK) overnight to make sure all the PGA and PS were completely 

dissolved in HFIP. All solutions were then filtered through 10 μm 

polypropylene filters (WestGroup, UK) and were loaded into a syringe pump. 

The syringe pump was connected to the two 38 mm long flat-ended 21-gauge 

steel needles (Hamilton, UK) using HFIP resistant Nalgene 890 Teflon FEP 

tubing (Thermo Fisher Scientific, UK). These tubes and needles were 

supported by the needle arm which traverses along the length of the mandrel. 

The syringe pump flow rates were set accordingly so that the polymer solution 

was ejected from needles.  

The needles were arranged in pairs and the needle tip to mandrel separation 

distance was set accordingly. The distance used between the needle tip to 

mandrel was dependent on the solution and PS used (type and 

concentration). This distance was optimised for each PS used so that the 

fibres formed were dispersed and settled on the white sterilization paper. The 

needles were perpendicularly aligned to the mandrel rotational axis. A 50 mm 

diameter mandrel with a rotation speed of 50 rpm was used as a target. The 

mandrel was covered by plain white sterilization paper (Westfield Medical, 
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UK) cut to 175×220 mm, which was fastened in place by using strips of 

double-sided tape between the overlapping paper surfaces to make sure there 

was no gap between the paper and the mandrel surface. The paper covered 

the mandrel surface approximately 10 mm past the front and rear edges of 

the metal surface of the mandrel to avoid the ejected fibres settling on the 

mandrel. 
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Figure 2.1 A diagram of solution preparation and scaffold fabrication 
using the electrospinning rig. 
 
After solutions were prepared, the solutions with PGA, PS and HFIP 

were put on a roller to completely dissolve. The solution was filtered and 

loaded into a syringe pump that was connected to the needle arm by a 

tube. The solution was pumped from the syringe to the needles and 

ejected onto the paper covering the rotating mandrel when a high voltage 

was applied to the needles. The electrospun scaffold was then collected 

from the mandrel. 
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When a voltage was delivered to the needles, the solution was ejected and 

electrospun towards the paper to form the scaffold sheet (Fig. 2.1). The actual 

temperature and humidity values during the electrospinning process in the 

laboratory were recorded using a calibrated digital hygrometer (Pullman 

Digitron) that was positioned on top of the electrospinning rig. The voltage 

generator was switched off after the electrospinning process ended following 

the designated duration. 

The scaffold was carefully removed from the mandrel by cutting the scaffold 

and paper together and releasing it from the mandrel. The scaffold was placed 

in a vacuum oven at room temperature for at least 72 h to remove any residual 

HFIP. Subsequently, the scaffold was stored in an aluminium foil pouch and 

sealed using a sealer machine (Amazon, UK). Desiccant such as silica gel 

was added to absorb any moisture present in the air. PGA scaffold was 

labelled as PGA meanwhile PGA-PS scaffolds were labelled differently 

according to the PS and the percentage used. PGA-PS scaffolds fabricated 

from ERY additions were labelled as PGA-E scaffolds (PGA-1%E, PGA-3%E, 

PGA-5%E and PGA-7.5%E) whereas PGA-PS scaffolds fabricated from MB 

additions were labelled as PGA-M scaffolds (PGA-1%M, PGA-3%M, PGA-

5%M and PGA-7.5%M). 
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2.3.2 Characterisation of scaffolds architecture 

The characterisation of scaffold architecture was performed using scanning 

electron microscopy (SEM). For SEM characterisation, the scaffold (1 cm) was 

attached to a 12 mm aluminium stub using double-sided carbon adhesive tape 

and sputter-coated with gold/palladium alloy for 40 s (Agar Scientific, UK). 

Coated samples were inspected using a S3400-N Hitachi SEM in high vacuum 

mode using a voltage of 20 kV. A series of images were captured at a 

magnification of x100 and x1000. The SEM images were then analysed using 

the DiameterJ software package (ImageJ software 1.49v, USA) to determine 

the average fibre diameter and porosity of all fabricated scaffolds. A detailed 

explanation of how to use the DiameterJ software is elaborated in Appendix 

D. The SEM images of the scaffold were also analysed qualitatively to observe 

any morphological changes due to incorporation of PS in the PGA polymer. 

2.3.3 Water binding capacity 

Water binding capacity influences the hydrolytic degradation of polymers and 

has been widely studied (Park et al., 2006; Wang et al., 2009; Aghdam et al., 

2012). The diffusion of water into the polymer can be determined by 

measuring the increase in mass during incubation in water (Hassan, Chong 

and Sultana, 2016). PGA, PGA-E (1%, 3%, 5% and 7.5%) and PGA-M (1%, 

3%, 5% and 7.5%) scaffolds were cored out into small discs of 1 cm diameter 

using a cork borer. The mass of PGA, PGA-E (1%, 3%, 5% and 7.5%) and 

PGA-M (1%, 3%, 5% and 7.5%) discs were determined directly with an 

analytical balance (Wdry) (Thermo Fisher Scientific, UK).  The scaffold discs 

were then immersed in distilled water (dH2O) at 37°C in an incubator for 24 h. 

After 24 h, the hydrated scaffold discs were taken out of the water and 

immediately weighed (Wwet) after removing the excess surface water with a 
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filter paper. The water binding capacity was expressed as the increase in a 

mass percentage calculated using the equation below: 

!&'<&=2>0&	"?	.>2&'	@/=A/=0	<>B></2$	 = +C.&2	 −CA'$CA'$ 8 	100 

2.3.4 In Vitro degradation studies 

PGA, PGA-E (1%, 3%, 5%, and 7.5%) and PGA-MB (1%, 3%, 5%, and 7.5%) 

scaffolds were cored into 1 cm diameter discs using a cork borer (R & L 

Enterprise, UK). Scaffolds were then placed in a 12-well tissue culture plate 

containing 2 mL of either phosphate buffered saline (PBS, pH 7.4) (Lonza 

BioWhittaker, UK), PBS with 10% foetal bovine serum (FBS) (Lonza 

BioWhittaker, UK) and dH2O as a control. PBS was used to replicate the 

normal body fluid whereas FBS added to observe the degradation of the 

scaffolds with the serum present. The tissue culture plate containing scaffolds 

was then covered with aluminium foil to avoid light exposure and incubated at 

37°C with 5% of CO2 in the air. The PBS, PBS with 10% FBS and dH2O was 

then collected, stored at 4°C and replaced with fresh solution at 

predetermined periods: 24 h, 72 h, 168 h and 240 h. After the predetermined 

periods the scaffolds were taken out, washed thoroughly with distilled water 

and vacuum dried at room temperature for 48 h (Li et al., 2006). During the 

experiment, all tissue culture plates containing scaffolds and solution retrieved 

were covered with aluminium foil to avoid light exposure. Images of scaffolds 

were then captured using SEM and analysed to determine the changes in 

morphology and fibre diameter during the degradation process using the 

same methodology (DiameterJ) as in section 2.3.2. 
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2.3.5 Photosensitiser release profiles 

The solutions (PBS, PBS with 10% FBS and dH2O) retrieved from the 

degradation studies (section 2.3.4), were used to determine the concentration 

of ERY and MB released into the solutions during degradation. The 

fluorescence readings of each of the samples were then determined using a 

fluorescent microplate reader (Varioskan, Finland). Briefly, each solution 

retrieved was diluted in a series of dilutions to ensure the accuracy of the 

readings. The concentration of PS released from the scaffolds in the solution 

retrieved in degradation studies (section 2.3.4) was measured by 

fluorescence intensity emitted using excitation and emission wavelengths 

appropriate for each PS. For fluorescence detection, the excitation and 

emission wavelengths used for ERY detection were 500 nm and 540 nm 

respectively and the excitation and emission wavelengths for MB detection 

were 609 nm and 668 nm respectively. The concentration of PS released in 

each sample was determined by comparison of the sample fluorescence 

readings to a standard curve of known concentrations of either ERY or MB in 

dH2O, PBS and PBS + 10% FBS. 
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Figure 2.2 Representative standard curves used in the quantitative 
analysis of ERY release profiles. 
(A)  Standard curve of ERY in dH2O. 
(B)  Standard curve of ERY in PBS. 
(C)  Standard curve of ERY in PBS with 10% FBS. 
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Figure 2.3 Representative standard curves used in the quantitative 
analysis of MB release profiles. 
(A)  Standard curve of MB in dH2O. 
(B)  Standard curve of MB in PBS. 
(C)  Standard curve of MB in PBS with 10% FBS. 
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2.3.6 pH changes during degradation studies 

The pH of the solutions retrieved during degradation studies was checked 

using pH paper (Fisherbrand, UK) to broadly demonstrate any pH changes. 

2.3.7 Statistical analysis 

All experiments were carried out in triplicate with each experiment with each 

experiment being performed 3 times (n=9). The statistical analyses were 

carried out using IBM SPSS Statistics Version 23 software. Results were 

analysed using Students’ t-test and one way analysis of variance (ANOVA) 

tests. P-values were determined, and P < 0.05 was considered significant. All 

results were demonstrated as mean ± standard error of mean (S.E.M) unless 

stated otherwise. 
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2.4 Results 

2.4.1 Photosensitiser loading efficiency 

Macroscopically, the scaffolds produced could be distinguished by their colour 

(Fig. 2.4). For PGA only scaffolds, the colour was yellowish white. Different 

percentages of PS were added to the PGA-PS-HFIP solution with a mass ratio 

range of 1%, 3%, 5% and 7.5%.  

The electrospinning process for ERY scaffolds was smooth as there was no 

blockage inside the needle by the polymer. The highest percentage of ERY 

resulted in many polymers building up on the tips of the needles, but there 

was no observable blockage of the polymer solution during the 

electrospinning process. There were also a few polymer accumulations 

observed on the surface of the scaffold. While there was polymer build up on 

the needle, the spinnability of the solutions was not disturbed. The increased 

percentage of ERY in the polymer solution increased the pink colour intensity 

of the fabricated scaffold (Fig. 2.4 (b-e)).  

Increased amounts of MB resulted in poor spinnability when the 

electrospinning process started. The needles had to be cleaned regularly to 

ensure the solutions did not obstruct the needles. The surface of the scaffold 

for 7.5% MB (PGA-7.5%M) was not as smooth as the other lower percentage 

MB incorporated scaffolds, and there were also many mesh fibres and fibres 

accumulated on the scaffold’s surface. The increased percentage of MB in 

polymer solution led, as predicted, to an increase in the blue colour intensity 

of the produced scaffold (Fig. 2.4 (f-i)). 
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(a) PGA 

 

 (b)PGA-1%E 

 

(c)PGA-3%E 

 

(d)PGA-5%E 

 

(e)PGA-7.5%E 

 

(f)PGA-1%M 

 

(g)PGA-3%M 

 

(h)PGA-5%M 

 

(i)PGA-7.5%M 

Figure 2.4 Photographs of the PGA scaffolds with/without different 
percentages of ERY and MB.  
 
Representative images showing PGA scaffolds with or without different 

percentages of ERY and MB. PGA only (a), PGA-E (1% (b), 3% (c), 5% 

(d), 7.5% (e)), PGA-M (1% (f), 3% (g), 5% (h), 7.5% (i)). Scale for the 

scaffolds is 1 cm in diameter. 

 
  



 84 

2.4.2 Effect of Erythrosine B and Methylene Blue additions on 

architecture, fibre diameter and porosity of the scaffolds 

The electrospun PGA scaffolds were fabricated as described in section 2.3.1. 

To mimic the fibrous assembled structure of ECM, we chose PGA and 

produced scaffolds that incorporated either of two PS (ERY or MB). The 

scaffolds were produced as 100 μm thick sheets and consisted of dense 

mesh-like fibres. 
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Figure 2.5 Scanning electron micrographs of electrospun PGA scaffolds containing 

different percentages of PS.  
Representative images showing PGA scaffolds with or without different percentages of 

ERY and MB. PGA only (a), PGA-E (1%(b), 3%(c), 5%(d) and 7.5%(e)), PGA-M (1%(f), 

3%(g), 5%(h) and 7.5%(i)). Scale is 500 µm. 

 

(b) PGA-1%E (f) PGA-1%M 

(c) PGA-3%E (g) PGA-3%M 

(d) PGA-5%E (h) PGA-5%M 

(e) PGA-7.5%E (i) PGA-7.5%M 

(a) PGA 
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Figure 2.6 Higher magnification scanning electron micrographs of electrospun PGA 

scaffolds containing different percentages of PS.  
Representative images showing PGA scaffolds with or without different percentages of 

ERY and MB. PGA only (a), PGA-E (1%(b), 3%(c), 5%(d) and 7.5%(e)) and PGA-M 

(1%(f), 3%(g), 5%(h) and 7.5%(i)). Scale is 50 µm. 
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(f) PGA-1%M 

(g) PGA-3%M 

(h) PGA-5%M 

(i) PGA-7.5%M 
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Table 2.2 Mean fibre diameter µm (n=9) (+/- standard deviation) and 
porosity percentage of fabricated scaffolds with or without 
incorporation of PS.  

 

PGA 
 PGA-PS 

  1% 3% 5% 7.5% 

Fi
br

e 
di

am
et

er
 

1.989 

± 

0.505 

E 0.966 ± 0.166 0.498 ± 0.173 0.332 ± 0.146 0.228 ± 0.167 

M 0.916 ± 0.186 0.834 ± 0.194 0.910 ± 0.142 0.931 ± 0.237 

P
or

os
ity

 %
 

53 

E 50 49 48 46 

M 57 53 52 50 
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The results (Fig. 2.5 and 2.6) showed that the appearance of the electrospun 

fibres in this study were PS type- and percentage-dependent. The SEM 

micrograph analysis revealed that all nine electrospun matrices were 

composed of mostly uniform, randomly orientated fibres. The diameters of the 

fibres ranged from 0.2 μm to 1.9 μm (Table 2.2), with PGA only being the 

largest, 1.989 μm (Fig. 2.6 (a)). PGA-E fibres diameter varied inversely with 

ERY percentage: 7.5% were the finest (0.228 μm) followed by 5% (0.332 μm), 

3% (0.498 μm) and 1% (0.966 μm) (Fig. 2.6 (b)-(e)). PGA-M fibre diameters 

showed less variation relative to the percentage of MB incorporated: 1% fibres 

diameter was 0.916 μm, 3% was 0.834 μm, 5% was 0.910 μm and 7.5% was 

0.931 μm (Fig. 2.6 (f)-(i)). The porosity percentage of the scaffolds produced 

ranged from 46% to 57%. The porosity percentage decreased as the PS 

percentage addition increased. However, the decrease was not significant. 
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2.4.3 Effect of Erythrosine B and Methylene Blue incorporation on 

water binding capacity of the scaffolds 

The scaffold’s ability to retain water within the matrix was investigated by 

measuring the water content of each scaffold after 24 h incubation in water as 

described in section 2.3.3. Figures 2.7 and 2.8 show the water binding 

capacity of PGA, PGA-E and PGA-M scaffolds with the different incorporated 

PS percentages (1%, 3%, 5% and 7.5%). The percentage of water binding 

capacity for PGA only scaffold was 298%. For PGA-M scaffolds, the 

percentage of water binding capacity increased with increasing MB 

percentage: PGA-1%M (282%) < PGA-3%M (383%) < PGA-5%M (426%) < 

PGA-7.5%M (451%). PGA-E scaffolds also showed an increase in the 

percentage of water binding capacity as the ERY percentage was increased: 

PGA-1%E (246%) < PGA-3%E (378%) < PGA-5%E (439%) except for the 

highest percentage PGA-7.5%E (367%). 

There was a slight reduction in water binding capacity for PGA-1%E and PGA-

1%M when compared to PGA only scaffold. However, this was not statistically 

significant. Conversely, there was a significant difference in the water binding 

capacity between PGA-E or PGA-M scaffolds with a higher percentage of ERY 

or MB (3%, 5% and 7.5%) when compared to PGA only scaffold. Therefore, 

the addition of PS (either ERY or MB) at a percentage greater than 1% to the 

PGA polymer increased the water binding capacity of the resultant scaffolds. 

These results demonstrated that the presence of PS led to an observed 

increase of the water binding capacity of the scaffolds. 
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Figure 2.7 Mean water binding capacity of PGA-E scaffolds with different 
percentages of ERY incorporated. 
 
The graph represents the mean percentage of water binding capacity of 

PGA-E scaffolds. Data are represented as the mean of percentage of 

the scaffold replicates (n=9) ± S.E in each group.  

*Indicates a significant difference between the marked group and PGA 

group (p<0.05). 
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Figure 2.8 Mean water binding capacity of PGA-M scaffolds with different 
percentages of MB incorporated. 
 
The graph represents the mean percentage of water binding capacity of 

PGA-M scaffolds. Data are represented as the mean of percentage of 

the scaffold replicates (n=9) ± S.E in each group.  

*Indicates a significant difference between the marked group and PGA 

group (p<0.05). 
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2.4.4 Effect of Erythrosine B and Methylene Blue incorporation on 

scaffold in vitro degradation 

2.4.4.1 Scanning Electron Microscopy 
Changes in the fibre diameters of each scaffold obtained from in vitro 

degradation studies was calculated using SEM imaging in conjunction with 

DiameterJ software, as described in section 2.3.4. Each scaffold was 

incubated in selected media (dH2O, PBS and PBS with 10% FBS) and 

collected at predetermined timepoints (24 h, 72 h and 168 h). Table 2.3 

tabulates the mean fibre diameter of the PGA, PGA-E and PGA-M scaffolds. 

In all media tested, the fibre diameters of PGA scaffolds showed no significant 

changes during the degradation studies.  

 



 93 

Table 2.3 Mean fibre diameter µm (n=9) with standard deviation of PGA, PGA-E and PGA-M scaffolds during in vitro 
degradation studies in three different media. 

M
ed

ia
 

Duration PGA 
PGA-E PGA-M 

1% 3% 5% 7.5% 1% 3% 5% 7.5% 

dH
2O

 

24 h 1.81±0.42 1.03±0.27 0.53±0.23 0.43±0.14 0.33±0.13 1.02±0.27 0.84±0.15 0.94±0.17 1.45±0.44 

72 h 1.79±0.53 0.98±0.27 0.55±0.24 0.43±0.15 0.33±0.14 1.02±0.25 0.93±0.19 0.97±0.19 1.55±0.31 

168 h 1.89±0.50 1.14±0.31 0.55±0.26 0.43±0.17 0.35±0.13 0.98±0.39 0.91±0.23 1.04±0.23 1.46±0.45 

PB
S  

24 h 1.73±0.70 0.96±0.27 0.63±0.29 0.45±0.16 0.30±0.14 1.10±0.33 0.87±0.22 0.91±0.14 1.41±0.45 

72 h 1.56±0.51 0.98±0.21 0.58±0.21 0.40±0.09 0.34±0.15 1.10±0.32 0.90±0.23 1.01±0.19 1.12±0.39 

168 h 1.80±0.37 0.99±0.17 0.57±0.17 0.40±0.15 0.31±0.13 0.96±0.26 0.82±0.15 1.08±0.47 1.18±0.33 

PB
S 

+ 
10

%
FB

S 24 h 1.96±0.80 0.98±0.28 0.61±0.29 0.44±0.16 0.45±0.16 1.15±0.30 0.88±0.22 1.11±0.45 1.40±0.33 

72 h 1.80±0.70 1.01±0.21 0.59±0.23 0.41±0.14 0.31±0.15 1.11±0.38 0.88±0.14 1.09±0.46 1.45±0.33 

168 h 1.66±0.64 0.95±0.34 0.46±0.25 0.42±0.14 0.30±0.17 0.99±0.38 0.87±0.30 0.89±0.27 0.99±0.41 
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Table 2.4 Representative SEM micrographs of fabricated scaffolds after incubation in dH2O for 24 h, 72 h and 168 h. Scale is 
50 µm. 
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Table 2.5 Representative SEM micrographs of fabricated scaffolds after incubation in PBS for 24 h, 72 h and 168 h. Scale is 50 
µm. 
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Table 2.6 Representative SEM micrographs of fabricated scaffolds after incubation in PBS with 10% FBS for 24 h, 72 h and 
168 h. Scale is 50 µm. 

M
ed

ia
 

D
ur

at
io

n 

PGA 
PGA-E PGA-M 

1% 3% 5% 7.5% 1% 3% 5% 7.5% 

PB
S 

w
ith

 1
0%

 F
B

S 

24
 h

 

         

72
 h

 

         

16
8 

h 

         

 

 



 97 

SEM micrographs of the PGA, PGA-E (1%, 3%, 5% and 7.5%) and PGA-M 

(1%, 3%, 5% and 7.5%) scaffolds after various incubation times (24 h, 72 h 

and 168 h) are shown in Table 2.4, Table 2.5 and Table 2.6 respectively, in 

three different media (dH2O, PBS and PBS with 10% FBS). A few 

disintegrated fibres and crack lines can be seen after 168 h in all solutions in 

the order of PBS with 10% FBS> PBS> dH2O from the SEM micrographs of 

PGA only scaffold. 

Meanwhile, in PGA-E scaffolds, crack lines and disintegrated fibres can be 

seen as early as 24 h for PGA-5%E and 72 h for PGA-1%E, PGA-3%E and 

PGA-7.5%E in all degradation solutions. The SEM micrographs showed that 

PGA-E scaffolds had a higher degradation rate than PGA only. The addition 

of ERY thus influences (accelerates) the rate of degradation of PGA polymer 

in the scaffolds.  

Disintegrated fibres and crack lines can be seen in PGA-M scaffolds as early 

as 72 h for all PGA-M scaffolds in all degradation solutions. As the MB 

percentage increased, the number of disintegrated fibres and crack lines 

observed in the SEM micrograph were greater: 1%< 3%< 5%< 7.5%.  

At 168 h degradation duration, there were several disintegrated fibres and 

crack lines observed in PGA-M scaffolds when compared to PGA and PGA-E 

scaffolds. The disintegrated fibres and crack lines observed at 168 h between 

all scaffolds were in the order: PGA-M> PGA-E> PGA only. Analysis of SEM 

micrographs showed that fibres with a smaller diameter appeared to have 

more crack lines compared to fibres with larger diameters within the scaffold. 

Some deposition was also seen on the fibres of PGA and PGA-E scaffolds 
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incubated in a solution of PBS+10%FBS. It is probable that the deposition was 

a serum protein (or proteins) from 10% FBS in the PBS degradation solution. 

2.4.5 In vitro photosensitiser release from scaffolds 
To investigate the release of PS from scaffolds into the media or environment, 

the scaffolds were incubated in three different solutions: distilled water 

(dH2O), phosphate buffered saline (PBS) and PBS with the addition of 10% 

foetal bovine serum (FBS) for increasing periods from 0 h up to 240 h. The 

amount of PS released into the solutions were measured after 24 h, 72 h, 168 

h and 240 h. 

The cumulative release (µg/mL) of ERY from PGA-E scaffolds (containing 1%, 

3%, 5% and 7.5% ERY) during 240 h of degradation are shown in figures 2.9. 

The highest release of ERY from scaffolds into the media was seen when 

using PBS with 10% FBS. The ERY released in PBS with 10% FBS after 240 

h increased in the order of PGA-1%E (4.6 µg/mL) < PGA-3%E (6 µg/mL) < 

PGA-5%E (27 µg/mL) < PGA-7.5%E (36 µg/mL). After 24 h of incubation, all 

the PGA-E scaffolds released smaller amounts of ERY in all three solutions. 

After 72 h, the amount of ERY released from the PGA-E scaffolds increased 

significantly in PBS and PBS+10%FBS compared to dH2O.
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Figure 2.9 Cumulative release of ERY from PGA-E scaffolds after incubation for 24 h, 72 h, 168 h and 240 h in dH2O, PBS and PBS + 

10%FBS. 

The graphs represent the mean cumulative release of ERY from scaffolds. Data are presented as the mean cumulative release of ERY from 
scaffold replicates (n=9) ± S.E in each group. *Indicates a significant difference between cumulative release of ERY in PBS or PBS + 
10%FBS group and dH2O group (p<0.05). 

* 
* 

* * 

* * 

* 
* * * * * 



 100 

 

0

10

20

30

0 24 72 168 240

C
u

m
u

la
ti

v
e
 r

e
le

a
s
e
 

(µ
g

/m
L

)

Time (Hours)

PGA-1%M

dH2O

PBS

PBS + 10% FBS
0

10

20

30

0 24 72 168 240

C
u

m
u

la
ti

v
e
 r

e
le

a
s
e
 

(µ
g

/m
L

)

Time (Hours)

PGA-3%M

dH20

PBS

PBS + 10% FBS

0
10
20
30
40
50
60

0 24 72 168 240
C

u
m

u
la

ti
v
e
 r

e
le

a
s
e
 

(µ
g

/m
L

)

Time (Hours)

PGA-7.5%M

dH20

PBS

PBS + 10% FBS
0
10
20
30
40
50
60

0 24 72 168 240

C
u

m
u

la
ti

v
e
 r

e
le

a
s
e
 

(µ
g

/m
L

)

Time (Hours)

PGA-5%M

dH20

PBS

PBS +10% FBS

Figure 2.10 Cumulative release of MB from PGA-M scaffolds after incubation for 24 h, 72 h, 168 h and 240 h in dH2O, PBS and PBS + 

10%FBS. 

The graphs represent the mean cumulative release of MB from scaffolds. Data are presented as the mean cumulative release of MB 
from scaffold replicates (n=9) ± S.E in each group. *Indicates a significant difference between cumulative release of MB in PBS or PBS 
+ 10%FBS group and dH2O group (p<0.05). 
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Figures 2.10 show the cumulative release (µg/mL) of MB from PGA-M 

scaffolds (containing 1%, 3%, 5% and 7.5% MB respectively) during 240 h of 

degradation. MB released during degradation was increased as the 

percentage of MB in PGA solution increased in order of 1% (11.3 µg/mL) <3% 

(23.8 µg/mL) <5% (40 µg/mL) <7.5% (42.7 µg/mL). In the initial 24 h of 

incubation, the PGA-M scaffolds released a smaller amount of MB in all three 

solutions. After 72 h, the amount of MB released from the PGA-M scaffolds 

increased significantly in PBS and PBS+10%FBS compared to dH2O. 

The results showed that all PGA-E and PGA-M scaffolds released a smaller 

amount of PS in the initial 24 h of incubation in all three solutions and there 

was no significant different between them. The degree of PS release from the 

scaffold can be seen in the order of high to low PS concentration from 

7.5%>5%>3%>1% PGA-E or PGA-M scaffolds. After 72 h, there was a 

significant difference of the amount PS released in PBS and PBS+10%FBS 

compared to dH2O. It should be noted that serum proteins will adsorb to the 

biomaterial surface after implantation in vivo and play a role in regulating the 

host response to the scaffold biomaterial. Therefore, the solution that best 

reflects this situation when investigating the release of PS in vitro is PBS + 10 

% FBS (Jose and Alagar, 2015). 

2.4.6 pH measurement of culture media 
The pH of the assay supernatant was checked at every time point (24 h, 72 h, 

168 h and 240 h) to observe any changes in pH for each type of scaffold. From 

the observation at all time points shown in Table 2.7, the pH of PBS and PBS 

with 10% FBS solutions were approximately pH 7.0 for all type of scaffolds. 

However, in dH2O, the pH level reduced from approximately pH 7.0 at 24 h to 

approximately pH 3.0 for all type of scaffolds at 72 h, 168 h and 240 h. 
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Table 2.7 pH reading of media retrieved from the in vitro degradation studies for each scaffold. Media used were dH2O, PBS 
and PBS with 10% FBS (n=9). 

M
ed

ia
 

Duration PGA 
PGA-E PGA-M 

1% 3% 5% 7.5% 1% 3% 5% 7.5% 

dH
2O

 

24 h 4 4 4 4 4 4 4 3 3 

72 h 4 4 4 4 4 3 3 3 3 

168 h 4 4 3 3 3 3 3 3 3 

240 h 4 4 3 3 3 3 3 3 3 

PB
S  

24 h 7 7 7 7 7 7 7 7 7 

72 h 7 7 7 7 7 7 7 7 7 

168 h 7 7 7 7 7 7 7 7 7 

240 h 7 7 7 7 7 7 7 7 7 

PB
S 

+ 
10

%
FB

S 

24 h 7 7 7 7 7 7 7 7 7 

72 h 7 7 7 7 7 7 7 7 7 

168 h 7 7 7 7 7 7 7 7 7 

240 h 7 7 7 7 7 7 7 7 7 
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2.5 Discussion 

In electrospinning technology, there are many parameters which affect the 

diameter of the fibres in the finished product. The important electrospinning 

parameters can be classified into solution parameters, process parameters 

and ambient parameters (Li and Wang, 2013). In this study, the process and 

ambient parameters for each of the PGA, PGA-E and PGA-M solutions were 

almost constant. Therefore, the difference in the fibres diameter of the 

produced scaffolds may be associated with the solution parameters that affect 

the nature of electrospinning scaffolds (Li and Wang, 2013). The 

characteristics and molecular weight of ERY (879.86 g/mol) and MB (373.90 

g/mol) may possibly play a role in dissolving the PGA polymer, changing the 

viscosity, conductivity or surface tension of the polymer solution and hence 

resulting in the difference in morphology and the smaller fibre diameters 

observed with the PGA-E and PGA-M compared to PGA only scaffolds 

(Hasan, Azim and Reza, 2014). The increase in the content of ERY and MB 

may reduce the viscosity of polymer solution thus increasing the polymer 

conductivity of the polymer solution, resulting in smaller fibres by inducing the 

fibres to stretch by decreasing the surface tension (Li and Wang, 2013; Meng 

et al., 2011; Park et al., 2006). The higher molecular weight of the polymer 

may also increase the solution’s molecular entanglement, leading to an 

increase in solution viscosity and final nanofibre size (Yousefzadeh, 2017). 

As for the PGA-E scaffolds, their much-reduced fibre diameters suggest that 

the ERY may have a greater interaction with the PGA polymer and therefore 

cause significant changes to the electrospinning solutions, resulting in the 
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observed diameter decrease. Fig. 2.6 (b-e) showed that as the ERY 

percentage increased, fibres from smooth to micro-ribbon were produced and 

the fibre diameters was decreased.  

 

Figure 2.11 shows an example of the micro-ribbon present in the PGA-E 

scaffold, indicated by the white arrow. 

The PGA-M scaffolds had smaller fibre diameters when compared to the PGA 

only scaffold. However, the fibre size was still larger when compared to PGA-

E scaffolds except for PGA-1%E scaffold. When comparing the PGA-M 

scaffolds (1%, 3%, 5% and 7.5%), there was no significant difference in the 

fibre diameter measurements. Figure 2.6 (f-i) showed that the micrographs 

and fibre diameters of PGA-M scaffolds did not change significantly even 

when the percentage of MB added was increased more than 1%. The possible 

explanation for the insignificant changes in PGA-M fibres diameter is due to 

MB reaching its limit of maximum effect on the PGA polymer solution at a level 

Figure 2.11 Micro-ribbon fibre production in ERY highest percentage 
of PGA-E scaffold. 
 
White arrow indicating the position of the micro-ribbon fibre. 
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lower than 1%. Therefore, no changes in fibres diameter would be observed 

even though the MB percentage was increased. 

Therefore, it can be concluded that the addition of PS to PGA polymer led to 

the formation of fibres with smaller diameters than PGA alone. For scaffolds 

with incorporated ERY, as the percentage of ERY was increased, the fibre 

diameters of the scaffolds decreased.  

In contrast, while the fibre diameters of the MB-containing scaffolds were 

significantly less than the PGA alone, increasing the percentage of the MB did 

not appear to further reduce the diameter of the fibres. However, from the 

observation of scaffold morphology, the PGA-7.5%M scaffold showed that 

many micro-ribbons were produced along with smooth nanofibres (as 

indicated by the white arrow in Fig. 2.12).  

  

Figure 2.12 Micro-ribbon fibre production in PGA-M scaffold 
incorporating 7.5% MB.  
 
The white arrow indicates the position of the micro-ribbon fibre. 
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Generally, in electrospun scaffolds, it is known that a decrease in the viscosity 

of the polymer solution will produce smaller fibre diameter (Nayak et al., 2012). 

The addition of different solvents and materials will also change the polymer 

conductivity and surface tension. Higher conductivity or lower surface tension 

favours the formation of smaller fibres (Hasan, Azim and Reza, 2014; 

Bhardwaj and Kundu, 2010). It is likely that the PS have increased the polarity 

of the polymer as well as decreasing the viscosity and surface tension of the 

polymer solution, thus causing the fibres to stretch and become thinner as a 

result (You et al., 2005; Li and Wang, 2013). The effect of these parameters 

on the physical characteristics of the scaffolds requires further investigation 

as it will potentially impact upon the ability of stem cells to grow on, and 

infiltrate the scaffolds. 

The scaffold’s ability to retain water within the matrix was determined by its 

water binding capacity. This has an important role for the absorption of body 

fluid and for the transfer of cell nutrients and metabolites through the scaffold 

(Vacanti and Langer, 1999). There was a slight difference in the water binding 

capacity, despite the fact that the fibre diameter of the different PGA-M 

scaffolds was consistent. This may be due to the hydrophilic nature of MB, 

which will further facilitate water absorption to the scaffolds (Park et al., 2006). 

Therefore, with a higher amount of hydrophilic MB within the scaffolds, more 

water absorption will be expected. Other than that, the electrospun scaffolds’ 

water uptake also depends primarily on their porosity and specific area to 

absorb water (Wu et al., 2010). An increase in surface area to volume ratio 

means increased water absorption resulting in higher degradation rates. This 

can be seen in PGA-E scaffolds as ERY is not as hydrophilic as MB, but the 
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fibre diameters decreased as ERY concentration increased. The smaller fibre 

diameters will have a higher surface area to volume ratio and provide large 

areas for water contact and thus facilitate further absorption. However, for the 

PGA-7.5%E scaffold, the water binding capacity was lower than PGA-5%E 

scaffold. The decrease in water penetration and absorption may be due to the 

morphology of the PGA-7.5%E scaffolds which is dense due to the close 

proximity of the nanofibers leading to the scaffolds’ small pore area. These 

dense nanofibers and small pore areas are likely to hinder water diffusion into 

the deeper areas of the scaffold. 

The water binding capacity of the scaffolds provides information for the 

absorption of body fluids and for the transfer of metabolites and nutrients 

between cells and through the scaffolds. Therefore, a higher degree of water 

binding capacity will allow the scaffolds to have maximum probability of 

promoting and sustaining cell growth in 3D scaffolds (Vacanti and Langer, 

1999). 

Hydrophilicity of the scaffold is one of the important factors that will affect 

biological interactions such as protein adsorption, platelet adhesion and also 

attachment to the implanted scaffold (Xu and Siedlecki, 2007; Spriano et al., 

2017). It was found that a hydrophilic polymer has a good interaction with 

biological fluids and enables protein adsorption to the surface and promotes 

further interaction with cell receptors (Gittens et al., 2014). As PGA polymer 

was known to be hydrophilic materials (Zhang et al., 2014a), the scaffolds 

produced with the incorporation of the PS were shown to have higher 

hydrophilicity properties as their water binding capacity was significantly 

higher than PGA only scaffold. 
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The degradation rate of PGA is highly dependent on the accessibility of water 

to ester bonds in between glycolic acid groups to enable hydrolytic cleavage 

of the ester bond in the polymer backbone (Li et al., 2006; Ju, Huang and 

Chen, 2014). The rate of degradation also relies on the crystallinity, molecular 

weight, copolymer composition, morphological structure of the scaffolds 

(Makadia and Siegel, 2011). PGA is also known to be hydrophilic and have 

larger fibre diameters compared to PGA-E or PGA-M. PGA only scaffold 

exhibited disintegrated fibre and initiation of disintegration after 168 h (7 days) 

as shown in figure 2.13. 

 

  

Figure 2.13 The morphology of the PGA only scaffold after 
168 h (7 days) in media. 
 
White arrow indicating disintegrated fibre and black arrow 

indicating the crack line (initiation of disintegration).  
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The degradation rates increased in PGA-E scaffolds as the percentage of 

ERY increased, as many disintegrated fibres were observed as early as 72 h 

which was in contrast to PGA only scaffold (168 h) (Fig. 2.14). This may be 

due to the smaller fibre diameters that provide a higher surface area to volume 

ratio, thus increasing the probability of fibres interacting with water and further 

increasing the degradation rates (You et al., 2005). 

 

  

Figure 2.14 The morphology of the PGA-E scaffold after 72 h (3 days) 
in media. 
 
White arrow indicating disintegrated fibre and black arrow indicating the 

crack line (initiation of disintegration).  
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In PGA-M scaffolds, when compared to PGA only scaffolds (168 h), the 

degradation rates increased as many disintegrated fibres and signs of 

initiation of disintegration (crack lines) could be seen as early as 72 h (Fig. 

2.15). This may have been due to the hydrophilic nature of MB, that further 

increases the scaffold’s water binding capacity and hydrophilicity, leading to 

the increased degradation rates of PGA-M compared to PGA only and PGA-

E (Park et al., 2006; Gittens et al., 2014). The scaffold’s morphology showed 

that by incorporating PS, the hydrolysis of the PGA polymer could be 

accelerated as the degradation rates are highest in PGA-M followed by PGA-

E and PGA only scaffold. 

The release of an antimicrobial agent from the scaffold or implant after surgery 

could prevent bacteria from invading the surgical site (Johnson and Garcia, 

Figure 2.15 The morphology of the PGA-M scaffold after 72 h (3 days) 
in media. 
 
White arrow indicating disintegrated fibre and black arrow indicating the 

crack line (initiation of disintegration).  
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2015). Therefore, to provide antibacterial properties to the PGA scaffold, PS 

was used. Therefore, when an infection occurs, PS can be activated by visible 

light when antibacterial action is needed. The light should, however, be able 

to reach the infection site in order to be able to activate the PS. As the scaffold 

degrades, the released PS will be taken up by bacteria and will act as an 

antibacterial agent when light is applied. During degradation of the scaffolds 

in aqueous solutions, fibres were disintegrated and subjected to hydrolytic 

scission of the ester bonds of PGA (Ju, Huang and Chen, 2014), which 

permitted more PS to be released as polymer breakdown progressed 

(Obermeier et al., 2015). The morphology of the scaffold, such as three-

dimensional structure, fibre diameter, the orientation of the fibres, the location 

of the PS within the fibres, loading concentration and the presence of micro-

ribbons and beads, will also play an important role in inducing more PS to be 

released from the scaffold (Obermeier et al., 2015; Chou, Carson and 

Woodrow, 2015). PS release rate may possibly be modulated by changing PS 

percentages incorporated in the PGA polymer, as the result showed that a 

greater amount of PS was released as the incorporated PS percentage 

increased. This demonstrated the possibility of producing scaffolds with an 

appropriate amount of antibacterial agent by manipulating the PS percentage 

added to the polymer. 

In addition, the rate and amount of PS released may also depend on the 

mechanism of PS release, such as simple diffusion, polymer erosion or 

polymer swelling followed by diffusion (Dorati et al., 2017). From the results, 

as the percentage of PS increased, the PS released also increased. 
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Based on the findings, the addition of the PS into the PGA polymer modified 

the characteristics of the PGA polymer itself. The addition of ERY to the PGA 

polymer reduced the fibre diameters, increased the hydrophilicity and 

increased the degradation rates of the produced scaffold. Furthermore, PGA-

E scaffolds release or deliver the PS in a manner dependent on the 

percentage incorporated, meaning more PS was released as more PS was 

added, which is favourable as the PS release amount can be easily tuned by 

manipulating the PS loading amount. 

MB addition to the PGA polymer reduced the fibre diameters of the produced 

scaffold by approximately half compared to the PGA only scaffold. The 

addition of more than 1% of MB did not further affect the fibre diameters. 

However, as the percentage of added MB was increased, the hydrophilicity of 

the PGA-M scaffolds increased. The increase in hydrophilicity accelerates the 

rate of degradation and causes greater PS release.  

The pH changes were only seen in dH2O because the PBS and PBS with 10% 

FBS possess buffering capability. As the scaffolds degrade, the PGA polymer 

was released into the media and the accumulation of glycolic acid monomers 

cause the media to become acidic (Prieto and Guelcher, 2014). The release 

of acidic degradation products such as glycolic acid has been suggested to 

contribute to the late inflammatory response (Zhang et al., 2014b).  

However, glycolic acid accumulation is unlikely to occur as it is understood 

that glycolic acid is excreted in urine from the human body or as carbon 

dioxide and water after being processed in the tricarboxylic acid cycle (TCA) 

(Prieto and Guelcher, 2014).  
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In the buffered saline solution, degradation decreased PGA's tensile strength 

more than in the unbuffered solution. Thus, the higher rate of degradation 

observed in PBS may be due to the presence of disodium hydrogen 

phosphate (Na2HPO4), which eliminated the glycolic acids and shifted the 

reaction to increased hydrolysis in the PGA polymer (Chu, 1981). 

Furthermore, due to the buffering effect that maintains the media's pH, this 

effect cannot be seen in PBS dependent media. From the results, this 

buffering effect was not observed in unbuffered solution (dH2O). In addition, 

the 10% FBS in PBS will further increase the rate of degradation above that 

seen in PBS alone because the FBS will increase the initial velocity of 

hydrolytic processes due to the higher activity of esterase enzymes present 

in the serum (Catiker, Gümüşderelioğlu and Güner, 2000). 

An ideal scaffold for tissue growth should degrade rapidly while providing a 

suitable environment that enables cells to deposit ECM. Even if a polymer that 

degrades too rapidly dissolves before the tissue can form, it is suggested that 

the tissue organisation and mechanical properties of a scaffold that degrades 

too slowly also have adverse effects. Novel scaffold polymers that rapidly 

degrade while also stimulating collagen synthesis and new ECM deposition 

on the implant site will greatly promote the development of engineered 

connective tissue (Catiker, Gümüşderelioğlu and Güner, 2000).  

Collectively, the results of this chapter demonstrate the fabrication of the PS 

incorporated scaffolds using the electrospinning method and characterisation 

of produced scaffolds by means of morphological, degradation rates, release 

profiles of PS and changes in pH. 
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In conclusion, the incorporation of PS into the PGA polymer led to the 

formation of fibres with smaller diameters and increased water binding 

capacity (with the exception for 1% PS). The change in the scaffold’s 

characteristics depends on the type and percentage of the PS. The release of 

the PS from the scaffold can be tuned by varying the percentage of PS 

incorporated. The amount of ERY, however, must not be too high as it will 

produce too small fibre diameters (nanofibre) that may not be suitable for cell 

infiltration. Moreover, a high amount of MB will increase the rate of 

degradation, which would not be good for cell adhesion and proliferation. The 

quantity of PS released from the scaffolds during degradation studies 

correlated with the increase in the concentration of PS incorporated. 
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Chapter 3  
Biological assessment and characterisation of the fabricated 

scaffolds using human dental pulp stromal cells (hDPSCs) 

3.1 Introduction 

A scaffold that is able to provide a good surface for cell attachment will 

promote more cells to adhere and migrate between the fibres of the scaffold. 

PGA scaffolds are synthetic polymers with good biocompatibility with human 

cells (Montes de OCa and Ward, 2006; Boland et al., 2001; Kim et al., 2011), 

but there is the possibility that the addition of PS to the PGA polymers may 

have altered the characteristics of the scaffold produced by the 

electrospinning process. These scaffolds are intended to be used for soft 

tissue repair in the oral cavity, so it is important to investigate whether these 

newly developed scaffolds are compatible and possess any cytotoxicity 

effects towards the cells in the oral cavity.  

Several in vitro and in vivo studies have shown that human dental pulp stromal 

cells (hDPSCs) have the capability to act as multipotent stem cells in the 

formation of new tissue (Goldberg and Hirata, 2017; Abdullah et al., 2014; 

Kawashima, 2012; Sakai et al., 2011). In stem-cell based regenerative 

therapies, scaffolds applied to the site of wound or injury must demonstrate 

good biocompatibility with the host cell or tissue and provide an adequate 

environment and structural support for the regeneration of the targeted tissue. 

Therefore, to verify the cytotoxicity of the scaffolds, hDPSC viability (based on 

metabolic activity and DNA quantitation) following seeding on PGA scaffolds 

(both with and without incorporated PS) and microscopic observation were 

performed to investigate whether the scaffolds were suitable to support the 

attachment and proliferation of the hDPSCs.   
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3.2 Aim and objectives 

3.2.1 Aim 
The aim of this chapter is to evaluate the cytotoxicity of the selected scaffolds 

and to determine their effects on hDPSCs attachment and proliferation in vitro. 

3.2.2 Objectives 
The above aim will be achieved through the following objectives: 

• To evaluate the ability of hDPSCs to attach and spread on the 

produced scaffolds following seeding.  

• To determine the ability of hDPSCs to proliferate on the produced 

scaffolds following seeding. 

• To investigate the metabolic activity of hDPSCs after seeding on the 

produced scaffolds. 

• To observe the morphology of hDPSCs on the produced scaffolds 

following seeding.  
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3.3 Materials and methods 

All materials were purchased from Sigma-Aldrich, UK unless otherwise 
stated. 

3.3.1 Human dental pulp extraction and isolation from third molar 
teeth 
HDPSCs were isolated from extracted impacted third molars obtained with 

patient consent through the Leeds Dental Institute Research Tissue Bank 

(DREC No: 120615/RB/172). Teeth were immersed in 70% (v/v) ethanol 

(EtOH) (SLS, UK) for 20 s and shaken to detach any attached debris. The 

70% ethanol was then discarded. Approximately, 8 mL of basal medium 

(Alpha Modified Eagle Medium (a-MEM) (Lonza BioWhittaker, UK) 

supplemented with 15 % FBS, 2 mM L-glutamine and 100 units/mL 

penicillin/100 μg/mL streptomycin) were then added to the teeth. The teeth 

were then put on 70% ethanol-soaked tissue paper and any attached soft 

tissue was removed with a sterile scalpel blade. Then, teeth were carefully put 

in sterile gloves and fractured using a screw vice clamp to allow exposure of 

the dental pulp. Any debris from the fractured teeth was cleared up and dental 

pulp was pulled very lightly from the tooth fragments with sterile forceps. The 

extracted pulps were put in basal medium to avoid dehydration. 

The extracted pulps were then incubated in an enzyme solution of 3 mg/mL 

collagenase type I and 4 mg/mL dispase type II (Roche, Germany) for 30 min 

at 37°C in an incubator. Extracted pulps were then cut into smaller fragments 

with a scalpel blade and returned to enzyme solution with gentle agitation on 

a tube rotator (Miltenyi Biotec, Germany) for 60 min at 37 °C in an incubator 

(Thermo Scientific, UK). The resulting suspension was centrifuged (Netheler-

Hinz, Germany) at 200 x g for 5 min before resuspension of the cell pellet in 
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basal medium. Resuspended cells were incubated in T25 flasks (Corning, UK) 

(1 extracted pulp per flask) at 37°C in 5 % CO2 in air for 10–14 days to adhere 

and proliferate (Tomlinson et al., 2015). The initial passage of human dental 

pulp stromal cell culture was referred to as "Passage 0" (p0). 

3.3.2 Human dental pulp stromal cells culture 
The sub confluent flasks of p0 cells were passaged by digestion with 0.25 % 

trypsin/ 0.02 % EDTA and the resulting suspension was transferred to sterile 

T175 flasks (Corning, UK); this flask was designated as p1. Passaged cells 

were subsequently cultured in basal medium of α-MEM containing 10 % FBS, 

2 mM L-glutamine and 100 units/mL penicillin/100 μg/mL streptomycin at 37°C 

with 5 % CO2 in air until 80 % confluency was reached. The medium was 

changed every two days and only cells of passages 4 to 6 were used in these 

studies. 

3.3.3 Attachment and proliferation assays of human dental pulp 
stromal cells seeded on produced scaffolds 
Each scaffold was sterilised under UV light for 20 min for each surface in the 

sterile laminar flow biosafety cabinet (Nuaire, UK). For each group, n=3, and 

the experiment was performed in triplicate. The groups were assigned 

according to the percentage of incorporated PS, with PGA as the control 

group. PGA, PGA-1%E, PGA-5%E, PGA-1%M and PGA-5%M scaffolds were 

cored into discs of 1 cm in diameter using a cork borer and were placed in 48-

well tissue culture plates (Corning, UK). Then, the scaffolds were static 

seeded with 1 x 105 cells per scaffold in basal media with 5 % CO2 in air and 

maintained for 24 h and 72 h respectively. During the experiments all plates 

were covered with aluminium foil to avoid exposure to light. After each time 

point (24 h and 72 h), the cell-scaffold constructs were collected using sterile 
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small tweezers and washed twice with PBS to remove any unattached cells. 

The cell-scaffold construct was then put into fresh basal medium and further 

processed for the cell metabolic activity assay (section 3.3.4), DNA 

quantitation assay (section 3.3.5) and microscopy evaluation (section 3.3.6). 

3.3.4 Cell metabolic activity assay 
Metabolic activity of the attached cells was measured using the Presto BlueÔ 

Cell Viability Reagent (ThermoFisher Scientific, UK). Presto Blueä (PB) 

contains a compound that is known to be cell-permeant (resazurin) that is 

naturally blue in colour and non-fluorescent. When the reagent is added to the 

cells, the non-fluorescent resazurin compound will be modified by the 

reducing environment of the viable cells within their cytosol to the highly 

fluorescent, red in colour compound (resorufin). Reducing enzymes in the 

viable live cell will be able to reduce resazurin compound and the changes in 

colour is an indicator of the cell’s energy metabolism. The rapid changes in 

colour can be detected by fluorescence measurement. Any dead cell will lose 

their ability to reduce the resazurin compound and thus no modification 

happens. 

PB reagent was added to each cell-scaffold construct in basal medium at a 

ratio of 1:10 volume per well and properly mixed. The cell-scaffold constructs 

were then covered with foil and incubated for 1 h at 37°C with 5% CO2 in air. 

Then, 100 µL of each cell-scaffold construct supernatant was transferred to a 

black microtiter plate with solid bottom for fluorescence measurement 

according to the PB reagent protocol provided by Thermo Fisher Scientific. 

Black microtiter plates (Thermo Scientific Nunc, UK) were used for 

fluorescence measurements as the black plates absorb light which reduces 
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scatter and background noise and minimises crosstalk compared to clear or 

white plates. Plates were read using a Varioskan Flash microplate reader 

(ThermoFisher Scientific, Finland). The fluorescence detection parameters for 

resorufin compound were: excitation wavelength = 560 nm and emission 

wavelength = 590 nm. A blank measurement of basal medium only was 

included to exclude the background autofluorescence of the basal medium. 

3.3.5 DNA Quantitation assay 
The DNA quantitation fluorescence assay (DNAQF) kit used in this study is 

based on quantitation of DNA using the fluorescent dye, bisBenzimide 

H33258 (Hoechst 33258). The kit consists of a DNA Standard, bisBenzimide 

H33258 solution, and 10X Fluorescent Assay Buffer. The bisBenzimide 

H33258 dye will bind to AT sequences in the minor grooves of double-

stranded DNA and emit fluorescence when excited at 360 nm. The 

fluorescence emitted by the bisBenzimide H33258 dye will increase 

proportionately in the presence of DNA. Fig. 3.1 shows the interaction 

between the DNA and the bisbenzimide H33258 dye which has high-affinity 

binding due to its specific interaction with the DNA minor grooves (Guo et al., 

2016). The fluorescence intensity will increase ~30-fold when binding to DNA 

as a result of suppression of rotational relaxation and hydration reduction 

during binding. 
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Figure 3.1 Hoechst 33258 or bisBenzimide dye (magenta) bound to the 
minor groove of DNA (green and blue) (from 
http://www.rcsb.org/structure/264D). 
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The reagents were prepared according to the kit instructions supplied. The 

DNA Standard was diluted to DNA concentrations of 100 µg/mL and 10 µg/mL 

(Table 3.1).  

Table 3.1 Preparation of DNA Stock Solutions. 
 DNA Stock Solution  

(100 µg/mL) 

DNA Stock Solution  

(10 µg/mL) 

DNA Standard, calf 
thymus DNA (1 mg/mL) 

100 µL 10 µL 

10X Fluorescent Assay 
Buffer 

100 µL 100 µL 

Molecular Biology Grade 
Water 

800 µL 890 µL 

Total Volume 1 mL 1 mL 
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The bisBenzimide dye solution was diluted by 10-fold dilution with molecular 

biology grade water to a concentration of 1 mg/mL. In order to prepare the 

standard curve, 1 mg/mL bisBenzimide H33258 was further diluted with 

molecular biology grade water and 10X Fluorescent assay buffer to make 2 

µg/mL (Table 3.2). The bisBenzimide dye solution was stored in the dark at 

4°C until ready to be used.  

Table 3.2 Preparation of bisBenzimide H33258 Solution 2 µg/mL from the 
1 mg/mL stock solution. 

 bisBenzimide H33258 Solution 2 µg/mL 

bisBenzimide H33258 Solution 1 
mg/mL 

60 µL 

10X Fluorescent Assay Buffer 3 mL 

Molecular Biology Grade Water 27 mL 

Total Volume 30 mL 
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Following the 24 h recovery period (section 3.3.3), the cell-scaffold constructs 

were washed twice with PBS and lysed in 200 µL 0.2% (v/v) Triton X-100 for 

30 min. They were then centrifuged at 12000 rpm at 4°C for 10 min. The 

supernatant (10 µL) was added to 200 µL of the prepared dye (bisbenzimide 

H33258 solution 2 µg/mL) and incubated at 4°C for 1 h before the 

fluorescence of the dye bound to the DNA was measured using a microplate 

plate reader with 360 nm as excitation wavelength and 460 nm as emission 

wavelength. The DNA concentration of the samples was determined by 

comparison to the standard curve (Fig. 3.2). A standard curve was 

constructed based on Table 3.3. 
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Table 3.3 Conditions for standard curve 20-2000 ng DNA range used for 
comparison with DNA concentration within the samples. 

Well Total DNA DNA Stock 
Solution 

DNA Volume 2 µg/mL 
bisBenzimide Dye 

1 2000 ng 1 mg/mL 2 µL 200 µL 

2 1000 ng 100 µg/mL 10 µL 200 µL 

3 500 ng 100 µg/mL 5 µL 200 µL 

4 100 ng 10 µg/mL 10 µL 200 µL 

5 50 ng 10 µg/mL 5 µL 200 µL 

6 20 ng 10 µg/mL 2 µL 200 µL 

7 10 ng 10 µg/mL 1 µL 200 µL 

8 Blank - - 200 µL 

 

Figure 3.2 Representative standard curves used in DNA concentration 
determinations.  
 

The DNA content was also used to determine the cell seeding efficiency on 

the scaffolds 24 h after seeding. Seeding efficiency is defined as the 

percentage ratio of the attached cells’ DNA content on the scaffold to the of 

seeded cells’ DNA content. 
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3.3.6 Evaluation of the cell-scaffold constructs using microscopy 

3.3.6.1 Scanning electron microscopy evaluation 
The cell-scaffold constructs were fixed in 10% neutral buffered formalin 

(Cellpath, UK) for 24 h at 4°C. The cell-scaffold constructs were then 

dehydrated through a series of ethanol concentrations as below (Fig. 3.3). 

Figure 3.3 Steps of scaffold dehydration. 
 
Constructs were then air-dried overnight. Fixed, dried cell-scaffold constructs 

were then attached to 12 mm aluminium stubs using double-sided carbon 

adhesive tape and sputter coated with gold/palladium alloy for 40 seconds. 

Coated samples were inspected using a S3400-N Hitachi SEM in high 

vacuum mode using a voltage of 20 kV. A series of images were captured at 

a magnification of 100x and 1000x. 

  

100% Ethanol for 10 min - twice 

95% Ethanol for 10 min

80% Ethanol for 10 min

70% Ethanol for 5 min

50% Ethanol for 5 min

25% Ethanol for 5 min

1 wash with PBS
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3.3.6.2 Morphological staining using AlexaFluorä 488 Phalloidin and 
DAPI 
Two samples from each experimental group (sections 3.3.3) were collected 

and washed three times with PBS and fixed using 10% neutral buffered 

formalin (NBF) and kept at 4°C for 24 h. These samples were used for staining 

with AlexaFluorÔ 488 phalloidin (Invitrogen, UK) to show hDPSCs 

morphology on the scaffold. After 24 h, the 10% NBF solution was aspirated 

and the cell-scaffold constructs were washed twice with PBS to remove any 

residual NBF. 500 µL of 0.1 % Triton X-100 in PBS was then added to each 

sample and incubated for 5 min at room temperature. Cell-scaffold constructs 

were washed two times with PBS after the 0.1% Triton X-100 was discarded. 

Processed cell-scaffold constructs were then incubated with 500 µL 0.5% 

Bovine Serum Albumin (BSA) (GE Healthcare Hyclone) in PBS for 30- to 60-

min to block non-specific phalloidin binding. Any residual BSA was removed 

by washing twice with PBS. 

AlexaFluorÔ 488 phalloidin stain was added to cell-scaffold constructs (1:500 

v/v in PBS) and incubated for 30 to 60 min. The constructs were then washed 

once with dH2O to prevent any crystal salt formation and transferred to a 

microscope slide. The cell nuclei were then counterstained with DAPI and the 

slides were mounted with ProLong Gold antifade reagent (with DAPI) 

(ThermoFisher Scientific, UK) before viewing on the confocal laser scanning 

microscope (CLSM) (Leica GmbH, Germany). AlexaFluorÔ 488 phalloidin 

stain was viewed at excitation wavelength 490 nm and emission wavelength 

525 nm and visualised as green fluorescence. DAPI stain was viewed at 

excitation wavelength 345 nm and emission wavelength 455 nm and 

visualised as blue fluorescence. 
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3.3.7 Statistical analysis 
All experiments were carried out in triplicate and each experiment was 

repeated 3 times (n=9), unless stated otherwise. The statistical analyses were 

carried out using IBM SPSS Statistics Version 23 software. Results were 

analysed using Students’ t-test and one way analysis of variance (ANOVA) 

tests. P-values were determined, and P < 0.05 was considered significant. All 

results were demonstrated as mean ± standard error of mean (S.E.M) unless 

stated otherwise. 
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3.4 Results 

Assessment of hDPSCs attachment and proliferation on fabricated scaffolds 

was performed by measuring the level of cell metabolic activity, DNA 

quantitation and through microscopy evaluation. All the experiments were 

conducted after fabricated scaffolds were cultured with hDPSCs for either 24 

h or 72 h. 

3.4.1 Scanning electron microscope evaluation 
The surface topography of cell-scaffold constructs was observed using a high 

vacuum SEM. Figure 3.4 and Figure 3.5, respectively, show SEM generated 

images of hDPSCs cultured on scaffolds for 24 h and 72 h. Structural 

assessment of seeded scaffolds for both 24 h (Figure 3.4) and 72 h (Figure 

3.5) revealed cell processes that bridge the fibres of the scaffold. After 24 h, 

a dense extracellular matrix (ECM) appeared in the form of a network covering 

the surface of the scaffolds.  

Prominent intensification of ECM was observed after 72 h in culture on PGA 

only scaffolds (Fig. 3.4 (B) and Fig. 3.5 (B)). For PGA-1%E (Fig. 3.4 (D) and 

Fig. 3.5 (D)) and PGA-5%E (Fig. 3.4 (F) and Fig. 3.5(F)), a similar finding can 

be seen where ECM was extended on the surface of the scaffolds as the 

duration of the culture increased.  

On the PGA only and PGA-E (1% and 5%) scaffolds, the cells proliferated 

rapidly and the ECM was secreted and covered some pores of the scaffolds. 

However, relative to PGA only and PGA-1%E, there was more hDPSC 

attachment and ECM secretion on the surface of PGA-5%E. The ECM 

production was abundant and dense. However, hDPSCs were not able to 

infiltrate the PGA-5%E scaffold fibres, and thus proliferated on the surface or 
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top few layers of the scaffold fibres. In contrast, when compared to 24 h in 

culture, PGA-1%M and PGA-5%M showed less ECM formation after 72 h in 

culture. The cell morphology showed that some cells had shrunk and the cell 

morphology was not satisfactory. There was the presence of cell aggregates 

on the scaffolds that showed that the cells were still adhering to the scaffold 

fibres. However, it was not known whether the cells were alive, dying or dead. 
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24 h (Day 1)                                            72 h (Day 3) 

    

    

    

     

    
Figure 3.4 Representative images of SEM analysis of cellular interaction with 

electrospun fibrous scaffolds at 24 and 72 h (100X). On both days (24 h and 72 h) 
cells attached and spread on the PGA (A, B), PGA-1%E (C, D), PGA-5%E (E, F), 
PGA-1%M (G, H) and PGA-5%M (I, J). Scale bars at 500 µm. 
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     24 h (Day 1)                         72 h (Day 3) 

   

   

   

   

   
Figure 3.5 Representative images of SEM analysis of cellular interaction with 

electrospun fibrous scaffolds at 24 and 72 h (1000X). On both days (24 h and 72 
h) cells attached and spread on the PGA (A, B), PGA-1%E (C, D), PGA-5%E (E, F), 
PGA-1%M (G, H) and PGA-5%M (I, J). Scale bars at 50 µm. 
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3.4.2 Evaluation of cell seeding efficiency 24 h post-seeding on 
the scaffolds 
After culturing for 24 h, the DNA content of hDPSCs attached on the scaffolds 

was quantitated using the DNAQF kit as defined in section 3.3.5. In order to 

evaluate the impact of the scaffold structure and PS percentage on hDPSCs 

attachment, the scaffolds incorporated with PS (PGA-1%E, PGA-5%E, PGA-

1%M and PGA-5%M) were compared to the PGA only scaffold.  

Figure 3.6 Seeding efficiency of hDPSCs after 24 h seeding on the 
produced scaffold.  
 
The graph represents the mean hDPSC seeding efficiency percentage 

on scaffolds. Data are represented as the mean hDPSC seeding 

efficiency percentage of the scaffold replicates (n=9) ± S.E in each 

group.  

*Indicates a significant difference between different scaffolds tested 

including PGA only scaffold (p<0.05). 
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At 24 h, a seeding efficiency of more than 90% was achieved with hDPSCs 

on PGA, PGA-1%E, PGA-5%E and PGA-1%M, whereas a seeding efficiency 

of 82% was observed with hDPSCs on PGA-5%M (Fig. 3.6). 

3.4.3 Evaluation of hDPSC proliferation on scaffolds by DNA 
content quantification 
Cell proliferation was investigated based on the amount of DNA retrieved from 

the scaffold at 24 h and 72 h in culture shown in figure 3.7. The DNA content 

of hDPSCs on PGA scaffold was significantly increased after culturing for 

more than 24 h. However, a significant reduction in DNA concentration on 

PGA-5%E, PGA-1%M and PGA-5%M compared to PGA scaffolds was 

observed after 72 h in culture. Meanwhile, the hDPSCs on PGA-1%E and 

PGA-5%E maintained their DNA content over 72 h. However, the hDPSCs 

seeded onto PGA-1%M and PGA-5%M showed a significant decrease in DNA 

concentration over 72 h in culture when compared to the DNA concentration 

at 24 h. No significant difference in DNA concentration was observed between 

PGA-E scaffolds when compared to the DNA concentration for 24 h. In 

contrast, there was a significant difference in DNA concentration between the 

PGA-M scaffolds. 
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Figure 3.7 DNA content of hDPSCs on different scaffolds at 24 h and 72 
h after seeding.  
 
The graph represents the mean hDPSCs DNA content on the scaffolds. 

Data are represented as the mean of hDPSCs DNA concentration 

(ng/µL) (n=9) ± S.E in each group.  

§Indicates a significant difference between the marked group and PGA 

group (72 h). 
#Indicates a significant difference between 24 h and 72 h (same scaffold 

group) (p<0.05). 
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3.4.4 Evaluation of metabolic activity of hDPSCs growing on the 
scaffolds 
The cell metabolic activity assay of hDPSCs following seeding on the 

scaffolds was evaluated using the Presto Blue cell viability reagent following 

24 h and 72 h culture. Figure 3.8 shows that the metabolic activity of hDPSCs 

was significantly lower in all scaffolds after 24 h culture in basal medium 

relative to the PGA only scaffold. In comparison to the PGA only scaffold, 

PGA-E scaffolds maintained more than 70% of cell metabolic activity, while 

PGA-M scaffolds had less than 70% activity. When a comparison was made 

between the scaffold with PS group, a significant difference in cell metabolic 

activity was only found between PGA-5%E and PGA-5%M. In contrast with 

the other PGA-PS scaffolds, PGA-5%E has the highest level of cell metabolic 

activity relative to PGA-5%M. This showed that hDPSCs still favour attaching 

to the scaffolds with PS whether PGA-E and PGA-M even though the scaffolds 

produced have a nano-scale fibre compared to PGA only scaffold. 

  



 137 

 

 

Figure 3.8: Metabolic activity of hDPSCs after 24 h culture on the 
scaffolds. 

  
The graph represents the relative cellular metabolic activity of hDPSCs 

attached on the scaffolds after 24 h. Data are represented as the mean 

of relative hDPSC metabolic activity (n=9) ± S.E in each group.  

Cell viability assay (Presto Blue) was performed at 24 h after initial 

seeding. 

*Indicates a significant difference between the marked group and PGA 

group (p<0.05).  

# Indicates a significant difference between the marked group and PGA-

5%E (p<0.05). 
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The results from 72 h culture of hDPSCs on the scaffolds showed some varied 

results (Figure 3.9). Scaffolds incorporated with PS (PGA-E and PGA-M) 

showed that hDPSCs had significantly less metabolic activity relative to PGA 

only scaffold. Compared to PGA only scaffold, the most prominent reduction 

of metabolic activity was seen for hDPSCs on PGA-5%M scaffolds. 

Furthermore, PGA-5%M cell metabolic activity was significantly reduced when 

compared to the PGA-E scaffold groups (PGA-1%E and PGA-5%E). 

However, the reduction was not significant between the PGA-M groups (PGA-

1%M and PGA-5%M).  
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Figure 3.9: Metabolic activity of hDPSCs after 72 h culture on the 
scaffolds. 
 
The graph represents the relative cellular metabolic activity of hDPSCs 

attached on the scaffolds after 72 h. Data are represented as the mean 

of relative hDPSC metabolic activity (n=9) ± S.E in each group.  

Cell viability assay (Presto Blue) was performed at 72 h after initial 

seeding.  

*Indicates a significant difference between the marked group and PGA 

group (p<0.05).   

#Indicates a significant difference between the marked group and PGA-

E scaffolds (p<0.05). 
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Figure 3.10 shows that the cell metabolic activity on scaffolds incorporated 

with PS significantly increased after 72 h culture time in comparison to PGA 

only scaffold (24 h) that acts as a control. The only exception was PGA-5%M 

which showed a significant reduction in cell activity relative to the control. Cell 

metabolic activity was significantly increased in the PGA-E group after 72 h 

culture, compared to 24 h in the same scaffold group. Within the same scaffold 

group, even though there is some increment of cell metabolic activity on PGA-

1%M, it was not significant. PGA-5%M did not show significantly different 

metabolic activity between 24 h and 72 h culture.  
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Figure 3.10 Comparison of the metabolic activity of hDPSCs after 24 and 
72 h culture on the different scaffolds.  
 
The graph represents the relative cellular metabolic activity for hDPSCs 

attached on the scaffolds after 24 h and 72 h. Data are represented as 

the mean of relative hDPSC metabolic activity (n=9) ± S.E in each group.  

Cell viability assay (Presto Blue) was performed at 24 h and 72 h after 

initial seeding. PGA culture exhibited the highest hDPSC metabolic 

activity followed by PGA-1%E, PGA-5%E and PGA-1%M. However, 

PGA-5%M exhibited reduced cellular metabolic activity.  

*Indicates a significant difference between the marked group and PGA 

group (24 h) (p<0.05).  

#Indicates a significant difference between 24 h and 72 h (same scaffold 

group) (p<0.05). 

  

0

1

2

3

4

5

6

7

8

9

10

PGA PGA-1%E PGA-5%E PGA-1%M PGA-5%M

Re
la

tiv
e 

Ce
ll 

M
et

ab
ol

ic 
Ac

tiv
ity

 
24h

72h

* 
# 

* 
# 



 142 

3.4.5 Morphological observation of hDPSCs using actin staining 
The morphology of the hDPSCs attached to the scaffold was visualised using 

commercially-available actin staining, AlexaFlour 488 (green). Fluorescence 

images of hDPSCs attached to the scaffolds in 10x and 20x are presented in 

Figure 3.11 and 3.12, respectively. After 24 h in culture, the cell-scaffold 

constructs showed that most areas of the scaffolds were populated by cells 

with elongated actin cytoskeletons. There were no differences in cell 

morphology observed between cells cultured on scaffolds with or without 

incorporated PS after 24 h in culture. However, after 72 h in culture, the 

hDPSCs on the PGA-1%M scaffold exhibit a less elongated, shrunken cell 

size with blurred cytoplasm and a lack of spreading activity between the cells. 

Meanwhile, a lack of F-actin cytoskeleton staining and condensed cytoplasm, 

which is typical of apoptotic cells, were shown prominently in hDPSCs growing 

on the PGA-5%M scaffold. These results indicate that the effect of the 

incorporation of MB into the scaffolds on the cells was dependent on 

concentration, a higher percentage of PS inducing a severe effect on the cells. 

However, compared to PGA only scaffold, the hDPSCs growing on PGA-E 

exhibited similarly organised and elongated F-actin structures, which is a sign 

of optimal status of the hDPSCs. 
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24 h (Day 1)                           72 h (Day 3) 

   

    

    

   

    
Figure 3.11 Actin staining using Alexa Flour 488 phalloidin stain (10X). PGA (A, B), 

PGA-1%E (C, D), PGA-5%E (E, F), PGA-1%M (G, H) and PGA-5%M (I, J). 
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24 h (Day 1)                           72 h (Day 3) 

    

    

    

   

    
Figure 3.12 Actin staining using Alexa Flour 488 phalloidin stain (20X). PGA (A, B), 

PGA-1%E (C, D), PGA-5%E (E, F), PGA-1%M (G, H) and PGA-5%M (I, J). 
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3.5 Discussion 

In tissue regeneration, initial cell adherence and attachment are important 

factors in assessing whether the scaffolds will be favourable for cell growth, 

differentiation and eventual tissue formation. There are many factors that can 

contribute to the different cell proliferation rates of tested scaffolds. The 

structural variations between the scaffolds are one of the factors that will 

influence the fate of the seeded cells (Chang and Wang, 2011). The 

differences between the micro and nanoscale of fibre diameter affects the 

cells’ behaviour and whether they attach on the surface and proliferate or are 

able to infiltrate through the pores in between the fibres (Bruzauskaite et al., 

2016). Previous work demonstrated that endothelial cells seeded on nanofibre 

PLGA scaffolds with a 200 nm fibre diameter did show rapid cell attachment 

and spread in comparison to a microfibre PLGA scaffold. In addition, they also 

tested the cell infiltration, and found that the endothelial cells did not penetrate 

into the 200 nm PLGA scaffolds, whereas for 600 nm and 1.5 µm PLGA 

scaffolds, endothelial cells were able to infiltrate and increase in proliferation 

after 14 days in culture (Ko et al., 2016).  

The data presented above shows a similar result: on PGA only scaffolds, 

hDPSCs were found to be located within the pores and attached to the 

junction where the fibres crossed. After being in culture for 24 h, hDPSCs 

produced thick and dense ECM and migrated in multiple fibre directions. 

However, for the scaffolds with incorporated PS, the cell-scaffold interaction 

was greater on PGA-E scaffolds compared to PGA-M scaffolds. This may be 

due to the effect of the smaller diameter of fibre and the dense mesh of PGA-

E scaffold fibres. As the size of the fibre diameter decreased, many hDPSCs 
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were attached on the surface of the scaffold. However, hDPSCs attached to 

the PGA-1%E scaffold were still able to infiltrate the scaffold as some cells 

and ECM were found a few layers of fibres below the surface. In contrast, with 

the PGA-5%E scaffold, the scaffold produced a very dense mesh of fibres 

(due to it having the smallest mean fibre diameter) and most of the hDPSCs 

attached and proliferated on the surface of the scaffold and hence produced 

thicker ECM in comparison to the other fabricated scaffolds (Ko et al., 2016). 

Previous researchers reported similar observations as there was an increase 

in neural stem cell proliferation and spreading as the fibre diameter of 

polyethersulfone (PES) fibre meshes was decreased (Christopherson, Song 

and Mao, 2009). 

DNA quantitation shows that after seeding on the scaffold, hDPSCs managed 

to attach and spread for the first 24 h. This was confirmed by the SEM images 

that showed hDPSCs attachment to the fibres, and spreading on the surface 

and stretching of the cell cytoskeleton across multiple fibres and directions in 

all tested scaffolds. Other investigations on periodontal ligament cell 

attachment and proliferation on random fibres found that the DNA content was 

significantly higher than on film scaffolds. They also observed that the cells 

on random scaffolds grew in a polygonal shape and were attached to multiple 

fibres (Shang et al., 2010). 

However, for the PGA-5%M, the DNA content of hDPSCs attached to the 

scaffold was significantly reduced at 72 h compared to the control group. The 

key point here is the percentage of MB used in the manufacture of scaffold. 

During the initial 24 h of culture of the cells on the PGA-5%M scaffolds, the 

positively-charged groups of MB will improve the cell-scaffold interaction (the 
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hDPSC cells carry a negative charge, and will thus be attracted and adhere 

to the scaffolds). This is supported by previous studies which demonstrated 

that incubation of high-density polyethylene (HDPE) scaffolds with a 

positively-charged Arginine substance increased the attachment and 

proliferation of HeLa cells compared to untreated scaffold (without Arginine 

incubation) (Sengupta, Surwase and Prasad, 2018). However, as the 

percentage of MB released from the scaffold increased with increased time in 

culture, hDPSCs were vulnerable as they were exposed to a higher, cytotoxic 

dose of MB in the media, causing cell damage, reduction in viability and a 

resultant decrease in DNA content. Previous research has also found a 

reduced viability of breast cancer cells (4T1) when incubated with 8 µM MB 

for 24 h (Wu et al., 2018). This supports our findings for PGA-5%M scaffolds, 

particularly as the concentration of MB used in this study was approximately 

67.93 µM. 

Proliferation of hDPSCs on the scaffolds was measured after 72 h in culture. 

PGA scaffold showed the highest proliferation rates after 72 h, based on DNA 

concentration, relative to those of scaffolds incorporated with PS. There was 

no significant difference in DNA concentration between the PGA-1%E and 

PGA-5%E groups, despite an increase in cell metabolic activity after 72 h in 

culture. Based on the metabolic activity of the cells, hDPSCs attached to the 

scaffolds incorporated with PS might interact differently compared to the PGA 

only scaffold (Ko et al., 2016; Christopherson, Song and Mao, 2009; Shang et 

al., 2010). Therefore, hDPSCs on PGA-E scaffolds may not actively 

proliferate, but because of the increase in metabolic activity, the cells may 
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actively participate in ECM production. This is supported by the SEM images 

of PGA-5%E that showed robust ECM production on the scaffold’s surface. 

PGA-M scaffolds, on the other hand, are more cytotoxic, most likely due to 

the MB released from the scaffolds during 24 h in culture. The results from 

this study showed that the concentration of MB released from scaffolds were 

6.91 µM (PGA-1%M) and 67.93 µM (PGA-5%M) respectively. Furthermore, 

when the culture duration was increased to 72 h, more severe cytotoxicity was 

observed for both PGA-M scaffolds. Quantitation of DNA concentration 

confirmed that MB really had affected the cells, as the DNA found on both 

PGA-M scaffolds was significantly decreased compared to the control. In 

PGA-1%M scaffold, the concentration of MB released was cumulatively 45 

µM after 72 h in culture, which was significantly increased compared to that 

of the same scaffold at 24 h of culture.  

The results of the cell metabolic activity assays were supported by the results 

of DNA quantitation, as both decreased significantly when the concentration 

of MB released into the media was increased (for PGA-5%M, cumulative 

value ~ 400 µM) after 72 h. Previous research has found that MB has a 

cytotoxic effect on dental pulp cells at concentrations as low as 0.025 mg/ml 

(~28 µM) and 0.050 mg/ml (~57 µM) after 5 mins exposure (Diniz et al., 2014). 

Thus, as in this research, using a higher concentration and longer incubation 

period causes a stronger cytotoxicity impact on the hDPSCs. The severe 

impact is reflected in reduced DNA concentration and metabolic activity, thus 

indicating a decrease in cell viability.  

MB is known to self-aggregate in aqueous solution and this property will 

increase proportionately to the concentration of MB at concentrations higher 
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than ~20 µM.  As a positively charged PS, MB is known to accumulate in 

mitochondria and lysosomes and to easily aggregate in the presence of 

negatively-charged surfaces such as cell membranes leading to the promotion 

of membrane partition and facilitation of the induction of apoptosis and 

necrosis (Bacellar et al., 2015; Bacellar et al., 2014; Oliveira et al., 2011). As 

can be seen from the SEM images of hDPSCs after 72 h in culture, shrunken 

cells and reduction in ECM production are evident when using PGA-M 

scaffolds. These cellular morphologies are particularly associated with cells 

undergoing apoptosis. 

Conversely, other research using human gingival fibroblasts and osteoblasts 

showed no severe cytotoxic effects after 10 min incubation with MB at a 

concentration of 0.050 mg/ml (approximately 57 µM) (Xu et al., 2009). In 

addition, a recent study using human non-malignant immortalised 

keratinocytes (HaCaT) showed no toxicity at MB concentrations ranging from 

10-20 nM and 1-3 µM after exposure for one hour (Martins et al., 2018). These 

results indicate that the cytotoxicity of MB is cell type and MB concentration 

dependent. However, even though the MB concentration used in the previous 

study was higher than in this study, the duration used was shorter compared 

to this study (24 h). Thus, the reaction and cytotoxicity level may be different 

due to the exposure duration, cell type and MB concentration.  

Phalloidin staining was used in this study to observe the actin filaments and 

shape of the cytoskeleton within the cytoplasm of the cells. Cellular actin 

filaments are the important structure that affects the interaction between cells 

and the extracellular matrix through processes such as adhesion, migration 

and differentiation of the cells (Jones et al., 2015). Based on the microscopy 
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images, hDPSCs morphologies were homogeneous with well-spread 

attached morphologies on both PGA only and PGA-E scaffolds. However, 

after 72 h of incubation, the hDPSCs on PGA-M scaffolds again showed signs 

of a severe cytotoxicity effect. In the PGA-M scaffold images, detrimental 

effects such as blurred cytoplasm, shrunken cells and loss spreading 

filaments could be seen. Recent work by Silva et al. (2018) found that 1%MB 

(in saline solution) did not have an adverse effect on the mice’s normal skin 

tissue morphology and activity up to 24 h and 15 days after MB was introduced 

(Silva et al., 2018b). The research was performed in vivo and showed that the 

cytotoxic effect of MB can be reduced at low MB concentration, different cell 

types and in the in vivo environment.  

The results for the PGA-E groups, on the other hand, showed that the 

hDPSCs were not affected when the percentage of ERY was increased, and 

so may provide a better option than MB in terms of cytotoxicity.  

The difference in the results seen between ERY and MB demonstrate the 

importance of ensuring that optimal conditions for hDPSCs are determined for 

each PS and scaffold as this will impact on cell migration, proliferation and, 

ultimately, the success of tissue repair. 

In conclusion, this chapter described the effect of PS incorporation on cell-

scaffold interactions when using scaffolds incorporating different 

concentrations of PS and of different fibre diameters. Cell attachment and 

morphology were studied, as were proliferation and metabolic activity. The 

scaffolds with incorporated ERY (PGA-1%E and PGA-5%E) were able to 

support hDPSCs viability, attachment, morphology and growth in in vitro 

culture. However, those scaffolds incorporating MB (PGA-1%M and PGA-
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5%M) exhibited cytotoxicity to hDPSCs, particularly after being in culture for 

more than 24 h with resultant negative effects on morphology, growth and 

viability.  
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Chapter 4  
Photodynamic therapy effect on human dental pulp stromal 

cells (hDPSCs) 

4.1 Introduction 

Photodynamic therapy (PDT) is known as a treatment for cancers (Yano et 

al., 2011; Yoon, Li and Shim, 2013), precancerous lesions (Nava et al., 2011) 

and dermatological problems (Wan and Lin, 2014). Recently, there was more 

researches conducted to investigate the potential of antibacterial 

photodynamic therapy (aPDT) for its ability to effectively destroy multidrug-

resistant pathogenic bacteria and for its low propensity to cause drug 

resistance that can be rapidly formed by bacteria against traditional antibiotic 

therapy (Liu et al., 2015). 

In order to reduce potential side effects and the damaging of non-diseased 

tissue, it is important to validate that PDT has minimal or low toxicity effects 

on the host cells before PDT is applied to the target tissue or cell in vivo. The 

severity of the effect of PDT is also dependent on the type of cell, and several 

studies have investigated the effect of light and PS on mammalian cells (Silva 

et al., 2018b; Kushibiki et al., 2015; Kamocki, Nor and Bottino, 2015; Fontana 

et al., 2013). For example, previous research found that the combination of 

MB (50 µg/ mL) and light did not cause any significant cytotoxic effect in terms 

of cell viability and mitochondrial activity on human gingival fibroblast but 

exhibited a significant reduction in osteoblast viability and mitochondrial 

activity (Xu et al., 2009). Furthermore, when a red laser (60 J/ cm2 for 1 min) 

was applied in the presence of the PS, at a concentration 0.025 and 0.050 

mg/mL of MB, PDT was seen to kill dental pulp cells as cellular viability was 

reduced (Diniz et al., 2014). In this study, the highest concentration used was 
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0.021 mg/mL (5%M), thus similar effects on cytotoxicity were anticipated 

when using this PS.  

The main purpose of this study was to evaluate the effects of antibacterial 

PDT (aPDT) when directly applied on human dental pulp stromal cell cultures. 

Experiments were performed to compare PDT effects on hDPSCs in two 

different growth conditions: monolayer culture (tissue culture plates) and 

culture on PGA scaffolds. This chapter will further elaborate on how hDPSCs 

react to treatment with light only, light with PS and PS only. PGA scaffold 

without incorporated PS was used as a standard against which to compare 

the PS-incorporated scaffolds.  
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4.2 Aim and objectives 

4.2.1 Aim 
The aim of this chapter is to evaluate the PDT effects on hDPSCs seeded on 

both tissue culture plates and the PGA scaffold in in vitro culture.   

4.2.2 Objectives 
The above aim will be achieved through the following objectives: 

• To determine the effects of PDT on the metabolic activity, proliferation 

rate, viability and morphology of hDPSCs in culture on tissue culture 

plates.  

• To determine the effects of PDT on the metabolic activity, viability and 

morphology of hDPSCs seeded on the PGA scaffolds.  
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4.3 Materials and Methods 

All materials were purchased from Sigma-Aldrich, UK unless otherwise 
stated. 

4.3.1 Light intensity measurement for tungsten lamp 
Human dental pulp stromal cells (hDPSCs) grown on tissue culture plates and 

PGA scaffolds were irradiated using the set-up shown in Figure 4.1.  

A 400W tungsten filament lamp (Aurora, UK) was used for illumination of the 

samples. The power output of the light source used in this study had been 

previously measured in the Dept of Medical Physics, University of Leeds using 

a light meter (Wood et al., 2006; Metcalf et al., 2006). With the water bath in 

place, and at the set distance of irradiation from the sample (30 cm), the 

intensity of the light did not vary significantly across the area of the field of 

irradiation (unpublished data). Intensity readings were taken both above and 

immediately beneath the sample plate, and did not vary significantly. 

The measured average intensity of the lamp was 22.7 mW/cm2 in the 

wavelength range 500-550 nm (the ERY maximum absorption region) and 

22.5 mW/cm2 in the wavelength range 600-680 nm (the MB maximum 

absorption region). Light is known to interact with materials by being reflected, 

refracted, absorbed and transmitted (Kanyathare et al., 2020). Reflection 

occurs as light bounces off of a material; absorption occurs when the energy 

of light is captivated by a material; and transmission occurs as light travels 

through a material without losing any energy. The clear water bath was used 

in this study to absorb and remove infrared light (which would otherwise cause 

heating of the sample), but allow transmission of the wavelengths of light 

absorbed by the PS. With the water bath in place, previous measurements 

(unpublished data) showed that there was no increase in temperature in the 
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plane of the sample when the light source was set at 30 cm above the 

samples.  
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Figure 4.1 Diagram of the in vitro PDT experiment in this study. 
 
The samples were placed in multi-well tissue culture plates and 

irradiated 30 cm from a halogen lamp for various irradiation times. The 

water bath was placed in between the samples and the halogen lamp to 

avoid any heating effects. 

 

Light fluence rate or irradiance is defined as power per unit area (W/m2 or 

mW/cm2). The amount of the light dose absorbed by the PS is known to be 

proportionate to the energy fluence rate or light dose (Ke et al., 2012). 
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4.3.2 Photodynamic therapy effect on hDPSCs growing on tissue 
culture plates and PGA scaffolds 

4.3.2.1 Preparation of the PS released from the produced scaffold 
Five types of scaffold were used in this assay: PGA, PGA-1%E, PGA-5%E, 

PGA-1%M and PGA-5%M. Although scaffolds incorporating 7.5% PS had 

also originally been synthesised, they were not selected for ongoing studies 

due to their high degradation rates and potentially high cytotoxic effects. For 

each scaffold, a cork borer was used to cut a 1 cm diameter disc which was 

then placed into a 48-well plate. All the scaffolds were sterilised under UV light 

for 20 min for each surface in the fume hood. For each group, n=3, and the 

experiment was performed three times. Each scaffold was then covered with 

basal medium and incubated for 24 h at 37°C in 5 % CO2 in the air. After 24 

h, the basal medium containing released PS was collected and stored at -

80°C for further use. The average concentrations of the released 

photosensitiser were calculated and used in this experiment. The 

concentrations were: 1%E = 1.09 µM, 5%E = 56.37 µM, 1%M = 6.91 µM, 5%M 

= 67.93 µM. 

4.3.2.2 Preparation of the PGA scaffold 
PGA scaffold was used in this experiment as a model for cell growth on the 

scaffold to be compared with the monolayer cells (tissue culture plate) model. 

PGA scaffolds were cored into 1 cm diameter discs using a cork borer and 

sterilised under UV light in the fume hood for 20 min. PGA scaffolds were 

placed in 48 well-plates before being seeded with human dental pulp cells as 

described (Section 4.3.2.3). 
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4.3.2.3 Photodynamic therapy of hDPSCs 
PDT was performed using the medium containing the PS released from the 

scaffolds, as prepared in section 4.3.2.1 and the PS incubation time with cells 

was performed for either 30 min or 24 h (Fig. 4.2). Briefly, 1 x 105 cells were 

seeded per well in basal medium (α-MEM containing 10 % FBS, 2 mM L-

glutamine and 100 units/mL penicillin/100 μg/mL streptomycin) with or without 

PGA scaffolds. Cell culture media are known to have comparable water 

transmission properties and good optical properties that can be used as 

optical medium for various biophotonic system (Hoang et al., 2019). Cells 

were cultured for 24 h at 37°C with 5 % CO2 in the air. The basal medium was 

then discarded and replaced with basal medium containing PS collected as 

described in section 4.3.2.1. All the plates were then covered with foil to avoid 

any light exposure and returned to the incubator. One group was incubated 

with basal medium containing PS for 30 min and the other group was 

incubated for 24 h. After that, the basal medium containing PS was discarded 

and replaced with fresh basal medium without PS. Cells were then irradiated 

using the tungsten lamp for 15 min, 30 min and 60 min. One group did not 

receive any light irradiation to investigate the effect without any light exposure. 

The plates were then returned to the incubator for a 24 h recovery period. For 

each group, n=3, and the experiment was performed in triplicate (total n=9). 

All the samples (cells on tissue culture plates and cell-scaffold constructs) 

were then processed, as described earlier, for the cell metabolic activity assay 

(Chapter 3, section 3.3.4), DNA quantitation assay (CyQuant) for monolayer 

cells (4.3.2.4) and microscopy evaluation (Chapter 3, section 3.3.6). 
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For the cell metabolic assay, the percentage of cell killing following PDT was 

determined using the following equation: 

D":)"%21&"	(%)0(	)"44	E$44$%&	 = 100 −	G100 ×
H4;0:"5)"%)"	51>I4"
H4;0:"5)"%)"	)0%2:04J 

 

  

Day 1

• 1 x 105 cells were seeded per well in basal medium with or without PGA 
scaffolds.

• Growth overnight at 37°C with 5% CO2.

Day 2

• Basal medium was discarded
• Replaced with PS containing medium - incubated for 30 min or 24 h.
• Group 30 min PS incubation:

• PS discarded and replaced with fresh basal medium (no PS)
• Light irradiation (0, 15, 30 & 60 min)

• Return to incubator for 24 h at 37°C with 5% CO2.

Day 3

• Group 24 h PS incubation:
• PS discarded and replaced with fresh basal medium (no PS)
• Light irradiation (0, 15, 30 & 60 min)
• Return to incubator for 24 h at 37°C with 5% CO2

• Group 30 min PS incubation:
• Cell metabolic assay, DNA quantitiation assay, microscopy evaluation

Day 4
• Group 24 h PS incubation:

• Cell metabolic assay, DNA quantitiation assay, microscopy evaluation

Figure 4.2 Process for the photodynamic therapy of hDPSCs cultured on 
tissue culture plates and PGA scaffold. 
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4.3.2.4 CyQuantÒ Direct Cell Proliferation assay 
The reagents supplied with the CyQuantâ Direct Cell Proliferation assay kit 

(ThermoFisher Scientific, UK) were CyQuantâ Direct nucleic acid stain 

(Component A) and CyQuantâ Direct background suppressor I (Component 

B). The assay is based on the amount of fluorescence detected using a 

microplate reader.  

The CyQuant Direct Cell Proliferation assay is known to be useful in 

estimating live cell numbers based on DNA content and assessing the 

membrane integrity of the cells. The CyQuant Direct nucleic acid stain reagent 

only emits green fluorescence once it binds to the DNA in cells that are healthy 

and possess intact cell membranes. The suppressor reagent in this kit is 

permeable to dead and damaged cells that have lost their membrane integrity. 

It will therefore block the CyQuant Direct nucleic acid stain reagent from 

binding to DNA in dead cells which would lead to false positives. Therefore, 

only live cells will be stained with the CyQuant Direct nucleic acid stain 

reagent, and a reduction in staining is indicative of disruption in the integrity 

of the cell membranes.  

Prior to the assay, 2X detection reagent was prepared by adding 48 µL of 

Cyquantâ Direct nucleic acid stain and 240 µL CyQuantâ Direct background 

suppressor I to 11.7 mL basal medium (a-MEM) supplemented with 10 % 

FBS, 2 mM L-glutamine and 100 units/mL penicillin/100 μg/mL streptomycin). 

2X detection reagent was properly mixed by vortexing. The procedure 

described in section 4.3.2.3 was then performed with the following 

modifications: 2X detection reagent was added to the cells in a ratio of 1:1 
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(v/v) with basal medium and incubated for 1 h at 37°C with 5% CO2 in the air 

and covered with aluminium foil to avoid light exposure. The fluorescence was 

then measured using a bottom-read plate reader with an excitation 

wavelength of 480 nm and an emission wavelength of 535 nm. A blank 

measurement of basal medium alone was included to provide a background 

value which was subtracted from the test sample measurements. The number 

of live cells within the sample was determined by comparison with the 

standard curve (Figure 4.3). 
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Figure 4.3 Representative standard curve for live cell number calculation 
within the sample.  
 
The standard curve was used to calculate the number of live cells based 

on the fluorescence detected from the live-cell DNA. 
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4.3.2.5 Live/ Dead Cell Imaging Kit 
The cell-scaffold constructs were stained using the Live/DeadÔ Cell Imaging 

Kit (ThermoFisher Scientific, UK) which stains live cells with green 

fluorescence and dead cells with red fluorescence. The kit consists of two 

components: component A (Live Green/ Calcein AM) and component B (Dead 

Red/ Propidium Iodide). The vials of these components were thawed to room 

temperature before the start of the staining procedure. Live Green was 

transferred into Dead Red and the mixture was mixed to create a 2X working 

solution according to the kit instructions supplied. An equal volume of 2X 

working solution was then added to the cells with basal media. The cell-

scaffold constructs and working solution were incubated for 15 min at room 

temperature before images were captured using an inverted fluorescence 

microscope (DM16000 B, Leica GmbH, Germany). FITC filters (excitation 

wavelength = 488 nm and emission wavelength = 515 nm) and Texas Red 

filters (excitation wavelength = 570 nm and emission wavelength = 602 nm) 

were used to visualise the cells. The microscope objectives used to visual the 

cells were 10x and 20x magnification (air immersion medium).  

4.3.3 Statistical analysis 
All experiments were carried out in triplicate and each experiment was 

repeated 3 times (total n=9) unless stated otherwise. The statistical analyses 

were carried out using IBM SPSS Statistics Version 23 software. Results were 

analysed using Students’ t-test and one way analysis of variance (ANOVA) 

tests. P-values were determined, and P < 0.05 was considered significant. All 

results were presented as mean ± standard error of mean (S.E.M). 
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4.4 Results 

Assessment of the PDT effects on hDPSCs that were cultured on either tissue 

culture plates or PGA scaffolds was performed by measuring the cell 

metabolic activity level, using a cell proliferation assay and through 

microscopy evaluation. All of the experiments were performed after hDPSCs 

were cultured with basal media for 24 h (whether on tissue culture well-plate 

or PGA scaffold).  

4.4.1 Photodynamic therapy of hDPSCs on tissue culture plates 

4.4.1.1 Effect of photodynamic therapy on hDPSCs metabolic activity 
Figure 4.4 (a) shows the percentage of cell killing for hDPSCs after being 

incubated for 30 min with the PS followed by light irradiation for 0, 15, 30 and 

60 min. Cell culture exposure to PS for 30 min without any light irradiation 

showed that cell killing with 5%M (70%) was the highest followed by 1%M 

(27%) and 5%E (9%). However, 1%E did not show any cell killing and the 

cellular metabolic activity was increased slightly. However, this was not 

significant when compared to the control (no PS and no light). Cells incubated 

with 1%E showed no significant changes even when the visible light irradiation 

times were increased accordingly. In the 5%E group, the cells that were 

irradiated with visible light significantly increased in percentage kill when 

compared to the non-irradiated 5%E group. The percentage cell killing for 

5%E was significantly increased for the highest irradiation time (60 min ~ 27%) 

when compared to the PDT groups which had received 15 min (19%) and 30 

min (18%) irradiation.  
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Figure 4.4 Percentage of cell killing of hDPSCs using the cell metabolic 

assay after incubation with PS and light irradiation (0-60 min). 
  

The graphs represent the percentage of hDPSC killing after incubation 

with PS for either 30 min or 24 h. Data are represented as the mean 

percentage of hDPSC killing (n=9) ± S.E in each group.  

(a) HDPSCs were incubated for 30 min with a series of PS. 
(b) HDPSCs were incubated for 24 h with a series of PS. 
* Indicates a significant difference p<0.05.  
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Cells incubated with 1%M for 30 min and which received no light irradiation 

showed 27% of cell killing. Furthermore, at lower irradiation time (15 min), the 

cell-killing percentage did not increase when compared to non-irradiated cells. 

However, the cell-killing percentage increased significantly when the light 

irradiation time was increased as the percentage of killing rose to 79% (30 

min) and 88% (60 min). The cell-killing percentage was more prominent in 

5%M even in non-irradiated cells (70% cell-killing) and increased significantly 

in a light dose-dependent manner; 15 min (81%) < 30 min (89%) < 60 min 

(90%). 

Figure 4.4 (b) shows the percentage of cell killing for hDPSCs after being 

incubated for 24 h with the PS followed by light irradiation times varying from 

0 to 60 min. Cells incubated with 1%E showed no changes in percentage cell 

killing between irradiated and non-irradiated cells. However, a more gradual 

increasing trend of percentage cell killing can be observed in 5%E when the 

light irradiation times were increased; 0 min (17.9%) < 15 min (25.7%) < 30 

min (38.4%) < 60 min (67.6%). Cell incubation in 1%M resulted in 47% of cell 

killing in the non-irradiated group and increased to 90.5% (15 min), 89.3% (30 

min) and 91.4% (60 min) when the light irradiation times were increased. In 

5%M, the percentage of cell killing was extremely high as it displayed 89.7% 

cell killing even in the dark and the trend was maintained when the light was 

introduced to the cells; 15 min (90.6%), 30 min (89.14%) and 60 min (91.1%). 
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4.4.1.2 Effect of photodynamic therapy on hDPSCs proliferation 
Figure 4.5 illustrates the percentage of live hDPSCs after incubation with PS 

for either 30 min or 24 h, and followed by light irradiation, as measured by the 

CyQuant assay.  

Non-irradiated cells: In the non-irradiated group, cells exposed to PS 

maintained their live cell numbers compared to control (no PS and no light) 

for both PS incubation times, 30 min (Fig. 4.5 (a)) (1%E = 103%, 5%E = 97%, 

1%M = 109%) and 24 h (Fig. 4.5 (b)) (1%E = 103%, 5%E = 101%, 1%M = 

92%). The only exception was seen with the higher MB concentration (5%M), 

where the percentage of live cells was significantly reduced to 62% after 30 

min incubation time and further reduced to 6% when incubated for 24 h.   

Irradiated Cells: For 30 min incubation time with PS (Figure 4.5 (a)), the cells 

incubated with 1%E (89%) and 5%E (85%) showed a significant decrease in 

the percentage of live cells after being exposed to the highest light irradiation 

time (60 min) compared to cells with no irradiation.  

For 30 min and 60 min irradiation times, cells incubated with 1% M showed a 

significant decrease in the percentage of live cells after irradiation (86% and 

63% respectively). Cells incubated in 5%M showed an even greater decrease 

in the percentage of live cells for all light irradiation times compared to 

unirradiated controls (15 min = 7%, 30 min= 8%, 60 min = 5%). 
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Figure 4.5 Percentage of live cells based on live-cell DNA detected by 
fluorescence intensity after incubation of hDPSCs with PS and 
followed by light irradiation (0-60 min). 
 
The graphs represent the percentage of live hDPSCs after incubation 

with PS for either 30 min or 24 h. Data are represented as the mean 

percentage of hDPSCs (n=9) ± S.E in each group.  

(a) Percentage of live cells after 30 min incubation time with PS. 

(b) Percentage of live cells after 24 h incubation time with PS. 

* Indicates a significant difference compared to Ctrl (p<0.05).  
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In the 24 h incubation experiment (Figure 4.5 (b)), at the highest irradiation 

time (60 min), the cells incubated with 1%E (95%) displayed a slight decrease 

in live cell number when compared to the control (no PS, no light). The cells 

incubated with a higher concentration of erythrosine (5%E), showed a 

significant reduction in the percentage of live cells in all the irradiated groups 

compared to the non-irradiated group (0 min) (15 min = 93% > 30 min > 91% 

> 60 min = 88%). The live cell number percentage in 1%M showed a 

significant light dose-dependent decrease with increasing light exposure times 

when compared to the control (no PS and no light) (15 min = 69% > 30 min = 

63% > 60 min = 34%). As expected, the 5%M live cell number percentage 

was significantly decreased when compared to the control (no PS and no light) 

in all of the light treated samples, irrespective of light dose (0 min = 6%, 15 

min = 6%, 30 min = 6% and 60 min = 10%). 
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4.4.1.3 Fluorescence microscopy evaluation of the effect of 
photodynamic therapy on hDPSCs viability in monolayer culture 
The cell viability of hDPSCs following PDT was evaluated after a 24 h recovery 

period using a commercial Live/DeadÒ stain. The cells that had not been 

incubated with any PS but irradiated with various light doses revealed normal 

viability and morphology compared control which had received no PS and 

were non-irradiated.  

Cell viability: Figure 4.6 shows the images of the hDPSCs on the tissue 

culture plate after 30 min incubation with a range of PS and followed by 

irradiation (0 min, 15 min, 30 min and 60 min). The cells incubated with PS, 

but which received no light irradiation exhibited similar staining and viability 

compared to the control except for the 5%M group. Cells incubated with 1%E 

exhibited similar viability compared to controls, irrespective of light dose. A 

similar observation can be seen for the 5%E group except for the highest light 

dose (60 min) where there was some reduction in the number of cells present. 

A gradual decrease of cell viability was seen in the 1%M group with increasing 

light irradiation time. The cells incubated with a high concentration of MB 

(5%M) and irradiated were affected severely, where most of the staining was 

red and indicative of dead cells.  

The effect of longer exposure (24 h) to PS can be seen in Figure 4.7. Cells in 

the 1%E group showed no effect from the light irradiation when compared to 

the control. However, the 5%E group showed a gradual decrease in cell 

viability as irradiation time increased and more dead cells were observed in 

the highest light dose (60 min). A similar trend can be seen in the 1%M group 

where less cell viability was observed in both the non-irradiated and irradiated 
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groups. Following prolonged exposure to 5%M for 24 h, very few viable cells 

could be seen, even in the samples that had not received any light irradiation. 

Cell Morphology: HDPSCs without PS incubation (control) showed normal 

fibroblastic morphology, high expression of F-actin and confluency 

irrespective of the light irradiation time. The cells exhibited elongated 

morphology, with stretched and dense actin assemblies which indicated that 

the hDPSCs were in an optimal state. For 5%E and 1%M, the cell cytoplasm 

was more shrunken with loss of cell-to-cell linkage after light irradiation. This 

effect was light dose-dependent. With 5%M, the PDT effect on cell 

morphology was prominent as there was no defined arrangement of actin to 

be seen. The nuclei seemed intact, however, as only the debris of the 

cytoplasm was stained. No cells could be detected on the plates after 60 min 

light irradiation for 5%M. The severity of the effect was again light dose-

dependent. 
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Figure 4.6 Representative fluorescence microscopy images of Live (C AM, green)/ Dead (PI, red) staining of hDPSCs after 30 min incubation with PS 

followed by light irradiation for 15, 30 and 60 min. 10x magnification. Scale bars are 75 µm. 
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Figure 4.7 Representative fluorescence microscopy images of Live (C AM, green)/ Dead (PI, red) staining of hDPSCs after 24 h incubation with PS 

followed by light irradiation for 15, 30 and 60 min. 10x magnification. Scale bars are 75 µm  
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4.4.2 Photodynamic therapy of hDPSCs cultures on PGA 
scaffolds 

4.4.2.1 Effect of photodynamic therapy on hDPSCs metabolic activity 
Figure 4.8 (a) shows the percentage of cell killing for hDPSCs after being 

incubated for 30 min with the PS followed by light irradiation for 0, 15, 30 and 

60 min.  

The cell killing percentage was less than 30% for the cells incubated for 30 

min with 1%E and 5%E for all irradiation groups (1%E :15 min = 14%, 30 min 

= 6% and 60 min = 5%; 5%E: 15 min = 22%, 30 min = 15% and 60 min = 

13%). The effect of longer exposure of PS (24 h) can be seen in figure 4.8 (b). 

When the incubation time for the 5%E group was increased to 24 h a greater 

amount of cell killing was observed for the 30 min and 60 min irradiation times 

(30 min = 27%, 60 min = 57%). However, the 24 h incubation time for 1%E 

did not affect the percentage of cell killing regardless of irradiation time (15 

min = 9%, 30 min = 6% and 60 min = 9%). 

Cells incubated with MB (1%M and 5%M) showed a noticeably higher cell 

killing percentage for both concentrations and incubation times in all 

irradiation groups. Furthermore, MB also exhibited 39% and 78% cell killing 

even in the absence of light irradiation for 1%M and 5%M respectively after 

incubated for 24 h. 
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Figure 4.8 Percentage of cell killing of hDPSCs based on metabolic 

activity after incubation with PS and light irradiation (0-60 min). 
 

The graphs represent the percentage of hDPSC killing on PGA scaffold 

after incubation with PS for either 30 min or 24 h. Data are represented 

as the mean of percentage of hDPSC killing (n=9) ± S.E in each group. 

(a) Percentage of cell killing after 30 min incubation with PS and 

irradiated with visible light. 

(b) Percentage of cell killing after 24 h incubation with PS and irradiated 

with visible light. 

* Indicates a significant difference p<0.05.  
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4.4.2.2 Fluorescence microscopy evaluation of the effect of 
photodynamic therapy on the viability of hDPSC growing on PGA 
scaffolds 
The viability of hDPSCs seeded on PGA scaffolds was evaluated following a 

24 h post-irradiation recovery period using a commercial Live/DeadÒ stain. 

Fluorescence microscopy images of hDPSCs after incubation with PS for 30 

min or 24 h and treatment with a range of light doses are presented in figures 

4.9 and 4.10 respectively. Green fluorescent staining in these images showed 

live cells and red fluorescent staining exhibited dead cells. The cells that 

received PS, but no light irradiation, displayed similar cell viability compared 

to the control group (no PS and no light) for both incubation times. 

From the images, it was evident that the hDPSCs did not survive after light 

irradiation in both concentrations of MB (1%M and 5%M) and incubation times 

(30 min and 24 h) as there was more red fluorescence observed from the 

captured images. For the 1%M concentration, there was increased red 

fluorescence in all the irradiated groups for both incubation times and the 

increase in red fluorescence was dependent on MB percentage. As expected, 

the 5%M concentration induced more cell death (red fluorescence) even 

without application of light especially at the longer incubation time of 24 h. 

However, the cells incubated with ERY (1%E and 5%E) exhibited no obvious 

difference when compared to control (no PS) for the 30 min incubation time in 

all light doses. A similar result was seen for the 24 h incubation time for 1%E 

and 5%E except for the highest light dose (60 min) in 5%E where there was 

a reduction in green (live) cell staining. 
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Figure 4.9 Fluorescence microscopy images of hDPSCs cultured on PGA scaffold. Images were taken after a 24 h recovery 
period (following 30 min incubation with PS and irradiation with visible light for 15, 30 and 60 min). Cell viability was 
indicated with the Live/Dead stain. Scale bars are at 75 µm. 
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Figure 4.10 Fluorescence microscopy images of hDPSCs seeded on PGA scaffold. Images were taken after a 24 h recovery 
period (following 24 h incubation with PS and irradiation with visible light for 15, 30 and 60min). Cell viability was indicated 
with the Live/DeadÒ stain. Scale bars are at 75 µm. 
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4.4.2.3 Effect of photodynamic therapy on the morphology of hDPSCs 
morphology growing on PGA scaffolds 
The cell morphology of hDSPCs seeded on PGA scaffolds, both with and 

without PDT, was evaluated after a 24 h recovery period. The effect of PDT 

on hDPSCs cellular morphology and the cytoskeletal arrangement was 

investigated using the commercial stains Alexa FluorÒ 488 phalloidin and 

DAPI as described in Chapter 3 (section 3.3.6.2). Control (no PS) hDPSCs 

showed normal fibroblastic morphology, high expression of F-actin and 

confluency irrespective of the light irradiation time (Fig. 4.11 and Fig. 4.12). 

The cells were elongated, stretched and exhibited dense actin assemblies, 

indicating the hDPSCs optimal state. For 5%M, the PDT effect on cell 

morphology was prominent as no defined arrangement of actin could be seen. 

The nuclei seemed intact, but only debris of the cytoplasm was stained. For 

1%M, there was significant cell shrinkage and a loss of cell-to-cell linkages. 

There was also a reduction in actin staining when compared to the control 

group. 
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Figure 4.11 Confocal microscopy of hDPSCs seeded on PGA scaffold. Images were taken after a 24h recovery period (following 30 min incubation 

with PS and irradiation with visible light for 15, 30 and 60 min). F-actin and nuclei were stained with AlexaFluor 488 (green) and DAPI (blue) 

respectively. Scale bars are at 50 µm. 
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Figure 4.12 Confocal microscopy of hDPSCs seeded on PGA scaffolds. Images were taken after a 24 h recovery period (following 24 

h incubation with PS and irradiation with visible light for 15, 30 and 60 min). F-actin and nuclei were stained with AlexaFluor 

488 (green) and DAPI (blue) respectively. Scale bars are at 50 µm.  
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Figure 4.13 SEM images of hDPSCs on PGA scaffolds. Images were taken after 24 h recovery period (after 30 min incubation with PS and 

irradiation with visible light for 15, 30 and 60  min).  
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Figure 4.14 SEM images of hDPSCs on PGA scaffolds. Images were taken after 24 h recovery period (after 24 h incubation with PS and 

irradiation with visible light for 15, 30 and 60 min). 
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Further observation with SEM imaging (Chapter 3 section 3.3.6.1) confirmed 

what had been observed using fluorescence and confocal microscopy (Fig. 

4.13 and 4.14). After the 24 h recovery period, normal cells and ECM 

production could be seen on the PGA scaffold without PS incubation. A similar 

cell morphology and ECM production covering the surface of PGA scaffolds 

could be seen in cells that had been incubated with 1%E and 5%E compared 

to control (no PS) despite light irradiation. However, a reduction in ECM and 

cell number were found on PGA scaffolds following 24 h incubation with 5%E 

and which had received 60 min light irradiation. Cells were still attached to the 

fibres of the scaffold, but the morphology of the cells was not satisfactory. 

Cells on PGA scaffolds and incubated with 1%MB showed no sign of toxicity 

in the non-irradiated group. However, after light irradiation was introduced, the 

PDT effect reduced the number of cells with healthy morphology with many 

cells being rounded but with cytoplasmic extensions still attached to the fibres 

of the scaffold. Cells on PGA scaffolds and incubated with 5%M revealed a 

greater toxicity effect, as fewer cells were seen on the scaffolds as the 

incubation time and light doses were increased. 
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4.5 Discussion 

The effect of PDT on hDPSCs in terms of culture method, incubation time, 

type of PS, the concentration of PS and light dose were investigated in this 

chapter. The purpose of these studies was to investigate the potential side 

effects of using PDT toward the hDPSCs growing on multi-well plates or on 

PGA scaffold culture with two different incubation times (30 min and 24 h) with 

PS. It is important to investigate this to identify possible effects on the hDPSCs 

before any clinical trial is conducted. The protocol used in this study is a 

modification of that used in previous research (Garg et al., 2012; Wood et al., 

2010). The average concentration of PS (either MB or ERY) released from the 

scaffolds were as follows; 1%E = 1.09 µM, 5%E = 56.37 µM, 1%M = 6.91 µM, 

5%M = 67.93 µM. Therefore, these were the concentrations of PS added to 

the samples.  

As a result, the ERY concentrations used in our study were lower than the 

concentration used in the previous research (Garg et al., 2012) which was 22 

µM. However, our findings for the shorter incubation time seem to align with 

their results which showed no obvious cell killing (less than 30%) in hDPSCs 

when incubated for 30 min despite light irradiation and culture condition. 

Conversely, when the incubation time was extended to 24 h, ERY did induce 

cell killing gradually in a light dose-dependent manner. There was no 

observed difference between the monolayer and PGA scaffold cultures 

suggesting that the percentage of cell killing induced by ERY-PDT was not 

influenced by the structure of the scaffold. Garg et al. (2012) stated that at 

71.03 µM of ERY concentration, an incubation time of 30 min followed by 90 

min irradiation also did not induce significant cell killing for pre-malignant 
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(DOK) oral epithelial cells. However, despite the lack of cell killing, they found 

that ERY did decrease cell mitochondrial trans-membrane potential that may 

lead to permeabilization of mitochondrial membranes and induce apoptosis.  

The CyQuant assay was performed on monolayer cultures of hDPSCs to 

establish whether PDT affects the cell number and membrane integrity of the 

cells. The apparent significant reduction of live cell number for hDPSCs 

incubated for 30 min in 1%E after irradiation with the highest light irradiation 

time (60 min) showed that cellular membrane integrity had begun to be 

impaired even though the cellular metabolic activity was not affected. 

However, when the incubation time with PS was extended to 24 h, the 1%E 

group did not show any significant reduction in live cell number and metabolic 

activity. This indicates that the membrane integrity is not compromised and 

may reflect the relocalisation of ERY from the cell membrane to other sites 

within the cell during 24 h incubation. As an anionic PS, ERY might be taken 

up by the endocytic pathway and end up in lysosomes (Castano, Demidova 

and Hamblin, 2004). The relative PDT efficacy for cell killing induced by PS 

localised in lysosomes is significantly lower compared to other sites of 

localisation such as mitochondria (MacDonald et al., 1999). However, cells in 

5%E did show an increase in cell killing and a significant decrease in 

membrane integrity, and the results demonstrated that the severity of the PDT 

effect is incubation time and light dose-dependent. 

For MB, both percentages (1%M = 6.91µM and 5%M = 67.93 µM) had a 

severe toxicity effect (more than 80% cell-killing) towards the hDPSCs at both 

incubation times and in both culture conditions (monolayer and PGA scaffold) 

when the light was applied. The cell-killing increased correspondingly to the 
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MB concentration, incubation time and irradiation time. The killing was greater 

in cell culture on the scaffold when compared to cell culture on tissue culture 

multi-well plates. 

Diniz et al. (2014) found that MB also exerts a dark toxicity effect and that the 

effect was enhanced when the light was applied where most of the cells died 

by necrosis at a MB concentration of 0.05 mg/mL (»135 µM) (Diniz et al., 

2014). The MB concentration used here was much lower than this previous 

study but more cell killing was observed in our studies, probably due to the 

longer incubation and irradiation times compared to the previous research. 

Martins et al (2018) found that photoactivation of MB in low concentration (0.5 

µM), was able to cause mild damage to the lysosomes and induce 

accumulation of acidic vacuoles while preserving mitochondria and cell 

viability. However, photoactivation of 2 µM MB did promote the generation of 

oxidative species and was usually localised in mitochondria and lysosomes of 

mammalian cells (Martins et al., 2018).  

PS such as MB and ERY tend to accumulate in mitochondria of mammalian 

cells and photoactivation will produce reactive oxygen species and further 

propagate oxidative damage, thus initiating mechanisms of cell death such as 

necrosis and apoptosis (Costa et al., 2016; Bacellar et al., 2015; Bacellar et 

al., 2014). Light dose, photosensitiser concentration and incubation time are 

the important factors that govern the effect of PDT on cells (Austin and 

Jagdeo, 2018; Nesi-Reis et al., 2018). A longer incubation time allows more 

interaction between cells and photosensitiser where cells might take up more 

PS due to its activity (Yu et al., 2011). Longer irradiation times will produce 
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more reactive oxygen species that will induce the cell to undergo apoptotic 

and necrotic processes (Babilas et al., 2003). 

In tissue culture plates, the cells were seeded and grown on a flat surface and 

cell to cell contact was only at the edge of the cells and did not represent the 

conditions of the cells during the tissue regeneration process. In contrast, cells 

grown on 3D materials will induce more cell-matrix interaction, ECM 

production and have greater stability compared to monolayer culture 

(Langhans, 2018).  

In conclusion, hDPSCs were found to be sensitive to the photodynamic action 

of MB at both percentages (1%M = 6.91µM and 5%M = 67.93 µM). 

Photodynamic action of ERY only induced cell killing in high concentration 

(5%E = 56.37 µM) and with the longer incubation time (24 h). The use of 

monolayer or scaffold culture did affect the percentage of cell killing for 

hDPSCs. Cells on PGA scaffolds with ERY incubation did show less 

susceptibility to the PDT effect compared to the monolayer cell culture. 

However, cells exposed to MB were severely damaged irrespective of 

monolayer or PGA scaffold culture conditions. 
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Chapter 5  
Antimicrobial photodynamic therapy on selective bacteria 

5.1 Introduction 

The effectiveness of PDT in bacterial inhibition is affected by differences in 

cell wall structure, growth rates, modes of uptake, type of bacteria, type of PS 

and PS accumulation site (Jori et al., 2011; Jori et al., 2006). Most previous 

research has concentrated on the use of PS as an aqueous solution (Tokubo 

et al., 2018), nano-particles (Junqueira Garcia et al., 2018; Wang et al., 2018) 

and nano-encapsulation (Rout, Liu and Wu, 2018) to be applied in PDT. In 

this study, we tested a scaffold into which had been incorporated a PS as a 

means to deliver and release the anti-microbial agent that must then be 

photoinitiated to be effective in bacterial inhibition. To date, most anti-

microbial scaffold research has been based on antibiotics or drug delivery 

(Ong et al., 2018; Khorshidi and Karkhaneh, 2018; Dorati et al., 2017), which 

might result in some antibiotic resistance and toxicity problems (Marsich et al., 

2013).  

It is crucial to develop an anti-microbial scaffold that not only inhibits the 

bacterial infection but also provides support for host tissue growth. The 

advantage of incorporation of the PS in the scaffold is that with this 

combination, anti-microbial PDT can be initiated when there is infection during 

the tissue regeneration process. If the infection occurs after scaffold 

implantation, the PS within and released from the anti-microbial scaffold can 

be photoinitiated, thus, inducing bacteria killing. This is important to inhibit 

bacterial infection on the implanted scaffold as infection results in tissue break 

down and failure in tissue regeneration. If no infection occurs, the PS released 

will be discharged naturally from the body and no accumulation will take place. 
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5.2 Aim and objectives 

5.2.1 Aim 
This chapter aims to investigate the potential anti-microbial effects of the 

scaffold and PDT on Enterococcus faecalis (E. faecalis) (a Gram-positive 

bacterium) and Escherichia coli (E. coli) (a Gram-negative bacterium). 

5.2.2 Objectives 
The above aim will be achieved through the following objectives: 

• To evaluate the antibacterial PDT effect towards E. faecalis and E. coli 

planktonic suspensions by measuring viable bacterial count, metabolic 

activity and Live/ Dead staining. 

• To determine the antibacterial PDT effects of this newly developed 

scaffold and PDT against bacterial biofilms formed on the scaffolds. 
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5.3 Materials and Methods 

All materials were purchased from Sigma-Aldrich, UK unless otherwise 

stated. 

5.3.1 Brain Heart Infusion (BHI) broth 
Brain heart infusion broth was prepared by dissolving 37 g of BHI powder 

(ThermoFisher Scientific, UK) in one litre of dH2O. The broth was mixed well 

to make sure that all the powder was dissolved properly. The BHI broth was 

sterilised by autoclaving (Prestige Medical, UK) at 121°C for 15 min. BHI broth 

was used to culture E. faecalis bacteria in this study.  

5.3.2 Luria Bertani (LB) broth 
Luria Bertani broth was prepared by dissolving 25 g of LB powder 

(ThermoFisher Scientific, UK) in one litre of dH2O. The media was mixed and 

sterilised by autoclaving (Prestige Medical, UK) at 121°C for 15 min. LB broth 

was used to culture E. coli bacteria in this study. 

5.3.3 Preparation of Columbia blood agar (CBA) plates 
Columbia blood agar plates for bacterial growth experiments were prepared 

by adding 39 g of CBA base (ThermoFisher Scientific, UK) to one litre of dH2O. 

The media were dissolved completely by heating until boiling. The media were 

then sterilised by autoclaving (Prestige Medical, UK) at 121°C for 15 min. The 

media were cooled to 50°C in a water bath (SLS-Grant Instrument, UK) and 

5% v/v (50 mL) sterile defibrinated horse blood (ThermoFisher Scientific, UK) 

was then added to the medium and gently mixed to avoid bubble formation. 

The media were then poured into petri dishes and left to set for 24 h. The agar 

was kept at 4°C until use. 
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5.3.4 Preparation of Mueller Hinton agar (MHA) plates 
Mueller Hinton agar plates for antimicrobial and PDT experiments were 

prepared by dissolving 38 g of MHA powder (ThermoFisher Scientific, UK) in 

one litre of dH2O. The media were dissolved completely by heating to boiling. 

The media were then sterilised by autoclaving (Prestige Medical, UK) at 

121°C for 15 min. The media were then poured into petri dishes and left to set 

for 24 h. The agar was kept at 4°C until use. 

5.3.5 Bacterial selection 
The aerobic bacteria selected for this study were:  Enterococcus faecalis 

NCTC 755 (E. faecalis); Gram-positive and Escherichia coli NCTC 11954 (E. 

coli); Gram-negative. E. faecalis was cultured in BHI broth and E. coli was 

cultured in LB broth. These bacteria were reported to develop resistance to a 

wide range of antibiotics (Cieplik et al., 2018; Laxminarayan et al., 2016; 

Renwick, Simpkin and Mossialos, 2016) thus it is important to investigate the 

effect of alternative approach such as PDT to eliminate infection from these 

bacteria. Cultures were maintained by weekly subculture on Columbia agar, 

supplemented with 5% defibrinated horse blood. Cultures were grown 

aerobically at 37°C for 24 to 48 h until used in the experiments. The bacteria 

used in antibacterial PDT were in both planktonic and biofilm cultures. We 

used ERY and MB solutions that had been released from scaffolds in order to 

determine the efficacy of the antibacterial PDT when PS had been integrated 

and released from the scaffold (Misba, Zaidi and Khan, 2017; Silva et al., 

2018a).  

5.3.6 Gram stain protocol 
Gram staining was performed to check the purity of the bacterial samples 

before any experiments were started (Smith and Hussey, 2005). Microscope 
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slides were prepared and labelled with bacterial identification. A bacterial 

smear was then prepared from the bacterial broth. Heat fixing was applied by 

passing the microscopic slides through a Bunsen burner flame 2 or 3 times. 

Crystal violet was then added to the slides for 1 minute before rinsing with tap 

water. The Gram's iodine was applied for 1 minute before rinsed again with 

tap water. The slides were decolourised using 95 % ethyl alcohol before rinsed 

with tap water. Safranin O was added to counterstain for 1 minute before 

rinsing with tap water. The microscope slides were then blotted dry with clean 

tissue paper and viewed under the light microscope.  
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5.3.7 Standard curve of optical density (OD) versus colony-
forming unit (CFU) for each bacterial strain 
From the freezer stock (-80°C), the bacterial suspensions of either E. faecalis 

or E. coli were thawed to room temperature. One loop of bacterial suspension 

was streaked on the CBA and left to grow for 24 h for E. coli and 48 h for E. 

faecalis. Then, one loop of bacterial colonies was inoculated into 10 mL fresh 

BHI or LB broth. The new bacterial suspension was incubated overnight at 

37°C with 10% CO2. 1 mL of bacterial suspension was then added to 9 mL 

fresh BHI or LB broth and the initial optical density (OD600nm) was measured 

using a spectrophotometer. Serial dilutions were made from that suspension: 

1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256 and 1:312. 1 mL of each 

dilution was added to cuvette and the optical density was measured using a 

spectrophotometer (Jenway 6305) at a wavelength of 600 nm. The optical 

density reading was then corrected with the OD600nm of BHI or LB broth without 

inoculated bacteria (blank). 

1 mL of the same overnight bacterial culture was added to 9 mL of fresh BHI 

or LB broth. Further serial dilutions were made from each bacterial suspension 

for colony-forming unit (CFU) counting: 10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7, 

10-8, 10-9, 10-10. From each dilution, 100 µL was pipetted and spread on MHA 

plates (as prepared in section 5.3.4). The agar plates were incubated for 24 h 

for E. coli and 48 h for E. faecalis at 37°C with 10% CO2 in the air before 

colony counting (Stuart SC6). The optical density reading was then plotted 

against CFU counting to get the standard curve for each bacterial strain. 
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5.3.8 Preparation of photosensitisers 
ERY and MB were prepared as 1 mg/mL stock solutions in BHI or LB broth 

and filtered using 0.22 µm filter (Merck Milipore, UK). The stock solution was 

covered with foil and kept at 4°C. The stock solutions were diluted with BHI or 

LB to the desired concentration when needed; 1%E = 1.09 µM ERY solution; 

5%E = 56.37 µM ERY; 1%M = 6.91 µM MB; and 5%M = 67.93 µM MB. These 

concentrations are the same concentrations used in PDT with hDPSCs 

(Chapter 4, section 4.3.2.1).  

5.3.9 Photodynamic therapy on planktonic bacterial cultures 
The bacterial suspensions were inoculated with one inoculation loop from 

daily culture onto CBA plates and incubated for 24 h at 37°C with 10% CO2 in 

the air. After 24 h, the bacteria were inoculated into 10 mL of fresh BHI or LB 

broth using one sterile inoculation loop, vortexed and incubated at 37°C with 

10% CO2 in the air. The bacterial suspensions were grown for a further 24 h 

before being diluted 1:10 dilution in fresh BHI or LB broth. The new bacterial 

suspensions were allowed to grow until they reached a mid-exponential phase 

in a shaking incubator (New Brunswick 4450) (200 rpm) at 37°C. The optical 

density at 600 nm (OD600nm) was recorded at various time points until the 

early-log phase was reached (as determined on species-specific temporal 

proliferation curves). After the bacterial suspension reached mid-exponential 

phase, it was centrifuged (Netheler-Hinz, Germany) (4000 r.p.m/ 4 min) and 

the BHI or LB broth was discarded. Bacterial pellets were resuspended with 

PS supplemented media prepared in section 5.3.8 as the following: 1%E 

group samples were incubated with 1.09 µM ERY solution; 5%E group were 

incubated with 56.37 µM ERY; 1%M group were incubated with 6.91 µM MB; 
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and 5%M group were incubated with 67.93 µM MB. The PS concentrations 

used were equivalent to the average PS released from the fabricated scaffolds 

(PGA-1%E, PGA-5%E, PGA-1%M and PGA-5%M) in basal medium (α-MEM 

containing 10 % FCS, 2 mM L-glutamine and 100 units/mL penicillin/100 

μg/mL streptomycin) as used in tissue culture conditions. All samples were 

covered with foil and incubated with their respective broth and PS for 30 min 

in a shaking incubator (200 rpm) at 37°C. The samples were then centrifuged 

(4000 r.p.m/ 4 min) and bacterial pellets resuspended with ¼ strength Ringer 

solution (RS) to remove any unbound PS. All samples were centrifuged (4000 

r.p.m/ 4 min) again to remove any residual PS and resuspended again in ¼ 

strength RS. 1 mL from each sample was then added to each well of a 24-

well plate and irradiated with light of the appropriate wavelength for 60 min. 

Control group samples for each species consisted of cultures exposed to PS 

alone, light alone or neither PS nor light. After irradiation, all samples were 

covered with foil at room temperature for a 30 min recovery period to avoid 

any light.  

Bacterial samples were diluted by 10-fold serial dilutions in ¼ strength RS and 

100 µL of each dilution was spread on MHA plates for colony counting. After 

24 h (E. coli) and 48 h (E. faecalis) incubation at 37°C with 10% CO2, agar 

plates with 30 to 300 colonies were selected for counting. Bacterial samples 

were also stained using the Live/ Dead BacLight Bacterial Viability kit for 

qualitative evaluation as explained in section 5.3.11. The summary of the 

protocol is shown in Fig. 5.1.  
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Figure 5.1 Protocol for the PDT of planktonic cultures of bacteria. 
  

Day 1

• Bacterial suspension was inoculated onto CBA plates.

• Growth overnight at 37°C with 10% CO2.

Day 2

• Bacteria inoculated into 10 mL BHI/ LB broth.

• Growth overnight at 37°C with 10% CO2.

Day 3

• 1 mL of overnight bacterial susupension was transfered into 9 mL of 
BHI/ LB broth.

• Growth until mid-exponential phase at 37°C (200 rpm).
• Centrifuged and replaced broth with PS supplemented media.
• Incubated for 30 min at 37°C (200 rpm). Covered with foil.
• Washed with RS to remove residual PS.
• Irradiated (60 min) or non irradiated (0 min).
• Covered with foil and allowed a recovery period for 30 min.
• Serial dilutions - spread on agar for colony counting.

Day 
4/ 5

• Colony counting/ Staining.
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5.3.10 Photodynamic therapy of biofilms on the fabricated 
scaffold  
Five scaffold groups were tested in the antimicrobial assay: PGA, PGA-1%E, 

PGA-5%E, PGA-1%M and PGA-5%M. 1 cm sample of each scaffold were 

prepared using a cork borer and sterilised under UV light in the fume hood for 

20 min before being placed in a 48-well plate.  

The bacterial suspension was prepared by inoculating one inoculation loop 

onto CBA plates and incubating for 24 h at 37°C with 10% CO2. After 24 h, 

the bacteria were inoculated into fresh 10 mL BHI or LB broth using one or 

two sterile inoculated loops, vortexed and incubated at 37°C with 10% CO2. 

The bacterial suspension was further grown for 24 h before further dilution 

(1:10) in new fresh BHI or LB broth. 

The inoculum of the bacterial suspension was prepared by adjusting the 

bacterial culture to 1 x 106 colony forming units (CFUs)/ mL. A 1 mL aliquot 

containing 1 x 106 CFUs/ mL was added to each scaffold and incubated 

overnight at 37°C with 10% CO2 in the air. All plates were covered with 

aluminium foil. After 24 h, the scaffolds were washed twice with ¼ strength 

RS to remove any unbound bacteria. All scaffolds were transferred to a new 

plate that contained ¼ strength RS and irradiated for 60 min at room 

temperature. Scaffolds with no irradiation were used as the control group. 

After irradiation, all scaffolds were kept in the dark at room temperature for 30 

min as a recovery period.  

The adherent bacteria on the scaffolds were removed by ultrasonication 

(Advantage-Lab) at 37 kHz with a power output of 30 W for 10 min at 37°C. 

The solutions were collected and diluted by 10-fold serial dilutions in ¼ 
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strength RS. 100 µL from each dilution was then spread on MHA for colony 

counting. After 24 h (E. coli) and 48 h (E. faecalis) incubation at 37°C with 

10% CO2, agar plates with 30 to 300 colonies were selected for counting.  

Scaffolds were also processed for qualitative evaluation of biofilm via SEM 

and also stained using the Live/Deadâ BacLight Bacterial Viability kit (see 

section 5.3.11 and 5.3.12). The summary of the protocol is shown in Fig. 5.2. 
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Figure 5.2 Protocol for the PDT of biofilms on fabricated scaffolds. 
  

Day 1

• Bacterial suspension was inoculated onto CBA plates.

• Growth overnight at 37°C with 10% CO2.

Day 2

• Bacteria inoculated into 10 mL BHI/ LB broth.

• Growth overnight at 37°C with 10% CO2.

Day 3

• 1 mL of overnight bacterial susupension was transfered into 9 mL of 
BHI/ LB broth.

• A 1 mL of aliquot of the suspension containing ~ 1 x 106 CFUs/mL 
bacteria was added to the scaffolds.

• Growth overnight at 37°C with 10% CO2. Covered with foil.

Day 4

• Scaffolds were washed 2X with RS.
• Put in new plate containing fresh RS.
• Irradiated (60 min) or non irradiated (0 min).
• Covered in foil and allowed recovery period for 30 min. 
• Ultrasonication for 10 min. Serial dilutions and plated on MHI agar.

Day 
5/6

• Colony counting/ Staining/ SEM.
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5.3.11 LIVE/DEADâ BacLightä Bacterial Viability kits 
The kit consisted of SYTOâ 9 dye (Component A), Propidium iodide 

(Component B) and BacLight mounting oil (Component C). The kit provides a 

two-colour fluorescence assay for bacterial viability. SYTOâ 9 is a green 

fluorescent dye and propidium iodide is red fluorescent dye; both dyes will 

stain nucleic acid in a bacterial cell. SYTOâ 9 dye is permeable to healthy and 

live cells. However, Propidium Iodide is only permeable to dead bacteria with 

compromised membranes. A 2X stock solution of the LIVE/DEAD BacLight 

staining reagent mixture was prepared in 5 mL of filter sterilised dH2O. An 

equal volume of the 2X stock solution was then added to the bacterial sample 

or bacterial-scaffold sample. The final concentration of each dye was 6 µM 

SYTO 9 stain and 30 µM propidium iodide as stated by the kit instruction. After 

thorough mixing, all samples were covered with foil and incubated for 15 min 

at room temperature. For the bacterial sample, 5 µL of the stained bacterial 

sample was trapped between the slide and a coverslip and observed under 

the fluorescence microscope. For bacterial-scaffold samples, the scaffold was 

transferred onto the slide and covered with a coverslip and observed using 

the CLSM using FITC filter for live bacteria (Excitation/ Emission = 480 nm/ 

500 nm) and Texas RedÒ filter (Excitation/ Emission = 490 nm/ 635 nm).  

5.3.12 Scanning electron microscopy evaluation 
The bacterial-scaffold samples were dehydrated through a series of ethanol 

concentrations and prepared as described in Chapter 3 section 3.3.6.1. A 

series of images were captured at a magnification of 100x and 1000x. 
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5.3.13 Statistical analysis 
All experiments were carried out in triplicate and each experiment was 

repeated 3 times unless stated otherwise (n=9). Statistical analyses were 

carried out using IBM SPSS Statistics Version 23 software. Results were 

analysed using Students’ t-test and one way analysis of variance (ANOVA) 

tests. P-values were determined, and P < 0.05 was considered significant. All 

results were presented as mean ± standard error of mean (S.E.M) unless 

stated otherwise. 
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5.4 Results 

Assessment of the PDT effects on two bacterial species that were cultured on 

either planktonic suspensions or scaffolds (PGA, PGA-E (1% and 5%), PGA-

M (1% and 5%) was performed by measuring the cell metabolic activity level, 

viable bacterial count and through microscopy evaluation. All of the 

experiments were performed after bacteria were cultured with broth (LB or 

BHI) for 24 h. 

5.4.1 Anti-microbial photodynamic therapy on planktonic cultures 

5.4.1.1 Effect of photodynamic therapy on bacterial viable counts 

The photodynamic efficiency of MB and ERY as antimicrobials were studied 

by determining reductions in viable counts, expressed as CFU per mL, of 

bacteria in suspensions exposed to two percentages of each PS. Figure 5.3 

presents the PDT effect of ERY and MB on suspensions of E. faecalis (Figure 

5.3 (a)) and E. coli (Figure 5.3 (b)). 

It can be seen that visible light irradiation of controls without PS did not affect 

the viability of either bacterial species. The dark control PS groups for E. coli 

that received no light irradiation also showed no dark toxicity (Figure 5.3 (b)). 

A similar trend was seen for dark control PS groups of E. faecalis with the 

exception of the 5%M group which showed dark toxicity shown by a 1-log 

(90% reduction) difference compared to no PS dark control (Fig. 5.3 (a)). 
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Figure 5.3 The survival of bacterial cells based on calculation of log CFU/ 
mL.  
Cells suspensions and controls with no PS (C) were irradiated for 0 min 

(dark controls) or 60 min after incubation with 1%E = 1.09 µM; 5%E = 

56.37 µM; 1%M = 6.91 µM; 5%M = 67.93 µM PS (M = MB or E = ERY). 

The graphs represent the log CFU/ mL of bacteria after incubation with 

PS for 30 min and irradiated with visible light for 0- or 60-min. Data are 

represented as the mean of log CFU/ mL of bacteria replicates (n=9) ± 

S.E in each group. 

(a) E. faecalis (NCTC 755) bacteria  

(b) E. coli (NCTC 11954) bacteria  

* Indicates a significant difference compared to Ctrl (p<0.05).  

# Indicates a significant difference compared to non-irradiated PS group 

(p<0.05).  
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The complete photoinactivation (no viable counts) (more than 99.9999% 

reduction) of E. faecalis was observed after exposure to high percentages 

(5%) of both ERY and MB and irradiation, whereas there was no PDT effect 

relative to the non-irradiated samples when low percentages (1%) of PS were 

used. However, no statistical value could be derived as CFU/mL of the E. 

faecalis bacteria did not form colonies on the agar plates. 

When the assays were carried out with E. coli, the combination of MB and 

light irradiation reduced the viable bacterial count compared to the non-

irradiated group; with 1%M the reduction was 1-log (90% reduction) and with 

5%M it was 2-log (99% reduction). However, 1%E did not show any significant 

inhibitory effect toward E. coli. Bacterial cells in 5%E did show a significant 

reduction when compared to the control (C) and non-irradiated groups. There 

was no significant difference between control (C) and the bacterial cells 

incubated with PS and no light irradiation (dark control). 
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5.4.1.3 Effect of PDT on bacterial metabolic activity 

Cell metabolic activity of the bacteria was tested using the resazurin based 

reagent, Presto Blue as described in Chapter 3 section 3.3.4. Viable cells 

reduce resazurin to resorufin, a red fluorescent substance that can be 

detected spectrophotometrically. The fluorescence measurement was 

expressed as relative fluorescence unit (r.f.u). 

Figure 5.4 (a) shows that the irradiation of E. faecalis suspensions after 

incubation with higher concentrations of PS (5%E and 5%M) resulted in low 

detection of bacterial viability or activity (5%E = 10 r.f.u., 5%M = 9 r.f.u). There 

was a significant reduction in the metabolic activity of E. faecalis after 

incubation with the high concentration of MB (5%) even when the suspension 

received no irradiation (dark control group). When incubated with low 

concentrations of PS, the metabolic activity of E. faecalis were 74 r.f.u and 70 

r.f.u for 1%E and 1%M, respectively after irradiation. 
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Figure 5.4 Fluorescence measurement for bacterial metabolic activity 
after treatment with PDT for 0 min and 60 min.  
Cells suspensions with PS were irradiated for 0 min (dark controls) or 60 

min after incubation with 1%E = 1.09 µM; 5%E = 56.37 µM; 1%M = 6.91 

µM; 5%M = 67.93 µM PS (M = MB or E = ERY). The control group (Ctrl) 

which contain no PS was also included. The graphs represented the 

bacterial metabolic activity after incubation with PS for 30 min and 

irradiated with visible light for 0- or 60-min. Data are represented as the 

mean of r.f.u of bacterial replicates (n=9) ± S.E in each group. 

(a) E. faecalis (NCTC 755) bacteria 

(b) E. coli (NCTC 11954) bacteria 

* Indicates a significant difference compared to Ctrl (p<0.05).  

# Indicates a significant difference compared to 0 min (between the same 

PS concentration group) (p<0.05).  
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Figure 5.4 (b) shows that both PS used in this assay did show some dark 

toxicity as evidenced by a reduction in cell metabolic activity even when 

present at low concentration (the fluorescent value for E. coli in the dark 

control PS group was 126 for 1%E; 110 for 5%E; 120 for 1%M; and 104 for 

5%M). As irradiation was applied, all groups showed a more significant 

reduction in bacterial metabolic activity compared to the control: 106 for 1%E; 

90 for 5%E; 97 for 1%M; and 59 for 5%M. However, only cells that were 

incubated with 5%MB showed a significant reduction after the light was 

applied when compared to the non-irradiated group. 
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5.4.2 Anti-microbial photodynamic therapy on biofilm using the 
scaffold incorporated with the photosensitiser 

5.4.2.1 Effect of PDT on bacterial viable counts  

The photodynamic efficiency of MB and ERY (incorporated within the scaffold) 

as antimicrobials were studied. Fabricated scaffolds (PGA-1%E, PGA-5%E, 

PGA-1%M and PGA-5%M) were inoculated with E. faecalis or E. coli and 

biofilms were allowed to form for 24 h. The viable counts (CFU/ mL) of bacteria 

recovered from scaffolds that had been irradiated and non-irradiated controls 

were calculated and are presented in Figure 5.5.  Bacterial viability was not 

affected by the scaffold without PS (PGA) after irradiation. The dark control 

groups for scaffolds incorporated within PS also exhibited no dark toxicity 

against either bacterial species. In the experiment with E. faecalis (Figure 5.5 

(a)), more groups demonstrated statistically significant reductions compared 

to the non-irradiated groups; PGA-1%E, PGA-5%E and PGA-5%M exhibited 

reductions of 1.8 log (more than 90% reduction), 2.3 log (more than 99% 

reduction) and 2.5 log (more than 99% reduction), respectively. Meanwhile, 

the PGA and PGA-1%M groups showed no significant reduction. 

In the experiment with E. coli (Figure 5.5 (b)), only the PGA-5%M group 

showed a statistically significant reduction (2.5 log) (more than 99% reduction) 

relative to the non-irradiated group. The other groups, PGA-1%E, PGA-5%E 

and PGA-1%M, showed no significant reduction even though some reduction 

was observed especially for PGA-5%E scaffold.  
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Figure 5.5 The survival of bacterial cells recovered from the scaffolds 
based on the calculation of log CFU per mL.  
Cells on these scaffolds (PGA-1%E, PGA-5%E, PGA-1%M and PGA-

5%M) and controls with no PS (PGA) were irradiated for 0 min (dark 

controls) or 60 min after 24 h in culture. The graphs represent the log 

CFU/ mL of bacteria after inoculation on scaffolds for 24 h and irradiation 

with visible light for 0- or 60-min. Data are represented as the mean of 

log CFU/ mL (n=9) ± S.E in each group. 

(a) E. faecalis (NCTC 755) bacteria 

(b) E. coli (NCTC 11954) bacteria  

* Indicates a significant difference compared to 0 min (between same PS 

concentration group) (p<0.05). 
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5.4.2.2 Confocal microscopy evaluation of the effect of photodynamic 

therapy on bacterial cell viability: 

The confocal laser scanning microscope (CLSM) was used to examine 

bacteria stained with LIVE/DEAD BacLight staining kit (SYTO9/ PI) (section 

5.3.11). The inactivation of the bacteria on the scaffold with incorporated PS, 

when irradiated with visible light, can be seen in Figures 5.6 and 5.7 for E. 

faecalis and E. coli, respectively.   

It can be seen that the biofilm on the PGA only scaffold was not affected by 

irradiation for both selected bacteria (E. faecalis or E. coli).  The difference 

between the irradiated groups and non-irradiated groups are evident for PGA-

1%E, PGA-5%E and PGA-5%M for E. faecalis as fewer cells were stained 

green indicating more cell death after irradiation.   

Furthermore, based on microscopy images of E. coli, irradiated groups 

showed less green staining relative to non-irradiated groups for all scaffolds 

incorporated with PS.  
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Figure 5.6 Representative images showing the viability of E. faecalis. The results of CLSM observation after Live/Dead staining of E. faecalis on the 
scaffolds and treated with PDT for 0 and 60 min. PGA (control) (a and f), PGA-1%E (b and g), PGA-5%E (c and h), PGA-1%M (d and i) and PGA-
5%M (e and j) groups. Live cell (green), dead cell (red). Scale bars are at 20 µm. 
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Figure 5.7 Representative images showing the viability of E. coli. The results of CLSM observation after LIVE/DEAD staining of E. coli on the scaffolds 
and treated with PDT for 0 and 60 min. PGA (control) (a and f), PGA-1%E (b and g), PGA-5%E (c and h), PGA-1%M (d and i) and PGA-5%M (e 
and j) groups. Live cell (green), dead cell (red). Scale bars are at 20 µm. 
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5.4.2.3 Effect of PDT on bacterial metabolic activity: 
Figure 5.8 (a) and (b) display the photoinactivation of E. faecalis and E. coli 

biofilms on the scaffold, respectively. The results showed that the relative 

fluorescent units detected for all groups tested was variable. As expected, 

visible light irradiation without PS did not affect the cell metabolic activity, thus 

indicating that the viability of both bacterial species on PGA scaffold (control 

group) was unaffected by light irradiation. Significant reductions in cell 

metabolic activity were seen in PGA-1%E, PGA-5%E and PGA-5%M 

irradiated groups for both species of bacteria relative to the non-irradiated 

group. Conversely, the PGA-1%M irradiated group showed no reduction in 

metabolic activity relative to the non-irradiated group for both types of 

bacteria. 
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Figure 5.8 Fluorescent signal measurement of bacterial metabolic 

activity on the scaffolds after treatment with PDT for 0 min and 60 
min.  
Cells on these scaffolds (PGA-1%E, PGA-5%E, PGA-1%M and PGA-

5%M) and controls with no PS (PGA) were irradiated for 0 min (dark 

controls) or 60 min after 24 h in culture. The graphs represented bacteria 

metabolic activity on the scaffold after incubated with PS for 24 h and 

irradiated with visible light for 0- or 60-min. Data are represented as the 

mean r.f.u of bacteria replicates (n=9) ± S.E in each group. 

(a) E. faecalis (NCTC 755) bacteria 

(b) E. coli (NCTC 11954) bacteria 

* Indicates a significant difference compared to 0 min (between same 

PS concentration group) (p<0.05). 
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5.4.2.4 Scanning electron microscopy evaluation after the 
photodynamic therapy on bacterial cell viability 
SEM imaging revealed a significant amount of bacterial biofilm formation 24 h 

after inoculation of scaffolds with E. faecalis (Figure 5.9 and 5.10) or E. coli 

(Figure 5.11 and 5.12). All scaffolds demonstrated the presence of bacteria 

on the surface and adhered to the scaffold fibres. Therefore, the SEM images 

indicated that both of the bacterial species were able to attach to the scaffold 

after inoculation. After 24 h incubation, the irradiated group was exposed to 

visible light for 60 min. SEM images show that light irradiation for 60 min in 

the presence of PS from the scaffold reduced qualitatively the numbers of E. 

faecalis bacteria attached to scaffolds incorporated with a high concentration 

of PS. The most prominent reduction of E. faecalis bacteria was seen on PGA-

5%E and PGA-5%M scaffolds that received 60 min irradiation compared to 

the same scaffold that received no light irradiation (Fig. 5.9 and 5.10 (h and 

j)). Most of the bacteria were found as single cells or in short chain 

arrangements.  

E. coli showed some resistance to PDT, although fewer cells were attached 

on PGA-1%M and PGA-5%M scaffolds when irradiated with visible light for 60 

min. Most of the bacteria were present as individual cells and less aggregation 

was observed on PGA-1%M and PGA-5%M when comparing irradiated with 

non-irradiated scaffolds (Fig. 5.11 and 5.12 (i-j)). E. coli bacteria on other 

scaffolds (PGA-1%E and PGA-5%E) showed fewer bacterial aggregation 

when irradiated for 60 min (Fig. 5.12 g-h). 
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Figure 5.9 Representative SEM images of E. faecalis on PGA (f), PGA-1%E 
(g), PGA-5%E (h), PGA-1%M (i) and PGA-5%M (j) scaffolds after treated 
with PDT for 60 min. Non-irradiated control; PGA (a), PGA-1%E (b), 
PGA-5%E (c), PGA-1%M (d) and PGA-5%M (e). Scale is 50 µm. 
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Figure 5.10 Representative SEM images in higher magnification of E. faecalis 
on PGA (f), PGA-1%E (g), PGA-5%E (h), PGA-1%M (i) and PGA-5%M (j) 
scaffolds after treated with PDT for 60 min. Non-irradiated control; PGA 
(a), PGA-1%E (b), PGA-5%E (c), PGA-1%M (d) and PGA-5%M (e). Scale 
is 10 µm. 
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 Figure 5.11 Representative SEM images of E. coli on PGA (f), PGA-1%E 
(g), PGA-5%E (h), PGA-1%M (i) and PGA-5%M (j) scaffolds after 
treated with PDT for 60 min. Non-irradiated group; PGA (a), PGA-
1%E (b), PGA-5%E (c), PGA-1%M (d) and PGA-5%M(e). Scale is 50 
µm. 
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Figure 5.12 Representative SEM images in higher magnification of E. 
coli on PGA (f), PGA-1%E (g), PGA-5%E (h), PGA-1%M (i) and PGA-
5%M (j) scaffolds after treated with PDT for 60 min. Non-irradiated 
group; PGA (a), PGA-1%E (b), PGA-5%E (c), PGA-1%M (d) and 
PGA-5%M (e). Scale is 10 µm. 
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5.5 Discussion 

The efficacy of anti-microbial PDT relies on the reaction between the PS and 

the bacteria, which is influenced by the ability of the PS to bind to the cell, to 

penetrate the cell membrane and to form singlet oxygen upon activation with 

light (Tokubo et al., 2018). From the experiments presented in this chapter, 

the reduction in bacterial colonies showed that the photoinactivation of 

planktonic bacteria was higher than biofilms.  

In the experiments using the planktonic form of E. faecalis and high 

concentrations of PS (5%E and 5%M), the bacterial counts were reduced to 

undetectable levels using colony counting. On the other hand, based on the 

quantification of the biofilm-growing E. faecalis from the scaffold surfaces, 

PDT with PGA-5%E and PGA-5%M reduced viable bacterial numbers by 2-

log (99%). It also is interesting to note that the susceptibility of the Gram-

negative bacterium, E. coli, was much lower than for E. faecalis, and was not 

affected to the same extent by the mode of growth (whether in planktonic or 

biofilm culture). 

While the concentration of the PS used was the same for both the planktonic 

and biofilm cultures, it is probable that the reduction in killing seen for the 

biofilm-grown E. faecalis was due to the characteristics of the biofilm structure 

which would have a protective effect on the bacteria (Soukos and Goodson, 

2011). The gradual release of the PS from the scaffolds could also affect the 

uptake of the PS into the biofilm when compared to the readily available PS 

in the planktonic medium.  

Additionally, the differences in cell wall structure between Gram-positive and 

Gram-negative bacteria also play a role in the efficiency of the PDT. The thick 
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layer of the Gram-positive bacterial cell wall consists of peptidoglycan layers 

which are traversed by negatively-charged lipoteichoic and teichuronic acid 

that will attract positively-charged substances such as MB (Kato et al., 2012). 

The abundance of MB in a solution will promote self-aggregation that occurs 

in the presence of negatively-charged surfaces. Photoactivation will then 

induce respiratory inhibition and disrupt the electron transfer system leading 

to cell membrane potential dissipation thereby triggering cell death. This 

mechanism helps to explain the high levels of bacterial killing seen in 

experiments with E. faecalis.  

However, lower amounts of cell killing were observed with the Gram-negative 

bacterium, E. coli (a significant reduction of bacterial numbers was only 

observed when using the PGA-5%M scaffold, where a 1-log reduction was 

calculated). This smaller/lower reduction of E. coli numbers may be due to the 

presence of membrane-localised multidrug resistance pumps (MDRs) that 

pump the PS out of the cells (Blanco et al., 2016). Tegos and Hamblin (2006) 

found 2 to 4 logs more killing in MDR-deficient E. coli compared to wild-type 

strains when MB and red light were used for PDT. Furthermore, they added 

that uptake of MB by the cells was concomitant with MDR expression levels 

and that MDR therefore affected the uptake of MB (Tegos and Hamblin, 2006).  

Since MB is internalised by E. coli and is considered to be a substrate in E. 

coli efflux pumps, it could be fairly expected that aPDT may face greater 

resistance when being used to treat Gram-negative bacteria. In addition, 

resistance may also be expected due to factors such as decreased 

penetrability to antimicrobial agents, increased activity of antimicrobial efflux 
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from the bacteria and enzymatic changes, that may prevent the effective 

accumulation of PS at target sites in the bacteria (Rineh et al., 2018). 

However, Wainwright et al., (2002) found that photoactivation of MB (1 mM) 

was efficient at breaking down the extracellular polymeric substance (EPS) 

that encapsulated biofilms of Gram-negative bacteria after irradiation for 30 

min. They suggested that MB induced damage to EPS by oxidation 

processes, thus affecting the integrity of the biofilm (Wainwright et al., 2002). 

Conversely, they also tested rose Bengal (RB), which is in the same class of 

xanthene dyes as ERY, and found that there was no difference in the extent 

of cell killing comparing the tested group and controls of E. coli bacteria and 

confirmed that the uptake of RB was not affected and not recognised by 

MDRs.  

Previously, Kato et al. (2012) found that ERY engaged near the polar group 

of the lipid bilayer of the bacteria cell membrane, and exposure to light caused 

the membrane potential to dissipate and membrane permeability was 

increased due to production of ROS (Kato et al., 2012). This raises the point 

that xanthene dyes might not be taken up into the cell but remain attached on 

the cell membrane within the lipid bilayer constituent. Thus, ROS production 

following light irradiation on ERY will disrupt membrane integrity, triggering 

cell death.  

Furthermore, the membrane disruption due to PDT might escalate the PS 

penetration into the cell, allowing it to induce more damage by binding to the 

cellular proteins and DNA (Awad et al., 2016). The singlet oxygen produced 

by photoactivation will further interact with close targets, further disrupting cell 

metabolism and inducing cell death (Castano, Demidova and Hamblin, 2004). 
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This can be seen from our data as the metabolic activity of cells on the 

scaffolds was significantly decreased compared to the non-irradiated group.  

In conclusion, this study showed that scaffold incorporated with ERY in 

combination with visible light irradiation exerted an anti-microbial effect 

against E. faecalis regardless of the percentages of PS; however, for the E. 

coli only high concentrations of scaffold incorporated with ERY (PGA-5%E) 

demonstrated anti-microbial effects after photoactivation by visible light. 

Meanwhile, scaffold incorporated with a high concentration of MB (PGA-5%M) 

combined with light irradiation demonstrated greater anti-microbial effects 

compared to the scaffold with a low concentration of incorporated MB (PGA-

1%M) regardless of bacterial species.    
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Chapter 6  
General discussion, future work and conclusions 

6.1 General discussion 

The incorporation of antibacterial into electrospun scaffolds to prevent/treat 

infection is a relatively new area of research. For example, Zhang et al. (2015)  

incorporated antibiotics into electrospun scaffold made from a mix of PLGA 

(Poly(D,L-lactic-co-glycolide) polymer and co-polymer (PELA (poly(ethylene 

glycol)-b-poly(D,L-lactic-co-glycolide)/ PGA/ PDO (poly(dioxanone))) to 

investigate the antibacterial activity against Staphylococcus aureus (Gram-

positive) and E. coli (Gram-negative) (Zhang et al., 2015). However, a scaffold 

that incorporates antibacterial properties other than antibiotics is needed due 

to the increase in antimicrobial resistance seen in recent years (WHO, 2018). 

Photodynamic therapy is well studied in the treatment of cancer. However, 

there has also been an increase of interest in applying PDT to bacterial 

inactivation or killing (Stájer et al., 2020). PDT is comprised of three 

components: a light source, PS and the target cells. Previous research has 

mainly focused on the developing or testing of PS in suspension or liquid form 

(Tokubo et al., 2018; Soares et al., 2018; Rout, Liu and Wu, 2018). However, 

in order to improve the targeting and delivery of PS to potentially infected 

tissue during tissue regeneration, we developed scaffolds incorporating PS 

that can provide antibacterial properties and at the same time support normal 

cell growth. In this study, we were able to fabricate PGA scaffolds that 

incorporate PS (ERY and MB) in different percentages. The effects of PS 

addition on the architecture, biocompatibility, PDT effects and antibacterial 

properties of PGA scaffolds were investigated and discussed in the previous 

chapters of this thesis. 
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In order to understand whether PS addition into the PGA polymer will affect 

the architecture and character of the scaffold produced, four concentrations 

for each PS were initially used. The method used in this work was adapted 

from previous research that produced a scaffold that contains PS (Wood et 

al., 2010). The two different dyes that were used as PS in this study were ERY 

and MB, and they were incorporated into the PGA scaffolds at concentrations 

of 1%, 3%, 5% and 7.5% for each PS. The characteristics of the PS such as 

molecular weight, hydrophilicity and concentration will define the morphology 

of the produced scaffold (Li and Wang, 2013). Park et al. (2006) showed that 

the addition of a more hydrophilic substance to the hydrophobic PGA polymer 

did change the scaffold fibre diameters from microfibres to nanofibers, thus 

increasing the degradation rates. The blending of hydrophilic substances such 

as MB into the PGA polymer enhance the water absorption ability and it is 

expected to increase the hydrolysis rate of scaffold, thus inducing faster 

degradation rates (Meng et al., 2011). This chain reaction will further promote 

more release of the added substance, as the degradation process will release 

the substance into their surroundings (Cui et al., 2006).  

However, ERY is an anionic (negatively-charged) dye with amphiphilic 

character, but which also has a high molecular weight compared to MB (Kato 

et al., 2012). Thus, the increase in degradation rates in ERY scaffolds might 

not be due to the hydrophilic properties of the incorporated ERY, but are more 

likely due to the increased ERY concentration in the loaded PGA polymer 

which will result in smaller fibre diameters, and a higher surface to volume 

ratio. This will enhance contact between fibres and the surrounding water 

molecules, thus promoting increased scaffold degradation rates (Cunha-Reis 
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et al., 2007) which is then further increased, in a concentration-dependent 

manner, by the ERY released into the surrounding environment.  

The PS release profiles were biphasic in character which consisted of an initial 

burst effect, followed by more gradual release of PS. The burst effect was 

mainly affected by the type and concentration of the PS added. Immediate 

contact of a scaffold with a solution will cause release of PS due to the 

solubility effect. A more gradual release then occurs when the solution 

hydrolyses the polymer into monomer and creates more available area for PS 

to be released by diffusion and erosion until the polymer is completely 

solubilised (Kamaly et al., 2016; Makadia and Siegel, 2011). 

Based on the initial studies of scaffold morphology, PS release profiles and 

degradation rates, four scaffolds incorporated with PS (PGA-1%E, PGA-5%E, 

PGA-1%M and PGA-5%M) were selected for further study and testing with 

hDPSCs and bacteria. The PGA-7.5%M scaffold was not selected due to its 

high degradation rates and unsuitability for sustaining cell growth for any 

length of time. PS release from the 3% PS scaffolds was not very different to 

the 1% scaffolds, so the 1% scaffolds were taken forward for further study in 

order to keep the PS concentration as low as possible.  

ERY has been used as plaque disclosing agents in dentistry and approved by 

the F.D.A to be used as a food colouring agent. MB is used clinically as a 

surgical marker in surgery such as the endoscopic marking of intestinal lumen 

(Ginimuge and Joythi, 2010). The scaffolds produced in this study that 

contained ERY or MB were further tested with hDPSCs for biocompatibility 

which will govern whether the cells are able to adhere, attach, proliferate and  

thus form tissue or organs (O'Brien, 2011). In the present work, the effect of 
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incorporation of PS into the scaffold varied, depending on the type and 

concentration of PS used during scaffold fabrication. Due to differences in the 

structure/morphology and chemistry of the different scaffolds produced, the 

attachment of the cells to the scaffold also varied as the cells will act differently 

in adapting to the different scaffold structure and materials (Chang and Wang, 

2011; Jun et al., 2018). Scaffold properties such as hydrophobicity, charge, 

roughness, hardness and chemical composition will all also affect the cell 

attachment on the scaffold (Chang and Wang, 2011). 

In this study, the addition of PS within the scaffold did change the 

hydrophilicity, charge, fibre diameters and chemical composition of the 

fabricated scaffold. Based on water binding capacity, PS loaded into the PGA 

polymer increased the hydrophilicity of the fabricated scaffolds. A previous 

study showed that scaffold modification by chemical treatment with NaOH to 

increase the hydrophilicity of the scaffold, did enhance cell attachment and 

proliferation rates of human adipose-derived stem cells (hADSCs) (Wang et 

al., 2016). The charge of the polymer scaffold whether it is cationic (positively-

charged), anionic (negatively-charged) or neutral also affects the cellular 

responses to the scaffold. Courtenay et al. (2017) demonstrated that cationic 

modification of cellulose films did increase human osteosarcoma cancer cell 

line (MG-63) attachment on the surface of the film. They suggested that there 

is an attraction between the positively-charged scaffold and the negatively-

charged mammalian cell membrane and proved that cell attachment on 

cationic cellulose scaffolds is surface charge driven (Courtenay et al., 2017). 

In other words, the negatively-charged phospholipids comprising the plasma 

membrane of the cells is more attracted to adhere and attach to the cationic 

scaffold (Li et al., 2014). In our work, the addition of the cationic PS, MB, 
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further promoted the attachment of hDPSCs to the produced scaffold after 24 

h incubation. 

Moreira and co-workers (2004) performed anionic modification on collagen 

scaffolds by alkaline treatment, and found that the negatively-charged surface 

interacts with osteoblasts by a series of morphological modifications which 

resulted in a change in the metabolism of the cells. The osteoblasts cultured 

on the negatively-charged surface exhibited an active metabolism resulting in 

promotion of cell proliferation and ECM production (Moreira et al., 2004). In 

our study, there was an increase in hDPSCs metabolic activity after 72 h 

culture on the PGA-ERY scaffolds that also indicated the cellular response of 

promotion of proliferation. Other research using HeLa cells, fibroblasts and 

osteoblasts cultured with anionically-modified scaffolds also showed an 

increase in cell adhesion and proliferation (Cui et al., 2018; Chaterji and 

Gemeinhart, 2007). 

Furthermore, nanofibers have also been found to be a co-founding factor that 

encourages cells to attach to the scaffold. The addition of PS during scaffold 

fabrication did change the diameter of the fibres from micrometres to 

nanometres fibres. Scaffold incorporated with ERY showed a reduction in their 

fibres diameter as the loaded ERY concentration was increased. Tian et al. 

(2007) reported that nanofibrous PGA/ collagen scaffolds with fibre diameters 

of 500 nm have the highest affinity for fibroblast cell adhesion, and cell 

spreading was more elongated on the fibres. The cells initially attach by 

wrapping around the cylindrical surface of the scaffold fibres and then spread 

along the fibres’ orientation (Fig. 6.1) (Tian et al., 2008). The small fibre 

diameters and interwoven mesh of nanofiber scaffolds will better mimic the 
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nature of the ECM, and thus further enhance cell proliferation (Donnelly et al., 

2018). 

The cell wraps around the cylindrical nanofibre modulated by changes 
in lipid composition.  

 

Cytotoxicity data showed that the cytotoxic effect of MB on the cells is greatest 

after 72 h of culture time. This cytotoxic effect was demonstrated in the lower 

ECM production, DNA amount, reduced metabolic activity and was supported 

by SEM and actin staining. MB is known to be attracted to negatively-charged 

cell membranes due to its cationic charge and the uptake into the cells is 

induced by endocytic pathways. Once inside the cell, MB will then accumulate 

in lysosomes, mitochondria and is capable of interacting with nucleic acids by 

stacking between two consecutive base pairs (Fig. 6.2) and triggering DNA 

damage by  oxidation process and cell death by apoptosis (Costa et al., 2016). 

Ultimately, the cell attachment, spreading and proliferating onto the PGA-ERY 

scaffolds by hDPSCs exhibited a promising result at both concentrations of 

ERY (1% and 5%). This is due to the better support for cell attachment, 

proliferation and the reduction in cytotoxicity compared to PGA-MB scaffolds. 

Figure 6.1 The diagram of cell interaction with nanofibre of the scaffold. 
Adapted from https://smart.servier.com/smart_image/cell-9/  
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Figure 6.2 The conformations of Methylene Blue-DNA intercalation. 
Methylene Blue (MB) is shown in blue and the DNA with alternating 
GC base sequence in green (Rohs et al., 2005). 
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As discussed above, the effect of PS towards hDPSCs was greater in the 

presence of light irradiation. After the 24 h recovery period from PDT, most of 

the cells were triggered to undergo either apoptosis or necrosis. Depending 

on the PDT dose and PS subcellular localisation, the treatment may trigger 

the cells to die directly by the induction of apoptosis (lower dose PDT) or by 

non-apoptotic pathways such as necrosis and autophagy (higher dose PDT) 

(Chen et al., 2008; Diniz et al., 2014). PDT can cause damage to cellular 

targets such as plasma membrane, mitochondria, lysosomes, Golgi apparatus 

and endoplasmic reticulum (ER) (Buytaert, Dewaele and Agostinis, 2007). 

PDT has been reported to induce apoptosis when the PS localizes to the 

mitochondria and cytoplasm. However, a PS localized within the plasma 

membrane will induce cell membrane disintegration and necrosis (Mroz et al., 

2011). MB-PDT is known to induce apoptosis by activation of caspases or 

alternative pathways independently of caspase activation (dos Santos et al., 

2017; Chen et al., 2008). Previous research investigated the effect of MB-PDT 

(1% MB/ 100 J/cm2) on a mouse model and normal skin and found that MB 

increased apoptotic activity by caspase activation, more reactive fibroblasts 

and reduced epithelial cell proliferation (Silva et al., 2018b). It has also been 

shown that lysosomal photodamage by MB-PDT (2 µM/ 11 J/cm2), did initiate 

the intrinsic apoptotic caspase-dependent pathway and mitophagy as there 

was a decrease in mitochondrial mass suggesting that photodamaged 

mitochondria were being removed (Martins et al., 2018). 

The key to minimising the PDT effect towards hDPSCs is to limit the 

incubation time, improve selectivity of uptake by bacteria and to use shorter 

irradiation times. By limiting the exposure of PS on the cell, the uptake of PS 
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into the cell will be decreased. A study performed PDT by using aluminium-

chloride-phthalocyanine (AlClPc) in liposomes and irradiated by red laser 

found that bacterial cells selectively uptake the dye compared to dental pulp 

cells (Longo et al., 2012). Therefore, we can make use of the faster binding 

and increased uptake of PS by bacteria to further target PDT, as by limiting 

the exposure time to PS we will be able to preserve the hDPSCs while 

maintaining the cell killing effect on bacteria that are present. 

In this in vitro study, antibacterial PDT was tested on planktonic and biofilm 

cultures of E. faecalis and E. coli. Planktonic bacteria were incubated for 30 

min with PS followed by light irradiation for 60 min. The concentration of the 

PS used for planktonic culture were 1%E = 1.09 µM, 5%E = 56.37 µM, 1%M 

= 6.91 µM, 5%M = 67.93 µM. The concentrations used were the average 

release of PS from the scaffold for 24 h. For biofilms, bacteria were inoculated 

on the scaffold incorporated with PS for 24 h followed by light irradiation for 

60 min. Appropriate controls (no PS and PS with no light (dark control)) were 

included. There are several factors that affect the photoinactivation of bacteria 

such as the bacterium itself (bacterial structure, cellular target), PS (type, 

dose, incubation time, localisation of PS) and light energy (Fontana et al., 

2013; Jori et al., 2011). 

Bacterial cells have different cell membrane structures that will define their 

susceptibility to PDT. To increase PDT efficiency, PS must be able to bind to 

or traverse through the bacteria cell membrane. Gram-positive bacteria are 

known to have a thick layer of inter-connected peptidoglycan on their cell 

walls. However, this porous layer does not serve as a strict permeability 

barrier. On the other hand, Gram-negative bacteria have an additional cell 
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wall known as the outer cell membrane that consists of lipid, 

lipopolysaccharides (LPS), teichoic and lipoteichoic acids that makes this 

outer cell membrane more organised and able to inhibit the permeability of a 

substance or compound (Jori et al., 2011; Jori et al., 2006). Due to the porosity 

of the Gram-positive cell membrane, PS is able to cross the cell wall. 

However, anionic PS (negatively-charged) such as ERY have difficulty in 

crossing the lipid layer, resulting in selective accumulation within the cell 

membrane of Gram-positive bacteria. During light irradiation, the selective 

accumulation of PS leads to damage of the lipid and protein component within 

the membrane. This oxidative damage is confined to the cell membrane and 

alters the lipid and protein function, leading to a dissipation of membrane 

integrity. Loss of membrane integrity will further enhance the diffusion of PS 

into the bacteria (Kato et al., 2012) leading to a cascade in cell killing. 

Cationic PS like MB have a greater affinity for binding to the Gram-positive 

bacterial cell wall due to its overall negatively-charged surface which is 

attributed to the teichoic acid within the cell wall (Eichner, Gonzales and 

Maisch, 2013). Due to the electrostatic interaction between cationic PS and 

the cell wall, the cationic PS will be further induced to accumulate at the 

surface of the Gram-positive bacteria. The accumulation will also be 

enhanced as MB will form self-aggregates in solution. Light irradiation of the 

cationic PS bound to the cell wall will produce ROS which attack bacterial 

respiration and electron transfer systems, thus inducing cell death.   

In Gram-negative bacteria, permeability to anionic PS is low due to the 

complexity of the cell wall and presence of the outer membrane. However, in 

our study, a high concentration of ERY (5%) in the planktonic or scaffold-
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grown cultures was able to cause a reduction of E. coli viable counts after 60 

min irradiation. A study conducted by Silva et al. (2018) showed that E. coli 

was more tolerant to PDT than Gram-positive bacteria whether in planktonic 

or biofilm culture. However, similar to our study, the authors were able to use 

a high concentration of ERY and high light dose (50 µMol/L/ 486.40 J/cm2) to 

completely inactivate E. coli biofilms. Furthermore, they found that a protein 

transporter on the outer cell wall transported ERY into the Gram-negative 

bacteria. ERY is known to have a lipophilic tendency and has an affinity for 

getting between lipid layers of the cell membrane. Therefore, during 

irradiation, ROS produced will further damage any molecule nearby within the 

cell membrane inducing instability and breakdown of the permeability barrier. 

The disruption of the cell membrane will allow more anionic PS to diffuse into 

the bacteria and further enhance the PDT effect (Silva et al., 2018a; Kato et 

al., 2012; George, Hamblin and Kishen, 2009). 

A high concentration of MB in planktonic (5%M) and biofilm (PGA-5%M 

scaffold) cultures also reduced the E. coli viable counts. Previous research 

found a similar result as viable counts in E. coli planktonic cultures reduced 

when incubated with a 10µM MB concentration for 10 min, followed by 

irradiation (10 J/cm2) (Melo et al., 2011). MB (cationic PS) is able to displace 

divalent cation by binding to the LPS. Divalent cation (Ca2+ and Mg2+) serves 

as the stabiliser of the outer cell wall via electrostatic bonds. Displacement by 

MB therefore triggers instability of the LPS which decreases the permeability 

barrier of the cell wall of the Gram-negative bacteria. This mechanism is called 

“self-promoted uptake” pathway (George, Hamblin and Kishen, 2009; Jori et 

al., 2006). Once inside the bacteria, MB is also known to interact with guanine 
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bases of DNA, hence inducing damage upon irradiation and causing cell 

death (Awad et al., 2016). 

Based on the results, PDT using high concentrations of both ERY (5%E) and 

MB (5%M) caused more cell killing in planktonic culture than in biofilm culture 

for E. faecalis and E. coli bacteria. This showed that biofilm bacteria are more 

resistant toward PDT which might be a consequence of promotion of microbial 

efflux pumps that expel foreign substances outside the bacterial cell 

membrane (Shrestha and Kishen, 2012). Biofilms also have an extra 

protective layer made up of extracellular polymeric substances (EPS) that are 

able to act as a filter for substances before they are able to enter bacteria. 

Bacteria in biofilms therefore have enhanced potential to resist and neutralise 

antimicrobial agents such as antibiotics (Jamal et al., 2015). However, further 

research needs to be done in order to fully understand and maximise the effect 

of PDT on the bacteria. 
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6.2 Conclusions 

The data and evidence presented in this thesis described further 

characterisation of a novel antibacterial scaffold fabrication using PGA 

polymer with the incorporation of photosensitiser (ERY/ MB) using the 

electrospinning technique. The four main objectives for this research were 

outlined in the introduction (i) to fabricate and characterise electrospun PGA 

scaffolds that contained a variety of concentrations of PS (1%, 3%, 5% and 

7.5%); (ii) to evaluate the biocompatibility of the selected scaffolds (PGA-

1%E, PGA-5%E, PGA1%M and PGA-5%M) and their effects on hDPSC 

attachment and proliferation in vitro; (iii) to evaluate the PDT effects on 

hDPSCs seeded on tissue culture plates and on the PGA scaffold in in vitro 

culture; and (iv) to investigate the potential anti-microbial effects of the 

scaffold and PDT on E. faecalis (a Gram-positive bacterium) and E. coli (a 

Gram-negative bacterium). 

The addition of PS into PGA polymer did change the physical characteristics 

and degradation rates of the produced scaffolds depending on the type and 

percentages of PS added. The release of the PS from the scaffold could be 

tuned by varying the percentage of PS incorporated. However, there is a limit 

to the amount of PS that can be incorporated into the polymer: the amount of 

PS incorporated must not be too high as the modification may be cytotoxic to 

the cells and inhibit their ability to attach and infiltrate (MB) or the scaffold 

strength will be reduced (MB) meaning that it would not maintain mechanical 

integrity for long enough to support tissue regeneration. 

Cytotoxicity tests were performed with hDPSCs to examine cell attachment, 

proliferation and metabolic activity of four of these scaffolds incorporated with 
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PS (PGA-1%E, PGA-5%E, PGA-1%M and PGA-5%M). PGA-E (PGA-1%E 

and PGA-5%E) was able to support hDPSCs attachment and growth following 

in vitro culture, as well as resulting in cells with similar morphologies to control 

scaffolds. However, for both percentages of (PGA-1%M and PGA-5%M) 

cytotoxic effects were observed after being in culture for longer than 24 h.  

The PDT effect on hDPSCs was dependent on the type of PS, PS 

concentration and light dose used in the treatment. The use of monolayer or 

scaffold culture also affected the percentage of cell killing for hDPSCs. Cells 

on PGA scaffolds with ERY incubation had similar susceptibility to the PDT 

effect compared to the monolayer cell culture. However, cells exposed to MB 

were severely damaged irrespective of the culture conditions. In addition, 

hDPSCs were found to be more sensitive to the photodynamic action of MB 

compared to ERY. This data strongly suggests that PGA-ERY scaffolds will 

be suitable for use in antibacterial PDT during tissue regeneration, whereas 

the MB scaffolds would result in cytotoxicity to normal tissues and would 

therefore be a less ideal choice. 

In vitro studies showed that PGA-5%E scaffold could exhibit antibacterial PDT 

effects, whilst at the same time, enhancing and supporting hDPSCs 

attachment and proliferation. PGA-1%E scaffolds did have good 

biocompatibility with hDPSCs. However, it did not possess enough 

antibacterial PDT effect on E. coli (Gram-negative) bacteria in this study. 

PGA-1%M scaffold was found to cause cytotoxicity on hDPSCs but at the 

same time did not cause any significant bacterial reduction when light was 

applied. Conversely, even though it was an effective antibacterial PS, the MB 

concentration in the PGA-5%M scaffold caused cytotoxicity to the hDPSCs. 
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Overall, the results from this thesis may lay a firm foundation for further 

developing antibacterial PDT scaffolds for use in tissue regeneration. The 

bacterial killing during infection must be greater and at the same time preserve 

normal cells from the PDT effect. 

More research needs to be done in manipulating the concentration of PS and 

light irradiation time to get a perfect combination of low cytotoxicity and an 

efficient antibacterial effect on the same PGA-PS scaffold. One suggestion is 

to photoactivate the scaffold early which will limit the bacterial infections in the 

short term and after that, promotes cell proliferation on the scaffolds that are 

freed from bacteria. In this in vitro study, the burst released of the PS occurs 

during 72 h after the scaffold introduction, thus the effect of the high 

concentration or percentages of PS released from the scaffold when 

implanted in the oral cavity or soft tissue might be different, as a buffering 

system in the oral cavity or body fluid will remove the PS from the body within 

24 h (Peter et al., 2000). 

Therefore, the development of scaffolds with antibacterial properties for use 

in regenerative medicine is extremely important to prevent infection at the 

surgical sites. ERY might be useful to be further investigated as it showed less 

toxicity on human dental pulp stromal cells and also exhibited antibacterial 

properties when irradiated with light. However, more research needs to be 

done to find the accurate PDT doses that balance killing of bacteria and 

preservation of the normal human cells or tissue. 
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6.3 Recommendations for future work and clinical translation 

For the future use of anti-bacterial PDT and scaffold technology, the following 

aspects should be addressed in developing this scaffold further: 

I. Scaffold structure: The work presented in this thesis included studying 

the morphological properties, in vitro degradation rates and water 

binding capacity of the fabricated scaffolds. Additional physicochemical 

properties of the fabricated scaffolds also need to be investigated such 

as tensile strength, rheology (viscosity), crystallinity to further 

understand the interaction between PS and PGA polymer. Polymer 

viscosity (Li and Wang, 2013) and crystallinity (You et al., 2005) affect 

the physical properties of the scaffold and thus directly impact cell 

attachment and proliferation. The addition of PS definitely induced 

changes in the physicochemical properties of the polymer and it should 

be investigated further to understand the interaction better. 

Modification of the incorporation of PS can then be made based on the 

type of scaffold needed.  

II. PS cellular localisation: In this study, only PS released into the media 

was retrieved. The cellular localisation of the PS will define the 

biological responses from target cells and the induced mechanism of 

cell death (Bacellar et al., 2015). Therefore, determination of cellular 

localisation should be carried out by staining cellular targets such as 

lysosomes (LysoTracker Green) and mitochondria (Rhodamine 123) 

and comparing with the localisation of the fluorescent PS. 

III. In vitro Co-culture of bacteria and human DPSCs on the scaffold: 

Mono-cultures can only exhibit the interaction of human cells or 
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bacteria with produced scaffold. However, during infection the 

interaction is not only one to one but in between human cells, bacteria 

and scaffold. Thus, PDT on co-cultures should be explored further to 

support the antibacterial data presented in this thesis. 

IV. Scaffold material: The synthetic polymer used in this thesis was PGA. 

The addition of PS into PGA scaffolds increased the degradation rate 

of the scaffolds. In order to modulate the degradation rate of the 

scaffold, other types of synthetic polymer or combination with another 

polymer should be tested. For example, poly-(lactic acid) (PLA) and 

poly-(lactic-co-glycolic acid) (PLGA) are known to have slower 

degradation rates than PGA. Thus, it should be possible to produce a 

scaffold that degrades more slowly than PGA alone, and thus support 

cell growth for longer. Further work in our group on this aspect of the 

technology has recently been published (Contreras et al., 2019; 

Contreras et al., 2020). 

V. In vivo approach: The efficacy of the produced scaffold to interact with 

host cells in the in vivo setting should be further investigated. 

Synthesised scaffolds should be tested in vivo using gold standard 

functional animal models. The biocompatibility of the scaffold toward 

host cells and its environment will also need to be more fully 

investigated.  

VI. Anti-bacterial PDT: The anti-bacterial PDT work presented in this study 

involved two selected bacteria: E. faecalis (Gram positive) and E. coli 

(Gram negative). While the results were encouraging, further work is 

needed using complex multi-species biofilms such as those found in 

the oral cavity.  



 243 

VII. Seeding: In this study, cell seeding was performed statically. To fully 

understand the cell-material interaction, dynamic seeding should be 

tested as the cells will have more surface area to attach to the scaffold. 

However, as stated above, modification to the scaffold polymer to 

induce slower degradation rates would also improve the efficacy of 

dynamic seeding by providing a more stable scaffold that would not 

degrade as quickly during seeding.  

VIII. Cell types: Different cell types should be studied as the sensitivity of 

the cells will be different. For example, fibroblasts and skin tissue are 

known to tolerate a higher concentration of MB. Thus, further 

exploration is also needed on the use of the PS-incorporated scaffolds 

at varied sites of implantation where the host cells may better tolerate 

the PS and PDT treatment. 
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Appendices 
 

Appendix A:  Tissue bank approval form for teeth collection 
and the use of dental pulp stem cells. 
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The scaffolds fabricated by electrospinning showed different fiber diameters when visualized
by SEM, PGA having the largest fiber diameter followed by Methylene Blue (MB) and
Erythrosine (ERY)-incorporated scaffolds. The fiber diameter also decreased as the
concentration of incorporated PS increased. As degradation time increased, more fibers
were disintegrated and microcracks were found along the fibers.

There has been much interest in the incorporation of antimicrobial agents into tissue engineering scaffolds to
overcome infection in regenerative medicine. Erythrosine (ERY) and Methylene Blue (MB) are well-known
photosensitisers (PS) which have been employed in antibacterial photodynamic therapy (APDT) studies and
are also contained in dental plaque disclosing agents. The combination of scaffolds, PS and PDT may

provide a new way to overcome infections such as peri-implantitis.

MORPHOLOGICAL CHARACTERISATION OF THE IN VITRO DEGRADATION OF
POLY-(GLYCOLIC ACID) SCAFFOLDS INCORPORATING EITHER

ERYTHROSINE OR METHYLENE BLUE.
Rina Osman Basah1, Simon R. Wood1, Xuebin Yang1 & Mike Raxworthy2

1 School of Dentistry, University of Leeds, LS9 7TF, UK; 2 Neotherix Ltd, York.

Scaffolds 1% 3% 5% 7.5%

PGA 1.9895 ±
0.5045

ERY 0.9656 ±
0.1658

0.498 ±
0.1725

0.3317 ±
0.1463

0.2281 ±
0.167

MB 0.9162 ±
0.1859

0.8342 ±
0.1937

0.9103 ±
0.1424

0.9308 ±
0.2367

DAY 7
(50µm) dH20 PBS PBS+10%FBS

PGA

5% ERY

5% MB

Table 1: Mean fiber diameter (µm) ± S.D

The addition of ERY or MB to the PGA, caused the scaffold morphologies to change, and as
degradation time increased, SEM images showed the fibers become more scattered and
disintegrated with increasing time in each solution. More studies are required to further
characterise the effects of the incorporation of PS into PGA scaffolds for use in regenerative
medicine strategies.

RESULTS:

CONCLUSIONS:

RESULTS:METHODS:
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Figure 1: SEM images of PGA only, Erythrosine and Methylene Blue (1, 3, 5 & 7.5%)
scaffolds (50 µm).

Table 2: SEM images of scaffolds after day 7 in three
different solution.

Figure 2: Erythrosine and Methylene Blue released profile over 10 days degradation time in
three different solution.

Scaffolds were synthesised and analysed as per the schedule
shown below:

PGA

1% ERY 3% ERY 5% ERY 7.5% ERY

1% MB 3% MB 5% MB 7.5% MB

Electrospinning

PGA ERY
1, 3, 5 & 7.5%

Solution

dH20 PBS PBS +
10%FBS

Scaffolds

SEM

MB
1, 3, 5 & 7.5%

In vitro
degradation
assay
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Primary cell interaction with a newly-developed 
antimicrobial dye incorporated scaffold.

Rina Osman Basah1, Simon R. Wood1, Xuebin Yang1, Mike Raxworthy2

1School of Dentistry, University of Leeds, LS9 7TF, UK; 2Neotherix Ltd. 

Results

These findings contribute to the field of cell–material
interaction and lead to the fabrication of scaffolds which can
enhanced cell attachment and proliferation, and eventually
release antimicrobial agent to prevent infection.

Conclusion

The effect of different fibres diameters and their 3D features on cell
attachment and proliferation was investigated. The newly-developed
scaffolds enhanced cell attachment, proliferation and cells spreading on the
scaffold.

Acknowledgement :

PGA 1E 5E 1M 5M
1.9895 ±
0.5045

0.9656 ±
0.1658

0.3317 ±
0.1463

0.9162 ±
0.1859

0.9103 ±
0.1424 

Table 1: Mean Fiber diameter (µm) ± S.D

Figure 1: Cell metabolic
activity at 24hr and 72hr
post-seeding.
This suggested that
scaffolds incorporated
with PS support cellular
adhesion and growth
compared to micro-fibrous
scaffold.

Figure 2: Microscopic images of cell-scaffold construct at 24hr and 
72hr post-seeding.

The scaffolds were fabricated by electrospinning of poly-
(glycolic) acid (PGA) with several different concentrations of
PS - 1% and 5% of either Methylene Blue or Erythrosine
were used in the experiments. PGA scaffold without any PS
were fabricated as a control. Each scaffold was seeded with
human dental pulp stromal cell and culture for 24hr and 72hr
respectively. Cell attachment and proliferation at 24hr and
72hr post-seeding were measured using Presto Blue
reagent. Cell-scaffold constructs were fixed with 4% NBF and
dehydrated through series of ethanol and stained with
AlexaFlour Cell morphology on scaffolds was examined at
24hr and 72hr post-seeding using SEM and stained with
fluorescence microscopy.

Methods

Scaffolds play important role in regenerative medicine as it
serves as 3D tissue templates and provide synthetic
extracellular matrix microenvironments for cell attachment,
proliferation, differentiation and tissue regeneration.
Erythrosine (ERY) and Methylene Blue (MB) are well-known
photosensitisers (PS) which have been employed in
antibacterial photodynamic therapy (APDT) studies. The
addition of these PS into the scaffold give a new
characteristic to the scaffold which is need to be investigate
in terms of their biocompatibility.

Introduction

i) To compare in terms of seeding and growth of primary
cells on the scaffold with and without the PS;

ii) To quantify the growth of primary cells on the scaffolds
with and without the PS.

Aim
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Appendix C: Neotherix Ltd extrusion process 
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Appendix D: DiameterJ Installation and user instruction 

1. Download and install ImageJ or Fiji. 

2. Download the DiameterJ plugin http://fiji.sc/DiameterJ#Download_Link 

3. Unzip the files and move or copy the three folders into the “plugins” 

folder of ImageJ/FIJI. 

4. Restart ImageJ 

Image Segmentation: Image segmentation is needed to convert image from 

SEM to a binary image before performing DiameterJ analysis. The white 

pixels represent the portions of the original image that going to be measured 

and the black pixels represent the background that not going to be measured. 

 
1. Open ImageJ. 

2. Go to “Plugins®DiameterJ®DiameterJ Segment” to segment images. 
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3. A pop-up window will appear asking for several pieces of information.

 
4. Enter in the dimensions of original image in pixels.  

5. Select whether image needs to be cropped and what pixels coordinates 

of the box (the selected area after the cropped). 

6. DiameterJ Segment can use up to 24 different segmentation algorithms 

to segment your image. Each of the check boxes under “Segmentation 

Algorithms to Use” represent 8 of these algorithms. Select as many or 

as few needed.  

7. Batch processing for analysing more than one image is enabled by 

default but if the user only would like to analyse one image select the 

“No” radio button. If the user only wants to analyse one image that 

image must be opened in DiameterJ prior to starting the DiameterJ 

Segment or DiameterJ 1.XXX plugin. 

8. Click the “OK” button after you have made all the selections you would 

like to make. 

9. If you chose to batch analyse the images, a pop-up window will appear 

asking what folder you would like to analyse images from. If you chose 

not to batch analyse, the pop-up window will ask where you would like 

to save the output of the analysis of the image that is open in ImageJ. 

If batch was selected, output files will be saved in the same location 

that the images the user selected are in. 
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10. The code will produce three new folders within the folder where the 

image that you selected for analysis located. One folder is called “Best 

Segmentation”, another is called “Montage Images”, and the third is 

called “Segmented Images”.  

a. The Best Segmentation folder contains no images.  

b. The Montage Images contains a montage comparison image of 

the original image to the 8, 16, or 24 different segmentation 

methodologies. Look at each of the montage images and find 

the name of the image with the most accurate representation of 

your fibres.  

c. The Segmented Images folder has all of the segmented images 

from the montage images. Copy and paste the images you have 

determined to have the best segmentation into the “Best 

Segmentation” folder. 

 

 
11. Visually inspect these images to make sure that the segmentation 

worked well and that the segmentation represents the image you want 

to analyse. If it does not, try the other segmentation algorithms.  
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12. If none of the 124 algorithms segment your image well, you can take 

the best segmentation results from running the algorithm and manually 

correct any remaining errors. Other methods include creating your own 

segmentation or using your own segmentation algorithm to create the 

black and white images. DiameterJ only needs a black and white 

(binary) image to analyse and thus it does not matter how that image 

is created.  

13. After copying the best image into the “Best Segmentation” folder, the 

user can delete all other unused images/ montage images in the other 

folders. This step is not required it just saves a lot of hard drive space. 
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DiameterJ Analysis: 
In ImageJ, go to: 

“Plugins®DiameterJ®DiameterJ 1-XXX” to analyse the segmented image. 

 

 

 
1. A pop-up menu will appear that gives the user several options for 

analysis. 
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2. First choose what type of orientation analysis you would like to perform 

on your images.  

a. OrientationJ is the default because it is fast and provides a good 

comprehensive graph of fibre orientation. However, it will not 

provide raw data for the user. If the user requires the raw data 

for the orientation graph, they will have to either run OrientationJ 

manually, OR use FIJI and select the “Directionality” plugin for 

analysis. The Directionality plugin only works for FIJI, is very 

slow and leaves windows open that cannot be closed in any 

ways but manually.  

3. Next, the user must decide if they want DiameterJ to report all outputs 

in pixels (default if no unit conversion is selected) or if they want to 

convert pixels into real units such as micrometers or nanometers. If the 

user would like DiameterJ to convert units they will need to know the 

distance to pixel transformation.  

4. If the user would like to know where a particular radius of fibre is 

occurring the user has the option for DiameterJ to create a separate 

graphic showing the location of radii in an image specified in the range 

specified by the user. The user must select the “Yes” button in “Identify 

Specific Radius Location” heading and enter in the lower and upper 

bounds of the radii they would like to see for this option to work.  

5. Batch processing is enabled by default but if the user only would like to 

analyse one image select the “No” button under the “Batch Processing” 

heading. If the user only wants to analyse one image that image must 

be opened in DiameterJ prior to starting the DiameterJ Segment or 

DiameterJ 1.XXX plugin.  

6. Additionally, DiameterJ can now combine the analysis of multiple files 

into single summary sheets if the “Yes” button is selected under the 

question “Do you want DiameterJ to combine analysis from all 

images?”. Note this combines all images analysed into summary files. 

Thus, if multiple samples are contained in the same folder and 

DiameterJ is analysing that folder It will combine the analysis from 

multiple samples into the same summary files. 
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7. Click the OK button after you have made all of the selections you would 

like to make. 

8. A pop-up window will appear asking what folder you would like to 

analyse images from if you chose to batch analyse images, or asking 

where you would like to save the output of the analysis of the image 

that is open in ImageJ if no batch analysis was selected. If batch was 

selected output files will be saved in the same location that the images 

the user selected are in.  

9. DiameterJ will then analyse all the images in the specified directory and 

will separate its analysis into three folders: “Diameter Analysis Images”, 

“Histograms”, and “ Summaries”. These folders will be located in the 

directory where the analysed image is located. The file labelled 

“DiameterJ Output Description” describes what the outputs are in each 

of these folders. All the raw data regarding measurement can be found 

in these folders. 

 

Pixel to Unit Distance Transformation: 
All measurements given by DiameterJ are in pixels by default. 

1. To determine the pixel to unit distance (nanometer/ micrometer/ 

milimeter) conversion, the are two options depending on how much 

metadata your imaging software stores with your image. It is possible 

that you already have the pixel to distance conversions in the metadata 

and thus getting the distance transformation number is easy.  

a. Simply go to: a) Analyse®Set scale 
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2. Look at what the unit of length is. If it is inches, then your SEM does 

not store the necessary metadata information with the micrograph and 

you will have to do the conversion by hand. 

3. In the case that you have to calculate by hand, open any micrograph 

(at the magnification that you have taken your SEM images) in ImageJ. 

4. In ImageJ go to menu:  

a. a) Analyse®Set scale  

5. Select “Click to Remove Scale”. 

 

 

 
6. Close the scale window. 

7. Place your mouse over the scale bar and hot the “+” key to zoom-in. 

8. Continue to zoom-in on the scale bar until it fills the screen. After 

zooming in, you can widen the default width of the window that ImageJ 

chooses just like any normal window. 

9. Next select the “Rectangular” tool from the menu bar. If the rectangular 

tool is not available, go to the tile that has “>>” and click “Restore 

startup tools” from the drop down menu.  

10. Next, draw a square or a line that spans the scale bar.  

11. To get the length or width of this rectangle, simply look under the tool 

bar of ImageJ as you are drawing the rectangle. As soon as you stop 

drawing  the line, the measurements will disappear, so do not let go of 

the cursor until you have seen and noted the rectangle width.  

 



 263 

 
 

12. Record the number that “w” is equal to. 

13. Then, it is simply a matter of entering in the length of the scale bar in 

real units (10 microns above) and the number of pixels you just 

recorded (“w”) into the DiameterJ 1.XXX menu and selecting “Yes” to 

unit conversion. 

14. All units in all output files will then be in terms of microns, microns2, etc. 
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