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Abstract 

Wound healing is a complex and coordinated response where the skin 

repairs itself.  It can be divided into four phases: inflammation, 

proliferation, maturation and remodelling.  The prolongation or failure 

of one of these phases may result in a chronic wound condition due 

to a healing delay or a non-healing wound.  Failure of wound healing 

is an unsolved and significant public health problem, associated with 

economic and human costs.  However, skin tissue regeneration may 

provide therapies which enhance wound healing.  Despite the fact that 

a variety of scaffolds have been fabricated for wound healing, an 

increasingly aging and diabetic (as major risk factor for non-healing 

wounds) population is now creating a further extensive demand for 

new regenerative products.  

The first body of research examined in the present thesis evaluated 

the effects of propolis and its compounds, quercetin, rutin, and 

artepillin C on fibroblast proliferation and migration rates.  In order to 

investigate this, cytotoxicity, membrane disruption, and in vitro 

scratch experiments were conducted.  However, findings showed that 

there is not a compelling argument to pursue the use of propolis and 

its isolated components related to cell migration and proliferation; as 

a result, another natural product, Lucilia sericata maggot 

excretion/secretion (L. sericata maggot E/S) was investigated. 

The second and third bodies of research have involved the 

development of electrospun polycaprolactone (PCL) scaffolds in the 

micron scale range (2-14 µm) to allow good fibroblast infiltration.  In 

vitro biocompatibility and infiltration behaviour of 3T3 GFP dermal 
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fibroblasts, as an exemplar cell type on electrospun PCL scaffolds, 

were investigated.  Additionally, synthesis of polycapolactone-

poly(ethylene glycol)–block copolymer (PCL-b-PEG) was included in 

this study, where it was hypothesized that PCL-b-PEG containing 

scaffolds may enhance degradation, wettability, and cell-compatibility 

as previous research has reported.  Caprolactone-poly(ethylene 

glycol) block copolymer were blended with commercial caprolactone 

(PCL-b-PEG/PCL) and electrospun scaffolds were developed and fully 

characterised.  Selected scaffolds (PCL and PCL-b-PEG/PCL with an 

average fibre diameter of 4 μm) were compared in terms of: i) in vitro 

biocompatibility and cell infiltration, ii) mechanical properties, iii) 

physiochemical properties, iv) degradation rate, and v) porosity.  The 

generated evidence suggested that PCL-b-PEG/PCL electrospun 

scaffolds with an average fibre diameter of 4 μm, with a porosity 

of~70% (mCT), average pore size of 40 μm and a Young’s modulus 

of ~9 MPa possess suitable properties to enhance the fibroblasts’ 

(murine and human) growth.  In addition, PCL-b-PEG/PCL scaffolds 

allowed significantly higher fibroblast migration (60% after 5 days) 

compared with PCL scaffolds (40%). 

The third and fourth bodies of research focused on scaffolds as a 

platform for Lucilia sericata maggot excretion/secretion release as 

bioactive molecule for wound healing.  The protein models (lysozyme 

and avidin) and the Lucilia sericata maggot excretion/secretion were 

absorbed onto the PCL, H-PCL and PCL-b-PEG/PCL scaffolds with and 

without cationic polymer poly (trimethylamino) ethyl methacrylate 

hydrochloride-block-Poly(N-(2-hydroxypropyl)methacrylamide 
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(PTMAEMA33-b-PHPMA180) modification.  The comparison of the 

release profiles of avidin from PCL, H-PCL and PCL-b-PEG/PCL 

scaffolds with and without out cationic polymer treatment showed 

that the release of avidin from cation polymer modified scaffolds, tend 

to exhibit zero order kinetics and is not time dependent.  Meanwhile, 

scaffolds without cationic treatment showed a greater and prolonged 

burst release (first 6 h).  Also, the release profile of lysozyme (smaller 

protein than avidin) shows that lysozyme released from PCL, H-PCL 

and PCL-b-PEG/PCL scaffolds without cationic polymer treatment was 

lower than the release from non-modified scaffolds.  In addition, it 

was found that the bioactivity of lysozyme was not statistically 

reduced by the cationic modification of the scaffold surface.   

Finally, L. sericata maggot E/S was incorporated more efficiently on 

cationically modified PCL-b-PEG/PCL scaffolds than on scaffolds 

without cationic polymer.  The loading and release of L. sericata 

maggot E/S from electrospun scaffolds has not been reported before. 

The release profiles of L. sericata maggot E/S revealed that the burst 

release and the cumulative release of L. sericata maggot E/S was 

significantly lower when cationic polymer was incorporated into the 

scaffolds.  After 21 days, cumulative amount of released L. sericata 

maggot E/S was ~14 μg/mL from cationicallly modified scaffolds.  No 

statistical differences were found between materials.  In addition, 

the protease activity of Lucilia sericata maggot E/S was preserved 

when PCL-b-PEG/PCL and cationically modified PCL-b-PEG/PCL 

scaffolds were used as release platform. 
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The present research addressed the challenge of generating bioactive 

electrospun scaffolds for skin wound healing.  The approach combined 

the fabrication of scaffolds that provide a structural stability to cell to 

grow and facilitate infiltration.  Furthermore, the idea that the 

scaffolds can be used as a release platform for therapeutic molecules 

from L. sericata maggot E/S for skin wound healing was investigated. 

The evidence presented here supports its novelty as a potential 

strategy for skin regeneration.  
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CHAPTER 1  Introduction 

1.1 Wound healing phase regulation 

In normal skin, the epidermis creates a natural and effective physical 

barrier against the external environment (Evans et al., 2013).  The 

epidermis is divided into four or five layers (depending on the region 

of the body) where the stratum corneum is the outermost layer and 

its main function is to regulate the exchange of substances through 

the skin (Baroni et al., 2012).  The epidermal barrier is 

semipermeable, and it can be altered by different external and 

internal stimuli such as: climate, physical stressors, and a number of 

skin and systemic diseases (Darlenski et al., 2011). 

A wound involves the loss of epithelial continuity and integrity. 

Therefore, it is essential that the homeostasis is re-established to 

avoid fluid loss and infection (Greaves et al., 2013, Eming et al., 

2007).  In normal physiological conditions, injury to the skin initiates 

a complex cascade of biochemical and cellular events with the 

purpose of re-establishing the integrity of the skin and repairing the 

injured tissue (Wu et al., 2007). 

The wound healing process is a complex and overlapping cascade of 

events which can be classified into four distinct phases: i) 

haemostasis, ii) inflammation, iii) proliferation and iv) remodelling 

(Sonnemann and Bement, 2011).  Figure 1.1 shows the main events 

and key cells involved in each of the four phases. 
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Figure 1.1 – The diagram above shows the phases of wound healing. 1) Wound immediately after injury.  Blood vessels are damaged 
which increase PMNs, neutrophils, and platelet infiltration in the wound side 2) coagulation happens when platelets are aggregated with 
fibrin forming a fibrin clot 3) platelets begin to release growth factor including PDGF and TGF which attract PMNs to wound area 4) After 48 

h PMNs are replaced by macrophages which remove the debris, release growth factors and begin to re-establish the extracellular matrix 5) 
at 72 h fibroblasts begin to synthesise collagen induced by growth factors 6) Remodelling may take weeks to months.  Adapted from 
(Sonnemann and Bement, 2011). 
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1.1.1 Haemostasis 

The haemostasis phase is the repairing process that is initiated 

immediately after injury.  During this phase there is fibrin clot 

formation followed by the local release of cytokines and growth 

factors (Reinke and Sorg, 2012).  Coagulation is a very important 

event in order to maintain haemostasis and wound protection.  An 

injury causes the disruption of blood vessels and subsequently the 

exposure of subendothelial collagen to platelets.  This results in the 

aggregation and activation of a coagulation cascade.  Fibrin, 

fibronectin, vitronectin, thrombospondin and aggregated platelets 

combine to form a blood clot.  The main functions of a clot are 

reduction of blood loss, protection of the wound against bacteria, 

serving as a scaffold for cells, and to acting as a reservoir for growth 

factors which may be required in the later phases of wound healing 

(Falanga, 2005, Golebiewska and Poole, 2014). 

1.1.2 Inflammation 

The inflammatory phase is characterised by an increase of vascular 

permeability, cellular migration from the circulation to the wound site, 

and wound debridement (Demidova-Rice et al., 2012b). 

The early inflammation stage occurs approximately 24 h after injury. 

During this time the aggregated platelets in the blood clot begin to 

release cytokines and growth factors.  These include platelet-derived 

growth factor (PDGF) and transforming growth factor β (TGF-β).  The 

main function of these growth factors is to attract polymorphonuclear 
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cells (PMNs) to the wound site which release important chemical 

signals to begin the inflammation phase (Baum and Arpey, 2005). 

After 48 h, macrophages replace PMNs as the principal inflammatory 

cell.  Macrophages are phagocytic cells whose function is to remove 

debris from the wound (Sonnemann and Bement, 2011, Harper et al., 

2014) and to release growth factors such as PDGF and epidermal 

growth factor (EGF) for the stimulation of angiogenesis and 

granulation tissue formation (Harper et al., 2014). 

1.1.3 Proliferation 

The proliferation phase begins about 72 h after injury is induced 

(Beanes et al., 2003).  In this phase, the essential events are the 

synthesis of collagen (an important extra cellular matrix (ECM) 

protein), angiogenesis, proliferation and migration of fibroblasts, 

endothelial cells and keratinocytes (Falanga, 2005).  The release of 

several cytokines and growth factors such as, PDGF, TGF-β and 

connective tissue growth factor (CTGF) stimulates the migration of 

fibroblasts (Delavary et al., 2011).  The main role of fibroblasts is the 

production of permanent ECM and growth factors.  Fibroblasts 

produce collagen and proteoglycans; they also release growth factors 

such as the platelet-derived growth factor (PDGF) and vascular 

endothelial growth factor (VEGF) which enhance granulation tissue 

formation and reepithelization during the proliferative phase 

(Demidova-Rice et al., 2012b). 
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1.1.3.i Angiogenesis 

In addition, endothelial cells proliferate and start to form new 

capillaries, a process known as angiogenesis (Caiado et al., 2011). 

Angiogenesis re-establishes the supply of oxygen and nutrients in an 

effective way to achieve wound closure.  It is regulated by several 

cytokines and growth factors (Bauer et al., 2005), such as vascular 

endothelial growth factor (VEGF), fibroblast growth factor (FGF), 

angiopoietin and TGF-β (Greaves et al., 2013). 

1.1.3.ii Granulation tissue 

By this time, the morphology of the wound has changed.  This is 

attributed to the replacement of the provisional ECM by granulation 

tissue.  The formation of granulation tissue is clinical evidence of 

wound closure (Iizaka et al., 2011).  Granulation tissue is bright red 

and granular in appearance due to the invasion of capillaries.  The 

cellular components of this tissue are: fibroblasts, blood cells and 

macrophages, which produce a significant amount of growth factors 

and cytokines (Barrientos et al., 2014, Behm et al., 2012). 

Keratinocytes cross the granulation tissue from opposite sides of the 

wound in order to re-establish contact.  This process is known as 

contact guidance and it is part of the re-epithelialisation process 

(Kroeze et al., 2011). 

1.1.4 Remodelling 

This phase is characterized by the deposition of connective tissue, 

scar formation and wound contraction.  This process could be 
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completed weeks to months after the initial injury has occurred 

depending of the wound type and its size (Schreml et al., 2010).  The 

wound appearance changes over time.  It has been observed that the 

wound begins to strengthen as its thickness decreases.  This is as a 

result of the increase in the proportion of collagen type I while 

collagen type III, proteoglycans, and water content decrease during 

the remodelling process (Baum and Arpey, 2005).  Even if the 

collagen synthesis slows down after about three weeks, the 

reorganization can continue for months after injury (Reinke and Sorg, 

2012). 

The wound starts to contract approximately 7 days after injury. 

Important cells in this process include myofibroblasts, whose 

cytoskeletal structures are different to resting/quiescent fibroblasts 

because they contain α-smooth muscle actin.  It is known that 

myofibroblasts have an important role in the wound contraction phase 

because they synthesize ECM components such as collagen type I and 

III, playing a mechanical function.  When re-epithelization is finished, 

myofibroblasts disappear (Baum and Arpey, 2005, Sonnemann and 

Bement, 2011). 

1.2 Impaired healing 

There are two contrasting clinical problems associated with the failure 

of wound healing.  The first one is called excessive healing, which is 

characterized by the excessive deposition of connective tissue.  It may 

lead to a pathological condition called fibrosis (i.e. keloids and 

hypertrophic scar formation) (Grieb et al., 2011).  The second one is 
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characterized by a lack of connective tissue deposition which may lead 

to a chronic condition (i.e. diabetic foot ulcer) (Diegelmann and 

Evans, 2004). 

The prolongation or failure of one of the previously described phases 

may result in a delay in healing or a non-healing wound (Wu et al., 

2007), leading to a chronic wound condition.  Chronic wounds are 

those that, under standard medical treatment, do not heal completely 

after 30 days.  Additionally, it is also common to find periods of 

healing which are interrupted by stationary phases in which the 

wound does not improve (Moroz and Deffune, 2013). 

Local factors such as foreign bodies, infections, venous sufficiency and 

oxygenation may affect wound healing.  Systemic factors such as 

advanced age, gender, malnutrition, disease (e.i diabetes), smoking 

and medication may also alter the normal healing process (Guo and 

DiPietro, 2010a). 

1.2.1 Impaired wound healing in diabetic foot ulcers 

(DFUs) 

The combination of both, local and systemic factors are the cause of 

impaired healing in diabetic ulcers.  They include neuropathy, 

vascular deficiency, infections, cell and molecular abnormalities 

(Falanga, 2005, Berlanga-Acosta et al., 2012). 

1.2.1.i Vascularity 

Diabetic patients frequently suffer from macrovascular and 

microvascular deficiencies which are characterized by the reduction 
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in the size of small-blood vessels, and the thickening of their basal 

membrane (Hile and Veves, 2005).  As a result, leucocyte migration 

is reduced contributing to increased risk of infection.  Moreover, the 

blood flow is maldistributed causing prolonged hypoxia (oxygen 

deprivation).  A sustained hypoxia can induce apoptosis, cell arrest, 

and oxidative stress.  The hypoxia mechanism alters the redox stage 

of complex I, II and III of the electron transport chain generating 

reactive oxygen species (ROS).  (Demidova-Rice et al., 2012b, 

Demidova-Rice et al., 2012a, Tafani et al., 2016). 

1.2.1.ii Neuropathy 

Neuropathy problems are closely linked with vascularity deficiency. 

Blood flow reduction results in morphological and physiological 

changes of nerves (Tecilazich et al., 2012); sensory, motor and 

autonomic nerve fibres become defective.  Under this sensory deficit, 

diabetic patients frequently tend to develop ulcers caused by trauma 

and pressure (Tesfaye and Selvarajah, 2012). 

1.2.1.iii Infections 

Infections are severe complications to wound healing, which may lead 

to amputations and morbidity in diabetic patients (Tiwari et al., 

2014).  The most common complication caused by the infection of a 

diabetic foot ulcer is osteomyelitis.  The figures indicate that between 

44-68% of patients admitted to hospital with infected diabetic ulcers

have osteomyelitis, increasing the risk of amputation threefold (La 

Fontaine et al., 2014). 
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Wound infections have been related to an overproduction of 

interleukin-8 (IL-8) and other inflammatory cytokines that inhibit 

keratinocyte proliferation (Kraft et al., 2014).  Moreover, colonization 

by bacteria can lead to a disastrous and persistent inflammatory 

response, forming a fragile granulation tissue and damage of the 

extra cellular matrix (ECM) which finally retards the wound healing 

process (Kraft et al., 2014, Liao et al., 2009). 

1.2.1.iv Cellular and molecular abnormalities 

There are hundreds of physiological factors that contribute to the 

impaired wound healing capacity of diabetic ulcers (Brem and Tomic-

Canic, 2007).  In general, isolated fibroblasts from diabetic ulcers 

have shown deficiency in growth factor release and a poor 

proliferative response (Falanga, 2005).  Biopsies from the non-

healing edge of diabetic ulcers revealed overexpression of c-myc and 

β-catenin, two biomarkers indicating impaired wound healing.  It has 

been reported that these biomarkers were associated with the 

inhibition of keratinocyte migration and the alteration of their 

differentiation (Liao et al., 2009). 

In addition, the increase of protease expression and high levels of 

reactive oxygen species (ROS), pro-inflammatory cytokines and 

metalloproteases (MMPs) cause damage of ECM proteins (Eming et 

al., 2007).  All these disordered events contribute to ECM degradation 

which leads to re-epithelization delay, angiogenesis, and 

neovascularization impairment (McLennan et al., 2006, Greaves et 

al., 2013). 
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1.3  Impaired wound healing is a significant public health 

problem 

Wound healing failures remain as an unsolved and significant public 

health problem worldwide due to the associated economic and human 

costs (Driver et al., 2010, Andrews et al., 2015).  The National Health 

Service (NHS) in the United Kingdom spent in 2010-2011 an 

estimated £639 million–£662 million on the treatment of chronic 

diabetic foot ulceration in England (Kerr, 2012). 

Dressings, community nurse visits, and hospitalization contribute to 

the cost of wound care (Kerr, 2012).  The estimated cost of dressing 

between 2010 and 2011 was £185 and the cost of healthcare 

professionals was £525 over a 24-week period (Jeffcoate et al., 

2009).  The total expenditure in admitted patients with foot ulceration 

which include minor and major amputation was estimated at £257 

million in 2010-11.  Any delay or prolongation in the normal tissue 

response to injury has a significant impact in length of hospital stay 

increasing the cost (Posnett et al., 2009). 

Not least important is the human cost for patients with chronic 

wounds.  The costs have been quantified in pain, distress, anxiety, 

and complication associated with prolonged hospital stays, chronic 

morbidity or death.  All of them have an important negative impact in 

the quality of life of the patients and their families (Kerr, 2012).   
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1.4 Clinical approaches and technological advances to 

correct impaired healing 

Effective wound management must evaluate the desirable function 

and the clinical significance of the dressing or clinical procedure in 

order to achieve successful wound healing in a reasonable time 

(Boateng et al., 2008, Andrews et al., 2015).  The following sections 

describe the wound management which consider: debridement, 

alternatives of dressing for moisture balance and control of infection. 

1.4.1 Debridement 

Debridement is the removal of devitalized tissue and pathogens from 

the area surrounding the wound (Sohrabi and Russell, 2014). 

Naturally, debridement is conducted via autolytic processes, where 

macrophages and endogenous proteolytic enzymes play an important 

role (Gray et al., 2011).  In chronic wounds the lack of natural 

debridement causes the formation of necrotic tissue which covers the 

wound.  This increases the length of the inflammatory phase and risk 

of infection leading to impaired wound healing (Brem and Tomic-

Canic, 2007).  Clinicians use different types of debridement which 

include: surgical removal, wound irrigation, enzymatic biological 

therapies, and rehydration by changing dressings (Boateng et al., 

2008).  Surgical removal uses a scalpel, scissors and sometimes local 

anaesthesia (Sohrabi and Russell, 2014).  Wound irrigation delivers 

fluid (saline or antiseptic solution) via a nozzle under sufficient 

pressure to remove necrotic tissue (Leaper, 2011).  Some enzymes 
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available for debridement are bacterial collagenase, papain (from 

papaya fruit), DNAse and fibrinolysin which are applied to the wound 

bed and combine with the enzymes in the body removing devitalized 

tissue (Vijaykumar et al., 2011).  In addition, Lucilia sericata maggot 

is an organism which is applied directly to the wound; secreted 

enzymes and subsequent action by the maggots debrides and 

promotes wound healing (Telford et al., 2011, Horobin et al., 2005). 

1.4.2 Wound dressings 

Dressings have been classified over the years according to their 

functions (debridement, occlusive, absorbent, antimicrobial) or 

the type of material used to produce those (Table 1.1)(Moura et al., 

2011, Boateng et al., 2008).   

1.4.2.i Modern dressing 

Modern dressings have been developed to improve the clinical 

outcome achieved compared to traditional ones (Boateng et al., 2008) 

such as cotton wool, gauzes and tulles (Jones, 2005).  These have 

been replaced by modern dressing due to the discovery of more cost 

effective alternatives (Schmitz et al., 2014).  Depending on the kind 

of wound, clinicians evaluate the appropriate dressing to be used in 

order to maintain optimum conditions for wound healing.  They 

include hydrogels, hydrocolloids, foams, and calcium alginates 

amongst others (Abdelrahman and Newton, 2011).  Nevertheless, 

there are certain concerns that some types of dressing may promote 

microbial proliferation (Skórkowska-Telichowska et al., 2013).   
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Table 1.1 - Examples of the most common wound dressings used to treat chronic wounds. Extract from (Abdelrahman and Newton, 2011). 

Type of dressing Commercial examples Indications Advantages Disadvantages 

Hydrocolloids 
(occlusive or semi-

occlusive) 

Cutinova® Thin (Beiersdorf-
Jobst), DuoDerm® CGF 

(ConvaTec), RepliCare® 
(Smith & Nephew, Inc.), 
Restore® Wound Care 

Dressing (Hollister) 

Wounds with light to 
moderate exudate i.e 

pressure ulcers and 
venous ulcers 

No pain on 
removal 

Absorbent 

Fluid trapping increases 
the risk of infection 

Malodours 

Alginates 

(hydrophilic) 

Algisite® (Smith & Nephew), 

Kaltostat® (ConvaTec), 
Tegagen® HG or HI (3M 

Health Care), Comfeel 
SeaSorb® (Coloplast AS), 
AlgiDERM (Bard),  

For diabetic ulcers with 

moderate to heavy 
exudate 

Non-toxic 

Highly absorbent  
Non-traumatic 

removal 
Preserve 
granulation tissue 

Painless 
Biodegradable 

Could delay the wound 

healing process by 
over-dehydration 

Hydrogels 
(non-occlusive) 

Granugel® (ConvaTec), 
Intrasite Gel (Smith & 

Nephew)  
Purilon Gel® (Coloplast) 
Aquaflo™ (Covidien)  

For chronic wounds 
with light to moderate 

exudate 
Non-infected wounds 

Improves re-
epithelization 

Overhydrates 
Skin maceration 

Bacterial proliferation 
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Semi-permeable 
film 

Tegaderm film®(3M), Mepitel 
film® (Molnlycke) Oposite 

flexigrid (smith and nephew) 

Non-infected wounds 
Non-deep or cavity 

wound 
Minimal exudate 

Transparent  
Easy to check 

wound  

Fluid trapping 
Limited ability to absorb 

Skin maceration 
Bacterial proliferation 

Foam Aquacel® foam (Covantec), 
Mepilex® Lite (Molnlycke), 
kendall ™foam. 

Non-dry scars 
Non-cavity wounds 
For pressure ulcers 

Prevents bacterial 
infections and loss 
of fluid 

Highly absorbent 

Malodour 
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1.4.2.ii Advanced wound dressing 

Recent advances in wound healing technologies have been used to 

develop more effective wound healing treatments (La Fontaine et al., 

2014).  These include a skin substitute, and natural and synthetic 

polymer–based dressings (Moura et al., 2013, Andrews et al., 2015). 

1.4.2.ii.a Skin substitute 

Skin substitutes have been created to accelerate wound healing. 

They include artificial epidermal, dermal, and composite layers of 

skin.  Two types of matrix have been used: acellular matrices (i.e. 

Integra™) and cell-based matrices (i.e Apligraft™).  The matrices 

used are made of collagen and glycosaminoglycans (Boateng et al., 

2008).  Although a large number of approaches have been tried to 

make an adequate skin substitute, many of these have led to graft 

rejection caused by the immune reaction of the patient, antigenicity, 

and pathogen transfer from cell or animal proteins (Alrubaiy and Al-

Rubaiy, 2009).  Also, the high production costs associated with the 

use of artificial skin grafts are considered a drawback in their clinical 

adoption.  Although nowadays there are around two dozen skin 

substitutes in the USA and European markets (only Dermagraft® in 

UK), the availability and patient access is not extensively offered in 

hospitals for all the reasons pointed out before (Metcalfe and 

Ferguson, 2007, Nyame et al., 2014).  
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1.4.2.ii.b Natural and synthetic polymeric dressing 

Different synthetic and natural-based polymeric dressings for wound 

healing treatment have been developed more recently.  Some of them 

have been tested in animal models and others in humans (Moura et 

al., 2011).  Table 1.2 shows some examples of natural / synthetic 

polymers, bioactive substances, and the main results of the most 

recent studies within which they have been used (Moura et al., 2013). 

• Natural polymers

These are obtained from sources such as polysaccharides or proteins. 

They can include chitosan and its derivatives, alginate, silk, hyaluronic 

acid, collagen and fibrin (Moura et al., 2013).  These materials have 

the advantage of being biodegradable and a biomimetic of ECM.  In 

biological terms, these polymers have the ability to interact with cells 

and support their proliferation, differentiation, survival and cell 

migration (Malafaya et al., 2007, Sell et al., 2010).  Only alginate has 

been reported to have an inconsistent biocompatibility which is 

dependent on its viscosity and hence the mannuronate/guluronate 

content (Tam et al., 2011).  

In spite of the advantages pointed out, biological variation from plant 

or animal sources could be difficult to standardize between different 

batches which may limit their application.  Moreover, polymers such 

as collagen, which are isolated from xenogeneic tissue, have the risk 

of transmitting pathogens to the donor.  Even if the recombinant 

human collagen eliminates the risk of the immunogenic response and 

the risks of potential pathogen contamination, this technology 

presents a high cost (Malafaya et al., 2007). 
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• Synthetic polymers

Synthetic polymers are fabricated through chemical processes which 

lead to a wide variety of structural and functional materials.  Examples 

of the main synthetic polymers used in wound healing applications 

include poly (vinyl alcohol) (PVA), poly (ethylene glycol) (PEG), 

polyurethanes (PU), poly (vinyl pyrrolidone) (PVP) and polyesters.  An 

important advantage of using synthetic polymers is that the risk of 

transmitting infections is greatly reduced in comparison to the use of 

some natural polymers.  In addition, synthetic polymers can be tuned 

to enhance specific properties such as mechanical strength, shape 

and biodegradation rate.  Comparatively, synthetic polymers are 

often cheaper than natural polymers because they can be produced 

in large-scales and with minimal post-synthetic processing 

(Armentano et al., 2010).  Synthetic biomaterials such as polyglycolic 

acid and polyester derivatives are hydrolytically degradable (Baldwin 

and Kiick, 2010).  However, there can also be problems with certain 

synthetic polymers due to poor cell-recognition motifs and high 

overall hydrophobicity of their surfaces which can denature proteins. 

Nevertheless, poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) 

have been reported to be biocompatible and have the approval for 

the US Food and Drug Administration (FDA) for clinical use 

(Armentano et al., 2010).  A lot of research is now focused on the 

synthesis of more clinically relevant biocompatible polymers (Baldwin 

and Kiick, 2010).
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Table 1.2 - Examples of polymers uses for wound healing treatment. 

Polymers 
Bioactive substances 

incorporated 

Model Results References 

Natural 

Chitosan Acetyglucosamine 

oligomers 

Human 

diabetic 

Reduction of wound size and the 

enhancing of reepithelization  

(Ben-Shalom et 

al., 2012) 

Neurotensin Diabetic 
mice 

Increase in fibroblast migration 
and collagen production. 
Improved wound healing. 

Reduces inflammatory infiltrated 

(Moura et al., 
2014) 

Cellulose Silver nanoparticles In-vitro 

assay 

Activity against Escherichia coli, 

Staphylococcus aureus and 
Pseudomona aeruginosa. 

(Wu et al., 2014) 

Polyhexamethylase 
biguanide (PHMB) 

Human with 
chronic 

wound 

Inhibits bacteria proliferation. 
Reduces necrosis and improves 

wound healing 

(Serafica et al., 
2010) 

Collagen ---- Human 

patient with 
DFUs 

Stimulates granulation tissue 

formation 

(Iorio et al., 2011) 

Propolis Dermal 
burn rodent 

Improved cicatrisation (de Almeida et al., 
2013) 
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Hyaluronic acid Arginine and EGF 
(epidermal growth 

factor) 

Rats Reduction of wound size. 
Enhances reepithelization and 

induces early inflammation. 

(Matsumoto and 
Kuroyanagi, 2010) 

Silk Aloe vera extract Diabetic rat Enhances wound healing (Inpanya et al., 

2012) 

Synthetic 

PVA (poly (vinyl alcohol)) Neomycin Rats Antibacterial activity against 

Gram + and Gram – bacteria 

(Nitanan et al., 

2013) 

PEG (poly (ethylene glycol) Growth factors Rats Enhanced collagen deposition 

and exhibit a shorter healing 
time compared with the control 

(Huang et al., 

2011, Armentano 
et al., 2010) 

PVP (poly (vinyl pyrrolidone)) Oxide nitric (NO) Diabetic rat Improved wound healing by 
promoting epithelization  

(Matsumoto and 
Kuroyanagi, 2010) 

PU (Polyurethanes) Propolis In vitro Enhanced relative metabolic 
activity (%) and antibacterial 
capacity 

(Kim et al., 
2014a) 

Polyesters Curcumin Diabetic 
mice 

Improved wound healing rate (Merrell et al., 
2009) 

(i.e poly(lactic acid) (PLA), 

poly(glycolic acid) (PGA), 

poly(ɛ-caprolactone PCL) 

Growth factor Diabetic 

mice 

Enhanced reepithelization and 

fibroblast proliferation. 
Improved rate of wound closure 

(Chu et al., 2010) 
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1.4.3 Other approaches to reverse wound healing 

impairment 

Alternative approaches for the treatment of chronic wounds include 

the use of bioactive substances (La Fontaine et al., 2014) such as 

antimicrobial agents, growth factors, stem cells, gene therapy and 

natural products, as summarised below (Moura et al., 2011). 

1.4.3.i Growth factors 

Recombinant human platelet-derived growth factor (rhPDGF-BB or 

becaplermin) and epidermal growth factor (EGF) have shown promise 

in aiding wound healing by improving wound closure by accelerating 

reepithelialisation of venous ulcers and diabetic foot ulcers (Gowda et 

al., 2013).  However, it is difficult to use growth factors as 

therapeutics due to their instability in vivo (they are rapidly degraded 

by various proteases found in the body) and their high costs (Chen et 

al., 2010).  Moreover, the majority of clinical trials have been poorly 

effective when the using soluble growth factors alone.  However, 

beneficial therapeutic effects of growth factors have been reported 

when delivery platforms helping to control their release and prevent 

their degradation have been used (Lee et al., 2011). 

1.4.3.ii Stem cells 

Mesenchymal stem cells and adipose-derived stem cells have shown 

therapeutic potential in improving wound healing by promoting wound 

closure and stimulating the production of matrix compounds (Amos 

et al., 2010, Lin et al., 2013).  Mesenchymal stem cells have been 



21 

transdifferentiated into endothelial cells and keratinocytes in vitro 

under defined conditions and adipose-derived stem cells have shown 

differentiated in situ into endothelial cells that promote angiogenesis 

(Lin et al., 2013, Jackson et al., 2012).  This technology represents a 

real advancement in the field of wound healing.  Despite this, it has 

yet to be scaled up in industry due to the cost associated, the time 

required, the risk of contamination and the lack of knowledge of the 

precise mechanisms involved in how MSCs improves wound healing. 

In fact, it remains unknown how MSCs respond in vivo, how the target 

cells are affected and how the microenvironments, such as ischemia 

and oxidative stress, may alter the MSCs phenotype.  These are some 

of the limitations of this therapy (Yolanda et al., 2014, Hocking and 

Gibran, 2010). 

1.4.3.iii Antimicrobial agents 

Infection is one of the most common reasons for impaired wound 

healing (section 1.2.1 iii).  In order to reduce or combat the risk of 

infection, some antimicrobial agents have been incorporated into 

dressings (Tanaka et al., 2005, Oliveira et al., 2016).  These include 

silver and antibiotics such as tetracycline, gentamicin, and ofloxacin. 

Although these agents protect against infection, silver dressings have 

been reported to cause a cytotoxic effect on fibroblasts and 

keratinocytes (Cho Lee et al., 2005, Fong and Wood, 2006).  In 

addition, samples from chronic wounds showed bacterial resistance 

to antibiotics (Ng, 2010). 
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1.4.3.iv Natural products 

Some investigations have considered natural products as bioactive 

substances to promote wound healing.  There has been considerable 

amount of research into Calendula officinalis (Duran et al., 2004, 

Parente et al., 2012), Aloe vera (Somboonwong et al., 2000), green 

tea extracts (QIN et al., 2010), maggot secretions (Horobin et al., 

2005, Smith et al., 2006, Britland et al., 2011) and honey (Molan, 

2006, Sarhan and Azzazy, 2017).  However, as previously pointed 

out, the use of natural sources has the limitation of batch-batch 

variation in the sample collection, production and processing (Yun et 

al., 2012). 

1.5 Aims and Objectives 

Several technical advances have been developed in order to improve 

the management of wound healing and subsequent clinical outcome. 

However, there is still a need to consider new candidates to reduce 

infection, enhance the presence of granulation tissue, eliminate 

disease transfer, and reduce cytotoxicity towards the newly formed 

and previously existing tissue.  On the basis of the observations and 

background already presented above it is hypothesized that a 3D 

electrospun scaffold loaded with therapeutic biomolecules have a 

beneficial effect on granular tissue formation by i) providing a 

structural support for fibroblasts to grow ii) allowing fibroblast 

infiltration and iii) as a platform for the release of therapeutic 

molecules.   

The main aims of this work were (Figure 1.2): 
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• To create bioactive electrospun scaffolds with suitable

properties to support fibroblasts’ growth and infiltration.

• Evaluate bioactive molecules and investigate their therapeutic

action for application in wound healing.

• Asses the loading and release profiles of therapeutic molecules

from electrospun scaffolds for wound healing.

This investigation aims to develop an electrospun scaffold that allows 

dermal fibroblast proliferation and infiltration.  Despite the fact that a 

variety of scaffolds have been fabricated for wound healing, the 

demand for skin regeneration strategies persist (Chong et al., 2007a, 

Andrews et al., 2015).  The proposal of this research combined the 

idea of the fabrication of scaffolds that provide a structural stability 

to cell-growth and migration.  As a result, the appropriate scaffold will 

be taken forward for further studies related to the absorption of 

therapeutic biomolecules and their release to enhance tissue 

granulation.  For this reason, it is believed that the proposal is novel 

and provides a strategy to better support skin wound healing.   

Figure 1.2 - Schematic approach.  Electrospun scaffolds will be developed with 

suitable properties to allow cell proliferation and infiltration. Though post modification, 
therapeutic molecules will be adsorbed that may potentially enhance wound healing, 
using the scaffold as well as platform for biomolecules release.   
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CHAPTER 2 Material and methods 

2.1 General chemical and reagents 

AlamarBlue® reagent (Life technologies, Fisher scientific).  Hank’s 

balanced salt solutions (HBSS) 1X with calcium and magnesium 

without phenol red (Thermo Scientific Hyclone, Fisher Scientific). 

Dulbecco’s Modified Eagle Media (Gibco) (Invitrogen™ LTD), 

Phosphate buffered saline (PBS) (Fisher scientific).  The following 

were obtained from Sigma Aldrich: Foetal calf serum (FCS), 

Antibiotic/antimycotic solution (10,000 units/ml penicillin G, 10 

mg/ml streptomycin sulphate and 25 μg/ml amphotericin), Trypsin, 

Dimethyl sulfoxide (DMSO) (Scientific laboratory), paraformaldehyde, 

fluoromount™ aqueous mounting media, ethanol denaturized. 

2.2 General methods 

2.2.1 Mammalian cell maintenance 

NIH 3T3, GFP-3T3 mouse embryo fibroblast cells and BJ6 foreskin 

human fibroblast cells were provided by Dr. James Dixon (University 

of Nottingham) and were previously purchased from ECACC.  Cell 

procedures were carried out in aseptic conditions.  Fibroblasts were 

cultured in DMEM supplemented with foetal calf serum (FCS) 10% 

(v/v) which was named as ‘fibroblast culture media’.  Alternatively, 

culture media were prepared by reducing foetal calf serum (FCS) to 

5% (v/v) and 2% (v/v).  They were called ‘5%-starvation culture 
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media’ and ‘2%-starvation culture media’ respectively.  Cells were 

maintained at 37°C, 5% CO2 in air at 95% relative humidity (RH). 

Cells were expanded in tissue culture flasks (T75, Costar Corning). 

When they reached 80-90% confluency the media was removed, and 

the cells were trypsinized with 3 mL trypsin-EDTA solution.  The 

trypsinization reaction was quenched by adding 7 mL of ‘fibroblast 

culture media’.  The cells were then collected and centrifuged at 200 

x g for 5 min at 25°C.   

Cell counts were conducted in a Neubauer improved 

haemocytometer.  Subsequently, cells were seeded in 24 well cell 

culture plates with the number of cells varying with each experiment 

performed.  

Alternatively, cell stocks were stored by preserving them in 10% (v/v) 

dimethyl sulfoxide (DMSO) in 90% (v/v) FCS and frozen for 24 h at-

80oC.  Vials were then transferred into liquid nitrogen for long term 

storage. 

2.2.2  Standard curve for NIH-3T3, GFP-3T3 mouse fibroblasts 

and BJ6 human fibroblasts 

Serial dilutions of NIH-3T3, GFP-3T3 and Bj6 fibroblasts were 

prepared using ‘fibroblast culture media’ and an initial cell stock 

solution of 2x106 cell/mL.  Aliquots (500 µL) of each serial dilution 

were transferred to each well of a 24 well tissue culture plates in 

triplicate.  Cells were incubated for a period of 3 h (to allow cell 

attachment), with an AlamarBlue® assay performed to determine 

relative fluorescence units at the individual cell numbers.  Standard 
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curves were generated for each experiment.  Statistical regression 

analyses were performed. 

2.2.3 AlamarBlue® assay 

The AlamarBlue® assay is based on cell growth and cellular metabolic 

activity.  AlamarBlue® is comprised of resazurin (7-Hydroxy-3H-

phenoxazin-3-one 10-oxide), a non-fluorescence blue dye which is 

reduced in the mitochondria by metabolically active cells to resorufin, 

ultimately fluorescing which can be detected in the red channel 

(Rampersad, 2012).  Metabolic activity of cells is often well correlated 

with the number of cells and their proliferation rate (Kühn et al., 

2013). 

In order to perform the AlamarBlue® assay, each well was washed 

three times with HBSS (without phenol red) to remove any remaining 

culture media.  AlamarBlue® assay was carried out by adding 1 mL of 

filtrated (0.22 µm Millipore filter) AlamarBlue® solution 10% (v/v) 

(diluted in HBSS without phenol red) into each well and incubated for 

90 min at 37°C.  Aliquots (200 µL) from the samples were then 

transferred into a 96 well non-tissue culture treated plate and relative 

fluorescence units measured in a plate reader (Tecan Infinite M200, 

Reading), set at an excitation wavelength range of 530-560 nm and 

emission at 590 nm.   

Observed relative fluorescence units were plotted as relative 

metabolic activity which was calculated as the ratio of the relative 

fluorescence units reading of the treatment (T) to the relative 

fluorescence units mean of its control (C).  The ratio was calculated 
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after subtracting the relative fluorescence units (base line) before 

propolis treatment. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦(%) =
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑢𝑛𝑖𝑡𝑠 ( 𝑇)

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑢𝑛𝑖𝑡𝑠 (𝐶)
 𝑥 100 

2.2.4 Scratch assay-Time-lapse microscopy 

A scratch assay is the most common approaches for evaluating 

collective cell migration due to its simplicity in allowing visualization 

of cell migration (Kramer et al., 2013).  These assays were performed 

with the aim of determining the effects of a bioactive molecule upon 

NIH-3T3 fibroblasts migration.  This method involved the creation of 

a scratch in a cell monolayer (confluent culture) and monitoring cell 

migration regularly at fixed periods of time or until the scratch closes 

(Liang et al., 2007). 

An in vitro scratch assay was performed by using a stock cell 

concentration of 300,000 cells/mL; aliquots (500 µL) were transferred 

to each well of a 24 well tissue culture plates (150,000 cells in each 

well).  One mL of ‘fibroblast culture media’ was added to the cells and 

incubated at 37ºC, 5% CO2 in air, 95% relative humidity (RH) for 24 

h. ‘Fibroblast culture media’ was replaced by ‘5%-starvation culture

media’.  Cells were incubated for an additional 24 h until confluence. 

The media was then removed, and wells were washed twice with PBS. 

A scratch in the cell monolayer was created with a p10 pipette tip with 

any debris removed with PBS.   

A volume of 1 mL of test and control (C) solutions were transferred 

into each well and the cell migration rate was measured over 72 h. 
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After the scratches were done, the well plate was sealed with 

laboratory film and a needle was inserted between the bottom and 

the lid of the well plate.  The needle was connected to a plastic hose, 

which lead to a cylinder with a mix of 5% CO2 and 10% 

oxygen/nitrogen.   

An inverted LEICA DMRBE microscope with an integrated automated 

camera and self-contained, incubator/control chamber was used.  The 

temperature was set at 37°C.  The camera was set to capture bright 

field images at 3 points per hours.  The objective len was set at a 

magnification of 10x.  The avi video format was converted to JPEG 

images using Free video to JPG convert software (DVDVideoSoft).  An 

analysis of the % area coverage was done using the same procedure 

as described above.  The images were processed using ImageJ 

software 1.48 v (National Institutes of Health).  The results were 

plotted by using the following equation: 

% covering scratch= 100-(
𝐴𝑓

𝐴𝑖
𝑥100) 

Where Af is final area and Ai is initial area. 

2.3 Chemical and methodology for chapter 3- searching 

for therapeutic molecules for enhancing granulation 

tissue and wound healing 

To prove the hypothesized that propolis and its compounds 

(quercetin, rutin and artepillin C) may have a beneficial effect on 
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wound healing by enhancing fibroblast proliferation and migration. 

Cytotoxicity assays, membrane disruption assays and migration 

assays were carried out. 

2.3.1 Chemical and reagents 

Propidium iodide solution 1.0 mg/mL in water, quercetin powder, 

rutin powder, Triton® x-100.  Hoechst pentahydrate (bis-benzimide), 

10 mg/mL solution (Life technologies).  L-ascorbic acid (Scientific 

laboratory supplies).  Artepillin C powder was provided by Wako pure 

chemical,10 mg. 

2.3.1.i Green Propolis 

Water soluble extra-green propolis powder 100% extract (PWSE), 

was provided by Apis Flora Co (Ribeirão Preto, São Paulo, Brazil).  This 

extract was prepared by pooling different propolis samples from 

several geographical areas located in Brazil to generate one working 

batch of propolis.  Chemical characterization and chromatographic 

profiling was provided by Apis Flora Co (see appendix).  

2.3.1.i.a Chemical analysis of propolis extract (conducted 

by the company) 

Total Flavonoids (as quercetin): 43.1 mg/g 

Artepillin C:  44.1mg/g 

Total Phenol (as tannic acid): 167.4mg/g 

Heavy Metals (Hg, As, Pb, Cd): Below detection limit 
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2.3.2 Evaluation of propolis and its compounds as a potential 

candidate for wound healing 

In order to evaluate the effect of propolis and its components 

quercetin, rutin and artepillin C on NIH-3T3 fibroblasts metabolic 

activity and migration; AlamarBlue® assays, membrane integrity and 

scratch assays were performed.  

2.3.2.i Propolis/quercetin/rutin/artepillin C test solutions 

for cytotoxicity, membrane integrity and scratch 

assays 

Stock solutions and test solutions of propolis and its compounds were 

preparing as describe in Table 2.1.

Table 2.1-Preparation and final concentration of propolis/quercetin/rutin/artepillin C 
solutions. 
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2.3.2.ii  Seeding procedures for cytotoxicity assay, membrane 

integrity and scratch assays. 

For this purpose, 60,000 cells were transferred to each well of a 24 

well tissue culture plate and maintained at 37°C, 5% CO2 in air at 

95% relative humidity (RH) for 24 h.  Initially, cells were suspended 

in fibroblast culture media, 3 h later it was changed to ‘5%-starvation 

culture media’ with cultures maintained at 37°C, 5% CO2 in air 95% 

relative humidity (RH) for 24 h.  After a period of 24 h, ‘5%-starvation 

culture media’ was replaced and propolis/quercetin/rutin and 

artepillin C test and control solutions with ‘2%-starvation culture 

media’ were added.  This procedure was used to evaluate the 

cytotoxicity (section 2.3.2.iii) of propolis and its compounds on 

fibroblasts and 3T3 membrane integrity evaluation (section 2.3.2 iv). 

For scratch assays the number of cells seeded was increased to 

150,000 cells/well (section 2.2.4). 

2.3.2.iii Cytotoxicity assay (24/48 h) of propolis/ 

quercetin/rutin/artepillin C 

In order to evaluate the cytotoxicity effect of propolis and its 

components quercetin, rutin and artepillin C on NIH-3T3 fibroblasts 

metabolic activity, AlamarBlue® assays were performed as described 

in section 2.2.3.  Propolis/quercetin/rutin and artepillin C test and 

control solution were prepared as described above (section 2.3.2.i). 

Fibroblasts were seeded as described in section 2.3.2.ii.  The 

AlamarBlue® assay was performed prior to exposure to propolis or its 

compounds, 24 h and 48 h after drug application.  After AlamarBlue® 
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assays were carried out at time 0 (24 h post seeding), cells were 

washed three times with HBSS (without phenol red) to remove the 

AlamarBlue® reagent and replaced with ‘2%-starvation culture media’ 

for a period of 1 h.  After that propolis/quercetin/rutin/artepillin C test 

or control solutions were transferred to the wells in triplicate and 

maintained for 24 h when the AlamarBlue® assay was performed (24 

h post treatment).  The solutions were replaced with fresh solutions 

(same condition) and, after 48 h (post treatment), the solutions were 

removed and the AlamarBlue® assay was repeated in the same 

conditions as previously mentioned.  Observed relative fluorescence 

units were plotted as relative metabolic activity as was explained in 

section 2.2.3.  

2.3.2.iv Hoechst (HOE) and Propidium iodide (PI) double 

staining for 3T3 membrane integrity evaluation 

This double staining assay distinguished between normal cells and 

dead cells using fluorescence microscopy.  Hoechst (HOE) is a blue 

fluorescence dye, which can enter the cell and interact with DNA 

(excitation/ max emission is at 352/461 nm).  Since, HOE stains dead 

and live cells, cells with condensed chromatin (apoptotic cell) appear 

brighter than viable cells.  On the other hand, PI is a red-fluorescence 

dye (excitation/ max emission 535/617 nm), which only stains cells 

with loss of membrane integrity (Akiyama et al., 2002, Perez-Vizcaino 

et al., 2006).  The working solution of HOE (40 µg/µL) and PI (20 

µg/µL) were prepared by diluting stock solutions in PBS.   
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NIH-3T3 fibroblasts were seeded as described in section 2.3.2.ii. 

Then, different concentrations of propolis (187, 46.8 and 2.9 µg/mL), 

quercetin (100,10 and 1 μM) rutin (200,100,10 and 1 μM) and 

artepillin C (100,10 and 1 μM) were added using ‘2%-starvation 

culture media’.  As a positive control, triton 0.5% (w/v) was used to 

kill the cells.  Cells were maintained under treatment for 48 h.  After 

that, the media was removed carefully and 200 µL of each stain; 

Hoechst and PI concentration (40 and 20 µg/mL respectively) were 

added into each well.  The cells were incubated at 37°C in 5% CO2 in 

air 95% relative humidity (RH) for 30 min.  After that, cells were fixed 

with 3.7% of formaldehyde solution for 15 min at 37°C inside of a 

CO2 incubator   Finally, plates were imaged using an inverted 

fluorescence microscope, Leica DM IRB.  This experiment was carried 

out by exciting each sample within the green (515-560 nm) and UV 

(340-380 nm) excitation range.  Images were taken using a digital 

QICAM fast 1394 camera, and using QIC capture/pro software, in 

three different fields of view for each concentration.  These 

experiments were conducted in triplicate.  Cell membrane integrity 

evaluation was quantified by counting cells manually and computer-

assisted cell counting using ImageJ software, (National Institutes of 

Health) (Andrabi et al., 2006).  The results were plotted as 

percentages of PI positive cells as (Perez-Vizcaino et al., 2006) 

described. 

𝑃𝐼 %  𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑃𝑖 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 (𝐻𝑜𝑒𝑠𝑐ℎ𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠)
 × 100 



34 

2.3.2.v  In vitro scratch assay–time lapse microscopy 

Analysis of propolis and its components upon NIH-3T3 fibroblasts 

migration was conducted by in vitro scratch assay as described in 

section 2.2.4.   

Propolis/quercetin/rutin/artepillin C test and control solutions were 

prepared as described in section 2.3.2.i.  A volume of 1 mL of 

propolis/quercetin/ rutin/artepillin C test (T) or control (C) solutions 

was transferred into each well and the cell migration rate was 

measured over 72 h using time-lapse microscopy as described in 

section 2.2.4.   

2.4 Chemical and methodology for chapter 4 Development 

and characterization of Poly (ε-caprolactone) (PCL) and PCL-

b-PEG/PCL electrospun scaffolds 

2.4.1 Chemical and reagents 

Poly (Ɛ-caprolactone) (PCL) (Mn=80.000g mol-1), CDCl3.

Monomethoxy poly(ethylene glycol) (mPEG) (Mn=5000 g mol-1), ε-

caprolactone (CL) and 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) 

were purchased and used as received and were stored in a nitrogen 

atmosphere.  Solvents chloroform, methanol and dichloromethane 

were laboratory reagent grade (Life technologies, Fisher scientific,). 

Hoechst pentahydrate (bis-benzimide) solution (Life technologies, 

UK).   
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2.4.2 Synthesis and purification of PCL-b-PEG copolymers 

PEG-PCL diblock copolymers were prepared by ring-opening 

polymerization of ɛ-CL initiated by mPEG 5 KDa using 1,5,7 

triazabicyclo[4.4.0]dec-5-ene (TBD) as the catalyst (Figure 2.1).  The 

PCL-PEG copolymer was synthesized as follows: 0.806 g of mPEG 

(Mn= 5 KDa, x 0.16 mmoles), 9.194 g (80.55 mmoles) of ɛ-CL, and 

0.224 g of TBD (1.65 mmoles) were added into a round-bottom flask 

under a dry nitrogen atmosphere.  The temperature of the reaction 

system was maintained at 110°C for 1.5 h.  The PCL-b-PEG copolymer 

obtained was precipitated in cold methanol and then the resultant 

solid was centrifuged at 1600 x g for 5 min at 1°C.  The copolymer 

was dissolved in methanol, sonicated and re-precipitated in cold 

methanol.  Subsequently, cold methanol was used to remove any 

remaining monomer and catalyst and the purified copolymers were 

stored in air and at room temperature overnight to remove any traces 

of solvent prior to NMR analysis.

Figure 2.1 - Synthesis scheme of PCL-b-PEG copolymer 
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2.4.2.i Characterization of PCL-PEG copolymers 

2.4.2.i.a Nuclear magnetic resonance analysis (1H NMR) 

1H NMR spectra were recorded on a Bruker 400 MHz spectrometer 

using deuterated-chloroform as the solvent.  Chemical shifts are 

expressed in parts per million (δ) downfield from the internal 

standard, tetramethylsilane.  1H NMR was also used to estimate the 

molar mass (Mn) and the length of the caprolactone block in the 

copolymers.  The molecular weight was calculated by assigning an 

integral value of three, corresponding with the three protons at the 

CH3 of the PEG at 3.40 ppm and comparing with the integral for the 

ester CH2 groups at 4.10 ppm of the caprolactone main chain.  This 

latter signal was used to evaluate the length of the hydrophobic chain 

by comparison with the ester peak of the first unit bonds to the PEG 

chain at 4.25 ppm. 

2.4.2.i.b Gel permeation chromatography (GPC) 

Gel permeation chromatography (GPC) was carried out using a PL50 

Polymer Laboratories system, employing 2 Polymer Laboratories 

Mixed Bed (D) columns at 30°C, using chloroform as the mobile 

phase, flow rate 1 mL/min, and with a refractive index detector. 

Polystyrene standards (Mw range: 482400-162 g mol-1) were used to 

calibrate the SEC. 



37 

2.4.3 Characterization of polymeric solutions 

In order to assess the polymeric solutions for electrospinning, 

rheological characterization of PCL, PCL-b-PEG and PCL-b-PEG/PCL 

solutions was conducted.   

2.4.3.i Viscosity 

To evaluate the polymeric solutions, rheology measurements were 

conducted using an MCR301 rheometer (Anton Paar) with a cone–

plate measuring system (CP25-1), at a constant temperature of 25°C, 

and a sample volume of approximately 1 mL.   

2.4.3.ii  Conductivity 

Conductivity of the polymeric solution was measured at 25°C using a 

Seven compact TM S230 conductivity meter and Inlab 720 conductivity 

probe (Mettler-Toledo AG).  The probe was calibrated using a buffer 

standard solutions of 1413 μS/cm at 25°C. 

2.4.4 Electrospinning set up 

Electrospinning was carried out in an electrospinning apparatus EC-

CLI (spinning chamber and climate control unit) (IME Technologies). 

It was used to electrospin three different electrospun scaffolds a) PCL 

b) PCL-PEG copolymer and d) a blend of PCL-PEG/PCL.  The 

electrospinning conditions for PCL scaffold: scaffolds were electrospun 

using PCL (Mn=80.000 g mol-1) solution of different concentrations 

(15, 10, 7, 8, 4 w/w%) prepared in chloroform and chloroform: 
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methanol. Table 4.4, Table 4.5, Table 4.6 and Table 4.7 (chapter 4) 

summarise the solution and processing variables.  A total of 74 

different scaffold morphologies were produced and a representative 

set of examples is shown.   

The PCL-PEG copolymer was synthesised and scaffolds were made 

using batch 1 and 4 (approximately Mn=57.000 g mol-1).  Solutions 

of PCL-PEG copolymer were prepared using chloroform, chloroform: 

methanol (3:1) and dichloromethane.  A total of 24 different scaffolds 

were made.  However, PCL-b-PEG solutions formed beads and non-

uniform small fibres with an average of 0.1±0.1 μm.  Consequently, 

in order to obtain homogenous and larger fibres, PCL-b-PEG was 

blended with PCL (80.000 mol-1) and dissolved in chloroform.  Table 

4.8 and table 4.9 show the electrospinning processing conditions.  A 

total of 29 different scaffolds were made.  

In general, polymeric solutions were dissolved overnight at room 

temperature and clear solutions were taken up in a 5 mL syringe using 

a capillary tube spinneret of 0.6 mm inner diameter which was set up 

vertically.  A climate-controlled electrospinning machine (IME 

technologies) was set at a temperature of 20°C and a relative 

humidity of 44%.  Rotating drum collector module EM-RDC and the 

rotating target collector (EM-RTC) were used to collect the fibre mats. 
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2.4.5 Characterization of the electrospun scaffolds 

2.4.5.i Scaffold morphology (SEM), fibre diameter analysis 

and thickness 

To assess the morphology of the fibres and their diameter 

distribution, SEM images were taken with an FEI- XL30 (tungsten 

filament) scanning electron microscope (Philips).  An accelerating 

voltage of 10 kV and 20 mm for working distance were used.  Prior to 

analysis, samples were fully dried at room temperature for 1 week 

and then coated using a gold blazer sputter coater for 5 minutes 

(Leica EM SCD005).  The diameter of individual fibres were measured 

by using imageJ software (National Institutes of Health). A total of 

five images (at 3000 x mag) from five random fields were used for a 

total of 100 measurements.  In addition, thickness measurements of 

the selected scaffolds were carried out by freezing scaffold samples 

at -80°C and after 24 h, a cross section of the samples was excised 

using a cold scalpel blade.  Samples were oriented tangentially to the 

surface of the SEM sample holder and coated using a gold sputter 

coater for 5 minutes (Leica EM SCD005.  Three different areas were 

analysed to estimate the average thickness of the scaffold. 

2.4.5.ii Porosity and pore size 

Porosity of the electrospun scaffolds was assessed through two 

different methods. 

a) Gravimetric method: porosity was calculated using the

fallowing equation (Yang et al., 2008):

𝜀 = 1 −  [
𝛿 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝛿 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
] 𝑥100% 
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Where 𝛿 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 is the density of the scaffold, calculated as the 

ratio of mass and volume of the scaffold.  Scaffolds with a 

diameter of 8 mm (n=3) were weighed in a microbalance. 

Scaffold thicknesses, length and width were estimated with a 

micro-calliper and then thicknesses were confirmed through 

SEM images.  For 𝛿 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (material density), the density of 

PCL was used (1.145 g/cm3). 

b) Microcomputer tomography (microCT): to examine the

porosity of the scaffolds, the samples were set vertically inside

of a straw and fixed in the top side with blue glue (Blu-tack).

The X-ray source was set at 50 kV and 800 μA.  The samples

were scanned using a micro-CT (Skyscan 1174).  The images

were binarized with a threshold range 22 to 255 (gray values).

A misalignment of -5 to+5 was used.  Three-dimensional

measurements and structural analyses were performed with

custom software CTAn (Bruker software).  NRecon (Bruker

software) was used to reconstruct 2D slices (horizontal to the

sample).  In addition, the pore- size of a) PCL, b) PCL-b-PEG

and c) PCL-b-PEG/PCL scaffolds was evaluated.

2.4.5.iii  Water Contact Angle (WCA) measurements 

Water Contact Angles of liquids on the electrospun scaffolds were 

measured using a modular CAM 200 optical contact angle meter (KSV 

Instruments Ltd.) equipped with a camera (JAi®).  The sessile drop 

method was performed using deionised water in a 2 mL luer-lock 

syringe.  Furthermore, rectangular areas (3x1.5 cm) of the scaffolds 
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were fixed with double sided tape to glass cover slips; 3 pieces of the 

same scaffold were analysed and measurements were repeated at 

least 3 times.  A 5 μL water droplet was dropped onto the surface of 

each scaffold and sequential images were recorded.  From these 

images a water contact angle was calculated using image J.  

Additionally, in order to evaluate the wettability of the scaffolds, 

assuming they may have a rough or chemically heterogeneous 

surface, water contact angle measurements were carried out in 

advancing (𝜃𝑎) and receding (𝜃𝑟) mode.  First of all, the needle 

deposited a small amount of deionised water on the surface of the 

scaffold.  The needle was retained inside the drop while more liquid 

was slowly added, increasing the drop size until it reached a 

saturation point.  To measure the receding water contact angle the 

opposite procedure was carried out (i.e the drop was receding by 

pumping the water out from the drop).  The angle (𝜃𝑟) was measured 

just before the drop became detached from the scaffold surface 

(Korhonen et al., 2013).  A further calculation of hysteresis (H) was 

conducted as is follows: 

𝐻 =  𝜃𝑎 − 𝜃𝑟 

2.4.5.iv Mechanical properties/uniaxial tensile test 

Mechanical properties of electrospun fibrous scaffolds were 

determined with a uniaxial testing machine (TA-HD Plus Texture 

Analyser).  A 5 Kg load cell under a cross-head speed of 10 mm/min 

at room temperature was used.  All scaffolds were cut in a rectangular 

shape with dimensions of 15×10 mm.  The thicknesses of samples 

were measured with a digital calliper having a precision of 1 μm and 
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confirmed with SEM measurements.  At least five samples were tested 

for each sample.  Only the scaffolds that had broken in the centre 

were considered for statistical analysis. 

Young’s modulus, the yield point, the elongation at break and ultimate 

tensile strength were evaluated. 

2.4.5.v  In vitro degradation studies 

Measurement of degradation rate in vitro was conducted for a 

selection of PCL and PCL-b-PEG/PCL scaffolds.  To elucidate the effect 

of scaffold degradation, 8 mm scaffolds (n=3) were immersed in PBS 

prior to weighing them on a microbalance.   

The scaffolds were maintained in a glassware vial containing 5 mL of 

PBS during agitation at 30 rpm, 37 °C during 1 h.  After that time, 

the scaffolds were washed with deionised water, blotted with a 

Whatman® filter paper and vacuum dried at 25°C overnight.  Then 

the scaffolds were reweighed, returned to the vials and 5 mL of fresh 

PBS was added.  The same procedure was repeated regularly (0, 1,2,3 

and then 5,7,9,11 and 12 months).  Additionally, selected samples 

were taken at time point of 0, 2 months, 5 months and 12 months for 

SEM analysis and at time point 0, 5 months and 12 months for GPC 

analysis. 

2.4.6 Biological evaluation of the scaffolds 

2.4.6.i Scaffold preparation 

To prepare scaffolds for mammalian cell culture, circles with a 

diameter of 8 mm from random areas of the selected scaffold were 



43 

taken.  Scaffolds were sterilised using a UV lamp (CL-1000 UV 

crosslinker) for 10 min at power 200 (x 100 µJ/cm2).  Later, scaffolds 

were immersed with 1 mL of culture media (‘fibroblast culture 

media’).  Scaffolds were maintained at 37°C, 5% CO2 in air at 95% 

relative humidity (RH) for 24 h. 

2.4.6.ii  Cell viability 

To prepare scaffolds for cell culture, circles with a diameter of 8 mm 

from random areas of the electrospun mat were taken.  The scaffolds 

were sterilised using a UV lamp for 10 min.  Later, the scaffolds were 

fixed to the bottom with a small quantity of aquarium sealant glue 

(King British) and immersed in 1 mL of cell culture media. 

Furthermore, the scaffolds were maintained at 37°C, 5% CO2 in air at 

95% relative humidity (RH) for 24 h. 

To investigate fibroblast viability on the scaffolds, in vitro analysis was 

conducted by seeding 60,000 cells/well (in aliquots of 500 µL) on the 

prepared scaffolds in a 24 non-tissue culture treated plates (see 

section 2.3.2 ii).  The metabolic activity of the fibroblasts on each 

scaffold was determined by performing the AlamarBlue® assay (see 

section 2.2.3) after 6 hours, 3 days, 6 days, 9 days and 12 days post 

seeding.  BJ6 foreskin human fibroblast were evaluated until 15 days. 

The scaffolds were transferred to new 24 non-tissue culture treated 

plates before carrying out the AlamarBlue® assay to avoid measuring 

cells attached to the bottom of the well plate.  In addition, each well 

was washed three times with Hanks’ balanced salt solution (Sigma) 

to remove unattached and dead cells.  The AlamarBlue® assay was 
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carried out by adding 1 mL of AlamarBlue® solution 10% (v/v) 

(diluted in Hanks’ balanced salt solution) into each well and incubating 

for 60 min at 37°C.  Aliquots (200 µL) from the samples were then 

transferred into a 96 well non-tissue culture treated plate.  Relative 

fluorescence units were measured in a plate reader, set at an 

excitation wavelength of 560 nm and emission at 590 nm.  

2.4.6.iii Cell morphology and cell-scaffold interaction 

analysis 

In order to evaluate the morphology of the cells adherent on the 

scaffolds, confocal laser microscopy imaging was performed.  A total 

of 60,000 cells/well (in aliquots of 500 µL) were seeded on the 

scaffolds and after 5 days of culture (37°C, 5% CO2 in air), specimens 

were collected.  The scaffolds were rinsed three time with PBS for 3 

min each time and then fixed with paraformaldehyde 3.7% (in PBS) 

for 10 min at room temperature.  Later, the cells were stained with 

Hoechst and incubated for 30 min at 37°C.  Finally, the samples were 

mounted in fluorescence mounting media and the cells were 

visualized using laser scanning confocal microscopy (LSCM;Zeiss, 

LSM 880).   

To visualize the interactions between cells and fibres, phase contrast 

images were taken and in addition SEM was carried out after 5 days 

of culture.  Specimens were collected and processed on day 5 

following procedures as previously reported by .  The scaffolds were 

rinsed with PBS and then fixed with 3.7% paraformaldehyde for 30 

min at 4°C.  Later, the constructs were dehydrated using an ethanol 
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gradient (20-100) and stored at room temperature overnight to dry. 

Finally, the samples were sputter-coated with gold for 5 min and 

observed by SEM.  Additional analyses were conducted for PCL-b-PEG 

based scaffolds considering cell morphology analysis at day 5 and day 

12. 

2.4.6.iv Cell infiltration 

To determine the level of cell penetration into the scaffolds after of 5 

days of cell culture, z-stacked confocal microscopy analysis was 

carried out.  Different planes were obtained of stained cells growing 

on and in the scaffolds.  Laser excitation at 405 nm and 488 nm was 

used, and sequential imaging of Hoechst (blue) and GFP (green 

fluorescent protein) was performed.  The parameters used were as 

follows: pinhole set to 1 Airy unit, pixel dwell time: 0.26 µs, 5 μm 

plane thickness. 

The infiltration depth (%) of the fibroblasts was calculated by 

estimating the maximum distance (microns) migrated by fibroblasts 

from the top to the bottom into the scaffolds (visualization on Z-stack) 

and using the total distance, the thickness of the scaffolds estimated 

by SEM (section 2.4.5 i) (Lim et al., 2010, Wang et al., 2013, Zhang 

et al., 2005b).  

𝐼𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑝ℎ (%) =  
Max. distance migrated (μm) 

𝑇𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝜇𝑚)
 𝑥100 
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2.5 Chemicals and methodology for chapters 5 and 6-

loading and release studies of proteins and L. sericata maggot 

E/S from PCL, H-PCL and PCL-b-PEG/PCL scaffolds 

(with/without cationic modification) 

2.5.1 Chemical and reagents 

Llysozyme- rhodamine B (NANOCS).  Avidin-fluorescein conjugate 

(Sigma-Aldrich).  For cationically modified scaffolds (chapter 6) 

lysozyme-rhodamine B protein, Lucilia sericata maggot 

excretion/secretion (L. sericata maggot E/S) modified with NHS and 

Avidin-rhodamine (Vector laboratories) were used.   

Nine vials of L. sericata maggot E/S were produced as described by 

(Horobin et al., 2003) in Professor D. Pritchard’s laboratory 

(University of Nottingham) generation 5, date 26.07.12.  NHS-

rhodamine (Thermo scientific).   

The following reagents were supplied by Sigma: Trimethyl aminoethyl 

methacrylate (TMAEMA) , RAFT agent 4-Cyanopentanoic acid 

dithiobenzoate (CAPADB) , initiator 4,4′-Azobis(4-cyanovaleric acid) 

V-501, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC), sulfo-N-hydroxysulfosuccinemide (NHSS), N-

(2-Hydroxypropyl) methacrylamide (HPMA) (it was synthesized by 

Nora Francini in Professor Cameron Alexander’s laboratory (University 

of Nottingham)(Francini et al., 2015). 
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2.5.2 Wet chemical surface modification 

The surface of biodegradable aliphatic polyester electrospun scaffolds 

can be partially hydrolysed though acidic or alkaline treatment, which 

is a widely used method to incorporate new chemical functionality and 

to improve the wettability of the material (Yoo et al., 2009).  In order 

to obtain a more reactive surface, by exposing carboxyl and hydroxyl 

groups on the PCL fibres, circles of 8 mm of scaffolds were immersed 

in NaOH solution.  The PCL scaffolds were immersed at different 

concentrations of NaOH solutions at 0.5 M and 1M at 37°C and under 

agitation on a roller mixer.  Different incubation times of 3 h, 6 h and 

12 h respectively, were evaluated. 

After incubation in basic conditions, the scaffolds were washed 3 

times with deionised water and dried for48 h in a vacuum oven at 25 

°C.  After that, PCL scaffolds were taken for SEM, contact angle and 

GPC analysis. 

2.5.3 Scaffold materials 

PCL, H-PCL and PCL-b-PEG/PCL electrospun scaffolds with an average 

fibre diameter ~4 microns (Chapter 4) were selected to be used as a 

platform for protein release (chapter 5 and 6).  Also, experiments 

were carried out using PCL scaffolds pre-treated with alkaline 

solutions; these are known as H-PCL (PCL hydrolysed with NaOH).   

PCL, H-PCL and PCL-b-PEG/PCL scaffolds with similar weight ~800 μg 

were cut into circles with a diameter of 8 mm and stored in dry 

conditions, at room temperature (inside of a sealed bag) until used. 
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Additionally, PCL, H-PCL and PCL-b-PEG/PCL scaffolds were modified 

using a cationic polymer PTMAEMA33-b-PHPMA180 (chapter 6). 

2.5.4 Proteins used for adsorption and release studies 

In order to study the adsorption efficiency of proteins on PCL, H-PCL 

and PCL-b-PEG/PCL and on cationically modified PCL, H-PCL and PCL-

b-PEG/PCL scaffolds, albumin, lysozyme, and avidin were used as 

model proteins.  However, after preliminary tests, albumin was not 

studied further because of the quantity of bubbles that caused 

disruption during fluorescence measurements.   

Lysozyme is a protein with a relatively simple structure with 129 

amino acids.  It possesses a net positive charge of +9 at pH 7.0 

(PI:11) (Ganguli et al., 2009).  Lysozyme- rhodamine B labelled was 

used immediately after being dissolved, avoiding thaw and freezing 

cycles. 

Avidin is a medium molecular-weight protein (66 KDa) and it is a 

highly glycosylated protein, with a PI:10-10.5 and estimated cationic 

charge density of 16 (Liao et al., 2005).  An avidin-fluorescein 

conjugate was immediately used after being dissolved, avoiding thaw 

and freezing cycles.  Additionally, avidin–rhodamine, was used to 

carry out experiments on catatonically modified scaffolds (chapter 6). 

Nine vials of L. sericata maggot E/S were produced as described by 

(Horobin et al., 2003), in Professor D. Pritchard’s laboratory (The 

University of Nottingham) generation 5, date 26.07.12 were used in 

this study.   
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Part of the L. sericata maggot E/S material was used for labelling with 

NHS-rhodamine.  NHS-rhodamine were dissolved in DMSO by stirring 

for one hour in the dark.  Then, this solution was added under 

agitation to L. sericata maggot E/S solution and incubated for 1 hour 

at room temperature.  Non-reacted NHS-rhodamine was removed by 

dialysis using a membrane with 3.5 K MWCO (SnakeSkin™ dialysis 

tubing Thermo Scientific) against deionised water for 4 days at 25°C. 

2.5.5 Protein loading efficiency studies. 

PCL and PCL-b-PEG/PCL scaffolds (with and without cationically 

modification) with similar weight ~800 μg.  The scaffolds were 

sterilised using a UV lamp for 10 min.  The initial concentration of 

adsorbed protein was quantified by fluorescence and confirmed by the 

Bradford assay.  Then, the scaffolds were fixed to the bottom of the 

vial with a small quantity of aquarium sealant glue and fully immersed 

in 1 mL of the protein solution.  The scaffolds were checked regularly 

to guarantee the sink condition of the scaffolds at all times.   

The scaffolds and protein solutions were incubated in an 

environmental incubator at 37°C in constant agitation.  Aliquots of 

the supernatant were taken after 3 h, 6 h and 24 h post incubation. 

Fluorescence microscopy was used to qualitatively determine protein-

labels on the scaffolds at initial points (immediately after the addition 

of the protein solution), and after 3 h, 6 h and 24 hours. 

The amount of protein loaded on the scaffolds was determined 

indirectly by measuring the protein concentration in the supernatant, 

at different time points (after 3, 6, 12 and 24 hours).  The following 
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equation was used to calculate the absorption efficiency (AE).  AE 

estimates the percentage of drug that was successfully adsorbed 

onto the scaffolds (Nanjwade et al., 2011). 

𝐴𝐸 =
𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑑𝑑𝑒𝑑 − 𝑓𝑟𝑒𝑒 𝑢𝑛𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑑𝑑𝑒𝑑
 𝑥100 

The loading efficiency of proteins was also assessed through a direct 

method.  The scaffolds were dissolved in 0.5 mL of chloroform, 

sonicated for 15 min and 1 mL of PBS added.  The samples were 

maintained in glass vials under agitation for 3 h at room temperature 

and protected from light.  Chloroform was allowed to evaporate at 

room temperature.  The solution was centrifuged at 15,000 x g at 4°C 

for 15 min and the supernatant collected for protein quantification 

(sections 2.5.6 and 2.5.7).  This methodology was modified from (Kim 

et al., 2014b), who used a mixture of water and hexane ratio 1:2 

rather than chloroform.  

2.5.6 Quantification of proteins by modified Bradford Assay 

In order to evaluate the quantity of protein adsorbed and released 

from scaffolds, the Bradford assay was performed (Bradford, 1976). 

Bradford analysis was conducted by diluting 2.5-fold the Bradford 

reagent (Bio-Rad) in deionized water which was used the same day. 

Calibration curves were carried out by using known concentrations of 

bovine serum albumin (BSA) prepared from a serial dilution of 1 

mg/mL BSA in deionised water (i.e the same diluent as the samples; 

final concentrations 1–50 μg/mL).   
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To assess the protein concentration of unknown samples and diluted 

samples (factors of dilution 10x, 5x and 2x) were prepared. A 100 μL 

aliquot of each sample (including a blank sample of deionised water) 

was transferred to a multiwell plate and 100 μL Bradford reagent 

added (total volume 200 μL).  The samples were mixed and 

absorbance at 590 and 450 nm was measured by using a plate reader. 

The measurement was carried out each time within 60 min of colour 

development.  The calibration curves were prepared by dividing the 

absorbance values 590/450.  The protein concentration of the 

unknown samples were estimated by interpolation on the linear 

equation of the calibration curve as it was described by (Ernst and 

Zor, 2010). 

2.5.7 Quantification of proteins by fluorescence 

In order to evaluate the concentration of protein absorbed and 

released from the scaffolds, UV-spectroscopy measurements were 

performed.  Relative fluorescence units (RFU) were determined in a 

plate reader. 

Aliquots of 150 μL of each sample were added to a black flat bottom 

non-treated 96 well plate in triplicate.  To measure the avidin-FITC 

conjugate at the wavelengths used were Ex/Em 494/518nm; for the 

avidin-rhodamine conjugate measurements were taken at Ex/Em 

544/576 nm.  The Lysozyme–Rhodamine B conjugate was measured 

at Ex/Em 544/576 and the L. sericata maggot E/S-NHS rhodamine 

conjugate at Ex/Em 552/575 nm. 
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2.5.8 Release of proteins 

In order to evaluate the release profile of avidin, lysozyme and L. 

sericata maggot E/S from PCL and PCL-b-PEG/PCL scaffolds, with and 

without cationically modification, scaffolds were washed 3 times with 

deionised water in order to remove excess protein and dried in a 

vacuum oven at 25°C for 48 h.  

For the release studies, protein loaded-scaffolds were immersed in 1 

mL PBS (pH 7.4).  The samples were maintained under agitation at 

37°C 5% CO2 in air for 21 days.  At each time point (30 min, 1 h, 2 

h,3 h, 4 h,5 h,6 h,12 h 24 h, day 2, day 3, day 4, day 5 day 6, day 

9, day 12, day 15, day 18 day 21) 1 mL was removed and replaced 

with fresh; the samples were stored at -20°C for further protein 

quantification and activity estimation.  

The results of release assays were express as cumulative release % 

as function of time.  Cumulative release % was calculated using the 

following equation (Ji et al., 2010): 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 % = 100𝑥 
𝑀𝑡

𝑀∞

Where 𝑀𝑡 is the amount of protein released at time t and 𝑀∞ is the 

total amount of protein adsorbed onto the scaffolds.  

2.5.9 Relative bioactivity of lysozyme 

The relative bioactivity of lysozyme was determined by using 

EnzChek® Lysozyme assay kit, which measures lysozyme activity in a 

solution.  The assay measures the lysozyme activity against 

Micrococcus lysodeikticus through lysis of the cell wall as described 
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by Liao et al. (2001).  Briefly, the bioactivity of the individual samples 

was determined using a calibration curve constructed using a fresh 

lysozyme standard.  The relative biological activity of lysozyme at 

each time point is expressed in reference to the lysozyme amount 

detected initially (t0).  This test used a lysozyme substrate, 

Micrococcus lysodeikticus fluorescein conjugates and lysozyme from 

chicken egg white.  Lysozyme action acts on Micrococcus lysodeikticus 

fluorescein conjugates, releasing fluorescein.  Since fluorescence 

intensity increases proportionally to lysozyme activity, this can be 

detected by using a fluorescence microplate-reader at Ex/EM 494/518 

nm and the activity of unknown samples determined from a 

standard curve. 

2.5.10 Relative bioactivity of L. sericata maggot E/S 

One of the most important aspects of drug incorporation and release 

of a biological is to retain the bioactivity throughout the entire process 

(Buschle-Diller et al., 2007).  As a result, in order to evaluate the 

bioactivity of L. sericata maggot E/S after release, all the aliquots at 

the different time points were pooled (to ensure sufficient protein was 

collected to be above the minimum detection limits of the assay).  The 

samples were concentrated using an ultrafiltration device (Vivaspin, 

GE Healthcare Bio-Science AB) with a MWCO membrane of 3000 Da 

and centrifugation at 4000 rpm for 30 min at 4°C.  The volume of 

each sample was adjusted to 1mL and stored at 4°C for next day 

analysis.   
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The bioactivity of the L. sericata maggot E/S was assessed using a 

Protease Fluorescent Detection Kit (Sigma Aldrich), which allows the 

detection of serine, cysteine, metallo, and aspartic protease activity.  

The protease fluorescence kits detect the activity of proteases by 

using a FITC-casein substrate.  The action of the proteases is the 

cleavage of the casein-FITC bond releasing free FITC which can be 

detected (Twining, 1984).   

2.5.11 Synthesis of PTMAEMA-b-PHPMA 

Poly (trimethylamino)ethylmethacrylate hydrochloride) (PTMAEMA. 

HCl) with a theoretical chain length of 30 monomer units was 

synthesized by reversible addition–fragmentation chain transfer 

(RAFT) polymerization (Figure 2.2).  The monomer 

trimethylaminoethylmethacrylate hydrochloride (TMAEMA) (10 g, 

0.048 mol) was polymerised by using 4-Cyano-4-

(phenylcarbonothioylthio) pentanoic acid (0.45 g, 0.0016 mol) as 

chain transfer agent and 4,4′-Azobis(4-cyanovaleric acid) (V-501) 

(0.09 g, 0.0003 mol) as initiator in a molar ratio of 30:1:0.2, 

respectively.  For that, the TMAEMA monomer was placed in a Schlenk 

tube and chain transfer agent CPADB previously dissolved in 5 mL of 

methanol and 34 mL of acetate buffer (1 M, pH 5.2) were then added. 

The mixture was degassed with argon for at least 30 min.  Then, V-

501 initiator dissolved in methanol (5 mL) was added and degassed 

for 5 min.  The reaction started after immersion of the flask in an oil 

bath at 70°C.  Samples were taken at 0, 20, 35, 90, 120 min and 

monomer conversion was followed by 1H NMR analysis in DMSO.  
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Figure 2.2 - Synthesis of fluorescein-conjugated PTMAEMA33-b-PHPMA180- using 
reversible addition–fragmentation chain transfer (RAFT) polymerization techniques. 
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The reaction was stopped after 120 min by cooling down and opening 

the tube to the air.  Purified polymer was obtained after precipitation 

in acetone and re-precipitation in THF.  Molecular weight and 

molecular weight distributions of the final polymer were analysed by 

1H NMR and GPC.  A Mn (NMR) of 6230 g/mol and Ð of 1.16 were 

determined, corresponding to a degree of polymerisation of 33 units 

p(TMAEMA)33.  

PTMAEMA33 (r=1) was then used as macroinitiator for the 

copolymerisation of N-(2-hydroxypropyl) methacrylamide 

(HPMA)(r=100). PTMAEMA33 (1.0 g, 0.16 mmol) and HPMA (2.3 g, 16 

mmol) were dissolved in acetate buffer (1 M, pH 5.2) (4.6 mL) and 

degassed under N2 for 20 min.  Initiator V-501 (0.009 g, 0.03 mmol) 

was added to the mixture and mixture degassed for 5 minutes. 

Reaction was started by immersion in an oil bath set at 72°C. 

Samples were taken at 0, 15, 40, 70, 130, 175, 225 min and 

monomer conversion analysed by 1H NMR in DMSO.  The reaction was 

stopped after 4 h and 30 min and the polymer was precipitated in THF 

twice.  Monomer composition in the final copolymer was obtained by 

NMR analysis.  The signal at 4.4 ppm corresponding to CH2 from 

TMAEMA was used as reference and signal at 3.9 ppm corresponding 

to CH from HPMA was used to estimate monomer units of the HPMA 

block.  Signals between 7.4-8.0 ppm corresponds to aromatic protons 

(C6H5) of RAFT chain transfer agent and were used as reference. 

Signal between 0.5-1.5 ppm corresponding to TMAEMA methyl group 

(CH3) was used to calculate units of TMAEMA monomer in the final 

polymer.  Calculated polymerisation degree for HPMA block was 180 
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units corresponding to a total Mn (NMR) of 32000 g/mol.  In addition, 

from PTMAEMA-b-PHPMA signal at 4.5 ppm corresponding to CH2 

protons close to the acrylate of TPMAEMA was used as reference. 

Signal at 3.85 ppm corresponding to CH group of HPMA was used to 

calculate units of HPMA monomer in the final copolymer. 

Polydispersity of the final PTMAEMA33-b-PHPMA180 copolymer was 1.26 

as determined by GPC analysis.   

2.5.12  Synthesis of Fluorescein-labelled PTMAEMA33-b-

PHPMA180 copolymer. 

Once PTMAEMA33-b-PHPMA180 polymer was synthesized and 

characterised, fluorescein dye was incorporated by using the 

widespread EDC/NHS coupling method, according to previous work 

(Levere et al., 2013).  One equivalent of PTMAEMA33-PHMA180 (0.5 g, 

0.016mmmol), 2 equivalents of 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride EDC (0.006 g,0.031 mmol) and 1.5 

equivalents of sulfo-N-hydroxysulfosuccinimide (NHSSS) (0.005 g, 

0.023 mmol) were dissolved in PBS pH 7 and left reacted for 1.5 h. 

Then 1 equivalent (0.0054) of 4-aminofluorescein (0.005 g, 0.016 

mmol) dissolved in 10 mL of PBS pH 7 was added.  Reaction was 

maintained for 20 h at room temperature.  Polymer labelled with 

fluorescein was dialysed for 3 days against deionised water to 

remove unreacted reagents. 
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2.5.12.i Characterization of PTMAEMA33-b-PHPMA180 

copolymers  

2.5.12.i.a Gel permeation chromatography (GPC) and 

nuclear magnetic resonance (NMR) analysis of 

PTMAEMA33-b-PHPMA180 polymers. 

In order to determine molecular weight (Mn, Mw) and the 

polydispersity (Đ) of PTMAEMA33-b-PHPMA180 polymers gel 

permeation chromatography (GPC) and nuclear magnetic resonance 

(NMR) analysis were performed.  GPC was carried out using a PL50 

Polymer Laboratories system, employing 2 mixed bed (D) columns at 

30°C and equipped with a refractive index detector.  PBS pH 7.4 was 

used as the mobile phase at a flow rate of 1 mL/min.  GPC system 

was calibrated with polyvinylpyrrolidone standards (Mw range: 

482400-162 g/ mol).   

1H NMR spectra was recorded on a Bruker 400 MHz spectrometer in 

d6-DMSO.  Chemical shifts were expressed in parts per million (δ) 

downfield from the internal standard, tetramethylsilane.  1H NMR was 

exploited to estimate the NMR molecular weight and the length of the 

purified PTMAHEMA33 and PTMAEMA33-b-PHPMA180 polymers.   

2.5.12.i.b Determination of the maximum emission and 

excitation wavelengths of PTMAEMA33-b-PHPMA180 

In order to evaluate the range of absorption and emission of the 

polymer 5 mg of PTMAEMA33-b-PHPMA180 polymer was dissolved in 5 

mL of deionised water with a final concentration of 1 mg/mL.  Then, 

an absorbance scan between 250-750 nm was carried out.  Maximum 
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absorption and emission wavelengths were observed at λex 450 nm, 

λem 518 nm, respectively. 

2.5.13 Effects of cationic PTMAEMA and PTMAEMA33-b-

PHPMA180 polymers on murine fibroblast metabolic 

activity. 

Stock solutions of 1 mg/mL of TMAEMA33 and PTMAEMA33-b-PHPMA180 

were prepared in deionised water.  Serial dilutions were performed 

diluting TMAEMA33 and PTMAEMA33-b-PHPMA180 polymers in a 

concentration range of 500,200,100,50,20,10 and 5 μg/mL and 

control with media using DMEM and 2% w/w and 10% w/w of FCS.   

Cell were transferred to each well of a 24 well tissue culture plate 

(60,000 cells in each well) as described in section 2.3.2.ii.  The 

AlamarBlue® assay was used to measure the metabolic activity of the 

cells before and after 24 h the treatment with TMAEMA33 and 

PTMAEMA33-b-PHPMA180 solutions (AlamarBlue® procedures were 

described in section 2.2.3.   

2.5.14 Surface modification of PCL, H-PCL and PCL-b-PEG 

scaffolds with cationic (PTMAEMA33-b-PHPMA180) 

copolymers. 

Fluorescein-conjugated PTMAEMA33-b-PHPMA180 polymers were used 

to modify the surface of PCL, H-PCL and PCL-b-PEG/PCL scaffolds.   

A stock solution of Fluorescein-conjugated PTMAEMA33-b-PHPMA180 

polymers with a concentration of 1 mg/mL was dissolved in deionised 
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water.  Then 1 mL of polymeric solution concentration 200 μg/mL was 

added to a vial, which contain the different scaffolds PCL, H-PCL and 

PCL-b-PEG.  The scaffolds and cationic polymeric solutions were 

incubated in an environmental incubator at 37°C in constant agitation 

for 24 h. 

The amount of cationic polymer loaded onto the scaffolds was 

determined indirectly by measuring the fluorescein concentration in 

the supernatant, at different time points (after 3, 6, 12 and 24 hours) 

(Prabaharan et al., 2007).  The fluorescence of the supernatant was 

measured with a TECAN microplate reader at Ex/Em 450/518 nm 

before and after polymer interaction with the scaffolds.  Calibration 

curves were performed at each time point using serial dilutions of 

fluorescein from 2000 to 0 μg/mL in PBS.  Loading efficiency was 

calculated as described in section 2.5.5.  

2.5.15 Assessing the influence of L. sericata maggot E/S 

from controlled release scaffolds on fibroblast motility in 

an in vitro scratch assay. 

The influence of L. sericata maggot E/S on the motility of fibroblasts 

was assessed by an in vitro scratch assay in the presence of the 

different released-aliquots of L. sericata maggot E/S.  The protease 

activity from the aliquots of L. sericata maggot E/S was measured, 

and samples with the highest protease activity were selected.  The 

scratch assay was performed on a 24 well plate coated with human 

fibronectin (Human Fibronectin Cellware).  A scratch was made in a 

cell monolayer (confluent culture) as described in section 2.2.4. 
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DMEM containing L. sericata maggot E/S (1 mL) was added to each 

well and time–lapse microscopy was set for 3 days.  After that period, 

the closure of the in vitro scratch wound was evaluated in the same 

way as described in section 2.2.4. 

2.5.16 Statistical analysis 

All data were expressed as mean±SD.  Experiments were carried out 

in triplicate for a minimum of n=3 individual experiments, unless 

otherwise stated.  To analyse significant differences for the performed 

tests, a one way-ANOVA Tukey’s multiple comparison post-hoc test 

was carried out (unless otherwise stated).  Statistical analysis of data 

presented here was performed using Prism (GraphPad Prism6, San 

Diego CA).  Significant differences were determined at P≤ 0.05. P 

values were expressed as the follows: ns for P˃ 0.05, * for P≤ 0.05, 

** P ≤0.01, *** P ≤0.001, **** P ≤0.0001.  For fibre diameter 

analysis, one hundred measurements were taken using ImageJ 

software (National Institutes of Health) and statistical analysis 

performed by analysing frequency distribution and non-

linear regression (Log Gaussian) using Prism (GraphPad Prism6). 



CHAPTER 3 Searching for therapeutic 

molecules for enhancing granulation 

tissue and wound healing 

3.1 Naturally-derived biomolecules that have wound 

healing properties 

Researchers have considered the use of natural products as bioactive 

substances for wound healing (Lindblad, 2008).  Some examples of 

these are honey (Visavadia et al., 2008), curcumin (Gong et al., 

2013), Aloe vera (Takzare et al., 2009), Lucilia sericata maggot 

excretion/secretion (L. sericata maggot E/S) (Horobin et al., 2005, 

Telford et al., 2010) and propolis resinous material which is produced 

and used by bees (McLennan et al., 2008).  Honey is one of the most 

studied natural products and has been adopted for use in clinical 

practices (Al-Waili et al., 2011).  It has been reported that honey 

showed a positive effect on wound closure when tested in animal 

models and clinical trials (Al-Waili et al., 2011).  Honey’s action on 

wound healing was mainly due to its antioxidant capacity that reduce 

free radical species and its antibacterial activity (Mandal and Mandal, 

2011).  Honey dressing can be found in the market as Medihoney®

(USA) and Mesitran® (Netherlands) (Mphande et al., 2007).  

Curcumin is another natural component which can be extracted from 

the herb turmeric.  Studies have shown the efficacy of curcumin 

promoting wound healing in diabetic animals (Kant et al., 2014).   
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Early studies on Aloe vera came to the conclusion that although it has 

promising effect promoting wound healing further studies need to be 

done to probe its clinical efficacy (Maenthaisong et al., 2007).  More 

recently studies using animal model have shown that rats treated with 

Aloe vera exhibited a faster wound contraction (Oryan et al., 2010) 

(Takzare et al., 2009). 

Considerable amount of researches into this field has been done from 

2000 (Duran et al., 2004, Parente et al., 2012, Somboonwong et al., 

2000, QIN et al., 2010).  However, the use of natural product s has 

the limitation of batch-batch variation in the sample collection, 

production and processing (Yun et al., 2012, Lindblad, 2008). 

This literature review will focus on propolis as potential candidate for 

promoting wound healing. 

3.2 Propolis as a wound healing candidate 

Propolis is described as a resinous material which is produced and 

used by Apis mellifera L. bees to protect their hives from bacterial and 

fungal infections and to preserve aseptic conditions in the place where 

their queen will lay her eggs.  Worker bees collect propolis from the 

exudates of trees, buds, and other plant components.  After 

collection, bees modify propolis by adding their saliva and wax 

(Daleprane and Abdalla, 2013).  Propolis has been used as a medicine 

to treat wounds by Egyptians, Romans, and Greeks for centuries. 

However, the use of propolis was reduced in the Middle Ages and it 

wasn’t until the last century when propolis was rediscovered and 

studies about its chemical composition began (Kuropatnicki et al., 
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2013).  Propolis is a natural and complex substance containing around 

300 different components (Bankova, 2005).  The chemical 

composition, and as a consequence, biological activity of propolis 

varies depending on the local plant source, climate and other 

geographical factors (Berretta et al., 2012a, Berretta et al., 2012b, 

Isidorov et al., 2014, Cheng et al., 2013, Popova et al., 2010).  The 

different types of propolis which have been reported in the literature 

are presented in the Table 3.1. 
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Table 3.1 - The main compounds of five types of propolis and their biological actions. 

Type of 

propolis 

Geographical area Source Chemical composition Main biological 

actions 

references 

Poplar Europe, Asia 

(including China) 

Poplar tree P-coumaric acid mainly

artepellin c and baccharin

High levels of flavonoids

and phenolic acids.

Antioxidant, 

anti-inflammatory 

and antidiabetic 

effect in vitro and in 

vivo 

(Wang et al., 

2014a) 

Green Brazil Baccharis 

dracunculifolia 

Dipertenes, p-counmaric

acid mainly Artepillin C, 

flavonoids such as 

quercetin and Kaempferol 

Antiulcer, anti-

inflammatory and 

antibacterial effect 

(Cheung et al., 

2011) 

Red Northeast cost of 

Brazil, China, Mexico, 

Venezuela and Cuba 

Clusia sorobiculata, 

clusia minor and major 

and dalbergia 

ecastophyllum 

Isoflavonoids, flavonoids 

terpenes, chalcones, 

pterocarpans 

Antimicrobial, anti-

inflammatory and 

analgesic effect 

(López et al., 

2014) 

Mediterranean Greece --- Dipertenes Antimicrobial (Popova et al., 

2010) 

South America Chile, Argentine --- Flavonoids such as 

quercetin and phenolics 

Antioxidant (Russo et al., 

2004, Castro et 

al., 2014) 
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3.2.1 Green propolis and its compounds 

Green propolis comes from the southeast of Brazil, one of the major 

suppliers of propolis in the world (López et al., 2014).  The main plant 

source is Baccharis dracunculifolia (alecrim plants).  This propolis is 

one of the most studied in term of its composition and biological 

activity (Sawaya et al., 2011).  A variety of methods have been used 

to identify and quantify green propolis compounds.  Some of these 

include: i) chromatographic analysis (i.e reverse phase High 

Performance Liquid Chromatography (HPLC)) and ii) direct insertion 

probe mass spectrometry (Sawaya et al., 2011).  In general terms, 

raw green propolis consists of 50% of resin and balsam (polyphenolic 

and flavonoid fraction), 30% of wax ( wax and fatty acids), 10% of 

aromatic and essential oils (volatiles), 5% of pollen (protein and 

amino acids) and 5% of other substances (organic and minerals 

(Farooqui and Farooqui, 2012).  The contents and concentration of 

phenolic and flavonoids of green propolis will vary depending of the 

sample (batch) and the solvent used in the extraction (Righi et al., 

2013).  Major phenolic and flavonoids contents of a ethanolic extract 

analysed by HPLC has shown that green propolis is constituted by 

artepillin C 3.3% (w/w), p-coumaric acid 0.63% (w/w), trans-

cinnamic acid 0.05% (w/w), chlorogenic acid 0.21% (w/w), caffeine 

acid 0.04% (w/w), kaempferol 0.08% (w/w), kaempferide 0.63% 

(w/w) and isosakuranetin 0.12% (w/w) (de Funari et al., 2007), 

quercetin and rutin (qualitative identification)(Cheung et al., 2011, 

Righi et al., 2013) (Figure 3.1).
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Figure 3.1 – Chemical structure of some green propolis compounds. 
Adapted from (Toreti et al., 2013) 
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3.2.2 Biological activities and mechanism of action of 

propolis 

The main biological activities of propolis include: i) 

analgesic/anaesthetic properties (Kamburoglu and Özen, 2011), ii) 

immunomodulatory effects (McLennan et al., 2008, Barroso et al., 

2012, Hori et al., 2013), iii) antibacterial properties, iv) fungicidal 

properties (Drago et al., 2007, Dota et al., 2011), v) anticarcinogenic 

effects (Daleprane and Abdalla, 2013, Umthong et al., 2011, Russo 

et al., 2004)) and vi) wound healing effects (Sehn et al., 2009, Olczyk 

et al., 2013b, Kozma, 2013). 

Although there are a significant number of studies on the biological 

activity of propolis, its mechanisms of action are not yet fully 

understood (Berretta et al., 2012a).  The active molecule in which 

propolis performs these actions is still under debate (Hori et al., 

2013). 

3.2.2.i Antimicrobial activity 

There are many studies confirming that different propolis extracts 

have a strong, synergic (Kucharzewski et al., 2013) and dose 

dependent (Bonvehí and Gutiérrez, 2012) antimicrobial activity 

against Gram-positive and Gram-negative bacteria and fungi 

(Bonvehí and Gutiérrez, 2012, Kucharzewski et al., 2013).  Propolis 

has shown a noticeable response against Gram positive bacteria 

(Silva et al., 2012), including Staphylococous aureus, the most 

common pathogen in diabetic foot osteomyelitis (Elamurugan et al., 

2011).  Some authors (Souza et al., 2014, Silva et al., 2012) highlight 
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that Gram negative bacteria are less sensitive to propolis action and 

it is necessary to use a higher propolis concentration to observe 

bacteriostatic or bactericidal effects (Orsi et al., 2012).  The possible 

explanation for this difference is that propolis acts upon the Gram 

positive bacterial, inhibiting cell wall synthesis, DNA gyrase, and ATP 

production (Silva et al., 2012).  Gram negative bacteria have an outer 

membrane which may delay and/or inhibit the penetration of propolis 

and hence confers resistance (Silva et al., 2012).  Studies suggest 

(Cushnie and Lamb, 2005, Lotfy, 2006) that the antimicrobial activity 

of propolis relates to its rich composition of flavonoids and caffeic acid 

phenethyl ester (CAPE) compounds.  The action mechanism of 

propolis against fungi has been studied in Saccharomyces cerevisiae 

which have been used as a model of a eukaryote organisms (de Castro 

et al., 2011).  These studies conclude that green propolis is able to 

control Candida albicans infections and also to induce programmed 

cell death (apoptosis) and necrosis through the regulation of 

cytochrome c and metacaspase YCA1 genes.  In addition, propolis is 

able to interrupt the following biological processes: the electron 

transport chain, oxidative stress mechanisms, autophagy and cellular 

responses to lack of nutrients (starvation) (de Castro et al., 2011). 

3.2.2.ii Anticarcinogenic activity 

In the recent years, most of the studies of propolis and its compounds 

have been focussed in propolis as a potential anticancer drug. 

Propolis has been shown to contain compound(s) with anti-

proliferative activity in vitro when tested on cancer cell lines.  Higher 
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concentrations of propolis (50-150 µg/mL) inhibit tumour cell growth. 

Although the mechanism of action of propolis is not fully understood, 

recently researches have associated the anticarcinogenic activity of 

propolis with the capacity of scavenging free radicals which is 

probably correlated with phenolic constituents (da Silva Frozza et al., 

2013b, Umthong et al., 2011). 

In addition, Valente et al. (2011) and da Silva Frozza et al. (2013) 

showed that propolis reduced the viability of cancer cells through 

induction of DNA damage and at the same time has a protective action 

upon primary cells.  The literature suggests the selective effect of 

propolis may be correlated with higher proliferative index of 

malignant cells compared with normal cells (da Silva Frozza et al., 

2013b).  It is thought that propolis may have a selective 

antiproliferative activity.  This could highlight propolis as a potential 

anti-cancer candidate. 

3.2.2.iii Anti-inflammatory activity 

The inflammation process is important in a number of pathologic 

conditions including venous ulcers and chronic diabetic ulcers (Búfalo 

et al., 2013).  Mast cells are found in connective tissue and they are 

originated from hematopoietic stem cells.  Mast cells are present in 

all wound healing phases.  The main function of these cells is to 

release inflammatory mediators in areas of acute inflammation (Ng, 

2010).  

The effect of propolis was compared to dexamethasone, a 

glucocorticoid used as an immunosuppressive and anti-inflammatory 
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drug.  It was found that propolis reduced inflammation more 

effectively than dexamethasone by decreasing the number of mast 

cells, inhibiting histamine release, prostaglandin E2 production and 

hydrolysis of arachidonic acid (Barroso et al., 2012).  It was 

suggested that the mechanism of action was due to caffeic acid 

phenethyl ester (CAPE) and artepillin C (ARC) constituents of propolis 

inhibit nitric oxide and prostaglandin E2 production by inhibiting 

nuclear factor Kappa B (NF-κB) activity (Paulino et al., 2008). 

In addition, propolis has been shown to up regulate toll-like receptor 

(TLRs: TLR 2 and TLR4) expression and inhibit production of pro-

inflammatory cytokines such as IL-6 and IL-1β in macrophages. 

Whilst TNF-α and IL-10 (anti-inflammatory cytokine) production were 

enhanced at lower concentrations of propolis (Búfalo et al., 2014).   

Moreover, it has been reported that CAPE inhibits arachidonic acid 

hydrolysis, and as a result, the production of prostaglandin E2 and 

the release of histamine by mast cells is inhibited (Barroso et al., 

2012).  Recently, it has been reported that artepillin C inhibits iNOS 

and COX-2 activity.  Both enzymes are produced in the inflammation 

site and act synergistically, promoting an overproduction of 

inflammatory mediators (Sakthivel and Guruvayoorappan, 2013). 

iNOS is an enzyme which synthesizes nitric oxide from L-Arginine. 

The increasing expression of iNOS causes damage to the cells via 

formation of NO-reactive species.  Artepillin C inhibits iNOS gene 

expression and thereby reduces NO levels (Sakthivel and 

Guruvayoorappan, 2013). 
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3.2.2.iv Wound healing 

According to in vivo pre-clinical studies and histopathology 

evaluations (Sehn et al., 2009, McLennan et al., 2008, Berretta et al., 

2012a), propolis has been reported to improve the early formation of 

granulation tissue, enhancing reepithelialisation, accelerating wound 

healing, enhancing anti-inflammatory response (Berretta et al., 

2012a) and avoiding a number of septic complications (Kucharzewski 

et al., 2013, Sehn et al., 2009).   

The first systematic study which showed the effect of propolis in a 

diabetic rodent model was done by (McLennan et al., 2008).  The 

study evaluated the morphology of the wound by analysing animal 

skin biopsies, cellular content and myeloperoxidase activity (MPOa) 

(via blood vessel density measurement).  The results revealed that 

interfollicular distances were not improved by propolis treatment, 

since the mechanism of action is not through wound contraction, but 

via re-epithelization.  The number of blood vessels observed was not 

affected by the use of propolis.  This point seems controversial 

because more recently pre-clinical studies lead by (Berretta et al., 

2012a) pointed out that a large number of new blood vessels are 

present in the histological sections of propolis-treated wounds. 

However, despite this disagreement from both studies, authors did 

agree on the beneficial anti-inflammatory action of propolis and 

concluded that the wound healing processes can be improved by the 

use of propolis (McLennan et al., 2006, McLennan et al., 2008, 

Berretta et al., 2012a).  In addition, it is known that the wound 

healing process involves sulphated glycosaminoglycan (GAGS) such 
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as, dermatan sulfates (DS), chondroitin (CS), heparin (H), heparan 

sulfates (Bishayee et al.), and keratan sulfates (KS).  (Olczyk et al., 

2013a) observed that during the initial phase of wound healing, 

treatment with propolis induced the accumulation of GAGS at the 

wound site.  GAGs bind to PDGF, FGF-2 and FGF-7 growth factors 

preventing their degradation by proteolysis.  These growth factors 

play a crucial role in wound reepithelialisation and granulation. 

Moreover, propolis has been shown to aid ECM (extracellular matrix) 

formation via enhancing the deposition of collagen fibres and causing 

an increase in the thickness of the epidermal layer on the wound site 

(Berretta et al., 2012a).  A recent pilot clinical study in 24 patients 

with diabetic foot ulcers demonstrated that topical applications of 

propolis were well tolerated, and wound healing rates were improved 

considerably in the treated group.  Bacterial colonization was reduced, 

and MMP-9 levels decreased significantly (rapid response) in the 

patient group treated with propolis.  They concluded that propolis has 

a role in promoting the healing of diabetic ulcers (Henshaw et al., 

2014).   

In addition, it has been reported that CAPE (propolis compound) 

improved wound healing by enhancing keratinocyte 

proliferation/migration and the differentiation of myofibroblasts 

(Moura et al., 2011, de Almeida et al., 2013, Sen et al., 2009, Olczyk 

et al., 2013a).   

In conclusion, the wound healing action of propolis remains unclear 

and controversial because of the difficulties in identifying and 

understanding the role of the individual bioactive components that 
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make up propolis and due to the poor understanding of the propolis-

mediated mechanisms involved in wound healing (Sehn et al., 2009). 

3.2.3 Limitations in the use of propolis 

Some limitations that should be taken into account for the future use 

of propolis as a wound healing agent are: i) the variability in propolis 

chemical composition, and ii) the complexity of its composition and 

pharmacology.  The variability of compounds and its concentration 

are dependent on the plant source, weather and season.  As a result 

studies among different types of propolis cannot be simply 

extrapolated and batch to batch variation should be considered 

(Berretta et al., 2012a).  Furthermore, the purification of isolated 

compounds is difficult and linking one compound to a specific 

biological activity remains a challenge.  Some compounds exert 

biological action independently while others act synergistically (Zhang 

et al., 2014, Daleprane and Abdalla, 2013, Bankova, 2005).  In fact, 

some authors have pointed out that the mix of propolis components 

such as flavonoids, hydroxyl acids, and sesquiterpenes may have a 

synergistic effect on biological activities (Vardar-Ünlü et al., 2008); 

therefore, the total extract may act as an “active principle” (Hori et 

al., 2013). 
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3.3 Aims and objectives 

Therapeutic molecules used for wound healing need to have anti-

inflammatory properties, enhance deposition of extracellular matrix 

compounds, possess antimicrobial effects, and enhance granulation 

tissue formation in which the migration of fibroblast is the pivotal 

step. 

On the basis of the observations and background already presented 

above it was hypothesized that propolis and its compounds 

(quercetin, rutin and artepillin C) may have a beneficial effect on 

wound healing by i) regulating the inflammation process, ii) 

enhancing fibroblast proliferation and migration and iii) controlling 

wound infections (see Figure 3.2).   

Despite the fact that propolis has been reported to have anti-

inflammatory and antimicrobial properties, the motogenic effect of 

propolis and its compounds upon fibroblasts has not yet been 

investigated.  

This chapter addresses the second point ii) and investigates the effect 

of propolis and its compounds on fibroblast proliferation and migration 

rates.  The focus here was to evaluate propolis and its main 

compounds quercetin, rutin and artepillin C, as potential candidates 

for wound healing management.  
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The main aims of this work were to: 

• Assess the cytotoxic effect of propolis and its constituents

(quercetin, rutin and artepillin C), on mammalian fibroblasts using 

AlamarBlue® assay and membrane integrity assay by double staining 

with Propidium iodide and Hoechst.  

• Examine the influence of propolis and its compounds on

fibroblast migration using in vitro wound scratch and Boyden chamber 

assays.   

This investigation aims to create an innovative alternative for wound 

healing through the evaluation of potential natural agents like propolis 

and their main bioactive constituents. 

Figure 3.2 – Schematic illustrating hypothesis that shows how propolis will be tested as a wound 
healing candidate.  It is hypothesised that propolis have a) antimicrobial, b) anti-inflammatory 
actions, c) enhanced GAGS accumulation, d) cell phenotype differentiation, e) enhance fibroblast 
proliferation and f) fibroblast migration.  Where the last two actions e) and f) are a pivotal 

requirement for a wound healing candidate. 
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3.4 Results and discussion 

3.4.1.i AlamarBlue® assay of propolis and its compounds 

(24/48h) using 3T3 culture media (2% (v/v) FCS 

concentration) 

Figure 3.3 shows relative metabolic activity (%) versus the following 

propolis concentrations 187, 93.5, 46.8, 23.3, 11.7, 5.8, and 2.9 

(µg/mL) compared to the control (without propolis) over a period of 

24 h (Figure 3.3-A) and 48 h (Figure 3.3-B) of treatment.  

Figure 3.3 – AlamarBlue® assay after 24 h (Fig –A) and after 48 h (Fig-B).  Figures show 

the effect of propolis on fibroblast metabolic activity in the concentration–range of 187-2.9 

µg/mL with 2% -starvation culture media (DMEM supplemented with FCS 2% (v/v)), three 

independent experiments carried out in triplicate (means±SD).  Fig-C shows the effect of 

propolis after 48 h including additional concentration-range. Five independent 

experiments carried out in triplicate (means±SD). 
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Overall, the results show that the cytotoxic effect of propolis was 

more prominent at 48 h than 24 h post treatment.  Cells exposed to 

propolis at a concentration of 46.8 µg/mL at 48 h showed a 

percentage of relative metabolic activity (%) reduced to lower than 

40% of the control while that at 24 h, at the same concentration of 

propolis, was around 100%.  Also, at a concentration of 93.5 µg/mL, 

at 24 h relative metabolic activity (%) is around 20% while at 48 h 

this percentage decreased to approximately 2%.  In terms of 

statistical significance, at 24 h and at a concentration of 46.8 µg/mL 

there was no significant inhibition or enhancement of relative 

metabolic activity (%) whilst at 48 h, cell metabolic activity is 

significantly inhibited.  These results suggest that propolis has a time-

dependent effect upon fibroblast viability.  These results are in 

agreement with previous investigations (Valente et al., 2011, de 

Funari et al., 2007, da Silva Frozza et al., 2013a) which pointed out 

that propolis has a time-dependent effect on relative metabolic 

activity (%).  (Bufalo et al., 2009) pointed out that the effects of 

propolis were more prominent after 24 h of exposure which supports 

the findings of this study where cytotoxicity at higher concentrations 

of propolis (187 µg/mL) were seen after 24 h whereas at lower 

concentrations (46.8 µg/mL), cytotoxicity was only seen following 48 

hours exposure.   

Furthermore, additional propolis solutions were prepared, expanding 

the concentration-range as follow: 187, 125, 93.5, 83, 55.4, 46.8, 

23.3, 11.7, 5.8, 2.9, 0.7, 0.2 µg/mL and a control (the diluent without 

propolis).  Figure 3.3-C reveals the effect of propolis on 3T3 fibroblast 
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cells over 48 h using these additional propolis solutions.  A minimum 

of 5 independent experiments were performed in triplicate.  The data 

showed that higher propolis concentrations, between 46.8 µg/mL to 

187 µg/mL, had an extremely significant (p< 0.0001) inhibitory effect 

on relative metabolic activity (%) compared to the cells exposed to 

the control sample.  At 187 µg/mL propolis, only ~ 2% of cells 

remained metabolically active.  In contrast, cells exposed to propolis 

concentrations 2.9 to 5.8 µg/mL showed to significantly enhanced 3T3 

fibroblast metabolic activity (p< 0.0001), reaching values around 

120% of the control.  The percentage of relative metabolic activity 

(%) exceeded 100% because the data were normalized to mean 

control values.  In the concentration range of 0.7 to 0.2 µg/mL 

propolis, no statistical significance in terms of relative metabolic 

activity (%) was found when compared with the control.   

In the work reported here, propolis showed a dose-dependent 

cytotoxic effect on the 3T3 fibroblasts; an enhancing effect on relative 

metabolic activity (%) at lower concentrations of (2.9 and 5.8 

µg/mL), while higher concentrations (83-187 µg/mL) were cytotoxic. 

The effect of propolis on fibroblast metabolic activity was time 

dependent; over 48 h post treatment effects were more prominent 

than 24 h of treatment.   

These results were in agreement with those obtained by (de Funari et 

al., 2007) who evaluated the effect of another green propolis sample 

on in NIH-3T3 fibroblasts.  In vitro studies, revealed that propolis 

concentrations ranging from 31.25 to 125 µg/mL led to cell death 

while lower concentrations of propolis (between 7.8 and 2.9 µg/mL) 
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revealed no significant effect upon relative metabolic activity (%) (de 

Funari et al., 2007).  There are however a limited number of 

publications reporting non-cytotoxic effect at low concentrations on 

fibroblasts.  To date, most studies of propolis are focussing as a 

potential anticancer drug; i.e. evaluation of cytotoxicity effect on 

malignant cell types and understanding the mechanism of its action 

using a concentration range up to 100 µg/mL.  The cytotoxic effect of 

higher concentrations of propolis on mammalian cells reported here 

were in agreement with (Carvalho et al.) (2014) and (Barbarić et al., 

2011) who showed a similar effect when propolis was tested on 

malignant cells.  The findings showed that higher concentrations of 

propolis (around 76 µg/mL) significantly inhibit malignant cell 

proliferation due to the synergistic action of phenolic acid and 

flavonoids contained in propolis which lead to cell death via apoptosis. 
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Figure 3.4 reveals the effect of commercial quercetin (Sigma), one of 

the bioactive compounds of propolis, upon 3T3 fibroblast metabolic 

activity.  Cells were treated with quercetin concentrations of 100, 30, 

10, 3, and 1 (µM) and compared to the control (without quercetin) 

over a period of 24 h (Figure 3.4-A) and 48 h (Figure 3.4-B) of 

treatment.

Figure 3.4 - AlamarBlue® assay 24 h (Fig –A) and after 48 h (Fig-B).  Figures show 
the effect quercetin on fibroblast metabolic activity in the concentration–range of 1-

100 µM with 2%-starvation culture media. Five independent experiments carried out 

in triplicate (means±SD). 
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Overall, quercetin affects relative metabolic activity (%) in a dose-

dependent manner.  Higher concentrations (100 and 30 µM) of 

quercetin had an extremely significant (p ≤ 0.0001) detrimental effect 

upon the relative metabolic activity (17% and 35% respectively) of 

the fibroblasts.  By contrast, lower concentrations (1 and 3 µM) of 

quercetin did show a significant enhancement of relative metabolic 

activity (%) (p, ≤0.0001), metabolic activity exceed 180% over 48 h 

under quercetin treatment   

The results show that the effect of quercetin upon fibroblasts 

metabolic activity was more prominent at 48 h than 24 h, at lower 

concentration.  Fibroblasts exposed to quercetin at a concentration of 

3 µM showed substantially increased in metabolic activity from 100% 

to 180% after 48 h.  Oppositely, concentrations of 30-100 μM of 

quercetin showed a detrimental effect on metabolic activity over 24 h 

and 48 h of treatment.  Metabolic activity values were under 25% 

over this period of time.  Previous studies using quercetin found that 

concentrations of up to 25 µM had cytotoxic effect and could activate 

different signal transduction pathways such as receptor-mediated 

signalling and module oestrogen receptor alpha (ER-a)-mediated cell 

cycle arrest and an anti-proliferative effect through p-38 kinase and 

caspase-3 activation (Bulzomi et al., 2012, Bishayee et al., 2013).   
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Figure 3.5 shows the effect of commercial rutin (Sigma), an analogue 

of quercetin, upon 3T3 fibroblast metabolic.  Rutin was tested at 

concentrations of 200, 100, 30, 10, 3, and 1 (µM) and compared to 

the control (without rutin) over a period of 24 h (Figure 3.5-A) and 

48 h (Figure 3.5-B) treatment.   

Overall, rutin did not show any statistically significant beneficial or 

detrimental effect upon the metabolic activity of the fibroblasts after 

24 h of treatment.  In general, after 48 h rutin effects fibroblast 

metabolic activity in a dose-dependent manner.  Rutin concentration 

from 10 µM to 200 µM cause a detrimental effect on the metabolic 

activity of the fibroblasts.  Statistical significance values vary from 

p≤0.05 (10 μM) to P ≤0.0001 (200 µM) and metabolic activity 

decreased from 76% (10 µM) to 44% (200 µM) (Figure 3.5).

Figure 3.5 - AlamarBlue® assay after 24 h (Fig –A) and after 48 h (Fig-B).  Figures show 
the effect rutin upon fibroblast viability in the concentration–range of 1-100 µM with 2%-
starvation culture media.   Five independent experiments carried out in triplicate 

(means±SD). 
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Rutin, is a flavonol glycosides present in propolis that is claimed to 

have multiple pharmacological activities (Chua, 2013), such as wound 

healing properties (Tran et al., 2011).  For this reason, the cytotoxic 

effect of rutin upon murine fibroblast over 48 h was tested by 

measuring metabolic activity.  The findings reported here revealed a 

dose dependent manner to inhibit fibroblast metabolic activity.  Rutin 

concentration from 10-200 μM had an unfavourable effect, decreasing 

metabolic activity.  In general, the results presented here are in 

agreement with the findings reported by (ben Sghaier et al., 2016) 

who indicated that rutin inhibits cell viability in a dose-dependent 

manner (in vitro) and different cell types have a different sensitivity. 

For instance, human lung cancer cell (a549) were inhibited at rutin 

concentrations from 31.25 μM while other cancer cell lines such as 

colon (HT29 and Caco-2) were inhibited using higher concentration of 

rutin (388 and 559 μM respectively).  On the contrary, in vitro studies 

of rutin-chitosan hydrogel reported by (Tran et al., 2011) showed that 

rutin concentration of 144 μM enhanced proliferation of L929 mouse 

fibroblasts.   
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Finally, Figure 3.6 reveals the effect of commercial artepillin C (ARC), 

one of the major bioactive compounds of green propolis (from Brazil), 

upon 3T3 fibroblast metabolic.  Artepillin C concentrations was tested 

at concentrations of 100, 50, 30, 10, 3, and 1 (µM) and compared to 

the control (without ARC) over a period of 24 h (Figure 3.6-A) and 48 

h of treatment (Figure 3.6-B).  

On the whole, artepillin C (ARC) showed to affected fibroblast 

metabolic activity in a dose depended-manner.  The enhancing in 

relative metabolic activity % was significant (p≤0.0001) for lower 

concentration of ARC (1-10 µM) after 24 h treatment, reaching values 

between 180-160% from ARC concentration 1-10 µM.  Fibroblast 

metabolic activity significantly decreased (p≤0.0001), reaching 

values of 47% at 100 µM of ARC treatment.  After 48 h of treatment, 

fibroblast metabolic activity continued being affected in a dose-

dependent manner.  Higher concentrations (100 to 10 µM) of ARC 

showed a significant (p ≤ 0.0001) detrimental effect upon fibroblast 

Figure 3.6 - AlamarBlue® assay after 24 h (Fig –A) and after 48 h (Fig-B).  Figures show 
the effect artepillin C on fibroblast metabolic activity in the concentration–range of 1-100 
µM with 2%-starvation culture media. Three independent experiments carried out in 

triplicate (means±SD). 
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relative metabolic activity reducing values from 87% (10 µM) to 12% 

(100 µM).  By contrast, lower concentrations (1 and 3 µM) of ARC did 

not significantly (p˃0.05) enhance relative metabolic activity (%) over 

48 h of treatment   

Overall, these results showed that the detrimental effect of higher 

concentrations of ARC on fibroblasts was more prominent over 48 h 

of treatment.  Unexpectedly, the observed beneficial effect in 

metabolic activity of fibroblast at lower concentration of ARC at 24 h 

decayed over 48 h of treatment.  Artepillin C is a phenolic acid 

exclusively found in Green propolis, with.  similar effects as CAPE from 

European propolis (Wadhwa et al., 2016).  Overall, the results from 

artepillin C show clearly that at concentrations 10-100 μM this 

compound has a prominent inhibition effect on fibroblasts’ metabolic 

activity (after 48 h of treatment).  Moreover, artepillin C has showed 

to inhibit cell growth in a dose-dependent manner by entry to the 

cell cycle arrest Go/G1 (Shimizu et al., 2005 , Kumazaki et al., 

2014).
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3.4.2 Membrane integrity assay 

The effect of propolis and its compounds quercetin, rutin and artepillin 

C, upon cell membrane integrity was evaluated by double cell staining 

using Propidium Iodide and Hoechst.  Figure 3.7-A shows a membrane 

integrity assay conducted by incubating cells with 3 different 

concentrations of propolis: 187, 46.8 and 2.9 µg/mL and additional 

positive (Triton) and negative (‘2%-starvation culture media’) 

controls for 48 h.  Figure 3.7-B shows percentages of PI positive cells 

exposed to three different concentration of propolis with their 

respective controls.  The graph reveals that the differences between 

the concentrations of propolis at 2.9 ug/mL, 46.8 ug/mL and control 

were not statically significant.  The percentage of PI positive cells was 

around 30%.  Contrary to this, cells exposed to higher concentrations 

of propolis (187 μg/mL) exhibited around 73% of PI positive cells. 

Cells exposed to Triton also exhibited a higher percentage of PI 

positive cells, over 100% (cell counting images analysis).  Figure 3.7-

C shows the effect of propolis concentrations 187, 46.8 and 2.9 µg/mL 

in term of cell number by measuring cell stains with Hoechst.  It was 

observed the cell number is reduced in a dose–dependent manner. 

Higher propolis concentration (46.8 and 187 µg/mL) did show a 

significant detrimental effect upon fibroblasts number. 
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Figure 3.7 - Membrane integrity assay. Hoechst /Propidium Iodine double stain. (Fig-A) Cell was cultured by 48 h with propolis. 
Fluorescence microscopy (Magnification, ×10) bars 100 µm bright field, cells with Hoechst and cell stained with PI at the same view. 
Cell double stained indicated cell death. (Fig-B). Show PI positive cell (% Hoechst) using image cell counting after 48 h of propolis 
treatment. Three independent experiments carried out in triplicate (means±SD). 
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The resulted presented here are very similar to the ones obtained by 

measuring metabolic activity thought AlamarBlue® assay.  Both 

assays showed that propolis affects metabolic activity and cell 

numbers in a dose dependent manner.  Membrane integrity assay 

confirmed that higher concentrations of propolis (187 μg/mL) exerted 

a toxic effect, leading to cell death and inhibition of cell numbers.   

A possible explanation for the cytotoxic effect upon fibroblast cells 

shown here and supported from previous studies may be explained 

by the fact that propolis has the capacity to interfere in the cell cycle. 

Studies of the cell cycle phase distribution using flow cytometry 

revealed that exposing cells to a propolis extract induced G2/M arrest 

in B16F10 cells (musculus skin melanoma) prior to DNA damage 

inducing apoptosis (Novak et al., 2014).  In addition, propolis 

decreased cell proliferation and supressed invasion and migration by 

blocking specific signalling pathways (i.e β-catenin, c-myc, NF-κB and 

some intermediary of the PI3K/AKT pathway), increasing apoptosis 

and inhibiting angiogenesis (Chan et al., 2013). 
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Figure 3.8-A shows a membrane integrity assay conducted by 

incubating cells with 3 different concentrations of quercetin (100, 10 

and 1 µM).  It was noticed that control cells and fibroblast exposed to 

lower concentration of quercetin (1µM) were well attached and spread 

on the plate surface maintaining cell to cell contact.  In comparison, 

the fibroblasts exposed to a higher concentration of quercetin (10-

100 µM) were more spherical and there were no visible cell-cell 

contacts.   

Fibroblasts exposed to lower concentrations of quercetin (1-10 µM) 

exceeded percentages of PI positive cells by 10% and no statistical 

significance regarding their control was found.  Contrary to this, cells 

exposed to higher concentrations of quercetin (100 uM) exhibited 

64% of PI positive cells.  Cells exposed to Triton also exhibited a 

higher percentage of PI positive cells, 95% (cell counting images 

analysis) (Figure 3.8-B).  Figure 3.8-C shows the number of total cells 

exposed to three different concentrations of quercetin (100, 10 and 1 

µM) with their respective controls.  The graph reveals no significant 

difference in terms of the numbers of cells between quercetin 

concentration 1 µM and its control (~600 number of cells).  The 

number of total cells was significantly reduced when quercetin 

concentration was increased from 10 to 100 µM, reaching values from 

200 to 60 number of cells respectively.  Comparing the effect of 

quercetin on fibroblast metabolic activity % and cell number (double 

stained assays) it was noticed that both assays showed a detrimental 

effect on fibroblasts at quercetin concentration from 10-100 µM while 

lower quercetin concentration exerted no detrimental effect on cells.  
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Figure 3.8 - Membrane integrity assay. Hoechst /Propidium Iodine double stain. (Fig-A) Cell was cultured by 48 h with quercetin. Fluorescence 
microscopy (Magnification, ×10) bars 100 µm bright field, cells with Hoechst and cell stained with PI at the same view. Cell double stained indicated 
cell death. (Fig-B) Show PI positive cell (% Hoechst) using image cell counting after 48 h of quercetin treatment. (Fig-C). Total cell number stained with 
Hoechst and measured using image counting. Two independent experiments carried out in triplicate (means±SD). 
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In the present report, membrane integrity assay confirmed that 

higher concentration of quercetin (100 μM) increased cellular damage 

and reduced cell viability.  A similar dose–dependent cytotoxic effect 

was observed by (Borska et al., 2012) and (Bulzomi et al., 2012) in 

cancer cell lines (e.g., breast, prostate and gastric).  Also, quercetin 

has been reported to induce changes in cell morphology, nucleosome 

fragmentation and cell detachment from the substrate (Bishayee et 

al., 2013).   
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Figure 3.9- A shows a membrane integrity assay conducted by 

incubating cells with 4 different concentrations of rutin (200, 100, 10 

and 1 µM).  Overall, at bright field observation, control fibroblasts had 

an elongated flattened form and some cell-to-cell contact was 

observed.  In contrast, fibroblasts exposed to rutin concentrations 

from 1-100 µM appeared more spherical.  In samples exposed to 100 

µM of rutin cellular debris was noticed.  Also it is interesting that at 

the highest rutin concentration of 200 µM fibroblasts presented 

similar features as the control.  Figure 3.9-B fibroblasts exposed to 

concentrations of rutin from 1-200 µM exceeded percentages of PI 

positive cells around 10% and no statistical significance regarding 

their control was found.  Unexpectedly, PI positive cells % at 

concentration 100 µM was equal to the rest of the sample regardless 

of the debris found in those samples.  Cells exposed to Triton 

exhibited a higher percentage of PI positive cells, 95%.  Figure 3.9-C 

shows the number of total cells exposed to four different 

concentrations of rutin with their respective controls.  No significant 

difference was found in terms of number of cells between rutin 

concentration (1-200µM) and its control.  Comparing the effect of 

these four concentrations of rutin upon murine fibroblast metabolic 

activity and cell number, it is clear that fibroblast metabolic activity is 

significantly affected after 48 h of rutin treatment from concentrations 

10-200 µM, while the numbers of cell did not reveal a significant

reduction. 
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Figure 3.9 - Membrane integrity assay. Hoechst /Propidium Iodine double stain. (Fig-A) Cell was cultured by 48 h with rutin. 
Fluorescence microscopy (Magnification, ×10) bars 100 µm bright field, cells with Hoechst and cell stained with PI at the same 
view. Cell double stained indicated cell death. (Fig-B) Show PI positive cell (% Hoechst) using image cell counting after 48 h of 
rutin treatment. (Fig-C). Total cell number stained with Hoechst and measured using image counting. Two independent 
experiments carried out in triplicate (means±SD). 
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Moreover, membrane integrity assay presented here did not reveal 

any significant cell damage (% of positive PI cells), including 

exposition of fibroblast to high concentration of rutin (100-200 μM). 

These results seem to disagree with the metabolic activity result 

(AlamarBlue®).  A possible explanation for this inconsistency between 

assays, is the fact that AlamarBlue® assay measures cell metabolic 

activity while double stain HOE and PI assay measures the total 

number of cells and damaged cells in a death late stage (PI positive 

cells).  While metabolic activity was reduced by the action of rutin, 

cell membrane damage was not detected perhaps due to the cells 

having been in an early apoptotic stage and not being permeable to 

PI (Warnes, 2016).   

On the whole, quercetin has showed a more potent effect upon 

fibroblasts reducing metabolic activity to under 50% and damaging 

the membrane at doses between10-100 μM while rutin inhibited 

metabolic activity at higher range of doses 100-200 μM.  Also the 

percentage of metabolic activity did not go below 50% when the 

fibroblasts were exposed to rutin, and not significant cell damage was 

revealed.  Regarding this point, previous studies show that rutin 

(quercetin3-O-rutoside) and quercetin are chemically analogue.  The 

additional glucoside group in rutin (rutoside) has been reported to 

attenuate the apoptotic activities compared with quercetin (Chow et 

al., 2005).



96 

Figure 3.10- A shows a membrane integrity assay conducted to test 

3 selected concentrations of artepillin C (100, 10 and 1 µM).  Overall, 

at bright field observation, control fibroblasts and cells exposed to 

artepillin C (ARC) concentration 1 µM did not show any evidence of 

detrimental effect upon fibroblast, a normal phenotype as well cell-

to-cell contact was observed.  By contrary, fibroblasts exposed to ARC 

concentrations from 10-100 µM appeared more spherical.  In addition, 

the same cells were stained with PI indicating that the cell membrane 

was damaged.  Figure 3.10-B fibroblasts exposed to concentrations 

of ARC 1-10 µM exceed percentages of PI positive cells around 1% 

and no statistical significance regarding their control was found.  A 

significant increase on PI positive cells was found when cells were 

exposed to ARC concentration 10-100 µM, reaching values PI % of 7 

and 20% respectively. 

Figure 3.10-C reveals that the total number of cells decreased in a 

dose-dependent manner.  The lowest concentration did not have a 

significant effect on cell number (ns) compared with its control. 

Fibroblasts exposed to ARC 10 µM did not show any significant 

detrimental effect on cell numbers compared with its control.  On the 

contrary, ARC concentrations of 100 μM had a significantly 

detrimental effect on fibroblast numbers, decreasing the total number 

cells to 200.  
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Figure 3.10 - Membrane integrity assay. Hoechst /Propidium Iodine double stain. (Fig-A) Cell was cultured by 48 h with artepillin C. Fluorescence 
microscopy (Magnification, ×10) bars 100 µm bright field, cells with Hoechst and cell stained with PI at the same view. Cell double stained indicated 
cell death. (Fig-B) Show PI positive cell (% Hoechst) using image cell counting after 48 h of artepillin C treatment. (Fig-C). Total cell number stained 

with Hoechst and measured using image counting. Two independent experiments carried out in triplicate (means±SD). 
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Comparing the effect of artepillin C on murine fibroblast metabolic 

activity % measured with number of cells, it was noticed that 

metabolic activity was unfavourable 48 h of artepillin C (10-100 µM) 

treatment while the number of cells was reduced, and membrane 

integrity affected at 100 µM.   

Membrane integrity revealed that ARC concentration of 100 μM 

conduced the cells to death and reduced their number.  Supporting 

this finding the literature has reported that ARC concentration from 

3-50 μM, had inhibitory effect upon endothelial cells in a

concentration-dependent manner and so exerted an anti-

angiogenesis effect (Messerli et al., 2009).  Rutin and quercetin exert 

an anti-cancer action by decreasing ROS production, which protects 

cells from damage caused for oxidative stress.  The same flavonoids 

has been reported to block cell cycle, inducing apoptosis and caspase3 

activity as well as the inhibition of VEGF factor production (ben 

Sghaier et al., 2016).  At the same time, (Messerli et al., 2009) 

suggested that ARC block Pak1 signalling.  Early evidence showed 

that ARC prevents oxidative damage by suppressing membrane lipid 

peroxidation and oxidation of intracellular DNA (Shimizu et al., 2004). 

.
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3.4.3 Assessment of wound closure following exposure to 

propolis and its compounds 

Figure 3.11 shows the effect of green propolis on fibroblast migration 

using scratch assays and time-lapse microscopy.  Figure 3.12 shows 

quantitative analysis of images, showing the percentage of the 

scratch covered after 9 h, 24 h, and 48 h.  The data showed that 

propolis has a time and dose-dependent effect on NIH- 3T3 fibroblast 

migration.  After 9 h post scratch, higher and lower concentrations of 

propolis did not show significant enhancement or inhibition on cell 

migration (Figure 3.12-A).  In terms of scratch covering %, all 

samples showed a wound closed under 15%.  Figure 3.12–B shows 

the effect of propolis on cell migration over 24 h.  The action of 

propolis from 2.9-187 µg/mL upon fibroblast migration was not 

statistically significant.  Figure 3.12-C shows the effect of propolis on 

fibroblast migration after 48 h of treatment.  Exposure to propolis at 

lower concentrations (11.7-2.9 µg/mL) did not significantly enhance 

cell migration.  By contrary, exposure to higher concentrations of 

propolis (187-93.5. µg/mL) significantly inhibited cell migration (p 

≤0.01). 
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Figure 3.11 - Effect of Green propolis 187-2.9 µg/mL concentrations on fibroblast 
migration-in vitro scratch assay. Fig. Shows phase contrast micrographs taken using 
time-lapse microscopy during 48 h (Magnification, ×10) bars 100 µm. 
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Figure 3.12 - Effect of propolis on fibroblast migration-in vitro scratch assay. Fig A- shows the % 
of covering scratch after 9h. B) after 24h C) 48h post scratch wound using time-lapse microscopy. 
Percentage of covering. Three independent experiments carried out in triplicate (means±SD). 
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Figure 3.13 shows the effect of commercial quercetin on fibroblast 

migration using scratch assays and time-lapse microscopy.  Figure 

3.14 shows the percentage of the scratch covered after 9 h, 24 h, and 

48 h.  After 9 h post scratch, only higher concentration of quercetin 

30 and 100 µM exceed significant inhibition action against cell 

migration reaching values of 14 and 7% respectively, lower than 

theirs control which had 20% of covered area (Figure 3.14-A).  Figure 

3.14-B shows the effect of quercetin after 24 h post scratch.  Lower 

concentrations of quercetin (1-10 µM) did not show significant 

enhancements on cell migration.  In contrast, fibroblasts exposed to 

quercetin concentrations of 30-100 µM exerted a significant 

detrimental effect upon cell migration (p ≤0.05 and p ≤0.0001), 

reaching wound closure values between 30-10%.  Figure 3.14-C 

shows the effect of quercetin upon fibroblast migration after 48 h. 

Exposure to quercetin at lower concentrations (1-3 µM) did not 

significantly enhance cell migration.  Quercetin concentrations of 10 

µM did not inhibit cell migration significantly while at concentrations 

of 30-100 μM the inhibition was statistically significant (p≤0.0001).
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Figure 3.13 - Effect of quercetin 100-1 µM concentrations on fibroblast migration-in vitro scratch 
assay. Fig. Shows phase contrast micrographs taken using time-lapse microscopy during 48 h 

(Magnification, ×10) bars 100 µm. 
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Figure 3.14 - Effect of quercetin on fibroblast migration-in vitro scratch assay. Fig A- 
shows the % of covering scratch after 9h. B) After 24h C) 48 h post scratch wound using 

time-lapse microscopy. Three independent experiments carried out in triplicate 
(means±SD). 
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Figure 3.15 shows the effect of commercial rutin on fibroblast 

migration using scratch assay and time-lapse microscopy.  Overall, 

the covering area did not show differences between rutin 

concentration 1 µM and control.  In addition, the fibroblasts exposed 

to higher concentrations of rutin gradually reduced the covering area 

of the scratch.  Figure 3.16-A depicts a quantitative analysis of 

images, showing the percentage of the scratch covered after 9 h, 24 

h, and 48 h.  It is noticed that, after 9 h post scratch, the fibroblasts 

exposed to rutin concentrations (1-200 μM) were not affected 

negatively nor were they enhanced in terms of their migration.  After 

24 h of post scratch, lower concentrations of rutin (1 and 3 µM) did 

not show significant enhancement or inhibition on cell migration.  In 

terms of percentage of scratch covering, samples had covered ~20%. 

The fibroblast exposed to rutin concentrations of 10 and 100 µM 

exerted a significant (p ≤0.01) detrimental action upon cell migration, 

reaching values from 15-10% of wound closure which was lower than 

theirs control (32% covered) (Figure 3.16-B).  Figure 3.16-C shows 

the effect of rutin on fibroblast migration after 48 h of treatment. 

Exposure to rutin at lower concentrations of 1 µM did not significantly 

enhance cell migration.  The fibroblasts exposed to rutin 

concentrations between 3-200 µM exerted a dose-dependent 

detrimental effect in terms of the migration, reaching values between 

47-24% of covering scratch.
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Figure 3.15 - Effect of rutin 200-1 µM concentrations on fibroblast migration-in vitro scratch 

assay. Fig. Shows phase contrast micrographs taken using time-lapse microscopy during 48 h 

(Magnification, ×10) bars 100 µm, a minimum of n=3 experiments. 
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Figure 3.16 - Effect of rutin on fibroblast migration-in vitro scratch assay. Fig A- shows the 
% of covering scratch after 9h. B) After 24h C) 48h post scratch wound using time lapse 

microscopy. Percentage of covering. Three independent experiments carried out in triplicate 
(means±SD). 
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Figure 3.17 shows the effect of commercial artepillin C (ARC), on 

fibroblast migration.  On the whole, analyses of images revealed that 

ARC concentration 1 µM had similar impact on fibroblast migration as 

its control.  In contrast, ARC concentration 3-100 μM had a 

detrimental effect on cell migration.  Figure 3.18 shows the 

percentage of the scratch covered after 9 h, 24 h, and 48 h.  After 9 

h post scratch, no statistical significance was found between the 

fibroblasts exposed to ARC concentration (1-100 μM) and their 

controls (Figure 3.18–A).  Figure 3.18-B shows the effect of artepillin 

C (ARC) upon fibroblast migration after 24 h post treatment. 

Concentrations of artepillin C 1 µM showed a significantly 

enhancement in cell migration compared to their control (p ≤0.05). 

In term of covering scratch %, fibroblast covered 50% at ARC 

concentration 1 µM which represented higher values than its control 

(35% of covered area).  Fibroblasts exposed to ARC concentrations 

33-100 µM exerted a not significant detrimental action upon cell

migration.  Figure 3.18-C shows the effect of ARC upon fibroblast 

migration after 48 h of treatment.  Exposure to ARC concentrations 1 

µM significantly enhanced cell migration (p ≤0.05), reaching values 

of covering scratch of 70%.  In addition, the concentration of ARC 3 

µM had a significant (p ≤0.05) negative impacted on cell migration, 

decreasing the value of covering area to 46%.  Higher concentrations 

of ARC from 10-100 µM exerted a significant detrimental effect upon 

cell migration (p ≤0.001 and p≤0.0001 respectively), reaching values 

of covering area of 48% at 10 µM and 16% at 100 µM. 
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Figure 3.17 - Effect of artepillin C 100-1 µM concentrations on fibroblast migration-in vitro scratch 
assay. Fig. Shows phase contrast micrographs taken using time lapse during 48 h (Magnification, 
×10) bars 100 µm. 
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Figure 3.18 - Effect of artepillin C on fibroblast migration-in vitro scratch assay. Fig A- shows 

the % of covering scratch after 9h. B) After 24h C) 48h post scratch wound using time-lapse 
microscopy. Percentage of covering. Three independent experiments carried out in triplicate 

(means±SD). 
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Table 3.2  Summary of the main results of the influence of propolis and its compounds 

on fibroblast metabolic activity and migration. 

Analysis carried out after 48 h.  Five independent experiments.  

√: represent enhancement of fibroblast proliferation (compared with control)/no 

visible dame of cell membrane/enhancement of fibroblast migration.  

ns: no significant effect  

ᶲ: represent inhibition of fibroblast proliferation (compared with control)/ damage

of cell membrane/inhibition of fibroblast migration. 

C: complete inhibition  

ND: not done 
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Propolis is a natural compound produced and used by bees to protect 

their hives against infections (Kuropatnicki et al., 2013).  (Bankova, 

2005) was one of the first to point out the necessity to conduct 

evaluations of propolis based on bioassay-guided chemical analysis. 

This is a means of evaluating the biological activity combined with 

qualitative and quantitative analysis of the major compounds in a 

particular propolis sample.  In recent years, a number of publications 

have reported the biological activity of CAPE, artepillin C, quercetin, 

cinnamic acid and other compounds found in propolis including anti-

inflammatory, anticancer and antimicrobial activity.  However, the 

literature did not has never before reported the effect of propolis on 

fibroblast migration as a pivotal step to enhance granulation tissue 

formation and wound healing (Baum and Arpey, 2005) and this is the 

novelty of the work presented in this chapter. 
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3.5 Conclusions 

In this project it was hypothesized that propolis and its main 

compounds quercetin, rutin and artepillin C may have a beneficial 

effect on wound healing by i) regulating the inflammation process, ii) 

enhancing granulation tissue formation, and iii) controlling wound 

infections.  This study focused on the second point and aimed to 

evaluate the influence of propolis and its compound (quercetin, rutin 

and artepillin C) on fibroblast metabolic activity and cell migration 

essential for granulation tissue formation.   

Cytotoxicity assays revealed that propolis enhanced relative 

metabolic activity (%) at concentrations 2.9- 11.7 µg/mL, and at 

higher concentrations a cytotoxic effect was observed.  Higher 

concentrations of quercetin, rutin and artepillin c (100-30 µM) showed 

the same cytotoxic effect.  Additionally, no evidence was found that 

propolis and its compounds significantly enhanced NIH-3T3 fibroblast 

migration in vitro.  It needs to be considered that propolis may 

positively influence wound healing through different pathways, which 

require further investigation.  For example, propolis may aid wound 

healing by controlling the inflammatory response and infection. 

Finally, there is not a compelling argument to pursue the use of 

propolis and its isolated components related to cell migration and 

proliferation; another natural product (Lucilia sericata maggot 

excretion/secretion) will be investigated.  The ultimate aim will be the 

development of a bioactive wound dressing that effectively promotes 

fibroblast migration.
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CHAPTER 4 Development and characterization 

of Poly (ε-caprolactone) (PCL) and PCL-b-

PEG/PCL electrospun scaffolds 

4.1 Skin tissue engineering 

Failure of wound healing is an unsolved and significant public health 

problem, associated with economic and human costs (Guo and 

DiPietro, 2010b, Driver et al., 2010).  Skin tissue regeneration may 

provide therapies which enhance wound contraction, inhibit infection, 

control inflammation and maintain the moisture balance of the wound 

bed (Boateng et al., 2008).  Three common strategies used by tissue 

engineering are: a) cell-based therapies (Tenenhaus et al., 2016), b) 

scaffold-cell constructs and c) tissue induction factor therapy 

(Leppiniemi and Hytönen, 2016). 

A large number of materials for skin wound regeneration have been 

investigated.  Advanced wound dressings include skin substitutes, 

and natural and synthetic polymer-based dressings (Moura et al., 

2013).  Specifically, skin substitutes can be acellular matrices (i.e 

Integra™) or cell-based matrices (i.e Apligraf™)(Boughton and 

Mclennan, 2013).  There are two dozen skin substitutes available on 

the American and European markets (Nyame et al., 2014).  The main 

disadvantages of the use of skin substitutes are: i) graft rejection 

caused by immune reaction, concerns about transmission of 

pathogens from cell or animal proteins, and ii) the high cost of 

production (Boughton and Mclennan, 2013).   
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4.1.1 Scaffolds and fabrication 

Three-dimensional electrospun scaffolds are widely used for tissue 

engineering strategies, including skin regeneration (Cai et al., 2013, 

Sheikh et al., 2014, Gigliobianco et al., 2015, Bye et al., 2014).   

Scaffolds are 3-D, solid and highly porous structures that serves as a 

substitute for the native extracellular matrix by providing temporary 

support for cells (Khorshidi et al., 2016). 

4.1.1.i Requirement for a functional scaffold 

At a cellular level, a biodegradable, non-toxic material that supports 

cell adhesion, fibroblast proliferation and infiltration is desirable 

(Boateng et al., 2008, Karahaliloğlu et al., 2014).   

Fibre diameter and porosity of scaffolds are critical features in tissue 

regeneration because cell attachment, infiltration, proliferation and 

differentiation depends upon them (Chen et al., 2009).  It has been 

reported that fibroblasts prefer scaffolds with a fibre diameter in the 

micron scale ~ 4-10 µm as these scaffolds allow fibroblasts to 

penetrate into fibres, resulting in a multilayer coverage (Lowery et 

al., 2010, Farrugia et al., 2013, Powell and Boyce, 2009, Kempf et 

al., 2011).  The majority of investigations have focused on the 

development of 3D scaffold nanofibrous scale (less or equal to 100 

nm).  Analysis of nanofibre scaffolds have indicated that cells cultured 

on these fibre dimensions support a cell monolayer.  However, some 

nanofibre scaffolds have been shown to inhibit cellular infiltration, 

limiting their use for 3D tissue engineering (Pham et al., 2006).  
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Scaffolds can be fabricated using conventional methods such as: 

emulsion and freeze-drying, casting and post freeze-drying, phase 

separation, and gas foaming, which are the easiest and common ways 

to produced scaffolds.  However, architecture features such as pore 

size, interconnectivity and distribution cannot be controlled easily by 

these methods.  Solid freedom fabrication (SFF) techniques could be 

used to fabricate scaffolds with precise control of pore size and 

structure.  Some of the SFF techniques include but are not limited to: 

fusion deposition modelling (FDM), 3D printing, stereolithography and 

selective laser sintering.  SFF uses complementary technology such 

as mCT and computer-aided design to pre-design the scaffolds.  The 

use of SFF technologies to fabricate scaffolds allows the pre-design 

of. fibre size, shape and fibre distribution (Seol et al., 2012).  

4.1.1.ii  Electrospinning 

Briefly, electrospinning consists in the use of polymeric solution that, 

by the application of an electrostatic field, produces a fibre. 

Electrospinning systems consist of a syringe pump, spinneret, high 

voltage source and a collector (Figure 4.1).   
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Figure 4.1 Schematic representation of the electrospinning setup. Extrusion of polymer 
solution through the needle and spinneret connected to a high voltage power supply. 
Polymer solution with charge, viscosity and superficial tension to form a Taylor cone jet. 
Polymeric jet is attracted by the collector where the mat is deposited. Extract from (Sill 
and von Recum, 2008). 
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Electrospinning allows the use of natural and synthetic polymers.  

Natural polymer-based dressings, including chitosan, alginate, and 

silk among others, have been shown to have a significant potential 

for biomedical applications because of their biodegradability, 

biocompatibility, and bioresorbability (Moura et al., 2013, Sell et al., 

2010).  Nevertheless, biological variation between batches and 

standardization issues may limit their application (Mano et al., 2007). 

Moreover, electrospinning is affected by three groups of variables: a) 

solution parameters such as polymer concentration, viscosity, 

molecular weight, conductivity, surface tension, solvent system, and 

b) processing parameter such as applied voltage, flow rate, collector,

distance to the collector, and c) ambient parameters such as 

temperature and humidity.  The combination and balance of this 

variable will affect directly the fibre formation (Rošic et al., 2012, Qin 

and Wu, 2011, Yousefzadeh and Ramakrishna, 2016). 

Electrospinning is a known process used to develop 3D fibre based 

scaffolds (Braghirolli et al., 2014, Bhattarai et al., 2014, Erencia et 

al., 2014).  Electrospun nanofibre scaffolds have shown potential for 

use in wound healing due to their capacity to support cell attachment, 

proliferation and phenotype cell differentiation (Kataria et al., 2014, 

Gupta et al., 2010).  Moreover, they can be easily modified during the 

electrospinning process (in situ) and can also be modified post-

processing (Schiffman et al., 2011).  Recently, strategies in the field 

of skin wound healing have included the incorporation of different 

growth factors via coaxial electrospinning which can enable controlled 
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release (Liu et al., 2010).  On the other hand, the major limitation of 

the use of electrospun nanofibres scaffolds is their poor cell infiltration 

in vitro and poor tissue ingrowth into the scaffolds in vivo (Rnjak-

Kovacina and Weiss, 2011). 

Synthetic polymer-based dressings used in wound healing 

applications include, poly (ethylene glycol) (PEG), polyesters (i.e. 

polycaprolactone (PCL), polyglycolic acid (PGA), polylactic acid 

(PLA)), poly (vinyl pyrrolidone) (PVP), poly (vinyl alcohol) (PVA) and 

polyurethanes (PU).  The advantages of using synthetic polymers are 

that they can be tuned to enhance specific properties such as 

mechanical strength, shape and biodegradation rate (Armentano et 

al., 2010).  Comparatively, synthetic polymers are often cheaper than 

natural polymers because they can be produced in large-scales and 

with minimal post-synthetic processing (Armentano et al., 2010).  In 

spite of these advantages, synthetic polymers can present some 

biocompatibility problems due to a lack of specific cell-recognition 

motifs and sub-optimal cell-surface interfacial interactions (Cho et al., 

2015). 

Polycaprolactone (Ɛ-PCL) is an aliphatic linear polyester that has 

drawn considerable attention for biomedical applications because it is 

a biocompatible, biodegradable and a low cost synthetic polymer.  The 

US FDA  first approved its use for clinical application as a drug delivery 

device in 1980 (Cipitria et al., 2011).  Depending on the molecular 

weight and conditions, PCL can take between 2-4 years to completely 

degrade (Yang et al., 2015).  Some disadvantages of PCL are its 

hydrophobicity and lack of functional groups for cell attachment and 
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proliferation.  However, in vivo studies have revealed that PCL can 

undergo partial surface hydrolysis that leads to end carboxyl and 

hydroxyl group formation on the surface which can promote protein 

adhesion via integrin binding (Karahaliloğlu et al., 2014, Augustine et 

al., 2015).  Integrin is a heterodimer trans-membrane receptor, which 

provides a physical and biochemical bridge between the substrate and 

cell (Balasundaram and Webster, 2006).   

In addition, poly (ethylene glycol) (PEG) is a hydrophilic and non-

toxic, FDA-approved polymer, which is soluble in water and in many 

other polar and some non-polar solvents.  PEG possesses a terminal 

hydroxyl group and repeat oxyethane linkages that promote 

hydrogen-bonding with water and other polar or charged groups.  It 

has been reported that hydrogen-bonding of PEG, or conjugation by 

chemical linkages to proteins can take place without denaturing the 

biopolymers or decreasing their bioactivities (Harris, 2013).   

The formation of PEG-PCL co-polymers has been used as a strategy 

to modify the mechanical properties, wettability, biocompatibility, and 

solubility in water, as well as in reducing the immunogenicity of the 

PCL component.  Additionally, PEG should be capable of delivering 

therapeutics at the right dosage and also function as a preserver for 

bioactivity of proteins (Lin and Anseth, 2009).   

In addition, it reported that co-polymer formation with PEG has 

substantially improved the degradability of PCL scaffolds (Lu et al., 

2006).  PCL-PEG has been used as a delivery system for diverse 

biomedical applications such as :i) delivery of drugs (Gou et al., 

2011), ii) genes(Jeong Soon et al., 2006), iii) protein antigens(Gou et 
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al., 2007), and v) growth factors, such as (EGF) for wound healing 

purposes (Choi et al., 2008). 

4.2 Aims and objectives 

Scaffolds need to provide structural stability for cellular proliferation 

and infiltration.  Mechanical properties, degradation rate, porosity 

(Baker et al., 2009) and wettability properties need to meet cell and 

application requirements (Chang and Wang, 2011, Nyame et al., 

2014).   

In the frame of this research it was hypothesized that i) a PCL 

electrospun scaffolds with suitable geometrical, physicochemical, 

mechanical and biological properties provide a proper environment 

that allow fibroblasts to grow and infiltrate into the scaffolds.  In 

addition, literature has indicated that the incorporation of PEG into 

electrospun scaffolds enhanced degradation, wettability and cell-

compatibility (Jiang et al., 2011, Hoque et al., 2014).  On the bases 

of this background it was hypothesized that ii) scaffolds composed of 

PCL-b-PEG fibres show enhanced degradation, wettability, cell-

compatibility and cell-infiltration.   

To address these hypothesises, a number of aims have been set as 

part of this study, as following: 

• Synthesis of PCL-b-PEG copolymer

• Evaluate PCL and PCL-b-PEG solutions and electrospinning

parameters using commercial PCL (80.000 g/mol) and in-house



122 

synthesised PCL-b-PEG (~57.000 g/mol) to understand the 

variables involved in the resultant electrospun scaffolds. 

• Fabricate PCL and PCL-b-PEG electrospun scaffolds in a micron

scale range.

• Assess and compare geometrical, physicochemical,

degradation rate and mechanical properties of the PCL and

PCL-b-PEG electrospun scaffolds that may provide a suitable

environment for cells to grow and infiltrate.

• Evaluate in vitro biocompatibility and infiltration behaviour of

3T3 GFP expressing mouse dermal fibroblasts as an exemplar

mammalian cell type on PCL and PCL-b-PEG electrospun

scaffolds.

This chapter will address the development of PCL and PCL-b-

PEG electrospun scaffolds that possess suitable geometrical,

mechanical, physicochemical properties that provide a

structural support for fibroblast growth and infiltration.  The

electrospinning of Poly (ε-caprolactone) (PCL) will initially be

evaluated and the solution and electrospinning parameters will

be optimised.  Follow this PCL-PEG electrospinning condition

will be optimised and evaluations to elucidate fibroblast

response will be conduce between PCL and PCL-b-PEG

scaffolds.
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4.3 Results and discussion 

4.3.1 Characterization of PCL-b-PEG/PCL polymer (NMR and 

GPC) 

A series of five different batches of PCL-PEG diblock copolymers were 

prepared through ring-opening copolymerization of ɛ -CL, using TBD 

as catalyst as described in chapter 2 section 2.4.2 (Figure 4.2).  1H 

NMR and Gel permeation chromatography (GPC) were used to 

characterize the chemical structure of PCL-PEG copolymers (Figure 

4.2).  The results from 1H NMR and GPC for the five batches are 

summarized in Table 4.1.  Molecular weight and PCL-PEG block ratios 

estimated from 1H NMR spectra were consistent with the theoretical 

values calculated.  1H NMR and GPC results indicated that only batch 

1, 4 and 5 of PCL-PEG were synthesized successfully.  Finally, the 

polydispersity index (Đ), which refers to the degree of polymerization, 

was analyzed.  For electrospinning purposes batches 1 and 4, with a 

molecular weight ~ of 57.000 g/mol, and a Đ of 1.77 and 1.44, 

respectively, were used 

section 2.4.2
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Table 4.1 - A summary of the chemical characterization of different batches of PCL-
PEG copolymer. Batches 1 and 4 denoted by red box were used in this study. 

Figure 4.2 - Representative NMR of PCL-b- PEG polymer after its purification. Inset 
image shows the final polymer after drying. 
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4.3.2 Characterization of PCL solution prior electrospinning 

Figure 4.3-A) shows the change in viscosity of different poly (ε-

caprolactone) solutions as a function of the shear rate (rotational 

test).  Different concentrations of PCL solution in a range of 4-14% 

(w/w) were tested, applying a shear rate from 0.9 to 110 (1/s).  The 

viscosity increased as a function of polymer solution concentration: 

at a higher concentration, PCL solutions showed a greater decrease 

in viscosity.  For example, the viscosity of PCL 14% (w/w) varied from 

100 to 12 Pa s, PCL 12% (w/w) viscosity varied from ~90 to 9 Pa s, 

PCL 10% (w/w) from ~28 to 4 Pa s and PCL 8% (w/w) from ~11 to 

2 Pa s.  Moreover, the application of shear rates higher than 40 (1/s) 

did not affect the rheology of the individual solutions; the viscosity 

slopes reached a plateau value.  PCL 6% and 4% (w/w) solutions 

showed reductions in viscosity from ~3 to 1 Pas and from 2 to ~1 

Pas, respectively.   

Figure 4.3-B shows shear stress versus shear rate curves as a 

function of PCL solution concentration.  Concentrated solutions of PCL 

(14-8 % w/w) presented a dual behaviour; at the beginning a shear-

thinning behaviour was observed, expected of non–Newtonian fluids, 

while beyond shear rates of ~ 40 1/s, the polymer exhibited linear 

and exponential curves dependent on polymer concentration, which 

is typical of Newtonian fluids. 
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Figure 4.3- A) Representative viscosity curves showing the shear behaviour for different 
concentrations of Poly(caprolactone) (PCL) 4-14 % w/w. B) Shear stress versus share rate 
of PCL solutions dissolved in chloroform. 
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It has been reported that the major factor which influences the 

rheology of non-Newtonian fluids is polymer chain entanglement (Xu 

et al., 2011, Munir et al., 2009).  The results presented here show a 

pronounced shear thinning effect of PCL as a function of the solution 

concentration.  Shear thinning behaviour is characterized by the 

decrease in viscosity as shear rate progressively increases, which is 

typical of non-Newtonian fluids and commonly reported for polymeric 

solutions (Rošic et al., 2012, Suman et al., 2011, Al-Shammari et al., 

2011).  Hence, the highly shear thinning effect showed in the present 

study by high concentrations of PCL may be caused by the presence 

of a high number of polymer chain entanglements.  Following the 

shear thinning region, the polymer reached a plateau (Figure 4.3). 

This effect may be explained by the fact that polymer molecules 

became aligned under the application of higher shear rate, which 

allow an easier flow of the molecules, decreasing viscosity values 

(Rošic et al., 2012).  In addition, lower concentrations of PCL (6-4 %) 

did not exhibit the shear thinning phenomenon, suggesting that their 

behaviour was approaching that of a Newtonian fluid.  (Gupta, 2000) 

pointed out that diluted polymer solutions behave as Newtonian fluids 

because the solvent reduces the chain entanglement per unit volume. 

Also (Shenoy et al., 2005) and (Chisca et al., 2012) reported that the 

effect of self-entanglement is reduced or absent in dilute solutions, 

allowing the fluid to flow without resistance.  The curves presented 

here are in agreement with the curves showed by (Qin and Wu, 2012) 

who tested the rheological behaviour of PCL solution.  The PCL used 

was 80.000 g/mol and the final concentration was 15% w/w. 
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Analyses of shear stress versus shear rate graph revealed linear and 

exponential curves beyond 40 1/s, which is the same tendency 

observed in the current study.  In addition, studies conducted by (Kim 

et al., 2012) showed similar viscosity and shear rate curves for 5% 

w/w PCL solutions. 

Polymer solution concentration and viscosity play an important role in 

electrospinning (Jamnongkan et al., 2014, Tiwari et al., 2014).  To 

calculate the approximately apparent shear rate at the needle wall, 

considering polymer solutions as Newtonian fluids, the following 

equation was used (Jamnongkan et al., 2014): 

𝛾′ =
4𝑄

𝜋𝑅3

γ’ is the apparent shear rate at the needle wall, Q is the flow rate and 

R is the radius of the needle (0.3 mm).  The calculated apparent shear 

for a flow rate of 2 mL/h was ~26 (1/s), which in the thinning share 

rate region.  Table 4.2 shows the average viscosity at the share rate 

of the electrospinning needle wall at different concentrations of PCL 

polymer solutions.

Table 4.2 - Viscosity of PCL polymers solutions at the same shear 

rate that the needle wall of the electrospinning 
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The apparent shear rate at the needle wall was calculated and the 

viscosity was inferred for that point.  The results showed that PCL 

solutions from 8-14% w/w presented a viscosity within the shear 

thinning region, indicate of chain entanglement.  Experimental 

observation and previous literature have pointed out the importance 

of working with a solution which contain enough chain entanglement 

to avoid bead formations (Gadkari, 2014).  In order to electrospin 

fibres successfully, a minimum level of chain entanglement is needed 

which can be reached by increasing molecular weight of the polymer 

or increasing the concentration (Kołbuk et al., 2013, Shenoy et al., 

2005).  Based on the results presented here and the literature review, 

it was decided to electrospin PCL solutions with concentrations 

ranging from 8-14% w/w to achieve scaffolds with uniform fibre 

formation, free of beads. 
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4.3.3 Characterization of PCL-b-PEG solutions and its blends 

with PCL (PCL-b-PEG/PCL) prior to electrospinning 

Figure 4.4 shows the rheological evaluation of different ratios of PCL-

b-PEG blended with PCL as function of the shear rate.  Initially, blends 

of PCL-b-PEG polymer 10% w/w were electrospun, however, this 

procedure led to bead formation or non-uniform fibres (appendix). 

Hence, it was decided to blend PCL-b-PEG with PCL in order to 

increase the viscosity.  Different ratios of PCL-b-PEG were blended 

with PCL as follows PCL-b-PEG/PCL 40:60, PCL-b-PEG/PCL50:50 and 

PCL-b-PEG/PCL 60:40, all prepared at a final polymer concentration 

of 15% (w/w).  Additionally, PCL-b-PEG/PCL 40:60 at a final 

concentration of 20% (w/w) was also tested.  It was noticed that 

viscosity increased as a function of solution composition; solutions 

with a lower percentage of PCL-b-PEG showed a greater decrease in 

viscosity with the increment of shear rate.  For example, the viscosity 

of PCL-b-PEG/PCL 40:60, containing 40% of PCL-b-PEG and at final 

concentration of 15% (w/w), varied from ~14 to 6 Pa s while the 

viscosity of PCL-b-PEG/PCL 50:50 (15% w/w) varied from 11 to 3 Pa 

s. Solutions containing a higher concentration of PCL-b-PEG (60%)

to achieve the blend of PCL-b-PEG/PCL 60:40 (15% w/w) varied from 

5 to 3 Pa s.  In terms of final polymer concentration, solutions of PCL-

b-PEG/PCL 40:60, final concentration of 15% (w/w), were compared 

with those PCL-b-PEG/PCL 40:60, final concentration 20% (w/w). 

Here it can be seen that higher solution concentrations (PCL-b-

PEG/PCL 40:60 20% (w/w) resulted in a greater decrease in viscosity, 

from 42 to 31 Pa s.   
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Figure 4.4 - A) Representative viscosity curves showing the shear behaviour for the 
different concentrations and ratios of the mixture PCL and PCL-b-PEG blends B) Shear 

stress versus shear rate of the mixture of PCL and PCL-b-PEG blends dissolved in 
chloroform. 
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Comparing the rheological properties of pure PCL solutions (14% 

w/w) and those containing PCL-b-PEG/PCL, it was noticed that similar 

concentrations of pure PCL solutions (14% w/w) exhibited a viscosity 

of 20.0±1.6 Pa s under a shear rate similar to that which will be 

experienced at the wall of the needle used for electrospinning 26 (1/s) 

(section 4.3.2 for calculation details).  PCL-b-PEG/PCL polymer 

solutions of 15% (w/w) exhibited a range of viscosity values from 

3.6±0.1 to 9.6±1.5 Pa s, which was lower than for PCL alone 

solutions.  The viscosity of the PCL-b-PEG/PCL polymer solutions 

varied depending on the proportion of PCL-b-PEG polymer added to 

the blend; lower viscosities (3.6±0.1 Pa s) were revealed by solutions 

containing the highest proportion of PCL-b-PEG (60%) polymer.  A 

possible explanation for this effect is the fact the home-synthesised 

polymer PCL-b-PEG (57,000 g/mol) has a molecular weight lower 

than commercial PCL (80,000 g/mol).  Which is likely to influence, the 

extent of polymer chain entanglement and hence viscosity.  Hence, 

by increasing the proportion of PCL-b-PEG in the mixture, the chain 

entanglement is also reduced and thus a lower resistance to flow was 

found.  A similar effect was described by (Rošic et al., 2012), who 

worked with chitosan and PEO polymers.  They found that by 

increasing the PEO concentration in blends of chitosan and PEO, the 

viscosity was reduced.  They explained this reduction of viscosity by 

the increment of PEO was produced due to the increase in repulsive 

forces between polymer chains when the amount of PEO increased. 

In the current study, PCL and PCL-b-PEG blends may exhibit stronger 

repulsion in those samples with a higher content of PCL-b-PEG.  These 
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repulsion forces impede chain entanglement, and again reduce the 

viscosity.  In addition, the viscosity at the shear rate experienced at 

the needle wall during electrospinning was estimated (4.3.2) for the 

different concentration and ratios of the mixture PCL and PCL-b-PEG 

polymers (Table 4.3).   

In general, the viscosities of PCL-b-PEG/PCL (40:60) 15% (w/w) and 

PCL-b-PEG/PCL (50:50) 15% (w/w) were within the shear thinning 

region (at shear rate of the needle wall), which is an indication of 

sufficient chain entanglement to achieve the required viscosity to 

produce homogenous fibres during electrospinning.  PCL-b-PEG/PCL 

blends (40:60) at the higher concentration of 20% (w/w) resulted in 

blockage of the needle.  In contrast, solutions of PCL-b-PEG/PCL 

(60:40) 15% (w/w) and PCL-b-PEG 15% (w/w) were not sufficiently 

viscous to create a bead-free scaffolds (viscosity 3.6±0.1 Pa·s).   

Table 4.3 - Viscosity of different concentration and ratios of the mixture PCL and 
PCL-b-PEG polymers determined at the same shear rate as that experienced at the 
needle wall during electrospinning. 
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4.3.4 Geometrical evaluation of PCL electrospun scaffolds. 

4.3.4.i  Fabrication and morphology analysis (SEM) 

Figure 4.5 shows representative SEM images of PCL microfibre 

scaffolds.  Overall, these scaffolds showed randomly distributed 

fibres, with interconnected pores, without beads or any another 

defect.  In order to obtain these scaffolds, there were varying different 

electrospinning parameters used, such as applied voltage, flow rate 

of polymeric solution, solvent, polymeric concentration, collector 

distance and motion (rpm) of the drum collector.  The conditions used 

to fabricate these scaffolds are described Table 4.4.  Figure 4.5 shows 

uniform electrospun fibres with an average of fibre diameter of a) 

2.6±0.5 b) 3.6±0.4; c) 5.9±0.5; d) 6.5±0.5; e) 6.9±0.6; f) 7.5±0.5; 

g) 12.3±1.0; h) 14.3±1.1 µm.  Figure 4.5-a) shows an SEM image of

a electrospun scaffold of PCL produced from dissolving PCL in a 

chloroform: methanol mixture at a ratio of 3:1.  The rest of the 

scaffolds shown in Figure 4.5 were electrospun from a polymeric 

solution prepared with chloroform (flow rate 2 mL/h and a motion 50 

rpm was maintained constant) (Table 4.4).  Figure 4.5 -f) and g) show 

the scaffolds produced with the largest fibre diameters, which were 

obtained by using a PCL solution of 10% (w/w) concentration, 

applying a lower voltage (12 kV) and shortening the collector plate 

distance during the electrospinning process (flow rate 2 mL/h and 

motion 50 rpm of the mandrel).  In general, applied voltage, polymer 

solution concentration, and solvent parameters were found to be the 

key parameters in modifying the fibre diameter in agreement with 

other reports (Diasa et al., 2013, Wise et al., 2014). 
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Table 4.4 - Electrospinning parameters for PCL scaffold production with a fibre diameter range: 3-14 
μm 

Figure 4.5 - Representative scanning electron micrographs of PCL electrospun microfibres (at x 
3000 magnification) and Log-normal distribution histograms of the size and frequency of their 
respective fibre diameters. Table 4.4 shows the corresponding electrospinning and solution 
parameters used here to obtain these set of electrospun scaffolds. 
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Figure 4.6 reveals the effect of changing flow rate, from 0.5-2 mL/h, 

on fibre diameter (14 kV, motion 50 rpm, polymer concentration 8% 

(w/w) dissolved in chloroform, collector distance: 20.5 cm (Table 

4.5).  Overall, increasing the flow rate from 0.5-2 mL/h caused a 

significant increase in fibre diameter (P≤0.0001).  Results showed 

that a flow rate below 2 mL/h produced non-uniform fibre diameters. 

It was observed that fibre diameters increased when the flow rate 

also increased.  A flow rate of 0.5 mL/h produced non-uniform fibres 

with an average of fibre diameter of 1.8±1.2 µm, while a significant 

increase in fibre diameter (4.0±1.6 µm) was observed at 1 mL/h, 

(although the fibres were still non-uniform).  At 2 mL/h the fibres 

appeared uniform and with an average diameter of 6.0±0.6 µm.  Flow 

rate is an important parameter that impacts the volume of polymer 

supplied to the Taylor cone, which affects jet velocity, and therefore 

influences the morphology and fibre diameter (Bhardwaj and Kundu, 

2010, Cramariuc et al., 2013).  (Milleret et al., 2011) reported that 

when poly (lactic-co-glycol acid) was coaxially electrospun with 

Degrapol® (biodegradable and biocompatible polyester-urethane), 

varying only the flow rate from 4 to 12 mL/h, it resulted in an increase 

in fibre diameter from 4 to 10 µm respectively.  The present study 

has confirmed that the fibre diameter increased with increasing flow 

rate (whilst keeping other parameters the same i.e, applied voltage 

14 kV, motion 50 rpm, polymer concentration 8% (w/w) dissolved in 

chloroform, and collector distance: 20.5 cm).  Also, 2 mL/h feed rate 

was sufficient to allow the formation of uniform microfibers.  
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Figure 4.6 - Effect of flow rate on fibre morphology and diameter: scanning electron microscopy 
of PCL scaffolds from solutions of 8 % (w/w) of PCL in chloroform; flow rate: a) 0.5 mL/h, b) 1mL/h 
and c) 2mL/h and Log-normal distribution histogram of the size and frequency of their respective 
fibres. Table 4.5 shows the corresponding electrospinning and solution parameters used here to 
obtain these set of electrospun scaffolds. 

Table 4.5 – Electrospinning parameters used to evaluate the effect of flow rate on fibre 
diameter and morphology. 
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Figure 4.7 reveals the effect of the applied voltage (15-25 kV) on fibre 

diameter (flow rate; 2 mL/h, motion 50 rpm, polymer concentration 

10% (w/w) dissolved in chloroform, collector distance: 20.5 cm. 

(Table 4.6).  Overall, a significant effect on fibre diameter was found 

when the applied voltage increased from 15 kV to 18 kV (P ≤0.0001). 

However, an increment from 18 kV to 25 kV was found not to impact 

the fibre diameter (ns).  Also, a significant reduction in fibre diameter 

was observed between the lower applied voltage (15 kV) and the 

higher applied voltage (25 kV) that produced fibres with an average 

diameter of 6.9±0.6 µm and 5.9±0.4 µm respectively.   

Electrospinning voltage affects the electric force that stretches the 

polymer jet into fibres.  High voltages may affect the jet in two ways. 

Firstly, high voltage may induce a larger initiating jet that yields a 

large fibre formation.  On the other hand, a high voltage further 

stretches (by increasing the electric repulsive forces) the polymeric 

jet resulting in thinner fibres.  These two processes happen 

simultaneously during the electrospinning process and may cancel 

each other out (Tong and Deng, 2013).  Studies conducted by Zhang 

and colleagues reported that a slight increase in fibre diameter from 

218±20 to 254±76 nm using poly (vinyl alcohol (PVA) solution was 

found when applied voltage increased from 5 to 13 kV (Zhang et al., 

2005a).  On the other hand, studies conducted by (Cramariuc et al., 

2013) showed that a decrease in fibre diameter from 2193-973 nm 

occurred using PEI (polyetherimide) when the applied voltage 

increased from 15-35 kV.  The findings presented here suggest that 

increasing applied voltage (15-18 kV) significantly favours smaller 
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fibre diameter formation due to increasing electric repulsive forces 

stretching the jet.  Also, applied voltages above 18 kV seemed not to 

increase the electric repulsive forces on the polymer solution and thus 

no significant change in jet formation and fibre diameter was 

observed.

Figure 4.7 - Effect of voltage on fibre diameter. Scanning electron microscopy 
of PCL scaffolds from solutions of 10% (w/w) of PCL in chloroform.  Applied 
voltage: a) 15 kV b) 18 kV and c) 25 kV and Log-normal distribution histogram 
of the size and frequency. Table 4.6 shows the corresponding electrospinning and 
solution parameters used here to obtain these set of electrospun scaffolds. 

Table 4.6 - Electrospinning parameters used to evaluate the effect of applied 
voltage on fibre diameter 
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Figure 4.8 compares the effect of PCL concentration and solvent type 

on the fibre diameter.  It was found that concentrations of PCL below 

8% (w/w) were not able to produce electrospun fibre scaffolds without 

defects and beads.  In this study, PCL solution concentrations of 8 

and 10 % (w/w) were tested; the applied voltage, flow rate and 

motion were maintained constant whereas the collector distance was 

modified to ensure the collection of the fibres on the drum collector 

(Table 4.7).  The results showed a significant increase in fibre 

diameter from 5.1±0.7 to 6.9±0.6 µm when the PCL solution 

concentration was increased from 8-10% (w/w) (whilst keeping other 

parameters the same- applied voltage 15 kV, flow rate 2 mL/h motion 

50 rpm, polymer dissolved in chloroform).  

In addition, Figure 4.8 shows a representative example of the effect 

of solvent choice on fibre diameters.  Chloroform: methanol mixtures 

has been widely used to electrospin PCL (Luo et al., 2012, Nisbet et 

al., 2008).  The study here found that in the majority of the 

parameters tested, the Taylor cone was unstable leading to irregular 

fibre formation.  Figure 4.8-c shows a scaffold with uniform fibre 

distribution and an average fibre diameter of 3.7±0.6 µm using 

chloroform: methanol (3:1) and the following electrospinning 

settings: 15 kV, 2 mL/h and 50 rpm collector drum speed and a 

collector distance of 20.5 cm.  An applied voltage above or below 14-

18 kV led to irregular fibre formation.  In addition, the average fibre 

diameter when using the solvent mixture (chloroform: methanol 3:1) 

was significantly reduced to 3.7±0.6 µm (P≤0.0001) compared with 

the same conditions using chloroform alone as the solvent 6.9±0.6 
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µm (compare Figure 4.8-a) with Figure 4.8-c).  It is clear that solvents 

influence the capability of the electrospinning process, and that it is 

associated with the dielectric constant of the solvents.  The dielectric 

constant of chloroform is 4.8 (F/m) at 20°C while the mixture of 

chloroform: methanol (3:1) has a higher dielectric constant of 18.7 

(F/m).   

Table 4.7 - Electrospinning parameter used to evaluate the effect of PCL solution 

Figure 4.8 - Effect of PCL solution concentration and solvent on fibre diameter. 
Scanning electron microscopy of a) PCL scaffolds from solutions of 10% w/w of PCL in 

chloroform b) 8% (w/w) of PCL in chloroform c) 10% (w/w) of PCL in chloroform d) 
10% (w/w) of PCL in chloroform: methanol (3:1) x 3000 and Log-normal distribution 
histogram of the size and frequency of the respective fibres. Table 4.7shows the 
corresponding electrospinning and solution parameters used here to obtain these set of 
electrospun scaffolds. 
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The current findings showed that a minimum concentration of 8% 

(w/w) of PCL (80.000 g/mol) was required to produce uniform fibres. 

This suggests that a minimum concentration to stabilize fibre 

formation exists.  Furthermore the observed increase in fibre 

diameter by increasing the concentration of PCL has been related to 

viscosity which varies according to polymeric solution concentration 

and molecular weight (Ki et al., 2005).  At lower viscosities, there are 

not enough viscoelastic forces in the polymeric jet to overcome the 

repulsive forces of charge, resulting in a fragmentation of the jet (Ki 

et al., 2005).  Contrary, it was reported that increasing polymeric 

concentration influences the morphology of fibres progressing from 

beads, beaded fibres, fibres only and globular fibres (Chisca et al., 

2012).  In addition, at higher concentrations of polymeric solution, 

viscoelastic forces cause the polymeric jet to resist stretches, 

resulting in an increase in fibre diameter (Ki et al., 2005).  Similar 

conclusions were obtained by (Zhang, 2011), who evaluated the 

effect of PLGA concentration on fibre morphology.  They found that 

fibre diameter increased significantly from 327 to 856 nm when the 

concentration of PLGA increased from 17-20 wt%.   

In addition, findings related to the influence of the solvent system on 

fibre formation presented here are in agreement with the findings 

shown by (Luo et al., 2012) who indicated that PCL dissolved in a 

solvent of partial to high solubility with a moderate dielectric constant 

and high rate of evaporation (such as chloroform) led to the formation 

of fibres with an average diameter in the order of 6 µm.   
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4.3.5 Biological evaluation of PCL scaffolds 

4.3.5.i Cell metabolic activity  

Figure 4.9 shows fluorescence readings at ex/em 560/590 nm 

produced by fibroblasts cultured on various PCL scaffolds on day 0 (6 

h post seeding), 3, 6, 9 and day 12 post-seeding.  Overall, significant 

differences in terms of metabolic activity were observed after 3 days 

post-seeding.  Metabolic activity of cells cultured on scaffolds with an 

average fibre diameter of 3.6±0.8 μm and 6.9±0.8 μm increased 

significantly (p≤0.05) compared with 14.4±0.8 μm after 3 days post 

seeding.  On day 6 and onward, a significant enhancement (P 

≤0.0001) in metabolic activity of fibroblasts cultured on scaffolds with 

an average fibre diameter of 3.6±0.5 µm was observed, compared 

with other PCL scaffolds.  These results revealed that PCL scaffolds 

were not toxic to the cells and scaffolds composed of fibres with 

average diameters ~4 µm supported cell proliferation.   

Some authors correlate the importance of fibre diameter with cell 

attachment, cell growth and cellular infiltration (Farrugia et al., 2013, 

Chen et al., 2007, Pham et al., 2006, Balguid et al., 2008, Zander et 

al., 2013, Maghdouri-White et al., 2014).  Fibre diameter modifies 

pore size (Skotak et al., 2011) and porosity, mechanical properties 

(Maghdouri-White et al., 2014) and thus cell infiltration and cell 

growth.   
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A scaffold that possesses a larger fibre diameter would correspond to 

greater pore size.  This means that the balance between porosity and 

fibre diameter are crucial for achieving successful tissue regeneration 

(Zander et al., 2013).  In this sense, pores need to be large enough 

to allow cell growth, infiltration and nutrient/waste transport, but not 

so large that cells are not retained within the scaffold (Balguid et al., 

2008).  They indicated that fibre diameter between ~4 and 10 μm 

should be optimal to support cell growth and infiltration.  In addition 

(Wang et al., 2014b) correlated the importance of a scaffold with an 

average fibre diameter of ~5-6 μm to support tissue remodelling, 

indicating that thicker fibres induce the polarization of macrophages 

supporting a M2 phenotype, while scaffolds composed of thinner fibre 

(nano scale) caused macrophages to express an inflammatory 

phenotype (M1).  Hence, scaffolds with a moderate fibre diameter and 

Figure 4.9 - Fluorescence readings of metabolic activity of 3T3 GFP fibroblasts cultured on PCL 
scaffolds with different fibre diameters, over 12 days.  3T3 metabolic activity was assessed using 
AlamarBlue®. Two way-ANOVA, Tukey’s multiple comparison test. Three independent 
experiments carried out in triplicate (means±SD). 
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pore size allow cellular infiltration and cell growth whilst not 

supporting prolonged inflammation (Zander et al., 2013).  In another 

study, the authors (Pham et al., 2006) fabricated PCL scaffolds in a 

range from 2-10 µm and pore size ranging from 20-45 µm with a 

constant porosity between 84-89 %.  They found that cells were 

homogenously distributed on scaffolds with average fibre diameters 

between 4-10 μm.  Another author (Farrugia et al., 2013) more 

recently published that scaffolds with an average of 7.5±1.6 μm 

allowed dermal fibroblast infiltration into PCL scaffolds with 87% 

porosity.  Moreover (Del Gaudio et al., 2009) electrospun fibres with 

2 different fibre diameters and evaluated the cellular response. 

Human umbilical vein endothelial cells (HUVECs) were cultured on PCL 

scaffolds with average fibres diameters of 0.8±0.2 um and 3.6±0.8 

μm.  What they found is in completely agreement with the findings in 

the present study.  It was found that fibre diameters around 4 μm 

supported a significantly higher viability of HUVEC cells compared 

with 0.8 ±0.2 μm after 7 days.  This can be explained by the fact that 

cells growing on small fibres tend to proliferate in a monolayer on the 

scaffold surface, while cells penetrate through the scaffolds consisting 

of bigger fibres allowing growth within the scaffolds (Chen et al., 

2007, Lowery et al., 2010).  
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4.3.5.ii Cell morphology and cell-scaffold interactions 

Figure 4.10 shows phase contrast and fluorescence merged images 

and SEM images of fibroblasts adhered to different PCL scaffolds after 

5 days of culture.  Fibroblasts adhered strongly to the scaffold fibres 

and there is evidence of spreading.  From SEM micrographs, it can be 

clearly observed that cells created bridges between fibres forming a 

3D network with the surrounding mesh.  These properties are 

required for an adequate physiological function (Choi et al., 2015). 

Figure 4.11 shows confocal imaging of fibroblasts on the different 

scaffolds.  Fibroblasts grew on all the scaffolds and it observed that 

the morphology of fibroblasts on the scaffold with an average fibre 

diameter of 3.6±0.8, 5.2±0.6, 6.5±0.5, 6.9±0.6, 12±0.1 and 14±1.2 

μm was elongated characteristic of fibroblasts.  By contrast, 

fibroblasts on scaffold 2.6±0.5 µm were poorly spread. This may be 

due to the decreased fibre diameter and the fact that these scaffolds 

were very thin. 
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Figure 4.10 - On the left side phase contrast and fluorescence merged images of fibroblast 3T3 
GFP attached to the different PCL scaffolds. Magnification x20, scale bar = 50 μm. On right side 
SEM images from 3T3 fibroblast on different PCL scaffolds showing normal attachment to the 
scaffold surfaces. 
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Figure 4.11 - Confocal images of GFP 3T3 fibroblasts cultured on PCL scaffolds. Images taken 

using 405 nm and 488 nm laser lines and sequential imaging of Hoechst and GFP was performed. 
Fibroblasts were genetically modified to express GFP (green) and stained with Hoechst. 
Magnification x20, scale bar = 50 μm. The inset images in the figures is a zoom of an area to 
visualise the cell morphology. 
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4.3.5.iii Cell infiltration 

Figure 4.12 and Figure 4.13 show the maximum depth of cell 

infiltration from top to bottom for PCL scaffolds with different fibre 

diameters.  In general, fibre diameter 3.6±0.8, 5.2±0.6 and 6.5±0.5 

μm did not influence cell infiltration (maximum infiltration 40%) (ns 

p value >0.05).  In scaffolds with an average fibre diameter of 

6.9±0.6 μm cells were able to migrate further into the scaffold (52%) 

and found to be which is statistical significant (p ≤0.01) compared 

with 3.6±0.8 μm (p <0.001) and with material 5.2±0.6 and 6.5±0.5 

μm.  A lower level of cellular infiltration was observed for scaffolds of 

average fibre diameter of 12±0.1 and 14±1.2 μm.  The necessity to 

develop a scaffold that allows cell infiltration rather than a simple 

substrate for cell adhesion has been recognised in the literature 

(Kurpinski et al., 2010, Zaiss et al., 2016).  It has been reported that 

scaffolds need a minimum depth more than 100 μm to permit cell 

infiltration, large fibre diameter and hence open pores (Zaiss et al., 

2016, Zander et al., 2013).  However, the porosity should not be so 

high to allow cells to split (Zander et al., 2013).  In the study 

presented here, the scaffolds supported an infiltration of ~40-50% 5 

days post seeding.  Only fibres with larger diameters (14±1.2 μm and 

12±0.1) presented low infiltration of ~15%.  Also, it seems that 

smaller fibres were not found to support cell infiltration according to 

the confocal images.  The data presented here illustrates that 

scaffolds with average fibre diameters between ~4-7 μm and, with a 

porosity of around 80 % supported cell growth and infiltration.  These 

findings are in agreement with the results presented by (Pham et al., 
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2006), who reported that the inner-fibre distances increased from 20-

45 μm.  The latter, by increasing fibre diameter of PCL scaffolds from 

4 to 10 μm, which it seems to fit with the size of a cell, and thus 

enabling cellular infiltration.  While, scaffolds with fibre diameter from 

0.1 to 1 μm have been reported to have a small inner-fibre distances 

and limit cellular infiltration.  This was also confirmed by (Zander et 

al., 2013).  Cellular infiltration is an important parameter to consider 

for a wound healing application (Chong et al., 2007a, Zhong et al., 

2010).In addition, a minimum scaffold thickness (~60 microns) is 

required in order to allow handling; as for cell culture the findings of 

this study differ from the minimum thickness reported in the literature 

(100-200 μm) (Vaquette and Cooper-White, 2011). 
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Figure 4.12 – Confocal microscope z-stack images of 3T3 GFP fibroblasts seeded onto the PCL microfibrous scaffolds after 5 days of 
growth. In each group z-stack images of different planes showing from surface to bottom are shown. Cells are pre-stained with GFP 

(green) and Hoechst for nucleus (blue). Magnification x20, scale bar = 50 μm.  
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Figure 4.13 - A) Confocal microscope z-stack images of 3T3 GFP fibroblasts seeded onto the PCL microfibrous scaffolds 
after 5 days of growth. In each group z-stack images of different planes showing from surface to bottom with 5 μm plane 
thickness are shown. Cells are pre-stained with GFP (green) and Hoechst for nucleus (blue). Magnification x20, scale bar 

= 50 μm. Bottom right-figure show a graph relating fibre diameter and percentage of infiltration. B) Infiltration depth % 
of 3T3 GFP fibroblasts cultured on PCL scaffolds with different fibre diameters, over 5 days. Cellular infiltration was assessed 

using z-stack confocal analysis and SEM cross section analysis of thickness. Three independent experiments carried out in 
triplicate (means±SD). 
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4.3.6 Geometrical evaluation of PCL-b-PEG and its blends PCL-

b-PEG/PCL scaffolds ratios 40:60; 50: 50 and 60:40. 

4.3.6.i  Fabrication and morphology analysis (SEM) 

Figure 4.14 shows representative images of the main electrospun 

scaffolds produced, using the solutions and electrospinning parameter 

indicated in Table 4.8.  Morphological and fibre distribution of the 

produced PCL-b-PEG and its blends PCL-b-PEG/PCL (ratios 40:60; 50: 

50 and 60:40) scaffolds were examined. 

A total of 4 scaffolds were produced for PCL-PEG solutions (without 

blending with PCL).  One of these had an average fibre diameter of 

0.1±0.1 μm (Figure 4.14-a).  The rest of the scaffolds were seen to 

possess heterogeneous fibres, ribbons and beads likely to be due to 

the low viscosity of the blends as discussed above.   

Initially, six electrospun scaffolds were produced by electrospinning 

PCL-b-PEG/PCL solutions, with ratios of 40:60 15% w/w (Figure 4.14-

c)-e)).  PCL-b-PEG/PCL solutions, with a ratio of 40:60, tended to clog 

the needle and only 3 scaffolds were produced.  A total of 14 scaffolds 

were produced from the electrospinning of PCL-b-PEG/PCL solutions, 

with ratios of 50:50 and 60:40 (15% w/w).  The average fibre 

diameter ranged from 0.1±0.1 and 3.1±0.7 μm for all.  From SEM 

analysis (Figure 4.14) it was found that the distribution of fibres was 

homogenous.  Figure 4.14-c), d) and f) correspond to the 

electrospinning of PCL-b-PEG/PCL solutions, with ratios 40:60 and 

50:50 where the viscosity was amenable for electrospinning. 
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Table 4.8 - Electrospinning parameters for PCL-b-PEG and PCL-b-PEG/PCL scaffold production 

Figure 4.14 – Representative SEM micrographs (at x3000 mag, scale bar 20 µm) of PCL-PEG scaffolds (a 
and b) and blended PCL-b-PEG/PCL scaffolds (c-f) produced under different conditions summarised in Table 
4.8.  Graphs illustrate log normal distribution of the size and frequency of their respective fibres  
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4.3.7 Fabrication of electrospun scaffolds based on PCL-b-

PEG/ PCL blends at a ratio 40:60 (15 % w/w). 

Figure 4.15 shows representative SEM images of these PCL-b-PEG/ 

PCL 40:60 (15% w/w) scaffolds.  After a preliminary biological 

compatibility study of scaffolds containing various levels of PEG a PCL-

b-PEG/PCL blend ratio 40:60 (15% w/w) was chosen (appendix) 

because present the highest metabolic activity of fibroblasts.  Overall, 

the scaffolds were characterised by uniform and random fibres, with 

interconnected pores, without beads or any another defect.  In order 

to obtain these scaffolds, electrospinning parameters were varied as 

shown in Table 4.9.  Figure 4.15 shows uniform electrospun fibres 

with an increasing average fibre diameter of a) 1.0±0.4 b) 1.8±0.9; 

c) 2.0±0.4; d) 2.1±0.5; e) 2.2±0.3; f) 2.5±0.8; g) 3.1±0.7 and h)

3.5±0.4 µm.  Figure 4.15-g) and h) show the scaffold produced with 

the largest fibre diameters, which were obtained by using a PCL-b-

PEG/ PCL 40:60 solution of 15% (w/w) concentration, applying a 

lower voltage (10 kV), and shortening the collector plate distance 

during the electrospinning process (flow rate 2 mL/h and rotation 

speed 50 rpm).
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Table 4.9 - Electrospinning parameters for PCL-b-PEG/PCL 40:60 scaffold production 

Figure 4.15 - SEM micrographs (at x3000) of PCL-PEG/PCL 40:60 scaffolds produced under 
different conditions summarised in Table 4.9.  Scale bar 20 µm and log –normal distribution of the 
size and frequency of their respective fibres  
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4.3.8 Biological evaluation of fibrous scaffolds of different 

fibre diameter fabricated from PCL-b PEG/PCL 40:60 

(15% w/w) blend 

4.3.8.i Cellular metabolic activity 

Figure 4.16 shows metabolic activity of GFP expressing 3T3 

fibroblasts cultured on scaffolds fabricated from PCL-b-PEG/PCL 

40:60 (15% w/w) with different fibre diameters.  From these results, 

it can be seen that there is no significant difference in fibroblast 

metabolic activity observed 3 days post seeding.  On day 6, a 

significant increase (P<0.001) in fibroblast metabolic activity was 

observed on scaffolds with an average fibre diameter of 3.5±0.5 μm 

compared with other scaffolds with a smaller fibre diameter.  Day 9 

and onwards, no significant statistical differences were observed in 

terms of fibroblast metabolic activity when cultured on scaffolds with 

average fibre diameters between 3.5±0.5 μm, 1.8±0.3 μm and 

2.5±0.3 μm.  A lower metabolic activity was observed for fibroblasts 

cultured on scaffolds comprised of the smallest fibre diameter 

1.0±0.4 μm.  Statistical differences were found in terms of fibroblast 

metabolic activity for fibroblasts on 3.5±0.5 μm (p <0.001) and 

fibroblasts cultured on 1.0±0.4 μm.   
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Figure 4.16 - 3T3 metabolic activity was assessed using Alamar Blue™. 
Fluorescence readings of metabolic activity of 3T3 GFP fibroblasts cultured on PCL-

b-PEG/PCL 40:60 15% w/w scaffolds with different average fibre diameter over 12 
days.  Two way-ANOVA, Tukey’s multiple comparison test. Three independent 
experiments carried out in triplicate (means±SD). 
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4.3.8.ii Cell morphology and cell-scaffold interactions 

Figure 4.17 shows phase contrast and fluorescence merged images 

and SEM images of fibroblasts adhered to different PCL-b-PEG/PCL 

40:60 scaffolds after 5 and 12 days of culture.  Figure 4.18 shows 

confocal imaging of fibroblasts on the same scaffolds.  In general, it 

was observed that fibroblasts adhered to the scaffold fibres and there 

was evidence of spreading.  Fibroblasts covered the whole surface of 

the scaffolds after 12 days of culture.  In addition, from these images, 

it was clearly observed that fibroblasts attached well and spread over 

the whole of the scaffold with the highest average fibre diameter 

(3.5±0.5 μm) scaffold from an earlier stage (5 days).  This cellular 

morphology is associated with the desired physiological function (Choi 

et al., 2015).  On the other scaffolds, fibroblasts achieved the same 

pattern of coverage by day 12.
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Figure 4.17 - On left side SEM images from 3T3 fibroblast on PCL-b-PEG/PCL scaffolds with different 
average of fibre diameter. On the right-side phase, contrast and fluorescence merged images of fibroblast 

3T3 GFP attached to PCL-b-PEG/PCL with different average of fibre diameters. Magnification x20, scale bar 
= 50 μm. Samples were taken at day 5 and day 12 post fibroblast cultured on PCL-b-PEG/PCL scaffolds. 
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Figure 4.18 - Confocal images of PCL-b-PEG/PCL 

scaffolds with different average of fibre diameters. 

Fibroblasts were genetically modified to express GFP 

(green) and stained with Hoechst Images taken using 

405 nm and 488 nm laser lines and sequential imaging 

of Hoechst and GFP was performed. Magnification x20, 

scale bar=50 μm 
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4.3.9 Porosity and thickness evaluation of electrospun 

scaffolds 

4.3.9.i Evaluation of PCL electrospun scaffolds porosity 

Figure 4.19-A shows porosity measurements (ε%) conducted by the 

gravimetric method, for PCL scaffolds with fibre diameter 3.6±0.8,5.2 

±0.6, 6.5±0.5, 6.9±0.6, 12±1.0 and 14±1.2 μm.  No clear correlation 

was observed between fibre diameter and porosity.  No statistical 

differences were found between scaffold porosity (ε%) with the 

porosity of scaffolds ranging from 84% to 92%.  Figure 4.19-B shows 

images of PCL electrospun scaffolds through micro CT.  No clear 

differences from reconstructed images were observed between 

materials.  In addition, for gravimetric estimation of porosity, microCT 

analyses were performed for PCL scaffolds (Figure 4.19-C).  Scaffolds 

with average fibre diameter of 3.6±0.8 μm showed lower porosity of 

59 % compared with an average fibre diameter of 6.5±0.5 μm, which 

had 79 % porosity (p 0.034).  Also porosity (%) was significantly 

higher (P 0.0030) with a fibre diameter of 12±0.1 μm (98%) and 

14±1.2 (p 0.0168) (80%) compared with 3.6±0.8 μm.  From these 

results, it was observed that porosity increased with the increasing 

fibre diameter.  For instance, scaffolds with fibre diameter of 3.6±0.8 

presented porosity of 59 %< 6.5±0.5, 79 % <6.9±0.6, 80 % < 

12±0.1, 98 %.  The porosity of scaffolds with a fibre diameter of 

14±1.2 μm slightly dropped to 80% porosity.  (Zander et al., 2013) 

reported that porosity and pore size of scaffolds increased as the fibre 

diameter of the scaffolds increased.
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Figure 4.19 - A) porosity estimated by gravimetric method versus fibre diameter B) Visualization of electrospun scaffold through μ-CT 
method C) porosity versus fibre diameter estimated though microCT technique. Three independent experiments carried out in triplicate 

(means±SD). 
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In general, gravimetric analysis yielded higher porosity values 

compared with results obtained by microCT technique.  (Lin-Gibson 

et al., 2007) discussed that microCT provided consistent porosity data 

and more reliable way to measure porosity on scaffolds. 

Many authors have pointed out the importance of a high scaffold 

porosity to allow the diffusion of nutrients and waste and also allow 

the cell ingrowth (Balguid et al., 2008, Zander et al., 2013, Lowery et 

al., 2010).  However, the optimal porosity is a controversial point. 

Some authors indicated that porosity should be as high as ~92% for 

skin regeneration (Zhu et al., 2008) while other authors (Loh and 

Choong, 2013) have suggested that the porosity does not need to be 

so high.  The crucial point is to maintain the balance between 

mechanical properties and porosity to avoid compromising the 

structure integrity.  The evaluation of the effect of scaffold porosity 

on human dermal fibroblast (HDF) penetration during 7 days 

concluded that the optimal porosity to allow infiltration should be 

within the range of 60-90% (Rnjak-Kovacina et al., 2011), which is 

in agreement with the study presented here, where porosity ranged 

from 60-92%. 
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4.3.9.ii Evaluation of PCL electrospun scaffolds thickness 

Figure 4.20 shows representative scanning electron micrographs of 

PCL electrospun cross-section of different PCL scaffolds.  The 

thickness of the scaffolds varied from 59 to 285 microns.  

On the other hand, electrospun scaffolds with a low thickness were 

difficult to handle (i.e scaffold 2.6±0.5 μm), which agreed with the 

results from (Cipitria et al., 2011).  In this sense, scaffolds with a 

thickness of ≤100 μm are considered to be thin (Huang et al., 2011). 

Further investigation on ticker scaffolds e.g. over 100 μm and 

particularly for cell infiltration scaffold with fibre diameter of 3.6±0.8, 

6.5±0.5, 12±0.1 and 14±1.2, which had thicker scaffolds (over 100 

μm) should reveal more cell infiltration than the thinner scaffolds.  
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Figure 4.20 - PCL scaffold thickness. Representative scanning electron micrographs 
of cross-sections of PCL electrospun scaffolds (at x 200 and x100 magnification). 
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4.3.9.iii Porosity, pore size and thickness evaluation of the 

two selected types of scaffolds produced (PCL alone 

and PCL-b-PEG/PCL 40:60 (15% w/w)) 

Comparison of scaffolds PCL and PCL-b-PEG/PCL 40:60 (15% w/w) in 

term of porosity and their thicknesses were conducted.  Porosity of 

the scaffolds was evaluated both by a gravimetric method (Figure 

4.21-A) and through mCT (Figure 4.21-B).  Both methodologies 

revealed that PCL-b-PEG/PCL 40:60 (15% w/w) scaffolds with an 

average fibre diameter of 3.5±0.4 μm presented similar porosity 

compared with PCL scaffolds with an average fibre diameter of 

3.6±0.8 μm.  Although the porosity was similar, estimations by the 

gravimetric method revealed higher values then when measured by 

mCT.  

Figure 4.21 - A) shows a graph of ε % (porosity estimated by gravimetric method) of PCL and 
PCL-b-PEG/PCL scaffolds with an average fibre diameter ~4 μm, B) porosity of PCL and PCL-b-
PEG/PCL scaffolds estimated though mCT technique and visualization of electrospun scaffold 

through mCT methodology. Three independent experiments carried out in triplicate 
(means±SD). 
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PCL and PCL-b-PEG/PCL scaffolds showed a porosity of the order of 

80-95% using the gravimetric method while the same PCL and PCL-

b-PEG scaffolds showed a lower porosity (60-70%) using mCT. 

Literature has reported that porosity is influenced by fibre diameter 

(Zander et al., 2013).  Nevertheless, in the current study no 

significant differences were found between PCL and PCL-b-PEG/PCL 

due to both present similar fibre diameter ~4 μm.  In addition, 

estimation of pore size was made though mCT for the three scaffolds, 

and results showed that PCL and PCL-b-PEG/PCL scaffolds exhibited 

an average pore size of ~40 microns.  Furthermore, the optimal 

porosity to allow fibroblast infiltration should be within the range of 

60-90%, according to (Chong et al., 2007b).  In addition, pore size

should be between 20 and 45 µm (Skotak et al., 2011).  Here, the 

PCL and PCL-b-PEG/PCL scaffolds exhibited a porosity ranging from 

80-90% (from gravimetric data) and 60-70% (mCT), which is in the

range of the porosity that should allow cell infiltration and 

proliferation.  In addition, it has been reported that porosity and pore 

size of scaffolds may influence scaffold degradation rate (Zhang et 

al., 2013).  This point will be discussed in detail in section 5.3.7.vi- 

degradation rate studies. 

The thickness of the scaffolds was measured by performing cross 

sections of the scaffolds and subsequent SEM analysis (Figure 4.22). 

PCL scaffolds were produce with a thickness of 121±4 μm, and PCL-

b-PEG/PCL 115±3 μm.  As previously pointed out in section 4.3.9 i 

and 4.3.9.ii, porosity and thickness of scaffolds play an important role 

as the structural support for cellular proliferation and infiltration 
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(Chang and Wang, 2011, Ghasemi-Mobarakeh et al., 2009, Farrugia 

et al., 2013).  As it was already showed in section 4.3.5, scaffolds 

fabricated in the current study, with a thickness ~60 µm support good 

cellular infiltration and proliferation. 

Figure 4.22 – PCL and PCL-PEG/PCL scaffold thickness. 
Representative scanning electron micrographs of cross-

sections of PCL and PCL-PEG/PCL electrospun scaffolds (at 

x 200 and x100 magnification). 
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4.3.10 Physicochemical evacuation of PCL electrospun 

scaffolds 

4.3.10.i Contact angle measurements of PCL electrsopun 

scaffolds 

Figure 4.23 and Table 4.10 show advancing /receding water contact 

angle including calculation of the hysteresis (H=(𝜃𝑎)- (𝜃𝑟)).and sessile 

drop tests for PCL scaffolds with different fibre diameters.  In general, 

electrospun scaffolds from ~3-14 μm fibre diameter showed a static 

angle between 101 to 111°.  

Table 4.10 - Table summarizing advancing/ receding contact 
angle, hysteresis and static contact angle. 

Figure 4.23 - A) graphs comparing different fibre dimeter scaffolds and their 
respective advancing/receding water contact angles. Advancing and receding 

water contact angles images are shown as example and B) Graph compared 
advancing contact angle and static. Three independent experiments carried out 
in triplicate (means±SD). 
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Scaffolds averaging fibre diameters of 3.6, 5.2, 6.5, 6.9 and 14 μm 

yield static and advancing contact angle measurements that are well 

correlated, which presumably exhibit smooth surfaces (Yuan and Lee, 

2013).  Some exceptions from this correlation were found in scaffolds 

with a fibre diameter of 12 μm, which showed higher values (p 

0.0144) of advancing contact angle (121°) compared with static 

contact angle (108°).  The possible explanation for this particular 

scaffold (e.g 12 μm diameter), is that it may have presented rough 

surface which may impede the motion of the drop (Yuan and Lee, 

2013).  Further investigation of scaffold surface (i.e white light 

interferometry (Francis et al., 2010)) may be necessary to correlate 

the contact angle values and topography of scaffolds.  The literature 

reported that contact angle is directly related with the porosity, fibre 

density, roughness of the material and chemical composition 

(Shalumon et al., 2012).  In addition, materials that show a contact 

angle less than 90° are considered hydrophilic because they present 

high wettability.  Scaffolds fabricated and characterised in the current 

study, based on PCL alone corresponded to a hydrophobic material 

(contact angles ˃ 90°) with low wettability, which is in good 

agreement with the work of (Jiang et al., 2017).  They showed a 

contact angle of 101-91 ° for PCL scaffolds (fibrous scaffolds with an 

average fibre diameter of 0.8 ± 0.5 μm). 

In this study, receding contact angle of scaffolds were similar (ns 

differences) with an average of 24°, with exception of those scaffolds 

with an average fibre diameter of 6.5 and 6.9 μm.  In fact, scaffolds 

with an average fibre diameter of 6.9 μm showed a significantly (P 
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0.0030) higher receding contact angle (34°) compared with scaffolds 

with a fibre diameter of 6.5 μm (15°) (Table 4.10).  In general, it can 

be suggested that hydrophobic surfaces may hold back the water drop 

when water recedes causing a decrease in the receding contact angle 

(Mateo et al., 2010, Yuan and Lee, 2013).  This can be seen by the 

differences found in samples with an average fibre diameter of 6.5 

and 6.9 (in term of receding contact angle) which may be attributed 

to roughness, porosity and fibre density of the scaffolds (Shalumon 

et al., 2012).  In addition, PCL scaffolds fabricated in this study, 

presented a hysteresis between 76 and 103°, which was found to be 

higher when compared with the values reported by (Domingos et al., 

2013) for similar PCL scaffolds, which exhibited a hysteresis of 

26.7±3.2°.  These differences in term of hysteresis may be related to 

porosity and surface roughness (Eral and Oh, 2013, Mateo et al., 

2010).   
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4.3.10.ii Water Contact Angle (WCA) measurements of the 

two selected types of scaffolds produced (PCL alone 

and PCL-b-PEG/PCL 40:60 (15% w/w)) 

Table 4.11 shows a summary with static contact angle, advancing and 

receding water contact angle, and hysteresis for scaffolds PCL and 

PCL-b-PEG/PCL.  Static and advancing angles on PCL and PCL–b-

PEG/PCL scaffolds were the same (ns) (100-108°) (Figure 4.24-A) 

and B)).  Both scaffolds possessed contact angles higher than 90°, 

thus could be regards as hydrophobic scaffolds overall (Marmur, 

2012).  

In term of hysteresis, higher values were exhibited by PCL scaffolds 

with 83±4° compared with PCL-b-PEG/PCL scaffold with 72±29. 

Lower hysteresis is an indication of lack of resistance to capillary 

mobility.  Water drops spread out almost across the whole polymer 

surface without capillary flow (Eral and Oh, 2013).  

It was hypothesised that an improvement on hydrophilicity by the 

incorporation of Peg to the scaffolds may help in cell biocompatibility 

and degradation rate of the material.  In the present study, no 

significant differences were found in terms of wettability between both 

materials (PCL and PCL-b-PEG/PCL scaffolds) using water contact 

angle technique.  This phenomenon may be caused by the roughness 

of the electrospun scaffolds.  Therefore, further investigation using 

the polymers as a film need to be carried out to test differences in 

hydrophilicity without the roughness matter. 
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Figure 4.24 - A) Graphs comparing PCL and PCL-b-PEG/with their respective advancing/receding 
contact angles and B) comparing PCL and PCL-b-PEG/with their respective advancing and static contact 

angles. Three independent experiments carried out in triplicate (means±SD). 

Table 4.11 - Table summarizing advancing/ receding contact angle, hysteresis and static 
contact angle of PCL and PCL-b-PEG/PCL scaffolds 
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4.3.11 Mechanical properties evaluation of PCL scaffolds 

Figure 4.25 shows stress-strain curves of different selected PCL 

electrospun scaffolds with an average fibre diameter of 3.6; 6.9; 12 

and 14 μm, using uniaxial tensile tests.  Evaluation of the selected 

PCL electrospun scaffolds showed a linear region in the stress-strain 

plot followed by a nonlinear region.  The scaffold behaviour was 

characterized by a considerable elongation without a considerable 

variation in the stress.  This behaviour corresponded with the random 

orientation of the fibres on the mat which is expected to change 

during the elongation process as previously reported by (Jin et al., 

2013).  The fibres tend to align in the same direction of the applied 

force, which occurs before the breaking point.  Young’s modulus, yield 

point, and elongation at break are summarized in Table 4.12. 

As for the results presented in this study, there was no clear 

correspondence between fibre diameter and Young’s modulus. 

Scaffolds with an average fibre diameter of 3.6 μm had a Young’s 

modulus of 6.5±0.8 MPa similar (ns) to scaffolds with fibre diameter 

that were double or three times greater (5.2±0.1 and 5.1±0.2 MPa 

respectively).   
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Table 4.12 - Summary of the mechanical properties of PCL scaffolds with different fibre 
diameters. 

Figure 4.25 - A) Representative stress-strain curves of PCL scaffolds with different fibre diameter 
s. B) graph showing Young’s modulus of PCL scaffolds with different fibre diameters. Three
independent experiments carried out in triplicate (means±SD).
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In addition, no clear correlation was apparent between the scaffolds’ 

fibre diameter and the elongation at break and ultimate tensile 

strength measurements.  The highest elongation and tensile strength 

measurements were observed in scaffolds with a fibre diameter of 12 

μm compared with scaffolds with lower fibre diameter (3.6 and 6.9 

μm) as well when comparing with higher fibre diameter (14 μm).  The 

scaffold with fibre diameters of 12 μm reached values of elongation 

at break of 4.4 mm/mm and ultimate tensile strength of 1.1 MPa. 

These results were not expected because from the literature the 

modulus was reported to increase as the fibre diameter decreased 

(Baji et al., 2010, Wong et al., 2008).  However, (Wong et al., 2008) 

pointed out that this correlation between mechanical properties and 

fibre dimeter is more predominant among scaffolds with fibres of 

average diameters under 700 nm.  In the present study, no significant 

differences or correlation were found maybe due to the larger range 

of fibre diameters being tested (over 2.5 μm).  The results presented 

here are in agreement (Del Gaudio et al., 2009) reported a PCL 

scaffold with an average fibre diameter of 3.6 μm with a Young’s 

modulus of 6.4±0.2 MPa, yield stress of 0.43±0.43 (MPa) and 

ultimate tensile stress 0.8±0.1 (MPa), which is very similar to the 

results of scaffold with similar fibre diameter presented here in this 

study.
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4.3.11.i Mechanical properties of the two selected types of 

scaffolds produced (PCL alone and PCL-b-PEG/PCL 

40:60 (15% w/w)) 

From Figure 4.26-A) and Figure 4.26-B) it can be seen that PCL-b-

PEG/PCL scaffold exhibited the best mechanical properties.  Table 

4.13 summaries the main mechanical parameters.  In general, PCL 

and PCL-b- PEG/ PCL scaffolds presented a similar stress-strain 

behaviour.  A linear relationship was observed at the beginning, 

followed by a non-linear curve, characterized by a great elongation 

without a considerable increase in the stress, which is an indication 

of a flexible and deformable material.  The elongation at the break 

point was 5.1±0.9 mm/mm for PCL-b-PEG/PCL and 3.4±0.2 mm/mm 

for PCL scaffolds.  Moreover, in terms of Young’s modulus, the blend 

of PCL-b-PEG/PCL 40:60 showed an improvement, reaching values of 

8.8±0.8 MPa, compared with PCL electrospun scaffolds, with average 

values of 6.0±0.8 MPa.  Statistically, Young’s modulus of the PCL-b-

PEG/PCL was significantly higher than the PCL (p 0.0190).  In 

addition, the ultimate strength of PCL-b-PEG/PCL and PCL were 

similar reaching value of ~0.9 MPa.  Blends of both polymers (PCL-b-

PEG/PCL 40: 60) exerted the highest viscosity (9.6±1.5 Pa s) 

compared with PCL viscosity (3.6±0.6 Pa s) at a shear of 26 s-1.  It 

seems that viscosity correlates with the improvement of the Young’s 

modulus of PCL-PEG/PCL.  
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Figure 4.26 - A) Representative stress-strain curves of PCL and PCL-PEG/PCL scaffolds with 
average fibre diameter ~4 μm. B) Graph showing Young’s modules of PCL and PCL-b-PEG/PCL 
scaffolds with an average fibre diameter ~4 μm. Three independent experiments carried out 
in triplicate (means±SD). 

Table 4.13 - Summary of the mechanical properties of PCL and PCL-b-PEG/PCL 
scaffolds with an average fibre diameter ~4 μm. 
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The literature points out that solutions with a high viscosity possess 

a high chain entanglement and limit solvent evaporation and, as a 

consequence, results in thicker fibres and high crystallinity following 

electrospinning.  As a result, an improvement in Young’s modulus and 

strength is observed.  In contrast, low viscosity solutions exhibit fast 

evaporation of the solvent, decreased fibre diameter, low crystallinity 

following electrospinning, and a lack of fibre-fibre bonding, resulting 

in brittleness, as characterized by a reduction of tensile strength and 

strain at break, and reduction of Young’s modulus (Baji et al., 2010, 

Papkov et al., 2013, Kuzelova Kostakova et al., 2017, Badrossamay 

et al., 2010, Veleirinho et al., 2008).  Scaffolds for wound healing 

should provide the strength, strain to allow cell migration, change of 

cell shape and differentiation.  The force exert for cell during 

migration is around 0.1nN per cell.  Reports of Young’s modulus of 

skin has not been very reliable varying from 0.008 to 20 MPa (Leung 

et al., 2011).  From this, it is clear that PCL and the blend PCL-b-

PEG/PCL scaffolds match the mechanical properties of the human 

skin, which is an important parameter to consider at the moment of 

choosing a material.   
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4.3.11.ii In vitro degradation studies of the two selected 

types of scaffolds produced (PCL alone and PCL-b-

PEG/PCL 40:60 (15% w/w)) 

Figure 4.27 shows SEM micrographs of PCL and PCL-b-PEG/PCL 

scaffolds over 12 months of degradation studies at time point of 0, 2 

months, 5 months and 12 months.  Fibre morphology was not altered 

in any of the different types of materials after 12 months.  Weight 

loss of the samples reflected the degradation of scaffolds into 

oligomers.  PCL lost 5% of its weight in the first month.  After that, 

the weight was constant for 7 months.  Then PCL scaffolds presented 

a slight variation in weight loss of around 3% and again the weight 

was maintained.  These results were in agreement with GPC analysis 

of molecular weight and polydispersity (Table 4.14).  PCL slightly 

decreased in molecular weight from 2.9x105 to 2.5x105 and increased 

in terms of polydispersity from 1.2 to 1.4 over 5 months.  In addition, 

PCL-b-PEG/PCL scaffolds showed an increment in terms of weight loss 

(around 10%) within the first month.  After that, the electrospun 

scaffolds lost around 20% of weight in a period of 9 months. 

Complementary GPC analysis of molecular weight showed the 

variation on Mw of PCL-b-PEG/PCL scaffold from 2.5x105 to 1.6x105 

with an increase in polydispersity Mw/Mn from 1.3 to 2.4 over a period 

of 5 months.  
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Figure 4.27 - Degradation rate study. A) SEM micrographs of PCL and PCL-
b-PEG/PCL scaffolds at four-time points (0,2,5 and 12 months) B) graph of 

weight loss of PCL and PCL-b-PEG/PCL scaffolds over a period of 12 months 
(no error bars).  One independent experiments carried out in triplicate 
(means±SD) 

Table 4.14 - GPC analysis. Molecular weight and polydispersity 
evaluation of PCL, and PCL-b-PEG/PCL scaffolds. 
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The findings presented showed that both scaffolds experienced 

degradation.  The findings presented here are in agreement with 

studies conducted by (Huang et al., 2004), who compared the 

degradation of three different types of scaffolds (macrostructures): 

PCL, PCL-b-PEG and PCL-PEG-PCL.  They pointed out that all the 

polymers maintained their geometry during degradation studies.  No 

significant weight loss was reported for PCL scaffolds and a weight 

loss of 3.5% for PCL-PEG scaffold after 60 weeks.  PCL-PEG scaffolds 

release soluble oligomers that contain PEG reaches species (NMR 

evaluation).  They explained that PCL-b-PEG scaffolds degraded faster 

than PCL due to PEG-rich species, which are water-soluble products 

that diffuse into the media.  In contrast, PCL scaffolds exhibited very 

low levels of weight loss, which is in agreement with the literature, 

which points out that PCL scaffolds degrade over a long period of time, 

from 2-4 years depending the polymer molecular weight (Lam et al., 

2007).  

A comparison between PCL and PCL-b PEG/PCL scaffolds revealed that 

PCL and PCL-b-PEG/PCL scaffolds had similar fibre diameters around 

~4 μm and pore size (respectively).  Porosity of PCL-PEG/PCL was 

70%, which was slightly higher than PCL scaffolds (59%).  Both 

polymers had a different chemical composition: PCL-b-PEG/PCL 

contained PEG-rich species which are soluble in PBS.  The combination 

of all these factors contributed to a faster degradation of PCL-b-

PEG/PCL scaffolds.   
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4.3.11.iii Cell proliferation 3T3 and BJ6 comparison between 

PCL and PCL-b-PEG/PCL scaffolds 

Figure 4.28- A) shows the metabolic activity of murine 3T3 fibroblast 

on PCL and PCL-b-PEG/PCL over 12 days of culture.  The fibroblasts 

cultured on PCL-b-PEG/PCL scaffolds with an average fibre diameter 

of 3.5±0.5 μm showed a significantly higher fibroblast metabolic 

activity (p <0.0001) than PCL scaffolds with an average fibre dimeter 

of 3.6±0.8 μm on day 12.  No statistically significant differences were 

found in terms of metabolic activity between fibroblast metabolic 

activity on PCL-b-PEG/PCL scaffolds with an average fibre diameter of 

3.5±0.5 μm and PCL scaffolds with an average fibre diameter 3.6±0.8 

μm during the first 9 days of culture.  Figure 4.28- B) shows SEM 

micrographs of murine fibroblasts, which spread well across PCL-b-

PEG/PCL scaffolds over 12 days. 

Figure 4.28-C) shows the metabolic activity of human BJ6 fibroblasts 

on PCL and PCL-b-PEG/PCL over 15 days of culture.  The fluorescence 

intensity that reflects the metabolic activity of the BJ6 fibroblasts 

decreased dramatically compared to the fluorescence intensity of 

murine 3T3 fibroblasts; this tendency was maintained over the time 

of culture.  For example, murine fibroblasts proliferating on PCL-b-

PEG/PCL reached values of 60000 fluorescence intensity RFU after 12 

days while Bj6 fibroblasts on the same scaffold did not reach values 

over 3000 fluorescence intensity RFU after 15 days.  Moreover, it is 

also important to notice that BJ6 fibroblasts on PCL did not increase 

metabolic activity over 15 days of culture.  It seems that the cells had 

detached from the scaffolds.  From this result it is clear that PEG 
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content on PCL-b-PEG/PCL 40:60 (15% w/w) improved BJ6 metabolic 

activity when results are compared with fibroblasts on PCL.   

Major differences in terms of biocompatibility of PCL and PCL-b-

PEG/PCL scaffolds were found on human fibroblast metabolism 

compared with murine fibroblasts.  It was expected to find the same 

tendency using both cell types, possibly due to BJ6 requiring more 

time to determine a significant difference.  Also, it will be important 

to take into consideration that human fibroblasts are more sensitive 

cells compared with murine fibroblasts.  In the case of cytotoxicity 

tests of drug a phenotype dependent sensibility to drugs is frequently 

found (Ölschläger et al., 2009, Tomizawa et al., 2013).   

Figure 4.28 - 3T3 metabolic activity was assessed using Alamar Blue™A) Fluorescence readings 
of metabolic activity of 3T3 GFP fibroblasts cultured on PCL and PCL-b-PEG/PCL scaffolds, over 12 
days.  . B) SEM micrograph of fibroblasts 3T3 cultured on PCL, and PCL-b-PEG/PCL scaffolds over 
12 days and C) Fluorescence readings of metabolic activity of dermal human fibroblasts BJ6 cultured 
on PCL and PCL-b-PEG/PCL over 15 days of culture. Two way-ANOVA, Tukey’s multiple comparison 

test. Three independent experiments carried out in triplicate (means±SD). 
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4.3.11.iv Cell infiltration 

Figure 4.29-A shows the maximum depth of fibroblast infiltration of 

on from top to bottom for PCL and PCL-b-PEG/PCL scaffolds.  Figure 

4.29-B shows the infiltration z-stack for the PCL and PLC-b-PEG/PCL, 

which compares the percentage of fibroblast infiltration, referring to 

the total thickness of the scaffolds.  From the results, it is clear that 

scaffolds made of PCL-b-PEG/PCL exhibited a significantly higher 

infiltration of fibroblasts (p≤0.0001) compared with PCL scaffolds. 

Fibroblast infiltration on PCL-b-PEG/PCL reached values of 60% 

compare with 40% of fibroblast infiltration on PCL.  PCL-b-PEG/PCL 

scaffolds exhibited the highest fibroblast infiltration, and the highest 

fibroblast metabolic activity.  PCL-b-PEG/PCL had the same fibre 

diameter (~4 μm) and same pore size as PCL (~40 μm), which was 

in the order of fibroblast size (Zander et al., 2013).  It is therefore 

likely that differences in chemical composition and/or mechanical 

properties may explain the improvement of cellular infiltration and 

biocompatibility on PCL-b-PEG/PCL scaffolds.  PCL-b-PEG/PCL has a 

content of PEG that may have a beneficial effect on cell proliferation 

and cellular infiltration (Suk Choi and Sang Yoo, 2007).  In addition, 

Young’s modulus was significantly higher in PCL-b-PEG/PCL scaffolds 

compared with PCL scaffolds with the same fibre diameter and pore 

size.    
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Figure 4.29 - A) Confocal microscope z-stack images of 3T3 GFP fibroblasts seeded on PCL and PCL-b-PEG/PCL micro fibrous scaffolds after 5 
days of growth. In each group z-stack images of different planes showing from surface to bottom are shown. Fibroblasts were genetically modified 
to express GFP (green) and stained with Hoechst (blue). Magnification x20, scale bar = 50 μm. B) Infiltration depth % in term of total thickness of 
the scaffolds PCL and PCL-b-PEG/PCL. Two way-ANOVA, Tukey’s multiple comparison test. Three independent experiments carried out in triplicate 

(means±SD). 
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Summary table with results 

Table 4.15 - Comparison of scaffolds PCL and PCL-b-PEG/PCL in terms of geometrical, mechanical, physicochemical and biological properties

a: values estimated by gravimetric method 

b : values from mCT analysis 

*: Poor metabolic activity 

**: Good metabolic activity and cell morphology 
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Even though many groups have reported the development of 

electrospun scaffolds made of PCL, the major focus in the fabrication 

of these electrospun scaffolds has been with respect materials with 

fibre diameters in the nanoscale  range(Chong et al., 2007b, Diasa et 

al., 2013, Gautam et al., 2013)).  There are a couple of in vitro and 

in vivo studies performed on PCL electrospun scaffolds which compare 

different fibre diameter (nano and microscale) and its correlation with 

cell proliferation and infiltration (Li 2014).   

On the other hand, PCL-b-PEG scaffolds has been used to fabricated 

materials in the nano (electrospun scaffolds) and macro scale (3D 

printing scaffold fabrication) for tissue engineering purposes. 

Comparison in terms of degradation rate, mechanical properties and 

biological properties of PCL and PCL-b-PEG polymers as well has been 

reported for nano and macro scale scaffolds.  However, the novelty 

of the work presented here is the development of a PCL-b-PEG 

electrospun scaffold with a fibre diameter of 4 microns (microscale) 

with improved biological properties such as fibroblast proliferation and 

cell infiltration compared with electrospun PCL scaffolds.  In addition, 

this research gathers the requirements of fibre diameter, porosity, 

mechanical properties previously reported for other materials 

(collagen, gelatine, PLGA) to generate an optimal prototype scaffolds 

for wound healing.  
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4.4 Conclusions 

The ultimate aim of this study was to fabricate a biocompatible 3D 

electrospun scaffold with a fibre diameter within microscale range (4-

10 μm) (Lowery et al., 2010, Farrugia et al., 2013, Powell and Boyce, 

2009, Kempf et al., 2011), average pore size between 20-45 μm 

(Skotak et al., 2011), porosity between 60-90% (Chong et al., 

2007a), and Young’s modulus ~10 MPa (Leung et al., 2011), that 

allow fibroblasts to grow and infiltrate and therefore may enhance 

granular tissue formation in non-healing skin wounds.   

Poly (ε-caprolactone) (PCL) is a commercially available polymer that 

has been previously used for wound healing applications (Gazzarri et 

al., 2013) (Zhong et al., 2010, Augustine et al., 2015, Gautam et al., 

2013).  After electrospinning, the PCL scaffolds with different fibre 

diameters, were mechanically, chemically and biologically evaluated. 

Optimization and characterization of PCL scaffolds revealed that a 

fibre diameter ~4 µm with a porosity between 60-80%, thickness 

~60-144 µm, Young’s modulus of ~6 MPa resulted in a scaffold 

suitable for fibroblasts growth and infiltration and thus with potential 

to be used in medical application on wound healing.  It was decided 

to incorporate PEG into the scaffolds in order to improve 

hydrophilicity, biocompatibility, and as means to modulate 

degradation and release of drugs (Dash and Konkimalla, 2012, Choi 

et al., 2008, Suk Choi and Sang Yoo, 2007).   

It was hypothesized that the incorporation of PEG into the scaffolds 

may enhance biocompatibility, mechanical properties and 

degradation rate compared with PCL scaffolds.  The synthesis of PCL-
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b-PEG polymer was successfully carried out though ring opening

polymerization.  Rheological properties of PCL-b-PEG solution showed 

low viscosity, which made the electrospinning of this solution difficult. 

This resulted in beads, since PCL-b-PEG polymer was blended with 

PCL.  Blend of polymers PCL-b-PEG/PCL 40:60 (15% w/w) enabled 

the fabrication of scaffolds.  It was found that PCL-b-PEG/PCL 

scaffolds have similar hydrophilicity compared with plain PCL. 

However, this modification significantly enhanced biocompatibility 

and also improved degradation.  A proper balance of PEG content 

within the material enhanced fibroblasts metabolic activity and 

infiltration.  In this study, the balance of PEG content in PCL-b-

PEG/PCL scaffold was found to be (40:60 15% w/w).  The scaffolds 

prepared from PCL-b-PEG/PCL (40:60 15% w/w) solution exhibited 

the greatest cellular infiltration of fibroblasts (60%) compared with 

PCL (40%) and the greatest biocompatibility of murine fibroblasts and 

human fibroblasts.  Pore size (~40 microns) and porosity of PCL-b-

PEG /PCL (70%) scaffold suited the requirements for fibroblast to 

proliferate and infiltrate.  Also, the strength of PCL-b-PEG /PCL was 

similar to those of ECM components.  In addition, the degradation 

rate of PCL-b-PEG /PCL was faster than PCL and PCL-b-PEG.  The 

balance of chemical, geometrical, and mechanical properties 

produced a scaffold that suited with fibroblast requirements and that 

might possess a good potential for skin wound regeneration.  In the 

light of the results present in this chapter, further investigations will 

be considered to test PCL and PCL-b-PEG /PCL as a platform for 

therapeutic biomolecules aimed to enhance wound healing. 
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CHAPTER 5 Loading and release of model and 

therapeutic proteins on PCL and PCL-b-

PEG/PCL scaffolds 

5.1 Active wound dressing 

An active wound dressing refers to a dressing that can interact with 

cells and allow their growth and infiltration whilst managing the 

healing events though the release of therapeutic molecules.  On the 

market, such active dressing containing growth factors (Biovance, 

Covadernm), and antimicrobials (Verbelen et al., 2014) are available 

and is a current area of research.   

5.1.1 Requirements of the active dressing 

Active dressings should release therapeutic molecules in an 

appropriate manner in response to the requirements of wound.  For 

example, open-wounds, or exudative wounds, which need a frequent 

replacement of the dressing (every couple of days) may need a burst 

or fast release of antibiotics, growth factors, or cell signalling agents. 

On the other hand, surgical wounds or wounds where interruptions 

are not desirable, require a more sustainable release of therapeutic 

molecules.  In addition, re-epithelialized wounds may require a stable 

release of remodelling agents to support completion of the wound 

healing process (Leung et al., 2011).



193 

5.2 Scaffolds as a platform for protein release 

Electrospinning is a versatile technique that allows the development 

of fibrous scaffolds that support cell growth and infiltration as well as 

serving as a platform for drug release (Leung et al., 2011, Gelain et 

al., 2010, Buschle-Diller et al., 2007).  For more details about 

electrospinning technique and experimental parameters that 

influence the resultant scaffolds morphology, refer to Chapter 4.  This 

section will focus on the use of electrospun scaffolds as platforms for 

drug release.  Electrospun scaffolds used as a platform for drug 

delivery, should provide a stable environment to preserve the 

bioactivity (Buschle-Diller et al., 2007) and integrity of the 

therapeutic molecules.  Electrospun scaffolds have been used in other 

areas such as cancer treatment to release of doxorubicin (Zhang et 

al., 2009), and heart disorders to release of basic fibroblast growth 

factor (bFGF) (Somers et al., 2008).  In wound healing, the loaded 

drugs are antibiotics (Buschle-Diller et al., 2007), and proteins (i.e 

cytokines and growth factors) (Gelain et al., 2010).   

5.2.1  The method used for drug-loading onto electrospun 

scaffolds 

Drug loading can be achieved by using different electrospinning 

methods (Zamani et al., 2013): a) Post electrospinning modification: 

it is a technique where the drug absorbed to the surface of the fibres. 

(Mohammadian and Eatemadi, 2016).  b) Electrospinning of a 

Polymer/drug blend: this method consists of electrospinning an 
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emulsion or suspension of a mixture of the polymer and drug (Ji et 

al., 2010, Szentivanyi et al., 2011).  c) Coaxial electrospinning: this 

method consists of co-electrospinning two different polymeric 

solutions through two concentric nozzles, which results in a core-

sheath fibre (Ji et al., 2010, Szentivanyi et al., 2011). 

5.2.2 Mechanism of protein release 

The predominant mechanism of release from electrospun fibres is 

diffusion.  In the diffusion mechanism from a matrix, the 

concentration gradient of a solute inside of the matrix is the driving 

force for diffusion.  This explains the first release phase that is 

characterised by a fast release of the drug, and it is known as the 

‘burst release’ (first order kinetics) (Szentivanyi et al., 2011).  This 

type of release is dependent on the features of the drug, such as 

diffusivity on the scaffolds, loading level, and physical size 

(Prabaharan et al., 2007).  

5.2.3 Factors affecting loading and release of drugs: 

In general, protein absorption and release from a polymer is 

controlled by physicochemical interaction between polymer, protein, 

and solvent.  It involves nonspecific electrostatic forces and ionic 

interactions between the polymer and the protein in addition to local 

noncovalent interactions, such as hydrogen bonds and salt bridges. 

Non polar interactions such as those arising as a result of Van der 
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Walls forces and hydrophobic attraction or hydration repulsion forces 

will also influence drug-polymer interactions (Wei et al., 2014).   

5.3 Lucilia sericata maggot excretion/secretion as 

therapeutic molecule for wound healing 

Three types of proteolytic enzymes in Lucilia sericata maggot 

excretion/secretion (L. sericata maggot E/S) has been reported, 

where the majority are serine proteinases (pH optimal 8-9), aspartyl 

proteinases and metalloproteinases (pH 9)(Chambers et al., 2003). 

Proteinases possess a molecular weight ranging from 20 to 50 KDa 

(Schmidtchen et al., 2003). 

Larval therapy has been reported to exert beneficial actions upon 

chronic wound healing.  The alimentary fluid from Lucilia sericata 

maggot contains serine proteinase, which degrades necrotic tissue 

(Telford et al., 2010), disinfects the wound site (Harris et al., 2009) 

and promotes granulation tissue formation on the wound (Horobin et 

al., 2005).  The beneficial effect of larval excretion/secretion on 

wound healing is strongly supported by 8 clinical trials (Sherman, 

2014), (Dumville et al., 2009), (Mumcuoglu, 2012), and supporting 

in vitro studies (Bexfield et al., 2010).   

The FDA (Food and Drug Administration, USA) approved Lucilia 

sericata maggot therapy as a medical device in January 2004 

(Davydov, 2011).  In the same year, the National Health Service in 

the UK approved the prescription of sterile Lucilia sericata maggots 

(Mumcuoglu, 2012).  However, some of the limitations of the use of 

sterile Lucilia sericata maggots (located within a bag) for wound 
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healing are: i) maggots require a moist environment to survive, for 

this reason the use of Lucilia sericata maggot is accepted exclusively 

for treatment of exudative wounds and contraindicated on dry wounds 

ii) maggots produce malodour and, discomfort to the patient and iii)

there is poor acceptance by the patient and medical staff (Chan et al., 

2007).  For this reason, research groups have tried to incorporate the 

active molecules from L. sericata maggot E/S in pharmaceutical 

formulations such as hydrogels.  Prototype hydrogels containing 

recombinant Lucilia sericata chymotrypsin has been developed, and 

were shown to accelerate wound closure ex vivo  (Britland et al., 

2011).  In addition, L. sericata maggot E/S has been incorporated and 

released in a PVA hydrogel.  Findings showed a significant 

enhancement on the rate of closure (in vitro scratch assay) on wounds 

exposed to L. sericata maggot E/S released from hydrogel compared 

with control (Smith et al., 2006).  

5.3.1 Mechanism of actions of Lucilia sericata maggot 

excretion/secretion. 

The bio-activities of larval excretion/secretion include antibacterial, 

stimulating angiogenesis and tissue remodelling, among others 

(Cazander et al., 2013).  Allantoin content from L. sericata maggot 

E/S has a beneficial effect on stimulating granulation tissue formation 

(Prete, 1997).  In addition, amino acid-like compounds of L. sericata 

maggot E/S such as histidine, valinol and 3-guanidinopropionic acid 

were identified to enhance proliferation of endothelial cells, 

stimulating angiogenesis (Bexfield et al., 2010).  L. sericata maggot 
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E/S products contain also Deoxyribonuclease (DNAse) (45 kDa) which 

has been associated with DNA digestion of slough/eschar of wounds 

and bacterial biofilms (Brown et al., 2012).  Serine proteases from L. 

sericata maggot E/S have a positive impact on wound healing through 

their antimicrobial actions and by promoting fibroblast motogenesis 

(Smith et al., 2006).  Cells are tightly bound integrin, which may 

reduce the ability of the fibroblasts to migrate.  In the presence of L. 

sericata maggot E/S, this binding is reduced, allowing cell migration. 

It was found that L. sericata maggot E/S was rich in proteases such 

as chymotrypsin, serine proteases and peptidases that have the 

capability to degrade fibronectin to reduce the cell contact points with 

the substrate promoting their migration (Horobin et al., 2003, 

Chambers et al., 2003).  Chymotrypsin from Lucilla sericata is 

functional and stable in metalloproteinase rich environments.  The 

action of chymotrypsin is complemented with trypsin and probably 

with other enzymes (Chambers et al., 2003).  Alpha-2 macroglobulin 

is abundant in plasma and inhibits the action of chymotrypsin I 

(Pritchard and Brown, 2015).  For that reason, larval enzymes exhibit 

a selective activity, specifically debriding necrotic tissue.  Also, when 

tissues become well perfused with blood, chymotrypsin I may become 

inhibited (Maeda et al., 2014).   
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5.4 Aims and objectives: 

Electrospun scaffolds have been used as platforms for drug release 

with applications in tissue regeneration.  The incorporation of 

bioactive molecules such as growth factors for wound healing on 

electrospun scaffolds has also been evaluated (Sahoo et al., 2010). 

However, the sensitivity and the inability to control off-target effects 

are the main issues to resolve for drug-eluting scaffolds in tissue 

regeneration (Chen et al., 2010). 

On the basis of these observations, and the background presented 

here regarding the use of electrospun scaffolds as a controlled release 

device for protein therapies, it was hypothesized that L. sericata 

maggot E/S may be incorporated into electrospun scaffolds made of 

PCL and PCL-b-PEG/PCL fibrous scaffolds (developed in chapter 4) 

(Figure 5.1) and may have a beneficial effect on wound healing, 

assuming bioactivity could be retained, by disinfect the wound bed 

and enhance fibroblast migration.   

For this hypothesis, a number of aims have been set as part of this 

study, as following: 

• To incorporate two different hydrophilic proteins (lysozyme and

avidin) into electrospun fibres by post modification and

evaluate loading and release profiles of the proteins from PCL

and PCL-b-PEG/PCL platforms.

• To incorporate L. sericata maggot E/S, a complex mixture of

proteins with different size and charge into electrospun fibres

of PCL and PCL-b-PEG/PCL by post modification.
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• To evaluate in vitro protein release profile of lysozyme, avidin

and L. sericata maggot E/S.  Sustainable release profile of L.

sericata maggot E/S biomolecules within a given time that

allows granulation tissue formation will be preferred.

• To confirm the bioactivity of the enzymes by examining

protease (L. sericata maggot E/S) and lysozyme activity after

release.

This investigation aims to create an innovative alternative for wound 

healing though the development of a novel bioactive prototype 

dressing.  The beneficial effect of electrospun scaffolds to support 

fibroblast ingrowth into the scaffold (Chapter 4) and the incorporation 

of bioactive molecules from L. sericata maggot E/S proven to support 

wound healing.  It will be the first electrospun scaffolds which 

incorporated L. sericata maggot E/S.  

Figure 5.1 - Schematic approach of protein loading on electrospun scaffolds. 
Chapter 5 will focus on the first approach, framed on light blue (and light blue 
arrow). Second approach will be developed in chapter 6 (green arrow)   
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5.5 Results and discussion 

5.5.1 Wet chemical surface modification prior protein 

absorption 

From Figure 5.2-A) it is observed that alkaline treatment on PCL 

scaffolds, using NaOH concentration 0.5 M for 3-12 h, did not cause 

any gross morphological changes when compared with the control. 

From Figure 5.2-B) a decrease in molecular weight (Mn) of PCL 

scaffolds treated with NaOH 0.5 M for 3 h from 1.4x105 to 1.1x105

can be seen.  Longer incubation times (12 h) and the same NaOH 

concentration (0.5 M) generated two polymer populations with 

different molecular weights (GPC analysis); the molecular weight of 

one species was ~1.9x 105 while other was ~9x 103 grams/mole. 

Longer incubation periods of 24 h, at higher concentrations of NaOH 

of 1 M, did results in morphological variation (as seen in SEM images 

Figure 5.2-A)) of the electrospun fibres and GPC analysis of treated 

PCL scaffolds, showed two polymer fractions of ~1.0x105 and 

~1.4x103 grams/mole.
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Figure 5.2 - A) Representative micrographs of NaOH modified PCL fibre scaffolds, B) GPC 
analysis of PCL scaffolds following incubation with different concentrations of NaOH for 
different lengths of time .
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The partial hydrolysis of PCL scaffolds was carried out by immersing 

scaffolds in NaOH 0.5M or alternatively in NAOH 1M and incubating 

for different amount of time, 3 h, 12 h and 24 h.  The results 

presented here are in agreement with (Lam et al., 2007) who pointed 

out that PCL scaffolds have a surface erosion hydrolysis under alkaline 

conditions.  Whereas amorphous regions (random coils) are more 

affected compared with crystalline regions (highly order).  This 

surface erosion mechanism is explained by the diffusion-reaction 

phenomena.  (Lam et al., 2007) explained that the degradation that 

takes place on the surface of PCL scaffolds resulted in the cleavage of 

small oligomers with small molecular weight.  Also, they reported that 

scaffold morphology seems unaffected.  In the present study, only 

PCL scaffolds treated with higher concentrations of NaOH (1M) for 24 

h of incubation revealed a degradative process of its fibres after SEM 

micrograph analysis.   

It was decided to incubate the scaffolds for periods not longer than 3 

h using lower concentrations of NaOH of 0.5M, in order to not 

compromise the structure of the scaffolds.  For the next sections 

nomenclature H-PCL scaffolds will refer to scaffolds treated with 0.5M 

of NaOH for 3 h.   

It was hypothesized that the incorporation of PEG to scaffolds (PCL-

b-PEG/PCL) and the hydroxylation of PCL scaffolds (H-PCL) may 

enhance protein loading.
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5.5.2 Avidin–fluorescein (AVI-FITC) conjugate loading on PCL 

and H-PCL and PCL-b-PEG/PCL scaffolds 

Figure 5.3-A shows fluorescence images AVI-FITC absorbed on three 

types of scaffolds PCL, H-PCL, PCL-b-PEG/PCL.  From Figure 6.3- A) 

and B) it can clearly be seen that the green-fluoresce intensity 

emitted by AVI-FITC adsorbed to the hydrolysed scaffolds (H-PCL) 

was higher compared with PCL and PCL-b-PEG/PCL scaffolds over 24 

h of incubation.  Figure 5.3-B) shows the percentage of AVI-FITC 

loaded on PCL, H-PCL and PCL-b-PEG/PCL scaffolds.  Higher 

percentages of AVI-FITC were successfully loaded onto, H-PCL 

scaffolds compared with PCL scaffolds.  After 3 h, H-PCL were loaded 

with 50% of AVI-FITC, which is more significant (P 0.0003) than the 

percentage of AVI-FITC loaded on PCL scaffolds (6%).  After 6 h of 

incubation, 67% of AVI-FITC was loaded on H-PCL, which was higher 

(P 0.0006) than the percentage of AVI-FITC loaded on PCL scaffolds 

(28%).  After 24 h 64% of AVI-FITC was loaded on H-PCL while AVI-

FITC loaded on PCL scaffolds reached 40% (P 0.0076).  Comparing 

PCL-b-PEG/PCL with PCL scaffolds, it was also noticed that in the first 

3 h of incubation, a greater percentage (p 0.0001) of AVI-FITC (40%) 

was loaded onto the PCL-b-PEG/PCL scaffolds compared with the PCL 

scaffold (6%).  By 6 hours, PCL scaffolds showed a percentage of AVI-

FITC loading of 28% which still lower (P<0.0001) compared with the 

percentage of AVI-FITC loaded on PCL-b-PEG/PCL (37%).  In 

addition, 43% of AVI-FITC was loaded on PCL-b-PEG/PCL, 

significantly higher (P 0.0022) to the percentage of AVI-FITC loaded 

on PCL scaffold (40%) after 24 h of incubation.  
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Figure 5.3 - A) Representative fluorescence microscopy images of avidin-fluorescein conjugate 
protein (AVI-FITC) adsorbed onto PCL, H-PCL and PCL-b-PEG/PCL fibre scaffolds. Magnification 
10x, scale bar 100 µm. B) AVI-FITC loading percentage on PCL, H-PCL and PCL-b-PEG/PCL 
scaffolds. Two way-ANOVA, Tukey’s multiple comparison test. Three independent experiments 
carried out in triplicate (means±SD). 
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In order to determine the loading capacity of PCL, H-PCL and PCL-b-

PEG/PCL scaffolds, AVI-FITC protein was absorbed as a model 

protein.  Avidin is a homo tetrameric protein with a PI of 10-10.5 and 

has an estimated cationic charge density of 16 (Liao et al., 2005). 

The higher loading percentage of AVI-FIT on H-PCL surface compared 

with PCL may be explained by the fact that H-PCL possesses 

negatively charged functional groups, such as carboxyl and hydrogen 

bond donor and acceptors such as hydroxyl, which interact with the 

positive and polar amino acid residues of avidin at pH 7.4.  This is in 

agreement with previous research by (Arima and Iwata, 2007), who 

found that proteins adsorbed significantly higher to surfaces that were 

rich in functional groups such as hydroxyl (OH) and carboxyl acid 

(COOH) groups.   

It is widely known that PEGylated surfaces are used to reduce 

unspecific protein absorption, acting as a barrier by steric hindrance 

(Dhar et al., 2008, Sanders and Hendren, 1997).  Protein repellent 

ability depended partially on PEG chain length and PEG architecture 

(Jeong et al., 2000).  PEG has been incorporated in a variety 

hydrogels and scaffolds for tissue regeneration and drug delivery with 

the purpose of: a) to preserve the bioactivity of the therapeutics (Lin 

and Anseth, 2009), b) to provide an extended controlled and 

sustained release of the biomolecules (Lin and Anseth, 2009, Rahman 

et al., 2014) and c) to improve mechanical properties of scaffolds. 

In the current study, for the PCL-b-PEG/PCL scaffolds it is probable 

that the content of PEG was not sufficient to cause a hydrated 

repulsion between the PEG chain and proteins, which allowed a higher 
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adsorption of avidin to the surface compared with PCL, but a lower 

loading than H-PCL which was influenced by a combination of 

electrostatic forces and hydrophobic interactions. 

5.5.3 Avidin–fluorescein (AVI-FITC) conjugate release from 

PCL and H-PCL and PCL-b-PEG/PCL scaffolds 

From Figure 5.4-B it can be seen that AVI-FITC release profiles from 

PCL, H-PCL and PCL-b-PEG/PCL scaffolds showed three phases of 

release.  The first phase is characterized by first order kinetics, where 

the protein released increased as function of the time, i.e via a ‘burst 

release’.  Then, a reduction in the amount of protein released was 

observed, followed by a more sustained release profile, and zero order 

release, characterised by maintaining the dose over time.  AVI-FITC 

release from PCL and H-PCL scaffolds shows a similar release profile. 

Burst release is low and occurs during the first 2 h.  Between 2 and 6 

hours of incubation, the release of avidin became slower and after 6 

h the cumulative release of avidin reached values around 16%.  This 

pattern of release continued till day 21.  Statistic evaluation for PCL, 

H-PCL and PCL-b-PEG/PCL scaffolds reveals that during the first 5 h,

avidin cumulative release was not statistically significantly (ns).  In 

addition, AVI-FITC release from PCL-b-PEG/PCL scaffolds showed 

greater burst release after 6 h compared with AVI-FITC released from 

PCL and H-PCL scaffolds.  After 6 hours avidin released from the PCL-

b-PEG/PCL scaffolds was 25%, significantly higher than avidin 

released from the PCL and H-PCL scaffolds (16%) (P 0.0053 and 

0.0066 respectively).   
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Figure 5.4 - A) Fluorescence microscopy images of avidin-fluorescein conjugate protein 
(AVI-FITC) adsorbed onto PCL and H-PCL fibres scaffolds. Magnification 10x, scale bar 100 
microns. B).AVI-FITC release profiles from PCL, H-PCL and PCL-b-PEG/PCL scaffolds in PBS 
pH 7.4 at 37°C.  
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Over the following days until the end of the assay (21 days), no 

significant differences between avidin release (cumulative) were 

observed, with the exception of PCL and PCL-b-PEG/PCL scaffolds 

where after 9 and 12 days, avidin release from the PCL-b-PEG/PCL 

scaffolds was higher (~50%) compared with PCL scaffolds (~40%) (P 

0.0318 and 0.00263 respectively).   

In section 5.5.2 it was observed that a higher concentration of avidin 

was loaded on H-PCL scaffolds than on PCL scaffolds.  Hence, it was 

expected that the release of avidin from the H-PCL scaffolds would be 

greater.  However, the release of avidin from H-PCL scaffolds may not 

be as high as expected due to the electrostatic force that maintains 

polymer-protein interactions.  In addition, PCL-b-PEG/PCL scaffolds 

were loaded with lower quantities of avidin compared with H-PCL 

scaffolds, but higher than PCL scaffolds, and the release of avidin was 

faster and greater from the PCL-b-PEG/PCL scaffolds.  This effect may 

be due to the fact that PEG may not have a strong interaction with 

the protein, caused by steric interaction and hydration.  Instead the 

hydrophilic PEG chain may help the aqueous media to penetrate and 

allow the release of avidin molecules from the surface. This is in 

agreement with other authors that pointed out that the release of 

protein is accelerated by the addition of PEG on the scaffolds (Ji et 

al., 2010), due to the enhancement of water’s diffusion (Briggs and 

Arinzeh, 2014).   
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5.5.4 Lysozyme–rhodamine B (LYZ-RB) conjugate loading on 

PCL and H-PCL and PCL-b-PEG/PCL scaffolds 

Figure 5.5-A) shows representative fluorescence images of lysozyme-

rhodamine conjugates (LYZ-RB) adsorbed/loaded onto three types of 

fibrous scaffolds PCL, H-PCL, PCL-b-PEG/PCL.  From Figure 5.5-A) and 

B) it can clearly be seen that the fluorescence of LYZ-RB adsorbed to

the hydrolysed scaffolds (H-PCL) was higher compared with that 

adsorbed onto the PCL and PCL-b-PEG/PCL scaffolds over 24 h of 

incubation.  Figure 5.5-B shows the percentage of LYZ-RB loaded on 

the PCL, H-PCL and PCL-b-PEG/PCL scaffolds.  In terms of LYZ-RB 

loading percentage, there was significantly higher percentages of 

LYZ-RB adsorbed onto H-PCL scaffolds compared with PCL and PCL-

b-PEG/PCL scaffolds.  After 3 h H-PCL 42% of the initial amount of 

LYZ-RB was adsorbed, which is significantly higher than the 

percentage of LYZ-RB adsorbed onto PCL scaffolds (35%) (P<0.001) 

and PCL-b-PEG/PCL (35%) (P 0.0005).  After 6 h of incubation, 57% 

of the initial amount of AVI-FITC was loaded onto the H-PCL scaffolds, 

which was similar to the percentage of AVI-FITC loaded onto the PCL 

scaffolds (55%) (ns), and higher than the amount of LYZ-RB loaded 

onto the PCL-b-PEG/PCL scaffolds (50%) (P<0.0001).  After 24 h, 

64% of the initial amount of LYZ-RB was loaded on H-PCL scaffolds 

while LYZ-RB loaded on PCL scaffolds reached 57% (P 0.0007) and 

PCL-b-PEG/PCL scaffolds 56% (P<0.0001).  
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Figure 5.5 - A) Representative fluorescence microscopy images of lysozyme-rhodamine B 
conjugate protein (LYZ-RB) adsorption on PCL and H-PCL fibre scaffolds. Magnification 10x, 
scale bar 100 µm. B) LYZ-RB loading percentage on PCL, H-PCL and PCL-b-PEG/PCL fibrous 

scaffolds. Two way-ANOVA, Tukey’s multiple comparison test. Three independent experiments 
carried out in triplicate (means±SD). 
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Comparing PCL-b-PEG/PCL with PCL scaffolds, no statistical 

significant differences were found in term of loading percentage of 

LYZ-RB.   

Higher percentages of LYZ-RB were adsorbed onto H-PCL scaffolds 

compared with plain PCL and PCL-b-PEG/PCL scaffolds over 24 hours 

of incubation.  These findings may be explained by the fact of H-PCL 

scaffolds possesses negative functional groups, which interact with 

positive amino acid residues of lysozyme at pH 7.4.  This is in 

agreement with the avidin results (section 5.5.2), where increased 

numbers of functional groups on the surface of H-PCL scaffolds, as a 

result of NaOH hydrolysis, improved the loading efficiency of avidin. 

Avidin and lysozyme were loaded as a model for L. sericata maggot 

E/S delivery for wound healing.  Enzyme selection was based on 

molecular weight (range from 14-66 kDa).  

Lysozyme is a proteinase, used as antibacterial agent because it has 

the capacity to destroy bacterial cell walls.  Hen egg white lysozyme 

possesses a molecular weight of 14.3 kDa.  The protein has a single 

polypeptide chain of 129 amino acids.  It also has a positive net of +9 

at pH 7.0 (PI:11), with 8 negative charge (2 glutamic acid and 6 

asparagine acid) and 17 positively charged amino acids (6 lysine and 

11 arginine) (Wang et al., 2009a). 
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A comparison of avidin and lysozyme (Figure 5.6) loading reveals that 

in general, higher amounts of protein were adsorbed onto the surface 

of H-PCL scaffolds than PCL and PCL-b-PEG/PCL scaffolds.  It was also 

noted that the percentage of LYZ-RB loaded on the scaffolds is higher 

than the percentage of AVI-FITC loaded in the same type of scaffolds 

over the 24 h incubation period.  After 24 h the loading % of avidin 

on the PCL scaffolds was lower (40%) compared with lysozyme in the 

same scaffold (57%).  Loading % of avidin on PCL-b-PEG/PCL 

scaffolds was lower (40%) compared with lysozyme in the same 

scaffold (56%).  H-PCL scaffolds adsorbed similar quantities of avidin 

and lysozyme ~65% of the initial concentration.   

Figure 5.6 - Comparison between AVI-FITC and LYZ-RB loading percentages on PCL, H-PCL 
and PCL-b-PEG/PCL fibrous scaffolds.  
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The probable explanation for these differences between proteins 

loading behaviour is the size and shape of the proteins and different 

interactions that they may have with polymeric substrates.  Avidin 

and lysozyme both possess an overall net positive charge.  However, 

avidin has a more complicated tetrameric and glycosylate structure 

with 128 amino acid chains each.  In contrast, lysozyme presents a 

simpler structure of a peptide chain of 129 amino acids.  Hydrophobic 

and hydrophilic interaction phenomena between protein-protein and 

protein-substrate are still poorly understood and it is quite difficult 

reach an ultimate conclusion (Sarkar and Kellogg, 2010).  However a 

possible explanation is that there may be an interaction between 

hydrophobic domains of the PCL scaffold surface with the hydrophobic 

domain of the protein (Lee et al., 2007).  PCL-b-PEG/PCL scaffolds 

may balance the attractive and the repulsive hydrophilic-hydrophilic 

forces between the protein and the PEG-PCL surface, and between 

the protein and the media (Sanders and Hendren, 1997).  In addition, 

H-PCL interacts with proteins through electrostatic interactions.

Lysozyme and avidin are positively charged at physiological pH (7.4). 

However, lysozyme has a lower density charge (net charge+9) 

compared with avidin (net charge+16), that should allow more 

loading of avidin on the scaffolds compared with lysozyme.  However 

the bigger size of avidin (66 kDa) and its complex structure 

(glycosylation) compared with lysosome (14 kDa) may cause a steric 

hindrance effect that makes it hard to  attach to the surface or allow 

other avidin molecules to attach on the same surface (Zhao et al., 

2010). 
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5.5.5 Lysozyme-rhodamine B (LYZ-RB) conjugate release 

from PCL and H-PCL and PCL-b-PEG/PCL scaffolds 

Figure 5.7-A) shows representative fluorescent images of LYZ-RB 

absorbed onto PCL, H-PCL and PCL-b-PEG/PCL scaffolds.  It is 

observed that after 21days fluorescence of LYZ-RB decreased and 

almost disappeared from the scaffolds.  Figure 5.7-B) shows the 

release profile of lysozyme-rhodamine B conjugate protein (LYZ-RB) 

from these PCL, H-PCL and PCL-b-PEG/PCL scaffolds.  From the 

results, it can be seen that the LYZ-RB release profiles showed 3 

phases of LYZ-RB release.  There was a delay during first 12 hours in 

the burst release where concentration of LYZ-RB remained constant 

over time (zero order kinetics).  After that period (from 12 h-24 h), 

the burst release phase was observed.  Then, LYZ-RB release was 

maintained over the period of 21 days.  Sometimes, the LYZ-RB 

release profile from the PCL scaffolds showed a second burst release 

at day 15, which was extended until day 18.  From Figure 5.7-B) it 

can be seen that the lysozyme cumulative release from the PCL-b-

PEG/PCL scaffolds was similar (44%) to the lysozyme cumulative 

release from H-PCL scaffolds (40%) (ns) and statistically higher than 

LYZ-RB release from PCL (34%) (P 0.0165) at 30 min after 

incubation.  In addition, from 12 h to 24 h an increment in the LYZ-

RB cumulative release was observed, reaching values of 74% of the 

initial amount adsorbed from H-CPL scaffolds, 60% from PCL 

scaffolds, and 56% from PLC-b-PEG/PCL scaffolds (after 24 h).  LYZ-

RB release from the H-CPL scaffolds was significantly higher than LYZ-

RB release from PCL and PCL-b-PEG/PCL scaffolds (p<0.0001).  
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Figure 5.7 - A) Representative Fluorescent microscopy images of lysozyme-rhodamine B 
conjugate protein (LYZ-RB) adsorbed onto PCL, H-PCL, PCL-b-PEG/PCL fibres scaffolds. 
Magnification 10x, scale bar 100 microns. B). LYZ-RB release profiles from PCL, H-PCL and PCL-
b-PEG/PCL scaffolds in PBS pH 7.4 at 37°C.  
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From 24 h to 21 days, LYZ-RB was released gradually and was 

sustained with LYZ-RB cumulative release.  The differences in terms 

of LYZ-RB cumulative release were not significant between the H-PCL 

and PCL scaffolds (both ~80%).  However, the LYZ-RB released from 

the H-PCL scaffolds was significantly higher (~80%) (p 0.0030) 

compared with that released from PCL-b-PEG/PCL scaffolds (63%). 

From day 3 to 15 days, the LYZ-RB cumulative release profile from 

PCL and PCL-b-PEG/PCL scaffolds were similar and no statistical 

differences were found.  However, after day 15, release of LYZ-RB 

from PCL experienced a second burst release increasing the total 

amount of LYZ-RB released, reaching similar values of LYZ-RB 

cumulative release from H-PCL scaffolds (ns).   

To H-PCL scaffolds, 64% of the initial amount of protein was 

adsorbed, a significantly higher quantity of lysozyme compared with 

the PCL-b-PEG/PCL (56%) and PCL (57%) scaffolds.  And more 

lysozyme was released from the H-PCL scaffolds with a higher burst 

release compared with the PCL-b-PEG/PCL and PCL scaffolds, which 

is in agreement with (Wang et al., 2009a), who pointed out that the 

release of lysozyme is dependent on the quantity of protein loaded. 

They reported that higher % of lysozyme loaded on the scaffolds is 

characterized then by a faster release (80% within first days).   

According to (Kim et al., 2007), the absorption of lysozyme in a blend 

of PEO/PCL fibres, which will be within hydrophilic PEG domain and 

the release of lysozyme from the PEO/PCL fibres will occur faster by 

increasing the concentration of PEG.  In the current study, PCL-b-

PEG/PCL scaffolds presented similar release profiles of lysozyme 
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release from PCL scaffolds.  (Puhl et al., 2014) developed electrospun 

scaffolds made of PEG/PCL and PCL for protein control delivery.  They 

reported that the initial release of lysozyme from PCL scaffolds was 

40% and then a zero-order kinetic release was observed for 14 days. 

The release of lysozyme from PCL was lower, with a lower burst 

release compared with lysozyme release from PCL/PEG (containing 

20% of PEG).  Moreover, the same author specified that the faster 

release behaviour of lysozyme from PCL/PEG scaffolds is dependent 

on the concentration of PEG.  For instance, PEG content less than 10% 

did not reveal any significant differences compared with PCL scaffolds. 

The results presented here showed PCL-b-PEG scaffolds released 

higher quantities of lysozyme compared with PCL in the first 12 hours 

and then the release of lysozyme was very similar for both scaffolds 

for the next 15 days.  As a result, it seems that the quantity of PEG 

in the scaffolds developed here was insufficient to cause a significant 

impact on lysozyme release as (Puhl et al., 2014) reported.   

Comparing the release profiles of AVI-FIT with LYZ-RB from PCL, H-

PCL and PCL-b-PEG/PCL scaffolds (Figure 5.8), it was noticed that the 

percentage of lysozyme released into the media was higher compared 

with AVI-FITC.  At the end of the 21 days, the maximum release of 

LYZ-RB was significantly higher (84%) (P <0.0001) than AVI-FITC 

(58%).  The most likely explanation for this phenomenon is that 

avidin limits the diffusion of molecules of water through steric 

hindrance (Marttila et al., 1998).  In contrast, the mechanism of 

lysozyme release is diffusion without steric hindrance (Szentivanyi et 

al., 2011) 
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Figure 5.8 - Comparison between AVI-FITC and LYZ-RB release profiles from PCL, H-PCL and 
PCL-b-PEG/PCL scaffolds.  
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5.5.6  The bioactivity of lysozyme after release 

Figure 5.9 shows the bioactivity of lysozyme at the end of the release 

studies and after all lysozyme fractions were pooled and concentrated 

to the same volume (1mL).  It was found that the bioactivity of 

lysozyme remained active was significantly higher when the release 

of lysozyme was from the H-PCL scaffolds (P 0.0445) and from the 

PCL-b-PEG/PCL (P 0.0148) scaffolds compared with lysozyme 

released from the PCL scaffolds.  Lysozyme release from H-PCL and 

PCL-b-PEG/PCL scaffolds in PBS, remained active (83%) after all 

loading, washing, drying and release, centrifugation, and storing 

procedures.  The activity of lysozyme released from PCL scaffolds was 

reduced to 80%.   

One of the important factors to consider during release studies is the 

stability of the protein (Wang et al., 2009a).  The results presented 

here are in agreement with the results presented by (Wang et al., 

2009a), who reported that after 11 days of lysozyme release from 

PCL scaffolds, the activity of lysozyme was reduced to 75-80%.  This 

author pointed out that PCL possesses a poor compatibility with 

protein due to its hydrophobic nature, which may result in protein 

deformation, denaturation and aggregation.  Also, a contributor of the 

loss of activity is the time  period over which that enzymes were 

released (Wang et al., 2009a).  (Bezemer et al., 2000) pointed out 

that lysozyme is more stable at pH 3.5-5 and as a result, a certain 

loss of activity is expected when this protein was absorbed to scaffolds 

stored at physiological pH. 
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Figure 5.9 - Lysozyme bioactivity following release from the scaffold.  Percentage of 
lysozyme activity is relative to the initial activity of lysozyme, before loading studies. 
Lysozyme released from the scaffolds (PCL, H PCL, PCL-b-PEG/PCL) was pooled and 
activity analysed using an EnzChek® lysozyme assay. Three independent experiments 
carried out in triplicate (means±SD). 
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5.5.7 Lucilia sericata maggot excretion/secretion loading on 

PCL and H-PCL and PCL-b-PEG/PCL scaffolds 

Preliminary experiments were carried out using PCL and H-PCL 

scaffolds at 3 h, 6 h, 24 h, 48 h and 72 h.  An initial concentration of 

L. sericata maggot E/S concentration 40 μg/mL (determined through

a Bradford).  From these results it was decided that all studies would 

adopt incubation of L. sericata maggot E/S for 24 h due the fact that 

no significant differences were found in terms of loading after that 

period of time.  Figure 5.10–A) shows fluorescence images of L. 

sericata maggot E/S-labelled with NHS rhodamine adsorbed onto PCL, 

H-PCL and PCL-b-PEG/PCL scaffolds.  Figure 5.10-B) shows a 

quantitative analysis of L. sericata maggot E/S loaded on PCL, H-PCL 

and PCL-b-PEG/PCL scaffolds.  No significant differences were found 

in terms of percentage of L. sericata maggot E/S loaded on PCL-b-

PEG/PCL scaffolds compared with PCL and H-PCL scaffolds.   

Figure 5.11 depicts a comparison of three different proteins, avidin, 

lysozyme, and L. sericata maggot E/S loaded on the three types of 

scaffolds PCL, H-PCL and PCL-b-PEG/PCL.  In general, it can be seen 

that avidin and lysozyme load higher quantity on H-PCL scaffolds, 

while avidin and lysozyme’s loading % were similar on PCL and PCL-

b-PEG/PCL scaffolds.  For L. sericata maggot E/S no significant 

enhancements were observed when H-PCL scaffold was used as 

platform to load the mix of protein.  L. sericata maggot E/S loaded 

the same quantity (~53%) in all the scaffolds.  A possible explanation 

of these results is the complexity of L. sericata maggot E/S which 

contains a  mix of proteins with different charge and molecular 

weights (Horobin et al., 2005). 



222 

Figure 5.10 - A) Representative fluorescence microscopy images of L. sericata maggot-NHS 
rhodamine conjugate protein absorbed onto PCL, H-PCL and PCL-b-PEG/PCL scaffolds. 

Magnification 10x, scale bar 100 microns.  B) L. sericata maggot E/S loading percentages on 
PCL, H-PCL and PCL-b-PEG/PCL scaffolds. Determination of protein concentration were done 
by Bradford assay. Two way-ANOVA, Tukey’s multiple comparison test. Two independent 
experiments carried out in duplicate (means±SD). 
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Figure 5.11 - Comparative analysis of L. sericata maggot E/S, 
avidin and lysozyme loading onto PCL, H-PCL and PCL-b-PEG/PCL 
fibrous scaffolds. Two way-ANOVA, Tukey’s multiple comparison 
test. Three independent experiments carried out in triplicate 
(means±SD).  

.
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5.5.8 Lucilia sericata maggot excretion/secretion release 

from PCL and H-PCL and PCL-b-PEG/PCL scaffolds 

From these results (Figure 5.12) it can be seen that L. sericata 

maggot E/S release profiles displayed 3 phases.  The first 6 h 

displayed a burst release where concentrations of L. sericata maggot 

E/S increased over time.  After that period (from 6 h-24 h), a slow-

down release phase was observed, where L. sericata maggot E/S 

concentrations increased slowly and gradually over time.  Then, L. 

sericata maggot E/S concentrations were released progressively and 

slowly over 21 days.  The release profile of L. sericata maggot E/S 

from PCL and H-PCL scaffolds were similar, no statistical significance 

was found at any time.  The release of L. sericata maggot E/S began 

immediately after the immersion of the scaffold in the media (PBS), 

reaching values of cumulative release of 3.5%.  After 6 h, L. sericata 

maggot E/S reached values of accumulative release of 25% from PCL-

b-PEG/PCL scaffolds, which was significantly higher compared with 

22% from PCL (P 0.0027) and H-PCL (P 0.0007).  By 24 h, the release 

of L. sericata maggot E/S from PCL and H-PCL was 28% and from 

PCL-b-PEG/PCL 32%.  Again, statistics showed that PCL-b-PEG/PCL 

released significantly higher percentages of L. sericata maggot E/S 

after 24 hours compared with L. sericata maggot E/S released from 

PCL (P <0.0001) and H-PCL (P <0.0001).  L. sericata maggot E/S 

cumulative release values increased progressively for 21 days, 

reaching values of cumulative release of 61% (H-PCL), 58% from 

(PCL) and 67% from PCL-b-PEG/PCL scaffolds.  PCL-b-PEG/PCL 

released at a statistically significantly higher percentage of L. sericata 
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maggot E/S after 21 days compared with L. sericata maggot E/S 

released from PCL (P <0.0001) and H-PCL (P 0.0015).  

Figure 5.12 - Fluorescent microscopy images of L. sericata Maggot E/S-rhodamine B 

conjugate protein absorbed on PCL, H-PCL and PCL-b-PEG/PCL scaffolds. Magnification 10x, 

scale bar 100 microns. B). L. sericata maggot E/S release profiles from PCL, H-PCL and PCL-

b-PEG/PCL scaffolds in PBS pH 7.4 at 37°C.  Two independent experiments carried out in 
triplicate (means±SD).
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In terms of cumulative amount of protein released, ~12 μg of L. 

sericata maggot E/S were measured from electrospun scaffolds after 

24 h.  After 21 days of release, 12.3 μg of protein was cumulative 

released from PCL and H-PCL scaffolds and 14.2 μg from PCL-b-

PEG/PCL scaffolds.  The cumulative released doses of L. sericata 

maggot E/S over 21 days were 0.015 μg of protein/μg of polymer 

(scaffold) from PCL and H-PCL scaffolds, and 0.018 μg of protein/μg 

of polymer (μg of scaffold) from PCL-b-PEG/PCL scaffolds.  According 

with (Horobin et al., 2006) a dose of 1 μg/mL of fresh L. sericata 

maggot E/S enhanced fibroblast migration.  A minimum dose of 0.1 

μg/mL of fresh L. sericata maggot E/S also showed enhanced 

fibroblast migration (Horobin et al., 2005).  In addition, (Smith et al., 

2006) developed a prototype hydrogel which released 50 μg/mL of L. 

sericata maggot E/S and enhanced fibroblast migration.  Preliminary 

in vitro scratch assays were conducted in the current study using a 

released L. sericata maggot E/S aliquots with concentrations between 

12 and 14 μg/mL.  However, released L. sericata maggot E/S did not 

show enhance fibroblast migration (further discussion in section 

5.5.10).   

In general, fluorescence images of avidin, lysozyme and L. sericata 

maggot E/S after 21 days of release, showed that proteins still 

absorbed to the scaffold surface, emitting florescence signal.  (Srikar 

et al., 2008) pointed out that the release may not reach the 100% 

due to the tortuosity and pore interconnectivity of the scaffolds that 

may decreased the effective diffusion. 
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Figure 5.13 shows the cumulative release profiles of L. sericata 

maggot E/S, avidin and lysozyme.  It was found that in the first 24 h, 

the release of L. sericata maggot E/S was similar to avidin release, 

characterized by a slow burst release, within ~ 6 hours.  The values 

of cumulative release of avidin and maggot E/S were around 25% 

after 6 h, while lysozyme released faster and in higher quantities 

within 30 min.  Values of cumulative release were 30-60% after just 

1 hour.  After 21 days of release maggot E/S, avidin and lysozyme 

from PCL-PEG/PCL were similar (ns).  While for H-PCL L. sericata 

maggot E/S values of cumulative release were significantly lower 

compared with lysozyme 58% (P <0.0001).and no significantly 

compared with avidin. 

L. sericata maggot E/S loading and release was similar to that of

avidin, while Lysozyme released in a different pattern and in a greater 

quantity.  

It is hypothesized that large and complex proteins such as avidin 

show delayed release due to the hindrance effect that limits the water 

penetration deferring the release of molecules to the media.  This 

hindrance effect may happen on a greater scale with L. sericata 

maggot E/S due to the complexity and variety of its proteins and other 

constituents.  However, the release of L. sericata maggot E/S is higher 

than avidin which may be explained by the fact that avidin has a net 

positive charge at pH 7.4 while L. sericata maggot E/S contains a high 

number of proteins with different molecular weight and different net 

charges.  Consequently, L. sericata maggot E/S may generate 

attractive interaction with the scaffolds as well as repulsive forces 
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between protein-protein, protein-scaffold and protein-media 

(Sanders and Hendren, 1997).  

Figure 5.13 – Comparative release profile of avidin, lysozyme and L. sericata maggot 
E/S from PCL, H-PCL and PCL-b-PEG/PCL scaffolds.  
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5.5.9 Bioactivity of Lucilia sericata maggot 

excretion/secretion, after release 

Figure 5.14 shows the bioactivity of L. sericata maggot E/S after being 

released from PLC, H-PCL and PCL-b-PEG/PCL scaffolds.   

There were no significant differences in terms of bioactivity among all 

the analysed samples.  However, a trend towards significance was 

observed.  L. sericata maggot E/S released from PCL-b-PEG/PCL 

scaffolds showed 79% of activity remaining after the release process, 

while L. sericata maggot E/S activity of release fractions from H-PCL 

71% and PCL scaffolds 59%.  To confirm this trend a greater number 

of samples need to be tested. 

Figure 5.14 - Relative L. sericata maggot E/S activity.  Maggot E/S release pooled 
fraction from PCL, H-PCL and PCL-b-Peg/PCL scaffolds were analysed through 
protease assay. The data was expressed relative to L. sericata maggot E/S activity 

(%), with respect to the initial maggot activity (just before loading efficiency tests). 
Two independent experiments carried out in triplicate (means±SD).  
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5.5.10 Activity of Lucilia sericata maggot 

excretion/secretion from controlled release scaffolds on 

fibroblast motility-in vitro scratch assay. 

Fractions of the released L. sericata maggot E/S were taken to assess 

the motogenic-therapeutic effect on murine fibroblasts in serum free 

media.  From Figure 5.15 it can be observed that no significant 

differences were detected between the different samples containing 

L. sericata maggot E/S in terms of percentage of cells covering the

scratch wound.  In fact, the fibroblasts exposed to only DMEM media 

(control) showed significantly higher percentages of wound closure 

compared with the aliquots containing L. sericata maggot E/S.  The 

fibroblasts exposed to DMEM media migrated and covered 40% of the 

scratch in a period of 24 h, which is a significantly higher percentage 

compared with released- L. sericata maggot E/S from PCL, which 

showed 7% (p<0.0001), significantly higher than the released-

maggot from H-PCL with 24% covering scratch (p<0.0001) and 

higher than released- L. sericata maggot E/S from PCL-b-PEG/PCL 

scaffolds with 13% of the scratch covered (p<0.0001). 

As it was indicated in the literature review, L. sericata maggot E/S 

contains a mix of proteins and other components such as allantoin 

(Smith et al., 2006).  Serine proteinase and other components such 

as defensine, amino acids-like compounds and DNase found in L. 

sericata maggot E/S have all been reported to have a beneficial 

impact on wound healing.  Furthermore, it is important to consider 

that other compounds (i.e. not the serine proteinases) of L. sericata 

maggot E/S may be inactivated and this was not quantified.  In 
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addition, the L. sericata maggot E/S fraction used here was not sterile 

which may have led to protein degradation.   

Previous studies (Horobin et al., 2003, Horobin et al., 2005) have 

shown the powerful effect of L. sericata maggot E/S on the 

motogenesis of fibroblasts.  Although this was not seen here, further 

investigations are required.   

In addition, research has pointed out that scaffolds surface may play 

an important role loading, releasing and maintaining protein structure 

and thus their stability (Buschle-Diller et al., 2007).  Since in order to 

improve loading, release and activity of enzymes next chapter 

(chapter 6) will focus on the modification of PCL, H-PCL and PCL-b-

PEG/PCL scaffolds using cationic polymers.
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Figure 5.15 - In vitro scratch assay to evaluate different fraction of L. sericata maggot E/S released from 
PCL, H-PCL and PCL-b-PEG/PCL scaffolds. Magnification 5X scale bar 100 microns.  One independent 
experiments carried out in triplicate (means±SD). 
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5.6 Conclusions 

It was hypothesized that the L. sericata maggot E/S may be 

incorporated in electrospun scaffolds made of PCL, H-PCL and PCL-b-

PEG/PCL and used for the controlled release of bioactive molecules. 

This chapter focused on the post electrospinning modification of PCL, 

H-PCL and PCL-b-PEG/PCL scaffolds as strategy to incorporate L.

sericata maggot E/S enzymes, and the release of these proteins to 

the media, maintaining their bioactivity.  To assess the surface 

modification strategies chosen (inclusion of PEG or surface hydrolysis 

with NaOH), avidin and lysozyme, used as model proteins, adsorption 

and release from the scaffolds was investigated.   

Lysozyme, a small and simple protein with a positive net charge 

exhibited a faster and greater release than avidin and L. sericata 

maggot E/S from PCL and PCL-b-PEG/PCL scaffolds over 21 days.   

Release of proteins adsorbed to the surface of the PCL-b-PEG/PCL 

scaffolds resulted in a reduction in the burst release and allowing a 

sustained release profile of avidin and L. sericata maggot E/S. 

Maggot E/S released from PCL-b-PEG/PCL scaffolds presented a burst 

release in the first 24 hours, 32% of the initial protein adsorbed was 

released and then the release plateaued, reaching cumulative release 

values of 67% after 21 days.  Cumulative amount of protein released 

from PCL-b-PEG/PCL scaffolds was ~12.8 μg over 24 h and 14.2 μg 

after 21 days.  L. sericata maggot E/S aliquots were polled and 

volume adjusted to 1 mL, resulting in a final concentration of 12.8 μg 

/mL and 14.2 μg/mL respectively.  Cumulative amount of L. sericata 

maggot E/S released per amount of scaffold (μg) was 0.018 over 21 



234 

days (PCL-b-PEG/PCL).  The cumulative amount of L. sericata maggot 

E/S detected over 21 days (14 μg/mL) can be further compared with 

values presented by (Horobin et al., 2006).  The amount of 1 μg/mL 

of fresh L. sericata maggot E/S showed a significant enhancement on 

fibroblast migration over 48 h.  Whereas the total amount measured 

in the current study was 10x higher.   

Moreover, according to (Leung et al., 2011) an open-wound, or 

exudative wound that needs frequent dressing replacement (every 

couple of days) may need a burst release or fast release of antibiotics, 

growth factors or cell signalling agents.  While surgical wounds or 

wounds where interruptions are undesirable requires a more 

sustained release of therapeutic molecules.  In addition, re-

epithelised wounds may require a stable release of remodelling 

agents.  In the current study, a controlled release profile of L. sericata 

maggot E/S from PCL-b-PEG/PCL scaffolds was obtained over 21 

days.  This may help tackle wounds whose healing process should not 

be interrupted.  A sustained release of serine proteinase may provide 

the stimuli for fibroblast migration from the edges of the wound bed 

into the scaffold.   

This investigation created an innovative alternative for wound healing 

through the development of a novel bioactive prototype dressing with 

L. sericata maggot E/S.  This was the first time that controlled release 

of L. sericata maggot E/S has been achieved from fibrous scaffolds. 

L. sericata maggot E/S was absorbed and released from the PCL-b-

PEG/PCL electrospun scaffolds and the bioactivity successfully 

maintained and therefore has potential to be used for wound healing. 
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CHAPTER 6 Surface modification of PCL and 

PCL-b-PEG/PCL with cationic polymers 

6.1 Cationic polymers 

Cationic polymers have found numerous applications in 

pharmaceutical and biomedical science owing to their ability to 

associate with negatively charged molecules, genes and cells.  The 

synthesis of acrylic polycationic polymers is frequently carried out by 

using free radical polymerization reaction (Jaeger et al., 2010). 

However, a major drawback of these structures is their potential 

cytotoxicity due to the large number of positive charges closely 

located in the polymer chain.  It is well known that positively charged 

polymers with high charge density can induce cell toxicity (Agarwal et 

al., 2012, Paneva et al., 2006) due to destabilisation of the negatively 

charged cell membranes which can result in membrane disruption and 

death.  Therefore, charge density is a crucial point not only to control 

toxicity but also to mediate the extent of electrostatic interactions. 

The copolymerization of cationic monomers with other non-ionic 

monomers has been raised as a suitable method to control charge 

density and avoid cell toxicity (Paneva et al., 2006).   

6.1.1 Applications of cationic polymers 

Polymers with quaternary ammonium groups on their chemical 

structure have been widely used in cosmetics and contact lens 
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products (Carmona-Ribeiro and de Melo Carrasco, 2013).  Positively 

charged polymers, like poly (trimethylamino ethyl methacrylate 

chloride) (PTMAEMA), can interact with negative DNA by electronic 

forces and permit the transfer of DNA through the cell membrane 

(Bautista et al., 2011, Durmaz et al., 2013, Han et al., 2014).  In 

addition, cationic polymers have also been used as antimicrobials 

(Carmona-Ribeiro and de Melo Carrasco, 2013). 

Furthermore, cationic hydrophilic polymers have been used to 

promote protein/polymer association in drug transport and release 

(Bautista et al., 2011, Durmaz et al., 2013). 

6.1.2 Interaction between cationic polymers and the 

surface of scaffolds, and between cationic 

polymers and proteins 

The formation of protein/polymer complexes is often based on non-

covalent bonds in order to avoid chemical modification of the protein. 

Based on the chemical composition of the polymer used, van der 

Waals forces, Coulombic binding, polymer bridging, depletion forces, 

hydrophobic forces, or specific lock-and-key type interactions can be 

involved (Salmaso and Caliceti, 2013, da Silva et al., 2006, Ganguli 

et al., 2009).   
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6.1.3 Incorporation of cationic polymers at scaffolds 

surfaces 

Poly((N,N’-dimethylamino)ethylmethacrylate (p(DMAEMA)) chains 

have been used to complex gelatine through electrostatic interactions 

resulting in PCL-g-P (DMAEMA)/gelatine surfaces with enhanced cell 

adhesion and gene transfection (Li et al., 2011).  Nanofibers of PCL-

PDMAEMA produced by blended electrospinning enabled the 

incorporation of silver nanoparticles at the surface through 

electrostatic interactions.  In this case, silver nanoparticles were 

prepared with citrate to stabilise their surfaces, providing electrostatic 

interactions between protonated amino groups (NH3
+) of PDMAEMA 

and the carboxylate groups from citrate.  This was found to be the 

driving force to load nanoparticles to the nanofiber scaffold (Santos 

et al., 2017).   
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6.2 Aim and objectives 

On the basis of the background presented above, it was hypothesized 

that modification of PCL, H-PCL (hydrolysed PCL) and PCL-b-PEG/PCL 

scaffolds through the addition of polycationic polymers may have a 

beneficial effect on the loading and release of bioactive molecules with 

therapeutic action for wound healing.  

For this hypothesis, a number of aims have been set as part of this 

study, as following: 

• To synthesize and characterise the cationic polymer poly

(trimethylamino) ethyl methacrylate hydrochloride-block-

Poly(N-(2-hydroxypropyl) methacrylamide) (PTMAEMA-b-

PHPMA).

• To assess the cytocompatibility of the cationic polymer with

fibroblasts.

• To evaluate the incorporation of the model proteins

lysozyme and avidin onto the cationically modified

electrospun scaffolds.

• To evaluate the release profiles of avidin and lysozyme

proteins from PCL, H-PCL and PCL-b-PEG/PCL platforms.

• To evaluate loading of Lucilia sericata maggot

excretion/secretion (L. sericata maggot E/S), a complex

mixture of proteins with a range of size and charge into

electrospun fibres of PCL, H-PCL and PCL-b-PEG/PCL.

• To evaluate the in vitro protein release profile of L. sericata

maggot E/S.
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• To confirm the bioactivity of the enzymes by examining

protease (L sericata maggots ES) and lysozyme activity

after release.

The results will be then compared with those obtained on scaffolds 

without cationic polymer modification (refer to chapter 5).  The goal 

was to improve the loading and release of L. sericata maggot E/S 

using cationically modified scaffolds as a platform for protein release 

with therapeutic action in wound healing (Figure 6.1).  

Figure 6.1 - Schemetic approach of protein loading through 2 different 
methodologies. This chapter will foccus on protein-cationic polymer 
association (blue box). 
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6.3 Results and Discussion 

6.3.1 Synthesis of PTMAEMA33-b-PHPMA180 polymers 

Reversible addition–fragmentation chain transfer (RAFT) 

polymerization reaction allowed the synthesis of PTMAEMA33-b-

PHPMA180 polymers.  RAFT polymerization is one of the most versatile 

techniques for controlled synthesis of polymers as it allows working 

with a vast number of monomers and can easily generate different 

architectures such as block co-polymers, graft co-polymers and 

dendritic structures (York et al., 2008).  A disadvantage of RAFT is 

the potential toxicity of thiocarbonylthio groups, but this group can 

be easily eliminated after polymerization.  Also toxicity will be 

dependent on polymer concentration, type of polymer and type of 

cells (Fairbanks et al., 2015). 

PTMAEMA is a polycation widely used in gene delivery with good 

cytocompatibility when of molecular weight lower than 60.000 g/mol 

and because of its water soluble- properties (Agarwal et al., 2012). 

Additionally, PHPMA is a non-toxic, biocompatible and neutral polymer 

(Qi and Chilkoti, 2015).  
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6.3.1.i Characterizations of PTMAEMA33-b-PHPMA180

polymers 

PTMAEMA33 polymer was synthesized with a molecular weight of 6230 

g/mol, estimated by NMR (Figure 6.2) while GPC showed a Mn of 4900 

g/mol and Mw 5600 with a Đ (polydispersity) of 1.16 (Table 6.1).   

PTMAEMA33-b-PHPMA180 polymer was obtained with a molecular 

weight of 32000 g/mol, estimated by NMR and Mn 5917 (Figure 6.3) 

and Mw 7002 with a Đ (polydispersity) of 1.18 estimated by GPC 

(Table 6.1). 

 Table 6.1 - A summary of the chemical characterization of cationic polymers 
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Figure 6.3 - Representative NMR of PTMAEMA33 polymer. 1H NMR (400 MHz, D2O): δ 7.4-
7.5 (5H, C6H5), 4.5 (2H, OCH2), 3.8 (2H, NCH2), 3.2 (9H, N(CH3)3), 2.2-1.5 (2H, CCH2), 1.5-

0.75 (3H, CCH3) 

Figure 6.2 - Representative NMR of PTMAEMA33 –b-PHPMA180. polymer after its purification. 
PTMAEMA33 –b-PHPMA180. 

1H NMR (400 MHz, D2O): δ 7.4-7.5 (5H, C6H5), 4.5 (2H, OCH2), 3.85 (1H, 
CHOH), 3.8 (2H, NCH2), 3.2 (9H, N(CH3)3), 3.0-3.1 (2H, NHCH2) 2.2-1.5 (4H, 2 x CCH2), 1.5-0.75 
(9H, 2 x CCH3 + 1 x CHCH3) 
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6.3.1.ii  Absorbance, emission and excitation spectra of FITC 

conjugated- PTMAEMA33-b-PHPMA180 polymer 

Figure 6.4-A) shows FITC conjugated-PTMAEMA33-b-PHPMA180 

polymer absorbance spectrum between 400-540 nm.  Polymer 

showed a maximum of absorbance at 500 nm.  Then, fluorescence 

emission scan was carried out between 470-750 nm by setting 

excitation wavelength at 450 nm (Figure 6.4-B)).  FITC conjugated-

PTMAEMA33-b-PHPMA180 polymer presented maximum emission at 

520 nm.  Finally, an excitation fluorescence scan was carried out 

between 400-540 nm, where the emission wavelength was set at 570 

nm.  Maximum excitation at 500 nm was observed.  A λex of 450 nm 

and λem of 518 nm were finally selected to quantify the loading of 

PTMAEMA33-b-PHPMA180 polymers on the following experiments.   
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Figure 6.4 – A) absorbance spectrum of FITC conjugated PTMAEMA33-b-PHPMA180

polymer B) Fluorescence emission and excitation spectrum of PTMAEMA33-b-
PHPMA180 polymer. 
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6.3.2  Cytotoxicity of PTMAEMA33 and PTMAEMA33-b-

PHPMA180 cationic polymers on murine fibroblasts. 

Figure 6.5 shows in vitro metabolic activity analysis (AlamarBlue®) of 

PTMEMA33 and PTMAEMA33-b-PHPMA180 polymers on fibroblasts.  It 

was found that PTMAEMA33 polymer had a concentration-dependent 

effect on fibroblast activity after 24 h of exposition, when the polymer 

was diluted in DMEM media containing 2% w/w of foetal calf serum 

(FCS) (Figure 6.5-A)).  PTMAEMA33 concentration of 200 and 500 

μg/mL presented the lowest cell metabolic activity compared to their 

control (DMEM 2% w/w FCS), reaching relative fluorescence (RFU) 

values of of13898 (p 0.0449) and 10596 (P 0.0002) compared to the 

control 16141 fluorescence (RFU).  Interestingly, concentration-

dependent effect of PTMAEMA33 upon fibroblasts was not significant 

when the serial dilutions of PTMAEMA33 were carried out using DMEM 

10% w/w FCS (Figure 6.5-B)).  In addition, PTMAEMA33-b-PHPMA180 

polymer did not reveal any significant toxic effect upon fibroblast 

metabolic activity compared with the control, nor when the dilution 

used was performed with DMEM 2% w/w (Figure 7.5-C)) and 10% 

w/w of FCS (Figure 6.5-D))  In fact, fibroblast metabolic activity was 

greater in samples with concentration of 5 μg/mL of PTMAEMA33-b-

PHPMA180 (29600 RFU) (p 0.0015) compared with control (25681 

RFU) in DMEM 2% w/w FCS.  In addition, fibroblast metabolic activity 

was significantly higher (p 0.0001) in all the samples exposed to 

PTMAEMA33-b-PHPMA180 with DMEM 10% w/w FCS compared with 

their control (Figure 6.5-D)).  Metabolic activity of fibroblasts exposed 

to 500 μg/mL of PTMAEMA33-b-PHPMA180 was reduced (p 0.0099) 
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compared with the control.  A lower metabolic activity of fibroblast 

was observed using TMAEMA33 homopolymer than PTMAEMA33-b-

PHPMA180 copolymer with FCS 2% w/w in the cultured media.   

Figure 6.5 - A) and B) Cytotoxicity of PTMAEMA33 on fibroblast after 24 h of incubation using 
DMEM 2% w/w FCS (left side) and DMEM 10 w/w % FCS (right side). C) and D) cytotoxicity of 

PTMAEMA33-b-PHPMA180 on fibroblast after 24h of incubation using DMEM 2% w/w FCS (left side) 
and DMEM 10 w/w % FCS (right side).  Three independent experiments carried out in triplicate 

(means±SD). 
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Quaternary polycationic polymers such as PTMAEMA come with a 

positive charge that has a density that may increase the cytotoxic 

effect.  By the formation of a copolymer, this charge density can be 

controlled and the cytotoxicity effect reduced (Paneva et al., 2006). 

This is in agreement with the results presented here; PTMAEMA33

polymer showed higher cytotoxicity effect compared with the 

copolymer PTMAEMA33-b-PHPMA180.   

The cytotoxicity of a dense positive charge of a cationic polymer might 

be caused by the strong interaction of the positive charge of the 

polymer with negative proteins located at the intra and extracellular 

spaces, disrupting protein pathway, resulting in apoptosis of the cells 

(Cai et al., 2011).  The same author pointed out that cytotoxic effect 

was dependent on the length of the cationic chain; lower cytotoxicity 

was observed for the shortest chains of cationic polymers (Cai et al., 

2011).  Also, the results presented in this chapter are in agreement 

with the findings presented in chapter 3, where it was concluded that 

foetal calf serum may play a protective role on fibroblast viability at 

higher concentration of propolis.   
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6.3.3 Modification of PCL, H-PCL and PCL-b-PEG/PCL 

surface scaffolds using cationic polymer 

PTMAEMA33-b-PHPMA180. 

As indicated in Figure 6.6-A), fluorescence images showed a 

homogenous distribution of the cationic polymer on the surface of the 

different scaffolds.  In general, it can be seen from Figure 6.6-B) that 

there are no significant differences during the first 6 h of incubation 

in terms of loading % of cationic polymer on any of the three different 

scaffolds (PCL, H-PCL and PCL-b-PEG/PCL).  Only cationic polymer 

loaded on PCL-b-PEG/PCL scaffolds showed significant increment in 

terms of the percentage loaded of 18% compared to PCL scaffolds at 

14% (p 0.0187) after 24 h of incubation.  No significant differences 

were observed between cationic polymer loaded on H-PCL and PCL-

b-PEG/PCL scaffolds after 24 h of incubation.   
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Figure 6.6 - A) Representative fluorescence microscopy images of cationic polymer-
fluorescent conjugate protein (PTMAEMA-FITC) absorbed into PCL, H-PCL and PCL-b-
PEG/PCL scaffolds. Magnification 10x, scale bar 100 microns. B) Cationic polymer--FITC 
loafing percentage on PCL, H-PCL and PCL-b-PEG/PCL scaffolds. Two way-ANOVA, 
Tukey’s multiple comparison test. Three independent experiments carried out in 

triplicate (means±SD). 
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These findings could be explained by the fact that H-PCL scaffolds 

possess carboxyl groups on the surface that may attract the positive 

charge of the cationic polymer PTMAEMA33-b-PHPMA180 by 

electrostatic interaction which has been reported previously by (Li et 

al., 2011, Santos et al., 2017).  In addition, PCL-b-PEG/PCL scaffolds 

may interact with the cationic polymer through the hydrogen bond 

interactions between oxyethylene units in the PEG chains and the 

protonated amines on the cationic polymer (Verbaan et al., 2004). 

PCL scaffolds also present some hydrophobic interactions with the 

polymethacrylate backbone of the cationic polymer; however, these 

are lower in magnitude compared to the H-bonding interactions.   

In order to improve the absorption of protein onto PCL, H-PCL and 

PCL-b-PEG/PCL scaffolds to be used as platforms for controlled 

protein release, cationic polymer PTMAEMA33-b-PHPMA180 was loaded 

on the surface of these scaffolds.  In the next section the loading 

efficiency will be evaluate and it will be compared without cationically 

modified scaffolds.  
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6.3.4 Loading of avidin-rhodamine (AVI-RB) on the 

cationically modified surface of PCL, H-PCL and 

PCL-b-PEG/PCL scaffolds  

Figure 6.7-A) shows fluorescence images of avidin-rhodamine 

absorbed on cationically modified PCL, H-PCL and PCL-b-PEG/PCL 

scaffolds after 24 h of incubation.  From Figure 6.7-B) it observed that 

the cationically modified H-PCL scaffolds loaded significantly higher 

percentage of AVI-RB (43%)(P<0.0001) than cationically modified 

PCL scaffolds (34%).  No statistically significant differences were 

found between the percentages of AVI-RB loaded on cationically 

modified H-PCL and PCL-b-PEG/PCL scaffolds and between 

cationically modified PCL-b-PEG/PCL and PCL (ns) (Figure 6.7-B)).  As 

discussed in section 5.5.2, greater quantity of cationic polymer was 

loaded on H-PCL and PCL-b-PEG/PCL scaffold compared to PCL. 

These results seemed to correlate with the percentage of avidin 

loaded on the surface of cationically modified PCL, H-PCL and PCL-b-

PEG/PCL scaffolds.  In general, it can be seen that cationically 

modified H-PCL scaffolds, loaded greater percentage of cationic 

polymer, also loaded greater percentage of avidin compared to 

cationically modified PCL polymer scaffold (Figure 6.7-B)). 

Comparing avidin loaded on scaffolds with and without cationic 

polymer (Figure 6.7-C)), it observed that more protein is loaded on 

H-PCL scaffolds without cationic polymer.  H-PCL without cationic

polymer had a significantly higher percentage (p<0.0001) of loading 

(60%) of avidin compared with cationically modified H-PCL scaffolds, 

which loaded 43% of avidin.  PCL and PCL-b-PEG/PCL with and 
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without cationic polymer showed similar results of avidin loading 

percentage (~40%) (ns). 

Figure 6.7 - A) Fluorescent microscopy images of avidin-rhodamine protein (AVI-RB) 
absorbed into PCL, H-PCL and PCL-b-PEG/PCL scaffolds. Magnification 10x, scale bar 100 
microns. B) Percentage of avidin-rhodamine loaded on cationically modified PCL, H-PCL 
and PCL-b-PEG/PCL scaffolds in PBS pH 7.4 at 37°C. C) comparison of percentage of 
avidin-rhodamine loaded on PCL, H-PCL and PCL-b-PEG/PCL scaffolds with and without 
cationic polymer. Two way-ANOVA, Tukey’s multiple comparison test. Three independent 

experiments carried out in triplicate (means±SD). 
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(Wang et al., 2009b) pointed out that enzyme loading is lower on 

hydrophobic surfaces, like PCL scaffolds, due to the limited 

accessibility of the enzyme to the surface of the scaffold. 

Consistently, the findings presented in this revealed a similar loading 

trend of different proteins, which were found to be lower on PCL 

scaffolds.  On the other hands, the electrostatic interactions between 

negative surfaces of H-PCL scaffolds and positive charge of avidin 

permitted higher absorption of avidin to the scaffolds surface 

compared to cationically modified H-PCL scaffolds.  The repulsive 

force of positive charges of cationic polymer and positive charge of 

avidin may limit the absorption of avidin to the scaffold.  However, it 

has been reported that cationic polymers may interact with proteins 

that possess a positive net charge by interacting electrostatically 

(attraction forces) with the negative amino residues present in the 

protein (Ganguli et al., 2009).  This phenomenon could explain the 

reason why avidin had a lower load on cationically modified H-PCL 

scaffolds than on H-PCL scaffolds. 
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6.3.5 Avidin (AVI-RB) release from the cationically 

modified surface of PCL, H-PCL and PCL-b-

PEG/PCL scaffolds 

Figure 6.8-A) shows fluorescence images of the cationically modified 

surface of PCL, H-PCL and PCL-b-PEG/PCL scaffolds after 21 days of 

release.  It can be seen that in all the samples, the fluorescence 

remains and continues emitting, which is an indication that AVI-RB 

has not been released completely over that time.  Figure 6.8-B) shows 

the release profile of AVI-RB (over two phases) from PCL, H-PCL and 

PCL-PCL-b-PEG/PCL cationically modified scaffolds.  In statistical 

terms, no significant differences were found between avidin 

cumulative percentages among the 3 materials (cationically modified 

PCL, H-PCL and PCL-b-PEG/PCL scaffolds) in the first 24 hours nor 

over 21 days of release.  
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Figure 6.8 - A) Representative fluorescent microscopy images of Avidin-rhodamine 
on PCL, H-PCL and PCL-b-PEG/PCL scaffolds. Magnification 10x, scale bar 100 
microns.  B) Avidin-rhodamine release profiles from PCL, H-PCL and PCL-b-PEG/PCL 

scaffolds in PBS pH 7.4 at 37°C. Three independent experiments carried out in 
triplicate. 
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The release profile of avidin from PCL, H-PCL and PCL-b-PEG/PCL 

scaffolds with and without cationic polymer treatment showed (Figure 

6.9) that avidin released from cationically modified scaffolds tend to 

be more of zero order kinetics; the release of avidin from cationically 

modified scaffolds was not dependent on time.  While scaffolds 

without cationic treatment showed a remarkable burst release, first 

order kinetic release, characterized by an increment of the avidin 

concentration depended on time (during the first 6 h of incubation). 

From day 6 onwards, the release profiles of avidin from treated or 

untreated scaffolds were similar.  In addition, it was found that after 

24 h PCL modified with cationic polymer released higher quantities of 

avidin (27%) compared with avidin released from plain PCL (20%) 

(P<0.0001).  Also, cationically modified H-PCL scaffolds released 

higher quantity (27%) of avidin than H-PCL scaffold (20%) 

(P<0.0001).  In contrast, PCL-b-PEG/PCL scaffolds released higher 

percentage of avidin (27%) compared with PCL-b-PEG/PCL scaffolds 

modified with cationic polymer (23%) (P 0.0160).  After 21 days of 

release of avidin, were similar from the different scaffolds (ns), 

reaching values between 41-47% of cumulative percentage.  While 

for PCL-b-PEG/PCL avidin cumulative percentage was higher than 

58% (P<0.0001) compared with PCL-b-PEG/PCL with cationic 

polymer treatment (45%).   
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These results showed a correlation between the quantity of protein 

loaded and quantity of protein released.  A higher quantity of avidin 

was loaded on scaffolds without cationic treatment and a greater 

quantity of avidin was released from the same scaffolds.  These 

findings were in agreement with other authors who indicated that at 

higher s of metronidazole (MNA) loaded on PCL fibrous scaffolds, the 

burst release is meant to be higher (He et al., 2015).  Also, (Zilberman 

and Kraitzer, 2008) pointed out that the increment on encapsulated 

drug concentration leads to a higher diffusion force, and thus, higher 

drug release was observed.   

Figure 6.9 - Comparison between AVI-RB release profile from PCL, H-PCL scaffolds and 
PCL-b-PEG/PCL with and witout ationic polymer treament. Three independent experiments 
carried out in triplicate. 
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6.3.6 Loading of Lysozyme-rhodamine B (LYZ-RB) on 

the cationically modified surface of PCL, H-PCL and 

PCL-b-PEG/PCL scaffolds  

Figure 6.10-A) shows Lysozyme-rhodamine (LYZ-RB) absorbed on 

cationically modified PCL, H-PCL and PCL-b-PEG/PCL scaffolds after 

24 hours of incubation.  Figure 7.10-B) shows the percentage of 

Lysozyme-rhodamine (LYZ-RB) loaded on cationically modified PCL, 

H-PCL and PCL-b-PEG/PCL scaffolds after 24 h of incubation.  In

general, cationically modified H-PCL and PCL-b-PEG/PCL scaffolds 

loaded significantly higher percentages of LYS-RB than PCL scaffolds. 

H-PCL scaffolds loaded 64% of LYZ-RB, which was significantly higher

(P 0.0317) than LYZ-RB loaded on PCL scaffolds (53%).  The 

cationically modified PCL-b-PEG/PCL scaffolds loaded higher 

percentage of LYZ-RB with 61% compared with PCL (53%) (P 

0.0158).  No statistically significant differences were found between 

the percentage of LYZ-RB loaded on cationically modified H-PCL and 

PCL-b-PEG/PCL scaffolds.  These results are in agreement with the 

findings shown for avidin loaded on the same scaffolds (section 

5.5.2).  Comparing the percentage of LYZ-RB loaded on scaffolds with 

and without cationic polymer modification (Figure 7.10-C), it seemed 

that PCL, H-PCL and PCL-b-PEG/PCL scaffolds with and without 

treatment with cationic polymer did not show any significant 

differences in terms of loading % of LYZ.  
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Figure 6.10 - A) Fluorescence microscopy images of lysozyme-rhodamine B conjugate protein 
(LYZ-RB) absorbed on cationically modified PCL, H-PCL and PCL-b-PEG/PCL scaffolds. 
Magnification 10x, scale bar 100 microns. B) Percentage of LYZ-RB loaded onto cationically 

modified PCL, H-PCL and PCL-b-PEG/PCL scaffolds in PBS pH 7.4 at 37°C. Two way-ANOVA, 
Tukey’s multiple comparison test. Three independent experiments carried out in triplicate 
(means±SD). 
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Even though avidin was loaded significantly higher in cationically 

modified H-PCL and PCL-b-PEG/PCL scaffolds than on cationically 

modified PCL scaffolds, the quantity of protein loaded was greater for 

lysozyme than avidin.  This may suggest that the differences in terms 

of the percentage of loading of these two positive proteins (avidin and 

lysozyme) can be attribute to the higher molecular weight of avidin 

(66kDa) when compared with lysozyme (14 kDa).  Also, there are 

differential architectural features (the shape of avidin is more 

complex), that may cause an hindrance effect (for example 

glycosylation patterns in vivo) (Schillemans et al., 2011) and thereby 

may cause an anti-cooperative effect on other molecules binding to 

the same surface (Zhao et al., 2010).  In general, it can be seen that 

H-PCL and PCL-b-PEG/PCL scaffolds, which loaded more cationic

polymer, also loaded greater percentage of LYZ-RB compared with 

cationically modified PCL scaffolds.  Lysozyme possesses a positive 

net charge, but also has negative amino acid residues that allow 

electrostatic interactions with cationic polymers (Ganguli et al., 

2009).   

Findings presented here revel that the addition of cationic polymers 

onto the surface of electrospun scaffolds did not significantly 

improved lysozyme absorption onto catatonically modified scaffolds. 
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6.3.7 Release of Lysozyme-rhodamine B (LYZ-RB) from 

the cationically modified surface of PCL, H-PCL and 

PCL-b-PEG/PCL scaffolds  

Figure 6.11-A) shows the fluorescence qualitative analysis for all the 

samples.  It can be seen that after 21 days of release, fluorescence 

can still be detected, which perhaps, is an indication that LYZ-RB has 

not been released completely over that time.  From a quantitative 

point of view, Figure 6.11-B) shows the release profile of LYZ-RB from 

cationically modified PCL, H-PCL and PCL-PCL-b-PEG/PCL scaffolds. 

LYZ-RB release profiles from cationically modified PCL and H-PCL are 

very similar.  A short burst release of LYZ-RB from scaffolds 

cationically modified PCL and H-PCL was observed from 30 min to 2 

hours, reaching values of LYZ-RB cumulative release ~ 40% from PCL 

and H-PCL after 2 hours (ns).  After the burst phase, LYZ-RB release 

from cationically modified PCL and H-PCL reached a plateau.  From 

the first hour to 4 hours of incubation, LYZ-RB cumulative release 

from cationically modified PCL-b-PEG/PCL scaffolds showed a 

significantly lower LYZ-RB cumulative release compared with 

cationically modified PCL.  At 4 h of incubation, the cumulative release 

reached values of 30% from PCL-b-PEG/PCL scaffolds which was 

significantly lower than LZ-RB released from PCL scaffolds (40% of 

LZ-RB cumulative release) (p 0.0388).  The burst release of LYZ-RB 

from cationically modified PCL-b-PEG/PCL was extended to 6 hours, 

reaching values of LYZ-RB cumulative release of 40% (after 6 hours); 

no significant difference was observed between cumulative release of 

LZ-RB from cationically modified PCL, H-PCL and PCL-b-PEG/PCL 
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scaffolds after 6 hours.  LYZ-RB release from cationically modified 

PCL-b-PEG/PCL slowed down after 6 hours and LYZ –RB continued 

progressively and was time- dependent until day 9.  After that time, 

LYZ-RB release reached a plateau.  No statistical differences of LYZ 

release were found between samples.  Cationically modified PCL, H-

PCL and PCL-b-PEG/PCL scaffolds released around 60% of LYZ-RB 

after 21 days (ns). 

Figure 6.11 - A) Representative fluorescent microscopy images of lysozyme-rhodamine on PCL, H-
PCL and PCL-b-PEG/PCL scaffolds. Magnification 10x, scale bar 100 microns. B) Lysozyme-
rhodamine release profiles from PCL, H-PCL and PCL-b-PEG/PCL scaffolds in PBS pH 7.4 at 37°C. 
Three independent experiments carried out in triplicate. 
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In addition, the release profile of LYZ-RB released from PCL, H-PCL 

and PCL-b-PEG/PCL scaffolds with and without out cationic polymer 

treatment was compared (Figure 6.12).  In general, it can be seen 

that non-modified scaffolds released higher concentrations of 

Lysozyme to the media than cationically charged scaffolds.  It was 

found that the release profile of lysozyme was similar (ns) in PCL and 

cationically PCL scaffolds for 18 days.  At day 21, PCL scaffolds 

released 84% of the lysozyme, while cationically modified PCL 

scaffolds released 60% of the total loaded lysozyme (p 0.0001).  In 

addition, in the first 30 min, lysozyme released from H-PCL was 

significantly higher (40%) (P 0.00206) compared with cationically 

modified scaffolds H-PCL (23%).  After 6 days, H-PCL released a 

significantly higher quantity of lysozyme (78%) (P 0.0018) compared 

with cationically modified H-PCL scaffold (54%).  At the end of the 21 

days, the cationically modified H-PCL-scaffolds released a total of 

59% of lysozyme, which was significantly lower than release from H-

PCL scaffolds, which released 80% of the total loaded lysozyme (P 

0.0027).  In addition, it was compared to the lysozyme release profile 

from PCL-b-PEG/PCL and the cationically modified PCL-b-PEG/PCL 

scaffolds.  The lysozyme released from cationically modified PCL-b-

PEG/PCL scaffolds, presented a significantly lower release, reaching 

values of 15% (P <0.0001) compared with PCL-PEG/PCL with a 

cumulative release of 44% after 30 min.  From 1 hour onwards, a 

plateau of LYZ-RB cumulative released from PCL-b-PEG/PCL was 

observed, reaching values of LYZ-RB cumulative release of 48% in 

the first 4 hours.  While LYZ-RB release from cationically modified 
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PCL-b-PEG/PCL scaffold showed a significantly lower burst release 

(30%) in the first 4 h (p 0.0008).  After 24 h, the LYZ-RB cumulative 

release from cationically modified PCL-b-PEG/PCL and PCL-b-PEG/PCL 

scaffolds was no significantly different.  At the end of the 21 days, 

amount of LYZ-RB released from cationically modified PCL-b-PEG/PCL 

scaffold reached cumulative values of 63%, the same as PCL-b-

PEG/PCL without cationic polymer treatment (ns).   

Figure 6.12 - Comparison between LZ-RB release profile from PCL, H-PCL scaffolds and PCL-
b-PEG/PCL with and witout ationic polymer treament. Three independent experiments carried 
out in triplicate. 
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Loading and release of avidin and lysozyme presented in the current 

study have been reported before and can be explained by “wrong side 

interaction” between protein/polymer (Salmaso and Caliceti, 2013). 

This type of interaction is an unexpected behaviour and can be explain 

by the heterogeneity of protein charge, which can present positive or 

negative domains on the protein surface.  This can cause the 

fluctuation of dipole-dipole charge orientation.  Additionally, 

hydrophobic domains on the protein surface can interact with the 

polymer though hydrogen bonds and hydrophobic interactions, 

enabling protein /polymer association (da Silva et al., 2006, Salmaso 

and Caliceti, 2013).   

In addition, avidin and lysozyme release from scaffolds can be related 

to the diffusion of protein determined by protein-fibre interactions and 

stearic effect caused by the size and molecular weight of proteins and 

the charge of the proteins (Gelain et al., 2010).  (Gelain et al., 2010) 

evaluated cytokines on RADA16-I nanofiber system and found that 

the diffusion of cytokines was strongly dependent to the charge, the 

electrostatic interaction with the nanofibers, and the hindrance effect. 
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6.3.8 The bioactivity of Lysozyme-rhodamine B (LYZ-

RB) after its release from the scaffolds 

Figure 6.13 shows the bioactivity of lysozyme at the end of the release 

studies and after all lysozyme fractions were pooled and concentrated 

by using ultrafiltration devices (vivaspin GE healthcare Bio-Science 

AB, Sweden).  It was found that the bioactivity of lysozyme was in 

general maintained after being released from all the scaffolds (with 

and without treatment).  No statistically significant differences were 

found between materials.  Lysozyme released from the scaffolds with 

and without cationically modification maintained an activity between 

75- 80% when to the initial bioactivity of lysozyme (during loading).

Figure 6.13 - Relative lysozyme activity. Lysozymes 
release pooled fraction from cationically modified PCL, H-
PCL and PCL-b-PEG/PCL scaffolds were analysed through 

EnzChek® Lysozyme assay. Three independent 
experiments carried out in triplicate (means±SD). 
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(Ganguli et al., 2009) reported that the addition (10 mg/mL) of 

cationic polymer (polycation PEAMA-g-PEG) caused the complete 

inactivation of lysozyme activity without changing the secondary 

structure of the enzyme.  Positive charges of this cationic polymer 

strongly interact with the negative residues (glutamic acids and 6 

asparagine acids) on lysozyme that are part of the active site. 

However, the concentration of the cationic polymer was substantially 

higher (100 x) in the study conducted by (Ganguli et al., 2009) 

compared to the concentration used in the present study. 

Consequently, the electrostatic interactions were stronger and 

greater in number, which caused inactivation in the study conducted 

by (Ganguli et al., 2009). 

One of the important factors to consider in a protein or enzyme 

release process, is the stability of the proteins during these processes 

(Wang et al., 2009a).  The enzymatic activity of lysozyme released 

from the three different scaffolds (cationically modified PCL, H-PCL 

and PCL-b-PEG/PCL) did not show any significant detrimental effect 

on the released fraction of lysozyme from the different scaffolds. 
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6.3.9 The loading of Lucilia sericata maggot 

excretion/secretion on the cationic polymeric 

modified surface of PCL, H-PCL and PCL-b-

PEG/PCL scaffolds  

Figure 6.14-A) shows fluorescent images of L. sericata maggot E/S 

labelled with rhodamine absorbed into the scaffolds.  From Figure 

6.14-B) it observed that cationically modified PCL scaffolds did not 

show any significant differences between materials in term of loading 

percentage.  On comparing loading percentages of L. sericata maggot 

E/S on scaffolds with and without cationic polymer treatment (Figure 

6.14-C), it was found that the loading of L. sericata maggot E/S was 

similar for both materials (ns).  Cationically modified H-PCL and H-

PCL scaffolds loaded ~55% of L. sericata maggot E/S (ns). In 

addition, cationically modified PCL and PCL scaffolds loaded similar 

percentage of L. sericata maggot E/S (~50%) (ns).  In contrast, 

cationically modified PCL-b-PEG/PCL scaffolds loaded significantly 

higher L. sericata maggot E/S (57%) (P 0.00057) compared with PCL-

b-PEG/PCL (52%).   

L. sericata maggot E/S is a complex mixture of proteins (Cesta, 2011)

that possess different amino acid sequences, with different PI and 

thus different net charge (appendix ). It is probable that the negative 

net charge of proteins interacts by electrostatic forces with positive 

charge of quaternary ammonium groups of PTMAEMA33-b-PHPMA180.

The loading of L. sericata maggot E/S was more efficient and highly 

significant on cationically modified PCL-b-PEG/PCL scaffolds.
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Figure 6.14 - A) Representative fluorescence microscopy images of L. sericata maggot 
E/S-NHS Rho fluorescein conjugate protein absorbed into cationically modified PCL, H-PCL 
and PCL-b-PEG/PCL scaffolds. Magnification 10x, scale bar 100 microns.  B) L. sericata 
maggot E/S loading percentage on treated scaffolds. Determinations of protein was done 
by Bradford assay.  C) Comparison of percentage of L. sericata maggot E/S loaded on PCL, 
H-PCL and PCL-b-PEG/PCL scaffolds with and without cationic polymer. Two way-ANOVA, 
Tukey’s multiple comparison test. Two independent experiments carried out in duplicate 

(means±SD).
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6.3.10 The release of Lucilia sericata maggot 

excretion/secretion from the cationically modified 

PCL, H-PCL and PCL-b-PEG/PCL scaffolds  

From Figure 6.15 it can be seen that similar results were obtained for 

the release profile of L. sericata maggot E/S from the cationically 

modified PCL, H-PCL and PCL-b-PEG/PCL scaffolds.  L. sericata 

maggot E/S released from all of these scaffolds presented an initial 

burst release within the first 6 hours and then a slowdown phase, with 

a progressive increment of L. sericata maggot E/S quantity released 

into the media on a time dependent basis.  Thirty minutes after the 

immersion of the cationically modified PCL, H-PCL and PCL-b-PEG/PCL 

scaffolds into the media, cumulative release of L. sericata maggot E/S 

reached 3% (ns).  For L. sericata maggot E/S release from cationically 

modified PCL scaffolds, the cumulative release values reached lower 

values (17%) compared with cationically modified H-PCL (22%) (p 

0.092) and PCL-b-PEG/PCL (%) (p 0.077) scaffolds after 6 hours.  

After that (24 h post incubation), the release of L. sericata maggot 

E/S from scaffolds slowed down and the values of cumulative release 

reached 23% for cationic modified PCL; significantly lower compared 

with the release of L. sericata maggot E/S from cationically modified 

PCL-b-PEG/PCL (28%) (p 0.0017) and H-PCL (28%) (p 0.031).  After 

21 days, L. sericata maggot E/S cumulative release reached values ~ 

60% from cationically modified PCL-b-PEG/PCL, H-PCL and PCL 

scaffolds (ns).   
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Figure 6.15 - Representative fluorescent microscopy images of L. sericata maggot E/S -
rhodamine on PCL, H-PCL and PCL-b-PEG/PCL scaffolds. Magnification 10x, scale bar 100 
microns. B) L. sericata maggot E/S -rhodamine release profiles from PCL, H-PCL and PCL-b-
PEG/PCL scaffolds in PBS pH 7.4 at 37°C. Two independent experiments carried out in 
duplicate (means±SD). 
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In addition, the effect of the cationic polymer modification on the 

surface of the scaffolds with respect to the release of L. sericata 

maggot E/S was analysed.  From Figure 6.16 it can be seen that the 

release of L. sericata maggot E/S was greater in scaffolds without 

cationic polymer modification.  PCL scaffolds showed a significant 

higher cumulative release of L. sericata maggot E/S (25%) (P 

<0.0001) compared with cationic modified PCL scaffolds (20%) after 

12 hours of release.  H-PCL scaffolds (with and without cationic 

polymer) did not reveal any significant differences in terms of 

cumulative release of L. sericata maggot E/S, reaching values of 

~25%.  While PCL-b-PEG/PCL scaffolds showed a significantly higher 

cumulative release of 30% (P 0.0050) compared with L. sericata 

maggot E/S released (25%) from cationic modified PCL-b-PEG/PCL 

scaffolds.  No statistical differences were found from at the end of 21 

days of maggot released from the different scaffolds.  These results 

are controversial, because the loading capacity of L. sericata maggot 

E/S on the scaffolds increased with the addition of cationic polymer.  
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A higher maggot release was expected from the scaffold that had 

higher loaded proteins.  However, (Srikar et al., 2008) reported that 

PMMA (poly methyl methacrylate) nanofibers controlled the release 

of proteins, and an increment of PMMA decelerated the release 

compared with PCL mats.  In addition, the results presented here 

were in agreement with Schillemans et al. (2011), who reported that 

the release of cytochrome C protein (positively charged) from 

polymer dextran methacrylate (negatively charged) hydrogel was 

slow and in a time-dependent manner due to a limited diffusion 

distance caused by steric hindrance.  Also, they concluded that 

increasing charge density led to the decrease in the amount of 

released protein.   

The findings presented in this study may be explained by the fact that 

L. sericata maggot E/S is a complex mixture of proteins with different

charges, some of them positive, others neutral and others negative. 

Figure 6.16 – Comparision of L. sericata maggot E/S-rhodamine release profiles from PCL, 

H-PCL and PCL-b-PEG/PCL scaffolds with and without cationic polymeric treatment, in PBS pH
7.4 at 37°C. Two independent experiments carried out in duplicate
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Also, the molecular weight of the protein widely varies between 25-

50 KDa (Schmidtchen et al., 2003).  Therefore, it may be that 

negative proteins are bonded through attracting forces to the cationic 

polymer while repulsing force positive proteins weakly associated to 

the cationic polymer allow the release of this molecules to the media. 

In order to study the electrostatic interactions between proteins of L. 

sericata maggot E/S and cationic polymer, it was necessary to 

calculate the isoelectric points of the main L. sericata maggot E/S 

proteins.  Isoelectric points (PI) of L. sericata maggot E/S proteins 

such as lucifencin, trypsin, and chymotrypsin were calculated 

theoretically and based on the amino-acid sequences of L. sericata 

maggot E/S proteins.  The calculation of PI was performed by using 

an online tool, ExPASy Bioinformation Resource Portal, which 

calculates PI and Mw for a list of UNIProt Knowledgebase (Swiss-Prot 

or TrEMBL)(Walker, 2005).  Theoretical analysis showed that lucifecin 

possesses a molecular weight of 13 KDa, with a PI of 8.27 and positive 

charge at pH 7.4 (Kozlowski, 2016).  Chymotrypsin possesses a PI of 

7.73 and a molecular weight of 26 kDa and a neutral to positive 

charge of pH 7.4.  Finally, trypsin PI was estimated to be 5.28 and 

molecular weight at 27 kDa, thus negatively charge at pH 7.4.  In 

accordance with these results, it can be hypothesised that trypsin will 

be strongly loaded to the cationic polymer through attractive forces. 

Chymotrypsin will probably interact weakly through negative amino 

acid residues, and lucifencin will be released faster due to the 

repulsive force between the cationic polymers and the positive charge 

of the protein.  Lucifencin has been reported to have an antimicrobial 
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action.  As a result, a fast release will be beneficial to wound healing 

treatment, and a sustainable release of chymotrypsin and trypsin 

favour enhancement of tissue granulation formation.   

In terms of cumulative amount of released L. sericata maggot E/S, 

~5 μg of L. sericata maggot E/S were measured from cationicallly 

modified scaffolds after 24 h and no significant differences were found 

in terms of L. sericata maggot E/S cumulative release between 

materials.  After 21 days, cumulative amount of released L. sericata 

maggot E/S ~14 μg from cationicallly modified scaffolds and no 

significant differences were found in terms of L. sericata maggot E/S 

cumulative release between materials.  The cumulative amount of L. 

sericata maggot E/S released from cationicallly modified scaffolds 

over 21 days (14 μg/mL) can be further compared with values 

presented by (Horobin et al., 2006).  They showed that the amount 

of L. sericata maggot E/S of 1 μg/mL exerted a significant 

enhancement on fibroblast migration over 48 h.  Whereas the total 

amount measured in the current study was 10x higher.  In addition 

(Smith et al., 2006) reported the incorporation of L. sericata maggot 

E/S into a prototype hydrogel, with a maximum release of 50 μg/mL 

over 12 h.  They confirmed that L. sericata maggot E/S remarkable 

enhanced rate of closure.  In the current study, preliminary 

assessment of released L. sericata maggot E/S on fibroblast migration 

did not show any enhancement on wound closure.  This may be 

explained by the fact that (Horobin et al., 2006) used fresh aliquots 

of L. sericata maggot E/S and (Smith et al., 2006) conduced release 

studies of L. sericata maggot E/S in a shorter period of time (12 h) 
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while in the current study the activity of L. sericata maggot E/S was 

probably affected as consequence of sample aging, the length of 

realise studies, storage (Freeze-thaw cycles) and problems related 

with the sterility of L. sericata maggot E/S. 

6.3.11 The activity of Lucilia sericata maggot 

excretion/secretion after release 

Pooled aliquots of L. sericata maggot E/S were collected and 

measured for the final bioactivity as described in chapter 2 sections 

2.5.10 and 2.5.15.   

Figure 6.17 shows the comparative analysis of protease activity of L. 

sericata maggot E/S released from cationic modified PCL, H-PCL and 

PCL-b-PEG/PCL scaffolds.  In general, no statistical differences were 

found between protease activities of L. sericata maggot E/S flowing 

release from scaffolds.  However, a reduction of biological activity was 

observed in all samples following release from scaffolds with 

cationically modified polymer (relative to the initial aliquot activity). 

To confirm this trend a greater number of samples need to be tested. 

Protease activity was significantly higher (80%) from PCL-b-PEG/PCL 

scaffolds than the activity of L. sericata maggot E/S from cationically 

modified H-PCL scaffolds (32%) (p 0.0326).   
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Figure 6.17 - Relative protease activity from L. sericata maggot E/S. L. sericata 
maggot E/S release pooled fraction from PCL, H-PCL and PCL-b-PEG/PCL scaffolds 
with and without cationic treatment.  Enzymatic activity was analysed through 

protease assay. Two independent experiments carried out in triplicate 
(means±SD). 
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6.4 Conclusions 

Cationic polymer PTMAEMA33-b-PHPMA180 was successfully 

synthesized through RAFT polymerization and was biocompatible with 

fibroblasts up to a concentration of 500 μg/mL. 

PTMAEMA33-b-PHPMA180 was successfully loaded on electrospun 

scaffolds.  PCL-b-PEG/PCL loaded significantly higher percentage of 

cationic polymer (~18%) on the surface compared with PCL (14%).   

Avidin and Lysozyme were two hydrophilic proteins with a positive net 

charge used as model proteins, which presumably interacted through 

‘wrong side’ interaction with the cationic polymer, loading higher 

quantity on the surface of the scaffolds compared with protein loading 

% on scaffolds without cationic polymer modification.   

The comparison of the release profiles of avidin from PCL, H-PCL and 

PCL-b-PEG/PCL scaffolds with and without out cationic polymer 

treatment showed that release of avidin from cationically modified 

scaffolds, tends to be more of zero order kinetics and not time 

dependent.  On the other hand, scaffolds without cationic treatment 

showed a burst release characterized by a time dependent increment 

of the avidin (during the first 6 h of incubation).  From day 6 onwards, 

the release profiles of avidin from treated or not treated scaffolds 

were similar.   

It was found that the bioactivity of lysozyme was no significantly 

reduced (compared with scaffolds without cationic modification) by 

the modification of the scaffold surfaces with cationic polymer 

(PTMAEMA30-b-PHPMA180).   
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It was hypothesized that L. sericata maggot E/S may be incorporated 

more efficiently on electrospun H-PCL and PCL-b-PEG/PCL scaffolds 

modified by the incorporation of a cationic polymer PTMAEMA33-b-

PHPMA180.  From the results presented here, it was found that L. 

sericata maggot E/S was loaded more efficiently on scaffolds with 

cationic polymer modification than on scaffolds without cationic 

polymer.  In general, the release of proteins within the first hours was 

also reduced when the scaffolds’ surface was modified with 

PTMAEMA33-b-PHPMA180 cationic polymer.   

The release profiles of L. sericata maggot E/S showed that the burst 

release and the cumulative release of maggot was significantly lower 

on cationically modified scaffolds.  PCL scaffolds showed a 

significantly higher cumulative release of L. sericata maggot E/S 

(25%) (P <0.0001) compared with cationically modified PCL scaffolds 

(20%) after 12 hours of release.  H-PCL scaffolds (with and without 

cationic polymer) did not reveal any significant differences in terms 

of cumulative release of L. sericata maggot excretion/secretion, 

reaching values of ~25%.  In the meantime, PCL-b-PEG/PCL scaffolds 

showed a significantly higher cumulative release of 30% (P 0.0050) 

compared with L. sericata maggot E/S released (25%) from 

cationically modified PCL-b-PEG/PCL scaffolds.   

Cumulative amount of released L. sericata maggot E/S was ~14μg 

from cationicallly modified after 21 days.  The cumulative amount of 

L. sericata maggot E/S released from cationicallly modified scaffolds

over 21 days (14 μg/mL) which was 10x higher that the concentration 

used by (Horobin et al., 2006) for migration assays, but lower than 
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the released maggot concentration used by (Smith et al., 2006) (50 

μg/mL).   

For granulation tissue formation, a burst release followed by a 

sustained release is required, which is in agreement with the release 

profiles found in this study. 

The activity of L. sericata maggot proteases was significantly reduced 

from cationically modified H-PCL compared the biological activity of 

L. sericata maggot E/S released from PCL-b-PEG/PCL  In term of the

loss of enzymatic activity, the literature indicated that non-specific 

interactions between enzyme and scaffold lead to undesired change 

on protein conformation and activity and in general all processing 

(freeze-thaw cycles, length of release studies, drying and washing 

procedures ) (Wang et al., 2009b).  Therefore, further investigations 

in the loss of protease activity from L. sericata maggot E/S after the 

released are suggested in order to determine which step causes a 

damaging effect on protease activity.   

The release of L. sericata maggot E/S occurred in a sustained manner, 

which means that these scaffolds show suitable characteristics for 

wound healing.   

It is the first time that this particular cationic polymer is used to 

absorbed L. sericata maggot E/S as a platform for the release of 

therapeutic molecules for wound healing.  The modification of PCL-b-

PEG/PCL scaffolds with cationic polymer improved the loading 

efficiency of a mixture of protein onto the surface and permitted the 

release bioactive molecules and preservation of biological activity of 

proteases from L. sericata maggot E/S. 
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CHAPTER 7 Conclusions and Future work 

The aim of this current research project was to develop a bioactive 

electrospun scaffold with suitable properties for fibroblast 

proliferation and infiltration.  The incorporation of therapeutic 

biomolecules from L. sericata maggot ES into these scaffolds was 

hypothesised to provide a potentially attractive and novel clinical 

solution to support skin wound healing.  Such a bioactive scaffold 

would provide the structural environment for cells to grow, infiltrate 

and release active molecules for healing wounds. 

The first part of this research focused on the investigation of 

biomolecules with therapeutic action on wound healing.  In this sense, 

fibroblast metabolic activity was tested using AlamarBlue® assay and 

the in vitro wound model scratch assay was used to evaluate 

fibroblast migration following exposure to different concentrations of 

propolis and its main components.  Previous research had not focused 

nor reported the effect of propolis on fibroblast migration for wound 

healing.  Instead, research has mainly tested the anti-invasion 

capacity of propolis to prove its anticancer effect on malignant cells 

(Barbarić et al., 2011, Carvalho et al., 2014).  On the other hand, 

propolis has been used for wound healing, in both in vitro and in vivo 

assays, significantly shortening the time of healing.  Considering that 

fibroblast migration is a crucial step to consider in the election of 

bioactive molecules for wound healing, it was hypothesized that 
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propolis and its constituent compounds quercetin, rutin and artepillin 

C may have a beneficial effect on wound healing by enhancing 

granulation tissue formation.  The cytotoxicity results revealed that 

propolis enhanced relative metabolic activity (%) at concentrations 

between 2.9-11.7 µg/mL, and at higher concentrations a cytotoxic 

effect was observed.  Higher concentrations of quercetin, rutin and 

artepillin C (100-30 µM) showed the same dose-dependent cytotoxic 

effect.  Additionally, no evidence was found that propolis and its 

compounds significantly enhanced NIH-3T3 fibroblast migration in 

vitro.  The beneficial effect of propolis on wound healing may be 

attributed to the anti-inflammatory and antimicrobial effect (Drago et 

al., 2007, Dota et al., 2011).  However, neither propolis nor its 

compounds influenced fibroblast migration.  It was therefore decided 

to use L. sericata maggot excretion/secretion as a source of bioactive 

molecules because of the known beneficial effects of L. sericata 

maggot ES on wound healing by enhancing fibroblast migration and 

granulation tissue formation (Horobin et al., 2005, Sherman, 2014, 

Bexfield et al., 2010, Britland et al., 2011). 

Next, scaffolds based on PCL and PCL-b-PEG/PCL with suitable 

mechanical, geometrical, and biological properties were developed. 

The aim was to enable fibroblast proliferation and infiltration, to 

support regeneration of the wound.  Scaffolds were fabricated using 

electrospinning.  The electrospinning set up, polymer concentration 

and solvents used were optimised to fabricate scaffolds with a random 

fibre arrangement.  It was possible to electrospin poly (ε-
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caprolactone) scaffolds with a fibre diameter ranging from 2 to 14 μm 

and PCL-b-PEG/PCL scaffolds with an average fibre diameter ranging 

from 1 to ~4μm.  It was found that PCL scaffolds, having a fibre 

diameter ~4 μm, with a porosity between 60-80%, thickness ~60-

144 microns, Young’s modulus of ~6 MPa, supported fibroblasts as 

evidenced by measurement of their metabolic activity and infiltration 

compared with PCL scaffolds with a lower or higher average fibre 

diameter.  Also, it was hypothesised that modification of the 

hydrophilicity of the PCL scaffolds may improve biocompatibility and 

also degradation rates of the material.  For that reason, PCL was 

blended with PCL-b-PEG/PCL and it was found that PCL-b-PEG/PCL 

slightly improved the hydrophilicity of the scaffold surface.  In 

addition, it was found that scaffolds fabricated from a ratio of PCL-b-

PEG/PCL (40:60 15% w/w) significantly enhanced fibroblast 

metabolic activity and infiltration (60%) compared with scaffolds 

fabricated from PCL alone.  Characterization of the PCL-b-PEG/PCL 

scaffolds showed an average pore size of ~40 μm and a porosity 

between 70%.  The mechanical properties of the PCL-b-PEG/PCL 

scaffolds mimicked that of ECM (Young’s modulus ~9 MPa).  In 

addition, the degradation rate of PCL-b-PEG /PCL scaffolds was faster 

than those fabricated from PCL alone.  In summary, the PCL-b-

PEG/PCL scaffolds met the requirements of providing a supporting 

scaffold for skin fibroblasts and as such, it was hypothesised that they 

possessed a greater potential for skin wound regeneration 

applications. 
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Furthermore, L. sericata maggot ES was incorporated into PCL, H-

PCL, and PCL-b-PEG/PCL electrospun scaffolds, with the aim that the 

bioactive molecules would be released in a sustained manner and 

enhance fibroblast migration (to promote wound closure).  Avidin and 

lysozyme were used as model proteins to evaluate the loading 

(adsorption) and release from PCL, H-PCL and PCL-b-PEG/PCL 

electrospun scaffolds.  It was found that lysozyme, a simple and small 

protein with a positive net charge was released faster and in greater 

quantities than avidin (a bigger and more complex protein).  L. 

sericata maggot ES (a complex mixture of proteins) was released 

from PCL and PCL-b-PEG/PCL scaffolds over 21 days.  PCL-b-PEG/PCL 

scaffolds provided a platform that allowed reduction of the burst 

release and allowed a sustained release of avidin which was also seen 

with L. sericata maggot ES.  In the first instance, scaffolds were 

incubated with 1 mL of 40 μg/mL of L. sericata maggot ES (as 

determined by the Bradford assay).  After 24 h incubation, 20 μg/mL 

of L. sericata maggot ES was loaded onto the scaffolds.  The 

cumulative amount of L. sericata maggot ES released from PCL-b-PEG 

scaffolds showed that after 24 h, 13 μg/mL (32%) had been released 

in total into the media and after 21 days a total of 14 μg/mL (67%) 

had been released.   

The loading and release of L. sericata maggot ES from electrospun 

scaffolds have not been reported before.  The incorporation of L. 

sericata maggot ES into a scaffold system created a novel solution for 

improved wound healing because the scaffolds provided fibroblast 

support and infiltration.   
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Moreover, post electrospinning modification of PCL, H-PCL and PLC-

b-PEG/PCL scaffolds using a cationic polymer PTMAEMA-PHPMA was 

used to improve the loading and release of proteins.  It was 

hypothesized that L. sericata maggot ES may be incorporated more 

efficiently on electrospun H-PCL and PCL-b-PEG/PCL scaffolds 

modified by the incorporation of a cationic polymer PTMAEMA30-b-

PHPMA180.  PTMAEMA-PHPMA was successfully synthesised by using 

RAFT polymerization, which was biocompatible with fibroblasts up to 

a concentration of 500 μg/mL.  Avidin and lysozyme were used as 

model proteins (two hydrophilic proteins with a positive net charge), 

which presumably interacted through induced hydrophobic and ionic 

interactions with the cationic polymer.  This resulted in higher loading 

of proteins on the surface of the scaffolds compared with protein 

loading on scaffolds without cationic polymer modification.  A 

comparison study of the release profile of avidin from PCL, H-PCL and 

PCL-b-PEG/PCL scaffolds with and without cationic polymer treatment 

showed that avidin released from cation polymer modified scaffolds 

tended to follow more zero-order kinetics; i.e the release of avidin 

from cationic modified scaffolds was not time-dependent.  While 

scaffolds without cationic treatment showed a burst release (first 

order kinetics), characterized by an increment of the avidin 

concentration in a time-dependent manner (during the first 6 h of 

incubation).  The release of proteins was reduced when the scaffold 

surface was modified with PTMAEMA30-b-PHPMA180 cationic polymer.   

Moreover, L. sericata maggot ES was loaded more efficiently onto 

cationically modified PCL-b-PEG/PCL scaffolds compared with PCL-b-
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PEG/PCL scaffolds (without cationic polymer).  No statistically 

significant differences were found between PCL and H-PCL scaffolds 

with and without cationic polymer modification. 

Release profiles of L. sericata maggot ES showed that the burst and 

cumulative release of L. sericata maggot ES were significantly lower 

when cationic polymer was incorporated into the scaffolds.  PCL 

scaffolds showed a significantly higher cumulative release of L. 

sericata maggot ES (25%) (P <0.0001) compared with cationic 

modified PCL scaffolds (20%) after 12 hours of release.  H-PCL 

scaffolds (with and without a cationic polymer) did not reveal any 

significant differences in terms of cumulative release of L. sericata 

maggot ES; values reached ~25%.  While PCL-b-PEG/PCL scaffolds 

showed a significant higher cumulative release of 30% (P 0.0050) 

compared with L. sericata maggot ES released (25%) from cationic 

modified PCL-b-PEG/PCL scaffolds.  Release profiles of L. sericata 

maggot ES released from cationically modified were similar.  No 

statistical significant differences were found at the end of 21 days of 

L. sericata maggot ES released from the different scaffolds.  Analysis

of PCL-b-PEG/PCL scaffolds showed that after 21 days a total of 14 

μg/mL (60%) had been released.   

The release of L. sericata maggot ES occurred in a sustained manner, 

which according to (Leung et al., 2011) is a desirable characteristic 

of scaffolds for wound healing.  It was hypothesised that a sustained 

release of a serine proteinase can provide the stimuli for fibroblast 

migration from the edges of the wound into the scaffold.   
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In addition, the protease activity of L. sericata maggot ES was 

preserved when PCL-b-PEG/PCL and cationically modified PCL-b-

PEG/PCL scaffolds were used as the platform for release. 

Contribution of this thesis to new knowledge: 

This thesis has developed a 3-D PCL-b-PEG/PCL scaffold proposed for 

the enhancement of skin wound healing.  The thesis revealed that it 

is possible to develop bioactive electrospun scaffolds based on PCL-

b-PEG/PCL polymers with suitable properties for cell proliferation and 

infiltration.  PCL-b-PEG/PCL scaffold offered a platform for loading and 

releases of bioactive molecules from L. sericata maggot ES that 

possess therapeutic properties to accelerate granulation tissue 

formation.  In addition, PCL-b-PEG/CPL can be post modified with a 

cationic polymer to increase the loading efficiency of negatively 

charged proteins (by electrostatic interactions) and with proteins with 

a net positive charge but possess negative amino acid residues. 

Therefore, PCL-b-PEG/PCL scaffolds may provide a cost-effective 

solution for skin wound healing through the delivery of bioactive 

molecules.  

Limitations of the current work  

Some limitations have been set due to environmental restrictions for 

L. sericata maggot ES production.  This may include the production of

L. sericata maggot ES in a sterile environment to avoid contamination

and possible loss of activity due to bacterial infections. 
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7.1 Future work 

No evidence was found that propolis, quercetin rutin and artepillin C 

significantly enhanced NIH-3T3 fibroblast migration in vitro.  Future 

work will need to consider fibroblast from other species and primary 

cell lines.  Also, an in vivo investigation of the influence of propolis on 

fibroblast migration in vivo should also be considered. 

Propolis or its compounds positively influence wound healing through 

different pathways.  For example, propolis aids wound healing by 

controlling the inflammatory response and infection.  It would be 

appropriate therefore to incorporate propolis onto scaffolds for 

release in a controlled manner subsequent assessment of the material 

in vivo. 

In addition, this thesis has demonstrated the potential use of 3-D PCL-

b-PEG/CPL scaffolds for the treatment of chronic skin wounds by 

offering a suitable environment for fibroblasts to proliferate and 

infiltrate.  PCL-b-PEG/PCL electrospun scaffolds enhanced 

significantly fibroblast proliferation and cell infiltration. After 

comparing the chemical properties of PCL and PCL-b-PEG/PCL 

scaffolds it was not clear why PCL-PEG/PCL improved fibroblast 

infiltration.  Therefore, this will be considered in the future work, to 

further evaluate the effect of PCL-b-PEG/PCL on the wettability of a 

surface preparing the polymer on a slide as a film and extrapolating 

that data to the 3D scaffolds (due to the difficulties in making water 

contact measurements on the scaffolds due their surface roughness).  
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An electrospun scaffold should facilitate the wound healing and 

regenerative process which should and coincide with the degradation 

time of the scaffold.  Therefore, this will be considered in the future 

work, to further explore alternative polymers or tuning the existing 

PCL-b-PEG co-polymer to increase the degradation rate to range from 

several weeks to 6 months. 

In chapter 5 and 6, the loading and release of L. sericata maggot ES 

onto the electrospun scaffolds was conducted.  In the future, it should 

be considered to explore other methods to incorporate L. sericata 

maggot ES onto the scaffolds to minimise the loss of activity during 

loading and release.  In addition, this part of the research needs to 

further evaluate therapeutic effectiveness of the L. sericata maggot 

ES released from electrospun PCL-b-PEG/PCL scaffolds on fibroblast, 

endothelial and keratinocytes in vitro and in vivo.  An in vivo model 

that allows the testing of the effect of L. sericata maggot ES for a long 

period of time (including histological assessment) will be necessary to 

evaluate any local effect on wound healing.  In the case of L. sericata 

maggot ES released from cationically modified scaffolds, future work 

needs a cationic polymer structure that has less density charge.  

In addition, it will be necessary to consider further characterization of 

the electrospun scaffolds containing L. sericata maggot ES to acquire 

information regarding protein structure and stability on/in the 

scaffolds.  Preliminary FTIR and DSC analyses were conducted.  It will 

be considered in the future work, to expand FTIR spectra to further 
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analysis of bands ~1650 and 1550 cm-1 (detection of amides I and II) 

to determine the presence of the proteins on the material   

Finally, chronic wounds are characterized by the present of 

macrophages and other leukocytes that infiltrate the tissue and 

release an important number of cytokines, proteases and ROS.  Here 

it is proposed to design a Reactive Oxygen species (ROS) responsive 

polymer to trigger L. sericata maggot ES for future work.  ROS 

responsive polymers could be used as carriers of L. sericata maggot 

ES on the surface of the electrospun fibres surface such that the 

release of the proteins is triggered in situ on the wound bed. 
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chemical characterization of Propolis Water soluble extract 

using HPLC methodology 

Figure 1 – Chromatography profile of Propolis Water Soluble Extract. 

(1) Caffeic acid; (2)p-coumaric acid; (3) cinnamic acid and (4) 

artepellin C. The chromatograms were plotted at 275 nm, using RP-

HPLC, C18 (Shim-pack, CLC-ODS (M), 25 cm x 4.6) column and 

gradient elution with methanol and acidic water (formic acid pH=2.7). 

        

Table a) Chemical characterization of Propolis Water Soluble Extract, using 
HPLC methodology according Berretta et al. (2012). 

 

Compounds  

mg/g 

Caffeic acid 4.836 

p-coumaric acid 4.476 

Cinnamic acid 0.451 

Artepellin C 44.078 
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1 - Caffeic acid
2 - P-coumaric acid
3 - Cinnamic Acid
4 - Artepelin C
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Calibration curves for 3T3, GFP-3T3 and Bj6 cells 

The graph shows a representative calibration curve for the range of 

cell densities (60,000 - 240,000 cells/mL).  A linear relationship was 

observed between 60,000 cells/mL and 240,000 cell/mL where linear 

regression was equal (R2 was 0.99).   

 

 

 

Figure Shows a representative calibration curve. Fluorescent intensity (nm) versus NHI-3T3 Fibroblast 
concentration (cells/mL) of a set of standard solution. Three independent experiments 
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Electrospinning of PCL-b-PEG polymers SEM micrographs (at x3000).  Scale bar 20 
µm and log –normal distribution of the size and frequency of their respective fibres  

Electrospinning parameters for PCL-b-PEG scaffold production 

 

Electrospinning of PCL-b-PEG polymers 
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Biological evaluation of electrospun fibre scaffolds of PCL-b 

PEG/PCL blends  

Figure 5.4 reveals the metabolic activity of GFP expressing murine 

fibroblasts when cultured on PCL-b-PEG/PCL scaffolds.  In general, 

fibroblasts on PCL-b-PEG/PCL 40:60 scaffolds showed, from an early 

stage, to exhibit greater metabolic activity than scaffolds made with 

a higher content of PCL-b-PEG (PCL-b-PEG/PCL ratios 50:50 and 

60:40) and compared to PCL alone scaffolds (chapter 4).  For this 

experiment, the fibre diameter of the tested scaffolds was maintained 

in the microscale, ranging between 2 and 3 μm.  Since the PCL-b-PEG 

fibres had a diameter of 0.1±0.1 μm and were not uniform, these 

fibres were not tested further.

 

 

Figure - Fluorescence readings of metabolic activity of 3T3 GFP fibroblasts cultured 

on PCL-b-PEG/PCL scaffolds over 12 days.  3T3 metabolic activity was assessed using 
Alamar Blue®. Two way-ANOVA, Tukey’s multiple comparison test. Three independent 
experiments carried out in triplicate (means±SD).   
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Statistical analysis of L. sericata maggot E/S, LYZ-Rho and 

AVi-FITC loading % on PCL, H-PCL and PCL-b-

PEG/PCL scaffolds. 
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Calibration curves 
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DSC thermograms of A) PCL electrospun scaffolds with and without L. 
sericata maggot E/S and B) PCL-b-PEG/PCL electrospun scaffolds with and 
without L. sericata maggot E/S. 
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Fourier-transform infrared spectra of PCL, H-PCL and PCL-b-PEG/PCL electrospun 
scaffolds coverage with L. sericata maggot E/S. 
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Amino acid sequences of lucifencin, chymiotrypsin and trypsin 

from maggot ES. 
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