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Abstract  
The lymphatic system comprises tubular vessels which transport lymph back to the 

blood. Injury to the lymphatic vessels including surgery or radiation therapy during 

cancer therapy impairs lymphatic fluid transport, with the result that interstitial fluid 

accumulates causing oedema and inflammation. The lack of effective therapies to 

address these problems highlights the need to improve understanding of lymphatic 

vessel development and growth, which is key to the development of novel  

approaches to treat this debilitating condition.  
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While regenerative medicine has the potential to resolve lympoedema through the 

reconstruction of a functional lymphatic microvasculature, the organisation of 

endothelial cells into capillaries remains a significant challenge. The interactions 

between migratory lymphatic endothelial cells (LECs) and surrounding extracellular 

matrix (ECM) are of central importance to microvessel formation.   

In the present study, hydrogels were employed to study lymphatic vessel 

development and maintenance in vitro. Further, a simple electrospinning set up 

comprising two parallel collectors was used to spin-coat aligned polymer fibres, 

representing the elastic fibre component of the ECM, over collagen hydrogels. The 

resulting fibre reinforced collagen gels have been employed here to study the growth, 

migration and vessel formation of lymphatic endothelial cells in vitro, with the aim 

of elucidating the initial steps of a functional lymphatic tissue, and to serve as a 

model of lymphedema for use in research.  
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Thesis Introduction   
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1.1 Introduction  

The human body is exposed to environmental damage over the course of time, as are 

all living things. Damage occurs in many ways to a living system; radiation, diseases, 

physical impact, heat and intoxication are only a few examples of environmental 

damage. Such damage accumulates over time and leads to inevitable cell death 

(necrosis) followed by tissue death and organ failure. Although we cannot avoid 

damage to our body as it is part of our daily life, the human body is able to avoid 

tissue and organ failure to some extent through self renewal. A living system, such 

as our body, constantly reconstructs itself, replacing necrotic tissues and cells with 

newly formed ones. Living organisms use two methods to reconstruct themselves. 

Regeneration, in which the necrotic cells are replaced by new cells that reform the 

original tissue; or repair, in which injured tissue is replaced with scar tissue. 

Depending on the extent of the damaged area, tissues will heal using a mixture of 

both mechanisms. Severe damage (i.e. heavy physical injuries such as large burns 

and cuts, progressive liver damage due to high alcohol consumption, aggressive 

bacterial or parasitic infections and other sorts of extensively prolonged 

immunological inflammation) will result mostly in scar tissue. Scar tissue is only a 

structural replacement without tissue and organ functionality. In general, scar tissue 

does not re-form into functional tissue without external medical intervention.   

Regenerative medicine is the process of creating living, functional tissues to a) 

support the regenerative healing within the living organism, and b) to reconstruct 

impaired and scarred tissues or organs to their functional state. The principle of 

regenerating medicine is to regenerate damaged tissues and organs in the body by 

stimulating previously irreparable organs to heal themselves. Regenerative medicine 
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also includes tissue engineering, which describes the growth of tissues and organs in 

the laboratory and their safe implantation when the body cannot heal itself. Scar 

tissue can be prevented and replaced with tissue engineered products. Moreover, 

tissue engineering attempts to generate specific physiological functional tissues as 

well as dysfunctional diseased tissue models in the laboratory. Such physiological 

tissues and disease models are contributing to our understanding of contemporary 

biological issues such as wound healing, cancer or embryonic development. Cells 

used in tissue engineering are mostly obtained by biopsy from a donor. These are 

either somatic cells or stem cells which are expanded in tissue culture and re-grown 

to form functional tissue. The standard approach to generate a tissue from single cells 

is to stimulate cell growth and differentiation with bio-molecules on 3D constructs, 

which mimic closely the body’s own environment [1]. Cells, bio-molecules and a 3D 

scaffold are the three fundamental requirements of tissue engineering state –of- theart 

products.  

The primary objective of a 3D constructs or scaffolds is simply to provide a 3D 

surface for cell growth. Advanced structures provide mechanical, structural and 

biological cues for specific tissue generation. There are various methods to produce 

scaffolds. Mostly, 3D porous material is produced for tissue engineering applications 

with simple techniques such as solvent casting, gas foaming or phase separation. The 

products provide a good surface for efficient cell growth, but the solid porous 

structures are very different from the native cellular environment limiting essential 

cues for soft tissue generation. A 3D scaffold structure can be also generated with 

electrospun polymer nanofibres; a method to produce mats of nonwoven nano and 

micro sized fibres [2]. The advantage of electrospun scaffolds is that its unique fibre 
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properties mimic the fibre network of the extracellular matrix (ECM). It is already 

possible to create such a scaffold that can provide the topographical cues and contact 

guidance for alignment and growth direction of cells [3]. However, properties of 

electrospun scaffolds are unique to every tissue and little is known about lymphatic 

endothelial cells behaviour with electrospun polymer fibres.   

The development of tissue engineered implants has already contributed to patients’ 

well-being in several areas. Simple tissue engineered grafts for cartilage, urinary 

bladder tissue, cornea and cardio-vascular tissue are used in experimental medical 

procedures. For instance, vascular grafts of the body’s own (autologous) bone 

marrow cells seeded onto biodegradable polymer conduits or patches have been 

implanted in children with congenital heart defects. The tissue engineered vessels 

remained functional and adapted to the body environment [4]. In the past 20 years, 

tissue engineering applications and models with electrospun scaffolds have been 

extensively explored in the areas of vascular diseases, but very little attention has 

been devoted to the closely related lymphatic system, which originates from the 

blood vessel system. In this thesis I will focus towards the lymphatic system and 

develop a tissue engineered model with electrospun material. My approach aims 

towards a structured and biologically functional scaffold seeded with engineered 

lymphatic cells, which could be implanted post-surgically in order to support the 

injured tissue area with a functional network, cell guidance and accelerated would 

healing.  

1.2.1 Background Lymphatic System  

The lymphatic system is a closed network originating from the interstitial tissue 

(interstitium) as small lymphatic capillaries [5]. Lymphatic capillaries are 
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blindended vessels formed by a single layer of overlapping endothelial cells (Figure 

1). It is important to point out that the basement membrane of lymphatic capillaries 

is often absent or discontinuous. This specific morphology allows particles, fluids, 

macromolecules and cells to enter the vessels easily [6]. Whereas vascular 

endothelium consists of a solid basement membrane, lymphatic vessels present thin 

fibrillar structures, called anchoring filaments. The anchoring filament connects the 

abluminal surface of lymphatic endothelial cells (LECs) to the extracellular matrix 

of the interstitium, providing a way to sense the expansion of the interstitium [7]. 

Under physiological conditions, most lymphatic capillaries remain collapsed. 

However, when interstitial pressure increases due to enhanced fluid leakage from 

hyper- permeable blood vessels (oedema), the anchoring filaments exert tension on 

the LEC to pull open the overlapping cell junctions so that fluids are able to flow 

into the lymphatic capillaries [8]. Lymphatic capillaries (~50 µm in diameter) join to 

form collecting lymphatic vessels (80-200 µm in diameter) [9]. A distinguishing 

feature of collecting lymphatic vessels is intraluminal valves [5,9]. Large collective 

vessels or lymphatic ducts are surrounded with smooth muscle cells. The 

spontaneous contraction of smooth muscle cells, and surrounding skeletal muscles, 

as well as arterial pulsations, contribute to active lymph fluid propulsion, and valves 

prevent backflow [9]. Collecting lymphatic vessels closely follow the veins from the 

legs and release their lymph into the thoracic duct that drains into the great blood 

vessels (brachiocephalic vein) in the chest (Figure 2). Moreover, the lymphatic vessel 

system includes specific lymphoid organs, such as lymph nodes, tonsils and Peyer’s 

patches.   
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Lymphatic capillaries are present in the skin and in most internal organs, with the 

exception of the central nervous system, retina, bone marrow and avascular tissues 

such as cartilage, cornea and epidermis. The lymphatic vascular system is a 

characteristic feature of higher vertebrates, whose complex cardiovascular system 

and large body size require the presence of a secondary vascular system for the 

maintenance of fluid balance [10]  

Figure 1: Lymphatic Anatomy  

Lymphatic capillaries are blind-ended 

tubes with thin endothelial walls (only a 

single cell in thickness). They are arranged 

in an overlapping pattern, so that pressure 

from the surrounding capillary forces at 

these cells allows fluid and protein to enter 

the capillary. The capillaries are fixed with 

a fine anchoring filament within the ECM. 

The lymphatic capillaries grow 

progressively larger and form collective 

vessel and lymphatic ducts. Collective 

vessel and lymphatic ducts vessels have 

one way valves to prevent any backflow. 

The pressure gradients that move lymph 

through the vessels come from skeletal 

muscle action, smooth muscle contraction 

within the smooth muscle wall, and 

respiratory movement; Image adapted from 

Alitalo et al. 2005 [10]  

  

The main function of the lymphatic system is to control tissue fluid homeostasis, 

which means it maintains the interstitial tissue fluid balance by draining protein rich 

lymph from tissues and organs and transporting it back to the blood vascular system 

for recirculation [11]. It is still not clear how much fluid from the interstitium is 

transported via the lymphatic system; various sources claim up to 5%-20% of the 

total fluid circulation in the human body [12]. Oxygen, nutrients and hormones are 

delivered to tissues by blood vessels, and capillaries are involved in the molecular 
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exchange of these compounds with the surrounding tissues. Blood pressure causes 

plasma to leak continuously from the capillaries into the interstitial space. The main 

function of the lymphatic vasculature is to return a lipid- and protein-rich fluid back 

to the circulating blood (Figure 2). For example, the absorption of dietary fat, which 

is secreted by enterocytes in the form of lipid particles, is facilitated by the 

lymphatics [7]. The lymphatic system transports fluid and macromolecules, also 

cells, such as white blood cells - monocytes, dendritic cells and leucocytes [6]. Some 

cells (lymphocytes) are generated at the lymph node directly. White blood cells exit 

and enter through the blind-ended lymphatic capillaries or initial lymphatics. From 

the initial lymphatics, lymph fluid is transported towards collecting lymphatic 

vessels and is returned to the blood circulation through the lymphatico-venous 

junctions in the jugular area. On its way, lymph is filtered through the lymph nodes, 

where it responds to foreign particles, cells and cancer cells. Foreign particles, taken 

up by antigen presenting cells, are used to initiate specific immune responses in the 

lymph node; reviewed by Alitalio et al. 2005 [10]. All together the lymphatic system 

has three main functions: fluid homeostasis, macromolecular transport, in particular 

lipid circulation and metabolism, and an immunological response system  
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Figure 2: Lymphatic System  

Left image shows the lymphatic network in the human body. The lymphatic system 

parallels the cardiovascular system. Right image shows the connection between 

lymphatic and vascular network. Lymph is a fluid derived from blood plasma. It is 

pushed out through the capillary wall by pressure exerted by the heart or by osmotic 

pressure at the cellular level. Lymph contains nutrients, oxygen, and hormones, as 

well as toxins and cellular waste products generated by the cells. As the interstitial 

fluid accumulates, it is picked up and removed by lymphatic vessels that pass through 

lymph nodes, which return the fluid to the venous system. Image source with 

permission from, Les Laboratories Servier Medical Art © 2006   

  

Lymphatic regeneration and healing: Wound healing is essential for lymphatic 

regeneration. Should the healing process be impaired, large areas of scar tissue can 

be formed. Lymph vessels cannot grow through the dense collagen fibre formations 

of scar tissue and the area will be without functional lymphatic vessels, which can 

cause major physiological problems such as oedema [13].   

Generally, lymphatic regeneration during wound healing is driven strongly by 

vascular endothelial growth factor A and C (VEGF-A and C). Immunological cells 

such as macrophages infiltrate the injured area excreting various bio-molecules, 
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including VEGF-A and C which chemo-attract the invasion of vascular and initial 

lymphatic capillary sprouts from non-damaged areas [14]. A nascent lymphatic 

network is only visible after vascular networks are established [11]. Therefore, 

biomolecules excreted by vascular endothelial cells might be a key factor for 

lymphatic vessel re-growth during wound healing. Further, vascular endothelial cells 

and other reconstructing cells such as fibroblasts deposit collagen type I loosely 

during wound healing. This is thought to be a structural attractant for lymphatic 

vessel reformation. Actually, the full spectrum of lymphatic chemical and structural 

attractants is unknown. Moreover, regeneration is a process of constant tissue 

reformation in an orchestrated manner. It is not known how many key factors 

contribute to morphological and functional changes in the lymphatics during this 

process. However, functional lymphatic tissue is different compared to the transient 

state of the tissue achieved during wound healing. Mature lymphatic vessels are 

surrounded by a fibronectin based ECM [7]. Areas are populated by different cell 

types excreting different sets of growth factors and the lymphatic vessel itself 

matures to a collective vessel structure with a functional valve system.   

The complexity of the dynamic regeneration process with its transient morphological 

and environmental stages in comparison to our current knowledge about lymphatic 

vessels makes it hard to establish a functional model. Currently, chemokines such as 

VEGFs, structural proteins such as collagen and a 3D environment have been 

proposed to be key factors in lymphatic morphogenesis. The challenge in this thesis 

is to find an environment which provides supporting factors for lymphatic re-growth. 

I will focus in this thesis on structural proteins and polymers that can influence 

growth, survival and morphology of LECs.  
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1.2.1 Background Electrospinnning  

Electrospinning is the most versatile, simple, cost-effective and scalable method to 

fabricate micro- and nano- fibres. The merit of this technique is that it can produce 

scaffolds with most of the structural features required for cell growth and subsequent 

tissue organization. It also offers many advantages over conventional scaffold 

methodologies. For example, it can produce ultra-fine fibres with spatial orientation 

and a high surface-to-volume ratio; the process provides control over fibre diameter 

and gives flexibility for surface modification [15]. This technique was first 

introduced by Zelency in 1914 [16]. Later, Formhals contributed much to the 

development of electrospinning and obtained several patents in the 1930s and 1940s. 

In those days it was called electrostatic spray or electrostatic spinning and then 

renamed as electrospinning in the 1990s.   

The advantage of electrospinning is that ultra-fine polymer fibres can be prepared 

from almost any polymer with a sufficiently high molecular weight that forms a 

solution. Synthetic and natural polymers, polymer blends, nanoparticles or drug 

impregnated polymers as well as ceramic precursors have been successfully 

electrospun into nanofibres. Different fibre morphologies such as beaded fibres, 

ribbon fibres, porous fibres and fibres with a core-shell structure have also been 

electrospun [17].  

The technique of electrospinning is simple: a syringe is loaded with a polymer 

solution, which is forced out by the application of a high voltage of the order of 5-

30 kV between the syringe tip and a collector. The polymer melt or solution is 

pumped out of the spinneret at a controlled rate. Under the high voltage field the 
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polymer solution is drawn from the needle tip towards the collector with the opposite 

charge. A thin jet of the polymer liquid flies towards the collector plate. As the 

charged jet accelerates toward the collector with opposite charge, entanglements of 

the polymer chain will prevent the jet from breaking up, while the solvent evaporates 

resulting in the formation of randomly oriented micro and nanofibres. Fibre diameter 

and morphology is controlled mainly by the polymer composition, flow rate and 

applied voltage and fibre alignment can be generated by different collector 

arrangements (see Chapter 3 and 4). Electrospun nanofibres can be further 

biologically functionalized, reinforced and integrated with other materials for 

applications including enzymatic catalysts, filters, textiles, optics, electronics, 

sensors, medical dressings and tissue engineering scaffolds [18].   

In the field of tissue engineering, electrospun nanofibre scaffolds have been actively 

explored for different applications such as skin [19], cartilage [20], bone [21], blood 

vessel [22], heart [23], and nerve [24]. In this thesis electrospun fibres of defined 

alignment and diameter will be generated and incorporated within hydrogels to 

regrow lymphatic vessel structure. Our main focus (Chapter 5) is to evaluate the 

relationship between the LECs growth and the nanofibre environment.  

  

1.3 Motivation  

Lymphatic disorders are quite common and impairment of the lymphatic system 

leads in most cases to lymphedema. Lymphedema is the development of lymph fluid 

in soft tissues, interstitial spaces, and subcutaneous fat due to inadequate drainage. 

While the exact cause of lymphedema is still unknown in some diseases, it generally 

occurs due to poorly developed or missing lymph nodes and/or channels in the body.  
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Lymphedema can be of various origins such as parasitic infestation by filariasis [25], 

hereditary diseases such as Milroy’s disease [26] and most commonly in western 

countries during the treatment of cancer, particularly gastric and breast cancer. It 

occurs in 20-30% of breast cancer patients, who have undergone lymph node 

removal [27]. The great challenge of post surgical lymphedema is the reconstruction 

of the interrupted lymphatic vessel with a regenerative approach. Currently, there 

have been only a few significant approaches to address this medical condition. Four 

different approaches demonstrated amelioration of lymphedema; microsurgical 

lymphatic transplantation and lymphatic anastomosis in human trials [28,29], 

mesenchymal stem cell injection with animal models [30], growth factor stimulation 

with vascular endothelial growth factor (VEGF-C) [31], biomaterials and hydrogels 

such as collagen hydrogels [13] and a combinatory approach with a hyaluronan 

hydrogel based drug delivery system [32]. The tissue engineering approach in 

lymphatics is still under developed. Although lymphatic capillaries have been 

engineered in the past [33], laboratory approaches have not improved further than 

simple 3D lymphatic endothelial cell (LEC) cultures. Physiological vessels have not 

been developed, and neither have been scaffolds and biomaterials generated to 

support lymphatic growth in 3D hydrogels or scaffolds. This thesis set out to explore 

the possibility of generating tissue engineered lymphatic vessels in hydrogels and 

elucidate biomaterial and matrix mechanism(s) by which lymphatics can be 

sustained  

in vitro.   
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1.4 Thesis Objectives  
The work of this thesis describes the development of a novel tissue scaffold for 

lymphatic regeneration based on collagen type I hydrogels which are first reinforced by 

electrospun nanofibres to mimic structural features and matrix organisation of native 

tissue. The properties and dimensions of the polymer fibre materials which influence 

lymphatic growth, attachment and organisation were determined. Prior to that, the 

electrospinning technology was modified and a new electrospinning procedure was 

developed to produce aligned nanofibres specifically on hydrogels. Moreover, 

lymphatic growth and tube formation was analysed in various hydrogel and biomaterial 

conditions. The research aim was to generate a scaffold that would support lymphatic 

development and provide topographical cues to direct lymphatic migration and growth 

for applications in regenerative medicine.  

1.4.1 Objectives Chapter 2  

LECs have shown to express a unique set of antibody markers which set them apart 

from other cell types, especially from vascular endothelial cells [34,35]. These 

markers are important in identifying LECs in co-culture and tissues. However, their 

expression can change with origin and age, especially after in vitro culture [36]. 

Therefore, a set of LECs markers was evaluated in in vitro culture and from fresh 

specimens. The aim was to establish a reliable set of markers for further experiment 

with co-culture and animals.  

LECs growth ex-vivo has been shown to be dependent on VEGF-C [37]. Growth 

factor supplementation is very costly and delivery can be difficult in tissue 

engineered scaffolds. Further, it has been postulated that structural proteins 

contribute to cell growth, differentiation and maintenance in combination with 



14  

  

growth factors [34]. However, structural key factors have not been evaluated yet for 

LEC in vitro culture and tissue culture. Therefore, the effect of growth, morphology, 

tube formation and decay of LECs on ECM proteins (e.g. collagen) was investigated.  

An objective of this thesis was to identify a structural protein which supports LEC 

growth with limited supplementation of VEGF-C in vitro culture.  

Another strategy to reduce VEGF-C supplementation in LECs culture was  

implemented by using fibroblast co-culture. Fibroblasts are known to support various 

cells in culture (e.g. skin keratinocytes, skin models), by excreting vascular growth 

factors and basic fibroblast growth factor (FGF-2). Therefore, it was an objective to 

support lymphatic vessel functionality in vitro with a fibroblast co-culture.  Together 

these approaches with growth factors, biomaterials and co-cultures targeted a tissue 

engineering approach to develop functional lymphatic vessels in vitro.  

1.4.2 Objectives Chapter 3  

Electrospinning of polymer fibres is an established procedure. Although properties 

of electrospun material have been evaluated for most biomedical grade polymer 

types [38], there are strong differences between laboratories and electrospinning set 

ups due to surrounding environmental conditions and “home made” equipment. 

Therefore, electrospun polymer materials were evaluated with regard to morphology, 

diameter, porosity and biodegradation. A set goal was to establish the specific 

laboratory electrospinning parameters in order to generate reproducible materials for 

further cell culture experiments.   

1.4.3 Objectives Chapter 4  

Electrospinning technology produces random meshes of polymer nanofibre. In order 

to spin nanofibres with a specific direction or alignment the electrospinning set up 
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had to be modified. Modifications have been carried out at the electrospinning 

collectors, which can direct a relatively orderly deposition of fibres [39]. In addition, 

manipulations of the electrostatic field (e.g. applying alternate current or dividing 

collectors with an individual electrostatic field “dual field”) are known to support the 

alignment of the electrospun material [40]. “Dual field” electrospinning technology 

has been poorly investigated and applications in cell culture or surface coating have 

not been established yet. Therefore, control of fibre quality and its dependence on 

several electrospinning parameters (eg. voltage. collector distances, humidity, 

collecting surfaces…) were evaluated. Further, the electrostatic field of the 

electrospinning process was manipulated and switched to an alternating electric field 

between two parallel positioned collectors in order to produce higher alignment and 

better reproducibility. The technology was utilized to electrospin fibres over surfaces 

such as hydrogels, or tissue culture plastics/glass for tissue engineering applications. 

The aim was to produce highly aligned single, and/or sheets of, polymer fibres with 

a specific fibre to fibre distance, orientation and fibre diameter which could be 

collected over various surfaces in the form of a surface coat.   

1.4.4 Objectives Chapter 5  

Cells growing on nanofibre constructs have been shown to recognize the nanofibre 

features via surface chemistry and topography. The interactions of cells are different 

from one cell type to another [41]. Specific fibre diameter and fibre alignment can 

provide the cells with environmental cues to organize in a specific manner and grow 

and differentiate accordingly [42]. Although there have been many approaches to 

growing endothelial cells on nanofibre sheets [41], it has been technologically 

impossible to produce 3D scaffolds with organized fibres. A 3D environment is 
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crucial for LECs to generate vessel like structures (Chapter 2) which resemble the 

native state of lymphatic vessels. Therefore, hydrogel nanofibre constructs with 

specific dimensions were generated to investigate tube formation and growth of 

LECs. The aim was to determine the quality and quantity of topographical cues in 

the form of nanofibre alignment and density to organize LECs in collagen hydrogels. 

The overall objective was to establish a lymphatic tissue model that satisfies the 

tissue engineering approach.  

1.5 Thesis organization  
  

The thesis is composed of 6 chapters.  

Chapter 2, 3, 4 and 5 are designed in the form of research papers. The chapter 

are conclusive and can be read without knowing or referring to the previous 

or following chapters. However, Chapter 5 builds upon the acquired 

knowledge from previous chapters and combines their achievements in a final 

study.   

Each chapter has an individual introduction, which provides a literature 

review giving an extensive background with respect to the technology, 

biological or bioengineering application of that chapter. The introduction is 

followed by a methodological section, which describes the experimental 

designs, materials and the mathematical models used as well statistical 

evaluations of the experimental data. The results section lists the findings of 

the conducted experiments in the form of images, charts and tables. The 

experimental results are described and evaluated in this section. The 

discussion section places the results and methods in context with current 
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research reports and weighs them against correlating, as well as controversial, 

publications. Directions and recommendations for future research are 

provided in this section. The conclusion section summarizes key findings and 

their importance.  

  

Chapter 1 describes the general background about lymphatic biology and  

electrospinning. Further it portrays the motivation and objectives of this research.  

Chapter 2 presents a study on the significance of lymphatic endothelial cell culture 

within hydrogels and variations of biomaterials. The chapter explains also the 

difficultly in lymphatic characterization and sets out a new approach in developing 

a lymphatic endothelial cell co-culture system.  

Chapter 3 documents the generation of electrospun nano- and micro- fibres with 

various biodegradable polymers. Polymer fibre properties and biodegradability are 

illustrated in this chapter.  

Chapter 4 describes a new electrospinning design and methodology to produce 

aligned polymer fibres over metallic, inert solid materials and hydrogel surfaces. The 

fibre alignment properties and electrospinning process parameters are evaluated and 

discussed in this chapter.  

Chapter 5 sets out to combine lymphatic hydrogel culture with the application of 

electrospun aligned polymer fibres to guide cellular growth and migration. This 

chapter shows how fibre parameters such as diameter, alignment degree and 

hydrophilicity influence lymphatic migration and tube formation in hydrogels.   
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Chapter 6 concludes with a summary of the findings of this research thesis and 

discusses prospects for future research and development in the field of lymphatic 

tissue engineering.  

Chapter II  
Lymphatic 

Endothelial Cell 

Culture, 

Characterisation 

and Tube Formation 

in  

Hydrogels  

Lymphatic Endothelial Cell Culture, Characterisation 

and Tube Formation in Hydrogels  

2.1 Introduction  

2.1.1 Lymphatic Tissue Identification and Characterisation  

  

The lymphatic tissue can be visualized and mapped in human and animal bodies with 

new non-invasive methods [43]. However, identification and characterization of the 



19  

  

lymphatic system is still carried out with invasive (surgical) methods [44]. The Latter 

methods have contributed to the understanding of the lymphatic vessel 

anatomy.[45,46]. The collective lymphatic vessels in the body appear translucent or 

white in colour after fat digestion. Animals are given an oil gavage 1h before 

dissection, which helps to identify the lymphatics [44]. However, lymphatic vessels 

collapse within a few minutes after physiological death. A fine transparent vessel 

structure is left behind, which makes it difficult to identify the structure from 

surrounding tissue. Hence, lymphatic dissection is often performed under 

anaesthesia. Moreover, small initial lymphatic vessels within the connective tissue 

are not detectable without strong magnification and staining with Evans Blue [44] or 

by fluorescence microlymphography [47].  

Dissected lymphatic tissues such as the initial lymphatics of the interstitium or 

collective vessels of the mesentery were often analysed by electron microscopy [48]. 

Significant progress in lymphatic vessel identification has emerged with the 

development of a specific antibody marker in the late 1990s. The discovery and 

development of Prospero-related homeobox transcription factor (Prox-1) in 1998 by 

Wigle and Oliver [49] has made identification of lymphatic vessels available for 

science and medicine. Prox-1 is mostly applied with other markers for lymphatic 

identification such as the endothelial hyaluronan receptor (Lvye-1), Podoplanin and 

vascular endothelial growth factor receptor -3 (VEGFR-3).   

Prox-1 is expressed at an early stage in embryonic development, and represents the 

first cell commitment towards the lymphatic lineage [49]; promoting the 

organization of sprouting LECs [50]. In adulthood it controls the on/off set of 

lymphatic genes related to morphogenesis [51]. Hence, Prox-1 has been established 
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as the master control gene in lymphatic endothelial cells. Prox-1 is a nuclear 

transcription factor whose appearance, unlike other markers such as LYVE-1 and 

VEGFR-C, is  

exclusive to cells of committed lymphatic lineage [52].  

Other bio-markers commonly used to demonstrate lymphatic competence (Table 1) 

are VEGFR-3/Flt4, the lymphatic endothelium-specific hyaluronan receptor 

(LYVE1) and Podoplanin. VEGFR-3, and its associated growth factor, initiate 

migration from the anterior cardinal vein [53]; it is required for migration and 

proliferation, but not for vessel tubulogenesis in adults [54]. LYVE-1 represents a 

major component of the extracellular matrix binding to hyaluronan, although it is 

expressed during embryonic development in early lymphatic and blood vessels [55-

57], it is absent in mature blood endothelial cells (BECs) [58]. The complete 

functions of LYVE-1 in lymphatics remain largely unknown. Podoplanin expression 

is maintained by Prox-1 positive cells [59]. Moreover, podoplanin is an essential part 

of the motile/adhesive apparatus in the plasma membrane of the lymphatic vessel 

wall [59-61], which promotes adhesion, migration [59], and is essential for vessel 

formation [62].   

Lymphatic endothelial cells express several additional bio-markers during their 

development, which are mostly shared with blood endothelial cells (BECs). In 

general, a sufficient number of bio-markers must be examined in order to minimise 

the risk of misinterpretation, and to conclude, without doubt, a true lymphatic 

commitment. In addition, most lymphatic markers such as Prox-1, LYVE-1, and 

VEGFR are thought to be expressed to a lesser extent on mature lymphatic 

endothelial cells (LECs) [63]. Moreover, transfer from in vivo to in vitro condition 
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reduces lymphatic specific gene expression by more than 80% [64]. Hence, antibody 

markers might be expressed differently under experimental conditions. It is therefore 

essential to apply a broad, analytical approach to immunological markers including 

morphological appearance to identify correctly lymphatic tissues and isolated cells. 

In the immunofluorescence staining experiment podoplanin, Lyve-1 and Prox-1 

antibody markers were used to characterise lymphatic tissue and cells as well as 

nonlymphatic tissue and mouse 3T3 fibroblasts in order to establish a protocol for 

reliable markers in future co-culture experiments.   
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Table 1 Key markers for lymphatic differentiation and development   

(adapted from Laco et al. 2011 [34])  

Lymphatic Bio-marker and 

Function  
Co-expression on other tissues and cell types  

Prox-1  
   Initiation of lymphatic cell 

commitment  

In germ layers: neural tube, bile duct, pancreatic 

epithelium, trigeminal, spinal, sympathetic ganglia, retina, 

placodal structures, hepatoblast, cardiomyocytes [65]; In 

adult tissue: hippocampus, cerebellum [66], hepatocytes 

[67]  

VEGFR-3  
   Initiation of lymphatic cell 

migration and proliferation; 

maintaining cell survival  

Several organs: fenestrated capillaries, bone marrow, 
splenic, hepatic sinusoids, kidney glomeruli,  
adenohypophysis, thyroid gland, adrenals, choroid plexus 

[68]; tumour-, inflamed or wound-associated blood 

vessels [68,69]; circulating endothelial precursor cells or 

endothelial progenitor cells [70]  

LYVE-1  
   Complete function unknown, 

Extra cellular matrix 

communication, hyaluronan 

metabolism  

During embryogenesis in lung endothelial cells, arterial 

and venous endothelium and endocardium [56].   
In adult cells and tissue: circulating endothelial precursor 

cells or endothelial progenitor cells [70], adipocytes and 

macrophages [71], especially activated tissue  
macrophages, lung sinusoidal endothelium of the liver 

and the spleen [72] dendriform cells in the eye [73]   

Podoplanin  
   Initiation of LEC migration, 

tubulogenesis, maintaining 

separation from blood vessels  

choroid plexus, ciliary epithelium of the eye, intestine, 

kidney, thyroid and oesophagus of the fetal rat [74], 

trabecular cells of the eye [73], type I alveolar cells of the 

lung [75], salivary glands [76], basal keratinocytes [59] 

and a variety of tumour cells [77-79]  

  

2.1.2 Lymphatic endothelial cell culture  

Cell isolation and cell culture of LECs has been established for more than 20 years. 

Successful dissection, cell isolation and pioneering experiments with lymphatic 

endothelial cell in vitro culture have been performed by Leak and Jones in 1993 [80]. 

LECs can be isolated from collecting vessels and ducts as well from the 

microvasculature in skin and connective tissues. In this thesis human lymphatic 

microvascular endothelial cells of dermal origin were used during experimental 

conditions. Dermal LECs are less mature than cells from collective vessels. They 

form mostly an initial capillary network without functional valves for passive lymph 
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transport. During tissue repair, in the dermis, lymphatic capillaries have been shown 

to sprout and reform a functional network in the healing area (see Chapter 1). The 

cells were shown to be adaptable to in vitro culture conditions and assemble in tube 

like formations with appropriate stimulation (Lonza, communication). Therefore, 

they are a good model to observe initial lymphatic tissue formation in vitro.   

Although LECs show a broad heterogeneity and response to markers, and cell culture 

depends on tissue origin and vessel maturation [36], most culture techniques are the 

same for all endothelial cell types. Culture conditions for LECs have been adapted 

from microvascular blood endothelial cell (BEC) culture. LECs and BECs also show 

a similar growth factor dependency; whereas vascular endothelial growth factor A 

essentially contributes to BECs growth, - vascular endothelial growth factors, C and 

D, are key players for LECs survival and growth [54]. However, as soon as LECs are 

cultured on tissue culture plastics many lymphatic genes are down regulated [81] and 

cells lose their morphological tubular structure. In 2D in vitro culture, lymphatic 

endothelial cells adopt a cobblestone morphology similar to vascular endothelial cells 

[80,82,83]. The junctions between adjacent LECs form a characteristic wavy outline 

giving them the appearance of an oak-leaf in profile. While this renders the monolayer 

relatively impermeable, it is nevertheless selective to fluid and cell trafficking by 

formation of open junctions and flap valves [82,84,85]. LECs form typical junctional 

complexes with adherens, tight and occasionally gap junctions [86]. Unlike mature 

lymphatics, immature and initial lymphatic cells are connected by zipper-like 

junctions, which develop to form discontinuous, button-like tight junctions and zona 

occludens consisting of linear segments of Platelet Endothelial Cell Adhesion 

Molecule (PECAM)-1, VE-cadherin, and occludin in addition to claudin-5, T-
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cadherin and plakophilin 2 [82,84]. Therefore, the phenotype of initial lymphatics can 

be determined by the expression of cell-cell adhesion markers, and the oak-leaf 

morphology characteristics of mature cells.   

Leak and Jones’s early experiments established cells in culture and first showed tube 

forming cells in native collagen cultures [80]. Their collagen cell culture experiment 

demonstrated how essential the understanding of the surrounding lymphatic  

extracellular matrix is to generate functional vessels in vitro.   

Native lymphatic vessels are embedded in the extracellular matrix (ECM) of the 

interstitium. The amount of interstitium as defined above, varies from up to 50% of 

the wet weight in skin to 10% in skeletal muscle [87]. The ECM consists of collagens 

and other glycoproteins such as proteoglycans, glycosaminoglycans and elastins. 

Their distribution and organization differs from tissue to tissue [88]. Ultrastructural 

analyses and immunostaining of the LEC ECM revealed the presence of Collagen 

type I, III, IV, laminin, fibronectin and tenascine [89]. The ECM structure and 

deposition is specific to the vessel maturation. In vivo lymphatic vessels anchor via 

fibronectin, fibrillin and other structural glycoproteins to a fibrillar elastic apparatus 

of immature elastic fibres of 0.5-2µm such as oxytalan, elaunin, and mature elastic 

fibres [90]. Single elastin fibres of 1µm in bovine samples [91] and 24µm in human 

samples [90] run closely along the vessel wall. Some fibres branched into two or four 

fibres of equal size. They are strongly aligned with the vessel at  a distance of 40µm 

from each other. These fibres interconnect from time to time with non aligned elastin 

fibres to form a greater network. Mature collective vessels are overlaid by a layer of 

muscle cells, which are connected by occasional elastin fibres following a tortuous 

path between the cells [91]. The elastin network around the vessels connects further 
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to collagen fibres. In bovine samples, the collagen matrix around the vessel shows 

two types of bundles: close to the endothelial cell wall collagen fibres present an 

interwoven network of 15µm-25µm thick, which orients at 45° along the vessel axis 

under physical pressure. On top of this layer smaller collagen fibres of 2-5µm are 

densely packed in a wavy pattern orientated in direction of the vessel. Adipose cells 

can be embedded into this wavy collagen structure and the elastin network. The 

whole structure is part of the interstitium which consists of further structural proteins 

such as proteoglycans, hyaluronan and resident cells such as adipose cells and 

fibroblasts [92], which generate most of the interstitial matrix. Moreover, motile cells 

such as dendrites and monocytes enter and travel within lymphatic vessel system. 

The environment of the lymphatics is a complex organisation of structural proteins 

and cell-cell interactions. The communication between the structural proteins of the 

ECM and the cell is mediated by specific proteins, cytoskeleton components and a 

family of cell surface transmembrane receptors called integrins. LECs are known to 

express various integrin forms such as α1β1, α2β1, α4β1, α5β1, α6β1, α9β1 and αvβ3, 

[93-97]. Cells have the ability to bind a ligand of the extracellular matrix via a 

specific integrin. The integrins expressed in LECs can bind among other ligands such 

as fibronectin, fibrinogens, collagens, and laminin [98]. However, LECs express very 

little ECM matrix proteins by themselves [99], so they might depend on other cells 

for structural protein excretion.  

Structural proteins for lymphatic in vitro culture are based on lymphatic ECM and 

integrin expressions, and examination of their native extracellular matrix. 

Fibronectin, fibrillin, collagens, elastin, glycosaminoglycans and hyaluronan are 

therefore the building blocks for lymphatic tissue engineering. Five structural 
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proteins have been investigated for lymphatic tissue engineering in form of coats and 

3D hydrogels:  

Collagen: Collagen accounts for 30% of all vertebrate protein. The basic structure of 

collagen is composed of three polypeptide chains with high glycine content, building 

up a three-stranded rope structure. It consists of a helical structure with non-helical 

ends for intermolecular cross linking which is regulated partially by the glycine 

content. These structures self assembly into arrays of fibrils. Fibrils in turn aggregate 

into lager fibres. Their structure is specific to cells and tissue. Different collagen 

types have significant variation in their polypeptide chains and glycine content. 

Collagen type I is the most abundant form of collagen. It is synthesized by fibroblasts 

in the interstitium especially in the skin, where lymphatic vessels are located. 

Collagen fibres in skin and in fabricated hydrogels from rat tendon are about 280nmn 

in diameter and randomly orientated, but can vary in polymer length (reviewed by 

Smith 2009 [100]). Another type of collagen used in the experiments is collagen IV. 

It varies in the glycine content from collagen type I and is part of the LEC basement 

membrane. Collagen is biologically active and certain collagens of animal origin can 

provoke a foreign-tissue response. The origin of the collagen is therefore crucial to 

implantation. Bovine collagen type I is FDA approved and a reliable source for 

medical applications. The mechanical properties of collagen based hydrogels 

scaffolds are very low, but they are useful for soft tissue applications [101].  

Hyaluronan: Hyaluronan is the simplest glycosaminoglycan. Glycosaminoglycans 

are polysaccharide chains. Hyaluronan is a polymer of disaccharides, themselves 

composed of D-glucuronic acid and D-N-acetylglucosamine, ranging in size from 

104 to 107 Dalton. It is a randomly coiled structure and its large size exhibits a range 
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of physiochemical properties [102]. Hyaluronan is synthesized by fibroblasts in the 

interstitium. One third of hyaluronan is replaced daily in tissues. LECs capture 

hyaluronan from the interstitium by binding it to the LYVE-1 protein structure. 

Hyaluronan is transported by the lymphatic vessels and/or degraded by lymphatic 

cells in the lymph nodes [102]. Hyaluronan biomedical products are FDA approved 

for use  in eye surgery and ophthalmic surgery. It is supplied as a highly viscous salt 

solution of sodium hyaluronate 10mg for direct injections. Moreover, sodium 

hyaluronate has found application in tissue engineering, cosmetics and wound 

healing.  

Fibrin and fibrinogen: Fibrinogen is a glycoprotein 45 nm in length and made up of 

three pairs of polypeptide chains. Fibrin polymerization is initiated by the action of 

the proteolytic enzyme, thrombin. Thrombin cleaves the fibrinopeptides from the 

middle of fibrinogen and converts the structure into a fibrin monomer. Monomers 

assemble into 200 nm thick fibrin fibres. The detailed structure and function of fibrin 

and fibrinogen was reviewed by Mosseson in 2005 [103]. Fibrin has two pairs of 

Arginine-Glycine-Aspartic acid (RGD) sequences through which it can interact with 

the integrins (see below) of LECs [104]. Fibrin hydrogels (or fibrin glues) are 

generated by blending human fibrinogen and thrombin in the presence of calcium 

chloride. Aprotinin is added to prevent clotting (premature fibrinolysis) of the fibrin 

polymer [101]. Current clinical and bioengineering applications feature drug 

delivery, wound healing, soft tissue engineering and cell differentiation [105].  

Fibronectin and the Arginine-Glycine-Aspartic acid (RGD) sequence:   

  

Fibronectin is a dimeric extracellular matrix glycoprotein consisting of two 

polypeptide chains that are disulfide bonded at their carboxy termini. Fibronectin 
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monomers are composed of a number of repeating homologous sequences termed 

type I, II, and III. Only type III modules contain an RGD sequence forming an 

integrin binding loop with adherent cells [106]. Monomers of fibronectin form stable 

fibronectin fibrils during the cellular attachment process. Fibril formation is 

regulated through RGD within fibronectin and the specific integrins of the cell [107]. 

Fibronectin surrounds LECs and lymphatic organs [89,92]. Tissue engineering 

approaches with biological active surfaces for vascular endothelial cells with 

fibronectin [107] and RGD [108] peptides have shown promising results, pointing 

towards a beneficial application in the lymphatic field.  

Laminin: Laminins are a major ECM protein component of the basal lamina. In 

general, laminins are heterotrimeric glycoproteins. Laminins are trimeric proteins 

that contain an α-chain, a β-chain, and a γ-chain, with genetic variants, which are 

specific to cell and tissue. The laminin heterotrimers are assembled inside the cell, 

but further extracellular proteolytic processing may occur in various chains before 

the laminins reach their final form to fit their environment [109]. The laminin types 

which are known to be expressed within LECs are 511, 521 and 421 [110]. Laminin 

is generally used to improve cellular attachment in culture conditions. The 

commercially available Laminin-111 extracted from mouse sarcomas was used in 

the experiments. It is found mostly in developing and embryonic tissue [109]. The 

Laminin type is crucial for maintaining attachment and growth of most cells and 

tissue. Unfortunately, there is less information available in this respect for the 

lymphatics compared to other tissues.   

The extracellular matrix triggers different cellular responses in LECs from migration 

to proliferation and apoptosis [98,111]. Although matrix dependent effects have been 
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observed in vivo, many have not been evaluated yet in in vitro. Hence, the best matrix 

for LEC networks in vitro is yet to be determined. Under experimental conditions 

matrices are supplied as 2D surface coats or in form of 3D hydrogels (def.: 

hydrophilic polymer network dispersed in water, which is similar to soft tissue). 

Unlike the native ECM, matrices in experimental conditions consist of a 

homogeneous structural protein of random arrangement. A homogeneous matrix 

allows us to study the interaction of one cell type with one biomaterial. However, in 

vivo cells are seldom exposed to a single structural protein. Further, lymphatic cells 

transferred from in vivo to in vitro down regulate many of their specific lymphatic 

genes due to a reduced cell-cell, and cell-matrix communication [64,81]. As a result, 

collagen hydrogel cultures with LECs are not self sustainable by nutrition alone and 

require further VEGF-C or basic fibroblast growth factor supplementation [112]. 

Recent studies with collagen and fibrin hydrogels and analyses of the expressed 

integrins of LECs point towards collagen as well as fibronectin/fibrin based matrices 

[34]. Therefore, a combination of cellular relevant biomaterials is supposed to mimic 

native ECM better than a single structural protein matrix. In this regard, the present 

work questions whether one of, or combinations of, the LEC relevant biomaterials 

can maintain lymphatic vessel networks in vitro without the attribution of additional 

growth factors. In this thesis I show how to perform LEC 3D cultures with functional 

vessel networks, and demonstrate their dependency on VEGF-C during maintenance. 

Further, I have investigated the effect of growth, morphology, tube formation and 

decay of lymphatic endothelial cells on surfaces such as RGD, fibronectin, collagen 

I, IV and laminin, and in hydrogels such as fibrin gels, collagen type I gels and 

hyaluronan hydrogels. Combinations of these biomaterials were tested as well. In 
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this way, I address the complexity of the lymphatic matrix environment and bring in 

vitro culture closer to mimic the in vivo environment.   

Moreover, I have taken the first steps to establish a LEC co-culture without additional 

growth factor contribution. For co-culture experiments mouse feeder cells were 

chosen. Mouse feeder cells are generally used in combination with multiple cell types 

of human origin to support growth and cell maintenance in vitro [113]. Established 

protocols for mouse feeder 3T3 fibroblast were developed among other cells for 

human epithelial cells [113], and skin organ culture [114] and embryonic stem cell 

maintenance [115]. However, lymphatics have not been yet cultured with feeder 

support.   
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2.2 Methods  

2.2.1 Tissue isolation from rat and mouse  

Lymphatic tissue was removed from a freshly killed male Sprague Dawley rat and a 

male Balb/c mouse. The protocol was adapted from Gashev and colleagues [116]. 

Briefly, an initial incision was performed under the rib cage of the rodents. The 

abdominal incision was made through the skin, underlying fascia and muscle layers 

(incision length: 4cm rats; 2cm mouse). A part of the intestine was exteriorised 

through the incision. A section of the mesentery containing lymphatic vessels was 

positioned in a sterile petri dish within the field of view of a dissecting microscope. 

The tissue was kept moist during the procedure with a few drop of sterile 

Phosphatebuffered saline (PBS) (Invitrogen, UK). The lymphatic vessel network was 

easily identified against the darker background of the intestine. In contrast to the 

blood vessels the lymphatic tissue differed in size and colour. A white coloured fine 

vascular network was dissected with the surrounding connective tissue. Tissue was 

washed in PBS and suitable vessel structures were roughly cleared of surrounding 

tissue, mostly fat tissue. Sections of mesenteric lymphatic vessels 1-2 cm (rat) and 

<1 cm (mouse) in length were collected and immediately transferred into an ice-cold 

PBS or cell culture medium DMEM (Lonza, UK) prior to fixation. Moreover, tissue 

samples were taken from the underlying smooth muscle layers which covered the 

abdomen. Also, a major blood vessel was dissected and used for the subsequent 

staining protocol.  

All freshly isolated segments of rat and mouse mesenteric lymphatic vessels and 

blood vessels were gently double-rinsed in ice-cold sterile PBS and freed from 

excess fat tissue as much as possible. This procedure was performed in two sterile 
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35-mm plastic Petri dishes under a dissecting microscope with sterilized forceps, to 

minimize possible contamination. The dissected smooth muscle tissue was washed 

in sterile PBS and cut into thin strips of about 1cm x 0.5cm. All tissues were 

transferred into 4% para-formaldehyde for 30min at room temperature, washed once 

with sterile PBS and stored in sterile PBS at 4ºC.  

2.2.2 Hydrogel Gel Preparations  

Acid soluble collagen type I was isolated from rat tail tendons according to the 

method of Elsdale and Bard (1972) [117]. Collagen gels were cast by mixing cold 

collagen solution, a mixture of 10X Minimum Essential Medium (Lonza, UK) and 

0.4M NaOH (2:1), and 1/1000 (v/v) acetic acid at a ratio of 7:1:2 to a final 

concentration of 0.3% (w/v). The pH was adjusted to ~8 with 1 M NaOH. The gels 

were allowed to set for 15-30min before endothelial cell culture medium was added. 

Generation of fibrin gels was adapted from various sources [118-120]. Fibrin gel was 

prepared by mixing solution A (Fibrogen 50mg/ml (Sigma, UK) and 50U/ml 

Aprotinin (Sigma, UK) in sterile PBS 1:1) with solution B (10U/ml Thrombin and 

2.5mg/ml Heparin (Sigma, UK) in sterile 40mM CaCl2 solution). In order to produce 

an evenly solid gel solution A and B was blended in the culture well using a pipette 

for 5-15 seconds. The solution gelled within 1-2min. The casting time can be 

adjusted by the thrombin amount. Culture medium was added very carefully after 

1530 min to prevent the fibrin gels from being dislodged.  

Sodium Hyaluronate (10mg/ml, Ophthalin®, Switzerland) is a commercially 

available hyaluronate gel was used directly without preparation according to 

manufacturer. In two cases hyaluronate hydrogels were blended with freshly cast 

collagen gels at 1:1 and 1:20.  
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2.2.3 Cell Culture  

Immortalised mouse feeder 3T3 fibroblasts were cultured in DMEM (Lonza, UK) 

supplemented with 10% fetal bovine serum (Gibco, UK) and penicillin (100units/ml) 

- streptomycin (0.1mg/ml) solution (Gibco, UK) in T-25 flasks. Cells were passaged 

at 90% confluence. Cells were washed with sterile PBS and incubated with 1ml 

trypsin (Gibco, UK) for 3-5min. Thereafter, the enzymatic reaction was stopped with 

5ml of culture medium. Cells were split in a 1:10 ratio into a new T-25 flask with 

fresh culture medium. Medium was replaced the next day with frequent media 

changes every 3 days.  

Adult human lymphatic microvascular endothelial cells (LECs, Lonza, UK) were 

cultured in a) basic medium for endothelial cells (BME) (MCDB131, Gibco, UK) 

medium with 1µg/ml hydrocortisone (Sigma, UK) and Dibutyryl cAMP 50µmol 

(Sigma, UK) b) in fully supplemented endothelial cell culture medium (EMB-2, 

Lonza, UK) with 5% (v/v) fetal bovine serum at 37 °C in a humidified 5% CO2/air 

atmosphere. Additionally, c) VEGF-C (Reliatech, Germany) was supplemented at a 

concentration between 50-200ng/ml to BME and EMB-2 media - refer to experiment 

and Table 2. The culture medium was changed every 2-3 days and cells were 

passaged at 70% density (see above 3T3 fibroblasts). The cells used in this study 

were of passage 3-5.   

2.2.4 Collagen type I delivery systems for LEC growth and tube 

formations  

Hydrogel matrices were prepared for LECs growth, maintenance and tube formation. 

In the experimental designs Table 2 hydrogel matrices and coatings were delivered 

in many forms to demonstrate growth, tube formation and morphological differences 

of LECs in experimental conditions. 2D collagen type I matrices were either prepared 
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by a) coating 2-50ng/cm2 collagen type I (ApCol, Devro Medical Ltd., UK) on tissue 

culture plastics (TCP) (see below 2.2.7) or by b) seeding LECs on top of 0.5-5mg/ml 

collagen type I hydrogels (see above 2.2.2). LECs were seeded at 100000 cells per 

well (24-well plates). 3D collagen type I matrices were prepared by c) seeding LECs 

onto TCP or collagen type I hydrogels, which were layered after 24h attachment with 

freshly cast collagen type I hydrogel. Alternatively, 3D suspension culture was 

performed by suspending LECs in collagen type I solution prior to gel casting. LECs 

in suspension culture were seeded at 1x106 cells/ml.   

2.2.5 Immunostaining of cell monolayers, collagen gel cultures and 

tissue dissections  

Freshly prepared samples were washed in PBS, fixed with 4% para-formaldehyde at 

room temperature for 30-45 min, and washed with PBS again. Samples were 

incubated with blocking-permeabilisation solution (PBS, 3% w/v BSA, 0.1% v/v 

Triton-X100) at room temperature for 1h on a shaking plate. Primary antibodies 

including rabbit anti-human/rat/mouse Prox-1 (Reliatech, Germany) at 1, 10 µg/ml, 

mouse anti-rat/human Podoplanin at 2 µg/ml and rabbit anti-mouse Lyve-1 at 2 

µg/ml were added to the samples incubated in blocking buffer; PBS, 3% Bovine 

Serum Albumin (BSA, Sigma UK) a) for 4h, b) overnight at 4°C and then washed 

35 times for 15 min each in PBS. Respectively, collagen gel cultures and tissue 

dissections were incubated for up to 48h. Corresponding secondary antibodies 

conjugated with goat anti-rabbit FITC (1:160) (Sigma, UK) and goat anti-mouse 

TRITC (1:64) (Sigma, UK) were incubated in blocking buffer for 1h at room 

temperature and washed as described above. Respectively, collagen cell cultures and 

tissue dissections were incubated for up to 24h at 4°C and then washed 5 times for 
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15 min each in PBS. Subsequently, DAPI staining was performed. Tissues samples 

were placed between glass slides and cover slips in mounting medium. Samples were 

examined by fluorescence microscopy (Zeiss Axio Imager) and the images captured 

were analysed using proprietary image-analysis software (AxioVision, version 4.7, 

Zeiss Ltd. UK).   

2.2.6 Real-time microscopy of tube-like formations in collagen-gel 

constructs  

LECs were cultured on a microaqueduct slide of a Focht micro-environmental 

control chamber for upright microscopes (model FCS3, Bioptechs Inc., Butler, PA) 

in BME or EMB-2 medium (Lonza, UK) until LECs reached confluence in the form 

of a dense monolayer. The FCS3 chamber was loaded and assembled according to 

the manufacturer’s protocol. Briefly, the base, upper gasket, tubing, microaqueduct 

slide and singular lower gasket (14x22mm rectangle) were assembled under sterile 

conditions. About 400µl freshly prepared rat collagen type I gel (3mg/ml) 

(preparation see chapter 2.2.2) was poured onto the microaqueduct slide filling the 

lower gasket gap and left for up to 20min to set the gel in sterile conditions. 

Thereafter, the chamber was filled with BME or EMB-2 medium supplemented with 

20mM HEPES buffer and the 40mm cover slip was placed on top, avoiding bubbles 

in tubing and chamber. Pressure plate and top were assembled and the whole 

chamber was mounted onto the Universal Upright Stage Adapter (Bioptechs, Butler, 

PA). The FCS3 controller was set to 37°C. Flow of media through the chamber was 

adjusted to 5ml/24h. The entire device was mounted onto the Zeiss Axio Vision 

microscope. Phase-contrast images were captured once every 20min at 5 different 
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positions over a 24h period. An AVI format video was generated from 167 image 

stack with ImageJ® software at a rate of 7 frames per second.  

2.2.7 Biomaterial coating of Tissue Culture Plates  

Cell culture plates (24-Well and 96-Well plates) and 13mm ø glass slides were coated 

with 5 different biomaterials. Cell culture plates were coated with a PBS solution of 

either fibronectin (Sigma, #F1141, UK), RGD (fibronectin analogue) (Sigma, 

#G1269), collagen type IV (Sigma, #C0543, UK), collagen type I (APColl, Devro, 

UK) or laminin (Sigma, #C2020) at a final concentration of 2µg/cm2. 96-well plates 

were incubated with 100µl and 24-well plates were incubated with 0.9ml volume. 

All biomaterials except Laminin were air dried over 3 days in the laminar flow hood. 

Laminin was incubated for 2h at 37°C on tissue culture plates and washed once with 

PBS. Plates were stored at 4°C for up to one month and washed once with PBS prior 

to cell culture.  

2.2.8 MTT formazan assay for Lymphatic Endothelial Cells  

LECs at 90% confluence were harvested and seeded in triplicates at a density range 

from 1x103 – 1x106 cell per well in 24-well plates. LECs were cultured overnight in 

EMB-2 medium to allow complete cell attachment. A yellow coloured 3-

(4,5Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, UK) 

stock solution (0.4143g of MTT/ 100ml of PBS, pH 6.75) was prepared, filter 

sterilized and kept for no more than 2 weeks at 4°C. LECs cultured in 24-well plates 

were washed with PBS prior to the MTT assay. To start the reaction, 200µl of warm 

MTT stock solution was added to growing cultures in 24-well plates. The cells were 

incubated with MTT for different time periods to estimate the saturation of formazan 
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production. Incubation time was tested with 3hr and 4hr in a humidified incubator at 

37°C. Thereafter, MTT solution was aspirated and 100µl of Dimethyl sulfoxide  

(DMSO) was added to the cells. The DMSO solution was pipetted up and down until 

all cells and purple formazan were dissolved in the solution. 80 µl of the DMSO solution 

was transferred into a 96-well plate. The absorbance was measured with a 

spectrophotometer (BioRad, UK) at 520 nm. A blank well with DMSO alone was 

measured and subtracted from all values. The results were used to generate a calibration 

curve, to calculate the number of proliferating cells under experimental conditions. 

LECs were seeded at 40000-55000 cells per 24-well and cultured with different 

endothelial cell culture media and on different substrates (see above experimental 

designs Table 2). Samples for the MTT assay were taken every day up to a week. 24-

wells were washed with PBS and the number of proliferating cells was determined from 

the linear equation generated from the calibration curve. Moreover, the population 

doubling time was calculated with the exponential growth function (equation 1) from 

the incremental LEC number over time (see below 2.2.10).  

2.2.9 Tube forming degradation assay  

  

LECs were seeded and cultured in 100µl EMB-2 under cell culture conditions at a 

density of 2x104 cells/well (96-Well plates) on seven different biomaterial surfaces; 

a) fibronectin b) RGD (fibronectin analogue), c) laminin, d) collagen type I, e) 

collagen type IV, f) freshly cast rat collagen type I gel and on g) tissue culture plastic 

as control. Cells were allowed to attach to the surface overnight in EMB-2. 

Thereafter, medium was renewed and supplemented either with 100µg/ml collagen 

type I (ApColl®, Devro Medical Ltd., UK) in 100µl EMB-2 medium or a fibrin gel 
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of 25µl was cast above the cells (see above 2.2.2). LECs were cultured for up to five 

days in EMB-2 medium. Daily cell culture samples were stained with acridine orange 

and visualised by fluorescence microscopy (Zeiss Axio Imager). Images were 

analysed using proprietary image-analysis software (AxioVision, version 4.7, Zeiss 

Ltd. UK). The viable cell count was performed with the ImageJ® cell counter plugin. 

The decrease of the number of the acridine orange stained nuclei per day was 

calculated with the exponential growth function (equation 1) and evaluated as 

population half life (see below 2.2.10).  

2.2.10 Calculation of cellular population doubling time and half life  

Growth and decay of cells describes a typical function which is segmented into lag 

phase, exponential phase and plateau phase. The growth/decay behaviour was 

analysed with the values of the exponential phase. Values were fitted with an 

exponential function with excel curve fit (Microsoft Excel®). The resulting equation 

represents the exponential growth or decay of one specific cell population (equation 

1)  

(1)   

k is the growth frequency described as time/unit. Ƭ is the time it takes to grow by a 

factor e. T is the doubling time. Setting the time to 1 (t=1) the growth frequency k 

can be easily translated into doubling time T (time needed for a population to double 

its size or number) with the application of the natural logarithms (equation 2).  

(2)   
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The resulting values show the exponential behaviour of the cell population in either 

growth or decay and are displayed as the number of days needed to double or halve 

the cell population. The calculation of the doubling time allows comparison of results 

from growth or decay studies despite the differences in acquisition such as MTT or 

nuclei counts. An example for the growth calculation is given in the results section  

2.3.2, and an example for decay calculation is presented in the Annex.  

2.2.11 Cell viability staining and cell count   

Cells were stained with Acridine Orange (Molecular Probes, US) for live cells 

(identified by green nucleus stain) and Propidium Iodide (Invitrogen, UK) for dead 

cells (identified by red nuclear stain).  

Samples were incubated with 1-2ml Propidium Iodide (20µg/ml in PBS) and 

Acridine Orange (100µg/ml in PBS) at a 1:1 ratio at room temperature for 1-2min in 

the dark. Samples were washed 3-5 times with PBS and viewed immediately with a 

fluorescence microscope. Representative images of viable cells and morphology 

during attachment, growth, tube forming and migration were captured with an 

epifluorescence microscope (Zeiss Axio Imager, Zeiss Ltd, UK).  

Nuclear staining was preformed with DAPI (Sigma, UK). After sample fixation in 

4% para-formaldehyde (10-15min for monolayer cell culture, up to 45min for 3D gel 

culture or tissue) at room temperature, samples were washed with PBS. Samples 

were then incubated with DAPI (1µg/ml in PBS) at room temperature for 5-10min 

in dark. Thereafter, samples were washed 3-5 times with PBS. DAPI stained cell 

nuclei blue. Representative images of cells in hydrogels on tissue culture plastic or 

in dissected tissues were captured with an epifluorescence microscope (Zeiss Axio 

Imager, Zeiss Ltd, UK).   
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Images were evaluated with ImageJ® cell counter plug-in for total, viable and dead 

cell count. ImageJ software and plug-in are freeware downloaded from the National 

Health Institute, available at http://rsbweb.nih.gov/ij/. Resources and manuals are 

available at the integrated microscopy core facility at the University of Chicago. 

http://digital.bsd.uchicago.edu/resources.html  

2.2.12 Co-Culture Assay with 3T3 Mouse Fibroblasts  

Fibroblast growth under LEC culture conditions  

Viability of mouse 3T3 fibroblasts in endothelial cell medium was tested prior to 

coculture. Mouse 3T3 fibroblasts were seeded at 1.5x105 per well (24-well plate, 

Greiner). Cells were cultured for 3 days in DMEM, BME and EMB-2 media, and 

additionally, samples were supplemented with 100µg/ml collagen type I solution 

(APColl®, UK). Cells were stained with Acridine Orange and Propidium Iodide.  

Viability calculations were performed with the ImageJ cell counter plug-in.  

LEC growth in co-culture with 3T3 fibroblasts  

Prior to co-culture LECs were stained with a long lasting fluorophore in order to 

distinguish the two cell populations from each other in co-culture. LECs were 

incubated in BME medium with 20µM Cell Tracker Green (Invitrogen, UK) at 37ºC 

under cell culture conditions. They were washed with PBS 3 times prior to co-culture. 

Several co-culture experiments were performed as shown in Table 2 with the 

experimental designs.   

LECs and 3T3 fibroblasts were enzymatically dissociated from their culture flasks 

and seeded together into 24-well plates at a total concentration of 5x104 cell/well. 

LECs and fibroblasts are seeded in close proximity allowing paracrine and juxtacrine 

signalling between them. In this “juxtacrine co-culture system” 3T3 fibroblast to 
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LEC ratios were a) 1:1, b) 1:4, c). 1:10 and d) LECs only as control group. 

Additionally, LECs and fibroblasts were seeded separately, spatially divided from 

each other allowing only paracrine signalling between them. In this “paracrine 

coculture system” 3T3 fibroblasts were seeded at 5x104 cells/well into 24-well plates 

and cultured for 24h in EMB-2 medium. Thereafter, 3mg/ml type I collagen was cast 

onto the cells as a hydrogel and 5x104 LECs were seeded on top. Cells were cultured 

up to 48h hour. Samples were washed in PBS and fixed in 4% para-formaldehyde 

after 24h and 48h. Nucleus staining was performed with DAPI. Cells were viewed 

with an epifluorescence microscope and total cell count evaluations were performed 

with the help of ImageJ, cell counter plug-in software.  

Tube formation of LECs in co-culture with 3T3 fibroblasts  

Co-culture collagen assays with tube forming LECs were performed similar to the 

previous juxtacrine co-culture experiment system. Cell Tracker Green (Invitrogen, 

UK) stained LECs, and 3T3 fibroblasts were seeded simultaneously at a 4:1 ratio and 

cultured in EMB-2 medium supplemented with collagen solution 100µg/ml (APColl, 

UK) to initiate tube forming of LECs. Cells were cultured for up to 8 days.  

Additionally, a paracrine co-culture system was performed with either a) high (4:1) 

LEC to fibroblast cell ratio or b) low (1:8) LEC to fibroblast cell ratio. 3T3 fibroblasts 

at a) 3x104 or b) 1.2x105 cells/well were seeded into 24-well plates and cultured for 

24h in a) BME and b) EMB-2 medium. Thereafter, a thin layer of 3mg/ml rat type I 

collagen hydrogel was cast onto the cells and LECs were seeded on top and cultured 

further in a) BME and b) EMB-2. After 24h in culture a second layer of collagen 

type I gel (3mg/ml) was cast on top of the attached LECs to induce tube formations. 

Cells were cultured up to 7 days with a) BME and b) EMB-2 medium under cell 
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culture conditions. (In this particular experiment LECs were not treated with Cell 

Tracker Green, due to the distinctive separate locations of the two cells types).   

Prior to staining, samples were washed with PBS. Experiments with Cell Tracker 

Green stained LECs were fixed in 4% para-formaldehyde. Nucleus staining was 

performed with DAPI. Samples of 3T3 fibroblast and LECs in collagen matrices 

were also stained directly with acridine orange and propidium iodine without 

fixatives (see above 2.2.11). Cells were viewed with an epifluorescence microscope, 

cell 3D stacks and images were produced with Zeiss Axio Imager and software 

(AxioVision, version 4.7, Zeiss Ltd. UK). 3D image compilation was preformed with 

ImageJ software.   

2.2.13 Experimental design and statistical analyses  

All conducted experiments of Chapter 2 are summarized in Table 2. The experiments 

are explained briefly, and list the tested groups and parameters. Further, the table 

links the used methods of (Chapter 2.2) and finding (images and tables) of the result 

section (Chapter 2.3).   

In general, all experiments with qualitative value (images) and statistical value were 

performed at least 3 times.   

In addition, MTT assays were performed with a minimum of 3 replicates. MTT assay 

with 3 replicates computes to one doubling time value. Therefore, a minimum of 3 

MTT assays, each with 3 individual replicates were preformed to generate sufficient 

statistical data, with one exception; the data in Figure 5 represents a single 

experiment with 3 replicates. Therefore, the data shown in Figure 5 demonstrates 

proof of concept/methodology only.  
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Image evaluation, nuclei counts after DAPI, Acridine Orange or Propidium Iodide 

staining, was performed from 3-5 Images per replicate. An experiment consists of a 

minimum of 3 replicates. All experiments were conducted at least 3 times to generate 

sufficient statistical data. With one exception; the data in Figure 12 represents a 

single experiment with 3 replicates. The data shown in Figure 12 therefore 

demonstrate proof of concept/methodology only.  

Data were grouped and analysed using Student’s T-test or ANOVA, and statistical 

significance assigned to results where is p<0.05 if not stated differently in the figure  

caption.  ANOVA  data  were  computed  with  tools  for  science  

http://www.physics.csbsju.edu/. Full sample data and ANOVA calculation for Figure 

11 and Figure 13 are attached with the CD/ANNEX.  

Table 2 Overview experimental designs   

Experiments   Description  Method 

section   
Tested Parameters  Result 

section  

LECs characterisation     

Evaluation of 

different LECs 

antibody markers in 

vivo  

LEC antibody markers (LYVE-1, 

Podoplanin and Prox-1) were 

tested on three different tissue 

dissections. Further, the 

expression of primary antibody 

markers was optimized in terms 

of incubation time in co-culture 

with 3T3 fibroblasts.   

2.2.1,  
2.2.3,  
2.2.5  

Tissues:  
a) Lymphatics  
b) Smooth muscles  
c) Vascular vessel  

Antibody incubation time:  
1) 4h  
2) 24h   

2.3.1  
Figure 3,  
Figure 4  

Characterisation of 

tube forming LECs 

in 3D collagen 

matrices  

Tube formation of LECs was 

induced with collagen type I on 

different 2D and 3D matrices 

with two different media, 

Immunocytohistology of Prox-1 

was performed to verify 

lymphatic phenotype after 24h.  

2.2.2, 

2.2.3,  
2.2.4,  
2.2.5  

a)  

b)  

c)  

Media:  
1)     
2)     

Collagen delivery 

systems: 2D 

collagen 

coatings  2D 

collagen 
hydrogel  3D 

collagen 

hydrogel   

EMB-2  
EMB-2 +  
 VEGF-C  
(200ng/ml)  

2.3.2  
Figure 7  

Growth Studies       
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LECs growth in 

different media   
LEC growth was studied in 

different media over 7 days; 

growth curves and cell division 

rates were produced with MTT 

assay   

2.2.3,  
2.2.8,  
2.2.10  

Media:  
a)  
b)  
c)  

BME  
EMB-2  
BME + 50ng/ml  
VEGF-3  

2.3.2  
Figure 5  

LECs growth on 

different surfaces  
LEC growth was studied on 

different surfaces in EMB-2 

media over 7 days; growth curves 

and cell division rates were 

produced with MTT assay  

2.2.3, 
2.2.8,  
2.2.7,  
2.2.10  

Surface coatings:  
a) Fibronectin  
b) RGD  
c) Collagen type IV  
d) Collagen type I  
e) Laminin   

2.3.2  
Figure  
11  

  

  

 

Tubular Formation Studies  

Assembly of LEC 

tubular formation 

with different 

collagen delivery 

systems  

Tube formation of LECs was 

induced with different amounts 

of collagen type I in different 

2D and 3D matrices, 24h image 

analyses was performed and 

captured in real time.   

2.2.2,  
2.2.3,  
2.2.4,  
2.2.6  

  

&collage 
a)  

b)  

c)  

d)  

Collagen delivery systems  
n concentrations:  
2D collagen  
coatings                 
(2-5ng/cm2) 2D 

collagen  
hydrogel        

(0.5-5mg/ml) 3D 

collagen  
hydrogel           
(0.5-5mg/ml) 

Collagen 

supplemented 

media (10-

100ng/ml)  

2.3.2  
Table 3  
Annex  
CD  
(Videos)  

LEC tube 

formation 

maintained with 

different media  

LEC tube formation was induced 

in 3D collagen type I hydrogels 

in different media. The LEC 

growth/decline in growth was 

evaluated over 3 days with 

visual imaging of live cell stains  

2.2.2,  
2.2.3,  
2.2.11  

Media:  
a)  

b)  
c)  

BME  
EMB-2  
EMB-2 +   
VEGF-C  
(125ng/ml)  

2.3.2  
Figure 6  

LEC tube 

formation 

assembly with 

different hydrogels  

LEC tube formations were  
induced with different hydrogels 

in EMB-2 medium. 

Development of tube formation 

was assessed with visual 

imaging of live stains  

2.2.2,  
2.2.3,  
2.2.11  

Hydrogels:  
a) Collagen type I  
b) Fibrin  
c) Hyaluronan  
d) Hyaluronan blended 

with Collagen type I  

2.3.2  
Figure 8  
Figure 9  
Figure  
10  

LEC tube 

formation and 

degradation on 

different surfaces  

LEC tube formations were 

induced with a layer of two 

different hydrogels on different 

surface coatings in EMB-2 

medium. The LEC decline was 

evaluated over 3 days with 

visual imaging of live cell stains  

2.2.2, 
2.2.3, 

2.2.7,  
2.2.9,  
2.2.10,  
2.2.11  

Surface coatings:  
a) Fibronectin  
b) RGD  
c) Collagen 

type IV  
d) Collagen 

type I  
e) Laminin  
f) Collagen 

type I hydrogels 

Hydrogels:  
1) Collagen type I  
2) Fibrin  

2.3.2  
Figure 8  
Figure 9  
Figure  
11  
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Co-Culture studies with LECs and 3T3 Fibroblast   

Fibroblast growth 

under LEC 

conditions  

3T3 fibroblast growth was 

studied in different endothelial 

media with collagen type I 

hydrogel  

2.2.2,  
2.2.3  

Media;  
a) DMEM  
b) EMB-2  
c) BME  

2.3.3  
Figure  
12  

LEC growth in 

coculture with 

fibroblasts  

LECs and fibroblast were 

cocultured in two different 

systems and in different cell 

number ratios. LEC growth was 

assessed with visual imaging of 

Cell Tracker® and DAPI 

staining  

2.2.3,  
2.2.5,  
2.2.11,  
2.2.12  

Co-culture systems:  
a) Juxtacrine distance  
b) Paracrine distance  

LECs to Fibroblast ratio:  
1) 1:1  
2) 4:1  
3) 10:1  

2.3.3  
Figure  
13  

Tube formation of 

LECs in co-culture 

with fibroblasts  

LECs were co-cultured with 

fibroblast in two different 

culture systems with different 

cell ratios and in two different 

media. LEC tube formation was 

induced with 3D collagen type I 

hydrogels. Tube assembly and 

maintenance over 7 days was 

assessed with visual imaging of 

Cell Tracker® and live stains  

2.2.3,  
2.2.5,  
2.2.11,  
2.2.12  

Co-culture systems:  
a) Juxtacrine distance  
b) Paracrine distance  

LEC to Fibroblast ratio:  
1) 3:1  
2) 1:8 

Media:  
I) BME  
II) EMB-2  

2.3.3  
Figure  
14  
Figure  
15  

2.3 Results  

2.3.1 LEC characterisation of tissue and cells  

The tissue segments of a collecting lymphatic vessel in rodents showed positive 

staining results for all three lymphatic markers (Figure 3). However, LYVE-1 was 

weakly expressed compared to Prox-1 and Podoplanin. LYVE-1 was also expressed 

in the surrounding connective and/or fat tissue (Figure 3, arrow). Moreover, LYVE-

1 was strongly expressed between the smooth muscle fibres. It remains questionable 

whether these were lymphatic cells. Podoplanin was strongly expressed in the 

cytoplasm of the lymphatic tissue and co-stains with the nuclear expression of Prox-

1. Podoplanin antibody stained the inter-cellular connections of blood vessel 

endothelia cells, but was not expressed on smooth muscle tissue. Prox-1 was 

exclusively expressed in the lymphatic vessel endothelial cell nuclei and was not 

expressed in the surrounding tissue, such as smooth muscle, connective tissue, fat 

tissue and blood vessel endothelial cells.  



46  

  

 

Figure 3 Immunostaining of rodent tissue with Lymphatic markers  

The images show staining of three different rodent tissues (lymphatic vessel at the 

mesentery, smooth muscle tissue and blood vessel) with the three most common 

lymphatic markers LYVE-1 (green), Podoplanin (red) and Prox-1 (green) with a 

nucleus DAPI co-stain (blue). Lyve-1 was stained on mouse tissue. Podoplanin was 

co-stained with Prox-1 on rat tissue. White scale bar = 50µm  

  

In vitro staining of LECs and mouse 3T3 fibroblasts with human anti-podoplanin 

showed similar expression profiles (Figure 4). Poloplanin marker (M40) was 

expressed in the cytoplasm whereas podoplanin marker (M41) stained the cell 

surface. From the excitation table (Figure 4, Table) it is obvious that podoplanin 

(M41) was not significantly differently expressed within mouse 3T3 fibroblasts and 

human LECs, which indicated unspecific binding to the cell membranes on both cell 

types. Nevertheless, podoplanin (M40) showed weak unspecific binding to mouse 
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3T3 fibroblast nuclei. Prox-1 was expressed in the nucleus of the human LECs 

only.3T3 fibroblasts were not stained by the lower concentrations of Prox-1 

antibodies, however, 24h at a 10x higher concentration of Prox-1 antibody 

introduced a background staining to the whole cells as shown with the mouse 3T3 

fibroblast (Figure 4). Prox-1 staining is as effective in vivo as in vitro and produces 

reproducible results. Moreover, it our experiments it did not show cross staining of  

other cell types and tissues at a concentration of 1µg/ml.  

  
  

Podoplanin 

2ug/4h  
(M40) 

2ug/24h  
(M40) 

2ug/4h  
(M41) 

2ug/24h  
(M41) 

3T3 Mouse Fibroblast  18223ms 9315ms 18222ms 15213ms 

Human LECs 5818ms 5778ms 15792ms 15354ms 

Prox-1 

1ug/4h  
(PA30) 

10ug/24h  
(PA30) 

3T3 Mouse Fibroblast  - 12357ms 

Human LECs 8460ms 7527ms 

  

Figure 4 Evaluation of lymphatic markers  

Expression of immunostaining with two human podoplanin markers and a prox-1 

marker was tested on 3T3 mouse fibroblasts and LECs. Differences in fluorescence 

excitation (ms = milliseconds) are shown in the table. An incubation time between 
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4h at room temperature and 24h at 4°C was compared with a primary antibody 

concentration between 1 and 10µg. Black background highlights the staining 

parameters which showed significant differences between the 3T3 mouse fibroblast 

and LECs. Scalbar = 10µm.  

  

2.3.2 LEC growth and tube formation in hydrogels  

Lymphatic endothelial cells were tested in titrations from 1x103 to 2.5x105 cell with 

an MTT assay for 3 and 4h. The MTT assay was applied to attached cells. LECs 

incubation with MTT in PBS for more than 3h led to cell dissociation. Therefore, all 

assays were performed with a maximum of 3h incubation time. The cell titration 

shows a linear absorbance profile at 520nm between 4x104 to 2.5x105 cells (Figure 

5, a). LEC growth was analysed in three different culture media (Figure 5, b). Growth 

was strongly induced by the EMB-2 medium, whereas BME medium showed almost 

no growth. Addition of 50ng/ml VEGF-C to the BME medium significantly 

stimulated cellular metabolism and growth. In order to analyse the differences in 

proliferation by means of doubling time and fold increase, exponential values from 

Figure 5, b were fitted with an exponential growth function equation (1), (Figure 5, 

c). Solving the function via the logarithmic function (equation (2) resulted in the 

doubling time of the LEC population (Figure 5, d). The doubling time of the LECs 

in the three different media showed the differences in fold increase between the 

groups, where LEC growth in EMB-2 media was approximately 5 fold higher than 

in BME and 3 fold higher than in BME supplemented with VEGF-C. These results 

represent the methodological approach and analyses for further experiments with the 

MTT assay. Moreover; it re-confirmed the importance of VEGF-C as a single 

additive in basal media for LEC growth and metabolism.  
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  LEC numbers incubated with MTT for 3hrs Days 

 
(50ng/ml) 

  

Figure 5 Growth analyses of LECs with different media  

An example of one calibration curve of the MTT assay is shown in chart (a). Cells 

seeded between 40000 to 250000 show a linear absorption profile after 3h incubation 

in Thiazolyl Blue Tetrazolium Bromide. Chart (b) shows the growth of LECs seeded 

at 40000 Cell/Well (24-Wellplate) in BME, EMB-2 and in supplemented BME 

medium with 50ng/ml VEGF-C. Cell numbers were calculated from the MTT 

absorption with the linear equation formula shown on graph (a). The exponential 

values (BME= day 0-5, EMB-2 = day 0-3, BME + VEGF-C = day 0-4) of the growth 

the chart (b) where plotted with an exponential curve fit (c). Values of the 

exponential equation (c) were solved with formula (1) and (2) resulting in the 

doubling time of the LEC population shown on (d)  

  

LECs were seeded and cultured in various conditions with collagen type I matrices 

(Table 2 and Table 3). LECs develop tubular-like structures only under 3D collagen 

matrix conditions. The assembly of LECs into tubular-like structures was observed 

on plastic surfaces when covered with 1-5mg/ml collagen gel or media supplemented 

1.3446 11 

3.8147 89 

6.284199 

EMB-2 BME + 
VEGF-C 

BME 
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with a minimum of 50µg/ml collagen. Further, LECs formed tube-like structures 

when embedded between layers of collagen hydrogels. Surprisingly, LECs 

suspended in collagen type I hydrogels showed tube like structures only in very few 

experiments (1 out of 20). However, an additional supplementation of 200ng/ml 

VEGF-C lead easily to tube forming cells in all experiments. It seems the presence 

of collagen type I was essential to initiate and maintain tubular structures in all 

experiments. Once the collagen hydrogel is removed or peeled off, tube-like LECs 

reorganise back to a cobblestone formation within a few hours (observations during 

experiments). The real time video footage shows the development of LEC tubular 

like structures when layered with 3mg/ml collagen gels over 24h (Video 1 and 2, 

Annex/CD. In the beginning LECs showed a typical endothelial cobblestone 

formation (0h). After attachment to collagen type I hydrogel, LECs started to migrate 

and detach from each other within a few hours (4-12h). Thereafter, they re-organised 

into new formations of tubular like structures (>12h). The cobblestone morphology 

of the LECs converted within a few hours after attachment to the collagen matrix 

into a tube-like network resembling a honeycomb pattern. Unlike the static 

monolayer, LECs actively migrated between these network structures and 

reorganised the pattern all over within the first 24h. It was observed that LECs 

generated a lot of cell debris during tubular assembly (24h), especially when cultured 

in non-supplemented medium such as BME (Video 2, Annex/CD). Tube formations 

were observed with BME (growth factor free basal medium) and EMB-2 medium 

(Video 1/ Annex/CD). Thus initial migration and tube formation is not dependent on 

medium growth factors.   
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Table 3 Variations of collagen type I delivery systems inducing LEC tubularlike 

formations.   

X = no tubular structures observed. √ = tubular structures visible after 24-48h  
Collagen type I 

concentrations/ 

Collagen delivery 

system   

10 

µg/ml  
50 

µg/ml  
100 

µg/ml  
500 

µg/ml  
1 

mg/ml  
2  

mg/ml  
3  

mg/ml  
4 

mg/ml  
5  

mg/ml  
Tubular 

like 

formations  

(2D) Collagen 

coated surface  
x  x  x  n.a.  n.a.  n.a.  n.a.  n.a.  n.a.  X  

(3D) Collagen 

supplemented 

Media  

x  √  √  n.a.  n.a.  n.a.  n.a.  n.a.  n.a.  
√  

(2D) Collagen 

hydrogel surface   
n.a.  n.a.  n.a.  x  x  x  x  x  x  X  

(3D) Collagen 

hydrogel matrix  
n.a.  n.a.  n.a.  √  √  √  √  √  √  √#  

√# in suspension collagen type I culture conditions (see 2.2.4); LECs required mostly an additionally 

supplementation with 200ng/ml VEGF-C, n.a. = not available  
 

  

Collagen type I induced cellular migration and tube like formation of LECs. 

However, the tube like formations of LECs degenerated over a time span of 4-5days 

in all commercial media (Figure 6). Growth factor free basal medium such as BME 

led to an accelerated cellular death of LECs after 24h compared to growth factor 

supplemented basal medium such as EMB-2 which showed a significant decline after 

96h. However, EMB-2 medium supplemented with 125ng/ml VEGF-C showed an 

increase in the viable cell number in addition to cellular migration and tube formation 

in collagen type I matrix. In this experiment LECs were viable for at least 4 days in 

supplemented EMB-2 medium with VEGF-C (100ngml-200ng/ml). There was no 

indication of a viability or proliferation decline after day 4. Hence, LEC viability was 

secured with supplementation of VEGF-C 125ng/ml in in vitro long term culture 

within a collagen type I hydrogel. Without supplementation of VEGF-C  

LEC tubular formations were viable for at least 24-48h in EMB-2 medium.   
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Figure 6 LEC viability in collagen type I hydrogel matrix   

Images show LEC nuclei stained with Acridine Orange (viable population, green) and 

Propidium Iodine (dead population, red) in collagen type I hydrogels after 120h. Cells 

displaying a green cell nucleus stained for Acridine Orange indicating viable cells, 

whereas a red cell nucleus and debris stained for Propidium Iodine indicating dead 

and dying cells. Images were taken with a Zeiss fluorescence microscope at 10x 

magnification. The chart shows the viable cell nucleus count between 24h and 120h 

in three different media conditions (BME, EMB-2 and EMB-2 + VEGF-C 125ng/ml).   
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LECs in 3D collagen type I matrix conditions formed tube-like structures within 24h 

(Figure 7). Previously, the assumption was that LECs are sustainable in EMB-2 

medium for at least 24h before onset of cell death. However, immunocyto- 

histochemisty staining of the lymphatic master control gene Prox-1 showed 

differences in LECs within different collagen delivery systems (Figure 7). LECs cells 

were Prox-1 positive and viable within the first 24h when seeded onto or covered 

with collagen type I hydrogels. LECs were also Prox-1 positive and viable when 

embedded between two collagen hydrogels (collagen gel sandwich) and 

supplemented with 200ng/ml VEGF-C. However, without the growth factor 

supplementation LECs lost most of their Prox-1 expression in less than 24h. Loss of 

Prox-1 indicates the loss of function and cellular specificity of lymphatic cells. LECs 

in 3D matrix (collagen gel sandwich) were surrounded with collagen type I compared 

to the other experiments where LECs could adhere to the culture plastic surface. 

Hence, this indicates that the binding capacity towards collagen might be a crucial 

factor for LECs accelerated cellular death, which could be avoided by VEGF- 

C supplementation.  
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Figure 7 Immunostaining of LECs in 2D and 3D collagen matrix conditions  

Images show Prox-1 expression, DAPI staining as well as phase contrast image of 

LECs after 24h in culture. Phase contrast images revealed that tube forming 

structures formed more readily in collagen-covered samples whereas cells seeded 

directly on collagen gels do not form tubular networks to the same extent. 

Immunofluorescence images showed that the lymphatic master control gene Prox-1 

(green) overlaps with the nuclei stain DAPI (blue). Prox-1 was expressed in all 
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samples, except in “collagen gel sandwiches” without the appropriate VEGF-C 

supplementation. Bar equals 50µm.  

As shown previously LEC’s physiological functional loss in vitro was reduced either 

by addition of VEGF-C or by changing the surface matrix from collagen to tissue 

culture plastic. It is therefore questionable whether bioactive substrates can 

contribute to LEC survival in tube-like structures. In order to answer this question 

LECs were seeded onto surfaces such as fibronectin, RGD, Laminin, Collagen type 

I or IV and tube -like formation was induced either by deposition of collagen type I 

hydrogels (Figure 8), fibrin hydrogels (Figure 9), sodium hyaluronate hydrogels or 

hyaluronate blended with collagen type I hydrogels (Figure 10). LEC viable cell 

number decreased on all surfaces and in all matrices within 5 days when cultured 

within EMB-2 medium (Figure 8 and Figure 9) LECs formed tube- like structures 

only in fibrin and in collagen matrices. Surprisingly, the morphology between tube 

forming LECs in fibrin and collagen type matrices was different. In collagen type I 

matrices cells formed a wide honeycomb structured network with multiple closely 

attached cells (Figure 8), whereas in fibrin matrices cells did not cluster together. 

The tube forming cells in the fibrin matrix displayed a narrow irregularly shaped 

network of blind-ended tubes mostly composed of strings of single cells (Figure 9). 

In sodium hyaluronate hydrogels LECs failed to form tube like structures. LECs do 

not attach to sodium hyaluronate hydrogels. In 1:1 blends with collagen and sodium 

hyaluronate cells attached poorly. In blends with a 20 times higher collagen type I 

solution cells attached in 3D clusters. The formation of a network could not be 

evaluated from the images. Moreover, in all sodium hyaluronate hydrogel 

experiments the gel structures were completely dissociated in the culture dish within 

the first 24h.   
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Seeding cells on different surfaces such as fibronectin, RGD, laminin, collagen type 

I or IV compared to tissue culture plastic shows different proliferation rates or LEC 

population doubling times (Figure 11, a). On surfaces such as tissue culture plastic 

and collagen type I and IV cells displayed a lower doubling time compared to laminin 

and RGD. Fibronectin showed a significantly higher doubling time than collagen 

type I, but not to collagen type IV. The degradation or half life of LECs on the same 

surfaces within collagen type I or fibrin matrices were accelerated by collagen 

surfaces in general (Figure 11, b). Fibrin matrices, in combination with either 

fibronectin or RGD have a 75% to 50% extended half life compared to collagen type 

surfaces. Collagen matrices in combination with laminin, RGD, and fibronectin show 

a 50%-30% higher half life compared to collagen type I surfaces. Collagen type I 

hydrogel surfaces were not evaluated due to image acquisition difficulties but images 

showed a very high degree of LEC death within the first 48h.  

(An example of the calculation of the decay rate is given in the Annex)   
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Figure 8 LEC tube formations on various biomaterial surfaces with collagen 

type I hydrogels  

Images show tube formation of LECs on different biomaterial substrates layered with 

collagen type I hydrogel. LECs were stained with Acridine Orange. Viable cells 

display a green nucleus. Their morphology and viability was observed over 3 days. 

Images were taken with a Zeiss fluorescence microscope at 10x magnification, scale 

bar = 50µm.  
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Figure 9 LEC tube formations on various biomaterial surfaces with fibrin 

hydrogels  

Images show tube formation of LECs on different substrates layered with fibrin 

hydrogel. LECs were stained with Acridine Orange. Viable cells display a green 
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nucleus. Their morphology and viability was observed over 3 days. Images were 

taken with a Zeiss fluorescence microscope at 10x magnification, scale bar = 50µm.  

  
  

Figure 10 LEC attachment to Hyaluronate hydrogels  

Images show LECs stained with Acridine Orange 24h after seeding onto Hyaluronate 

hydrogels (a), Hyaluronate hydrogels blended collagen type I at 1:1 ratio (b) and 

hyaluronate hydrogel blended with collagen type I 1:20 (c). Image (d) shows LECs 

covered with hyaluronate hydrogels after 24h (d). Images are combined images of 

phase contrast with fluorescence, scale bar = 35µm.  
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Figure 11 Population doubling time and half life of LECs on various surfaces in 

collagen type I and fibrin matrix  

Chart (a) shows the population doubling time in days of LECs on RGD, fibronectin, 

laminin, collagen type I and IV. Significant differences between RGD, fibronectin 

and collagen type I (p<0.05). The difference between laminin and collagen type I is 

p<0.15. Chart (b) shows the half life in days of LECs on the same biomaterial 

surfaces when covered with collagen type I and fibrin hydrogels. Half life is 

significantly decreased with collagen type I hydrogels, especially on collagen type I 

surfaces when compared to the other groups (p<0.05). Half life with fibrin hydrogels 

is more stable across the groups. Fibronectin, RGD surfaces are significantly slower 

decaying compared to collagen type I surfaces (p<0.05).  

  

2.3.3 LEC co-culture with fibroblasts   

3T3 Fibroblasts of mouse origin were tested in BME and EMB-2 media with and 

without collagen type I matrix. Fibroblasts were apoptotic after 5 days in culture in 

BME medium, whereas EMB-2 medium provided cell growth and high viability 

similar to control (Figure 12 a, b). Addition of a collagen type I hydrogel layer onto 

the fibroblasts in BME medium rescued cells from cellular death (Figure 12 b). 

However, the cell growth remained significantly below the DMEM control (Figure 

12 a). It has been shown here that mouse 3T3 fibroblasts in EMB-2 medium 
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with/without collagen type I hydrogel are viable and functional. Hence, LECs in 

coculture with 3T3 mouse fibroblasts with collagen matrices and basal media provide 

a suitable condition to co-sustain both cell populations.   
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Figure 12 Mouse 3T3 fibroblast culture under endothelial conditions  

The chart shows the viable cell count of 3T3 mouse fibroblasts in BME, DMEM and 

EMB-2 medium with and without 100µg/ml collagen supplementation after 3 days 

in culture. Cells were stained with Acridine Orange and Propidium Iodide staining. 

Images were taken with an epifluorescence microscope. Viable cells are indicated by 

green cell nucleus, whereas dead cells are indicated by red cell nucleus. Bar = 50µm 
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Cell Tracker Green labelled LECs and 3T3 mouse fibroblasts were cultured together 

for up to 48 h. Both cell types attached and grew in co-culture together expressing 

their unique morphology; LECs showed colonies and cobblestone morphology, 

whereas fibroblasts were spindly shaped with elongated filopodia (Figure 13, 

images). Interestingly, DAPI staining is always present in fibroblasts, but rarely in 

LECs. Fibroblasts and LECs were seeded in 3 ratios: 1:10, 1:4 and 1:1. The 

experiments showed that the more fibroblasts were present the fewer LECs cells 

attached to the surface (Figure 13, chart). LEC growth did not seem to be either 

significantly inhibited or significantly increased in direct co-culture within the first 

48h compared to control. However, separation of LECs from direct contact with 3T3 

fibroblasts with a 3mg/ml collagen type I gel layer resulted in a growth boost (Figure 

13, chart) after 48h. Collagen itself did not increase LEC growth when compared to 

tissue plastic surfaces (Figure 11, a). The result might indicate a paracrine 

contribution from fibroblasts stimulating the LEC growth. The collagen type I matrix 

supported survival growth of fibroblasts in endothelial cell media. Hence, growth 

factors excreted by fibroblasts would increase and affect LECs more strongly. It 

remains questionable whether juxtacrine factors would have the same effect on LECs 

in the presence of a collagen type I matrix, or whether fibroblast-endothelial cell 

contact would restrict the LEC growth.  
Co-culture of LECs with 3T3 mouse fibroblast (ratio 4:1) 
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Control 
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from 
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Co-culture 
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seeding 

Co-culture 
50% 

fibroblast 

seeding 

  

Figure 13 LECs and 3T3 mouse fibroblast co-culture growth and attachment  

Top images centre row show LECs (green) stained with Cell Tracker Green 

cocultured with 25% fibroblasts after 48h. Images left column show cell nuclei 

stained with DAPI for all fibroblasts and a few LECs. Images right column are 

combined images of phase contrast with fluorescence green and blue. Scale bar 

equals 50µm. The chart shows the total cell count of Cell Tracker Green positive 

LECs after 24h and 48h. Cells were seeded in different ratios in direct co-culture as 

well as in coculture where LECs and 3T3 mouse fibroblasts were physically 

separated by a collagen type I gel layer. Statistical significance is indicated with 

p<0.05  

  

In a further experiment Cell Tracker Green labelled LECs were seeded with 3T3 

mouse fibroblasts at a ratio of 1:4 together in co-culture. Tube formations of LECs 

were induced with a collagen type I solution (100µg/ml) in EMB-2 medium. LECs 

formed tube-like formations within 24h (Figure 14). Again fibroblasts stained 

strongly for DAPI compared to LECs, and after 48 DAPI staining was missing with 

LECs. Thereafter, LECs number decreased whereas 3T3 mouse fibroblasts grew 

increasingly to fully confluent within 6 days. On day seven, tube forming LECs were 

missing. 3T3 mouse fibroblasts in direct co-culture with LECs did not arrest LECs 

from apoptosis when cultured in EMB-2 medium with a collagen type I matrix.    
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Figure 14 Tube forming LECs in direct co-culture with 3T3 mouse fibroblasts  

The centre row shows fluorescence images of LECs (green) stained with Cell Tracker 

Green co-cultured with 25% fibroblasts after 48h. The right column shows the 

fluorescence images of cell nuclei stained with DAPI (blue). Images of the left 

column are combined images of phase contrast with fluorescence stains green and 

blue. Bar equals 50µm  

In the next experiment LECs and 3T3 fibroblasts were co-cultured together, but 

separated from direct physical contact by a thin collagen layer. Tube-like formations 
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of LECs were induced by a second layer of collagen type I gel. It was observed that 

at low fibroblast (3x104 Cells) to LEC (1.2x105 cells) concentration (1:4) a growth 

in 3T3 fibroblasts (Figure 15, a) and a decay of LECs (Figure 15, b) occurred. On 

day seven, tube-like structures of LECs were degraded. Raising the fibroblast 

concentration to 1x106 cells by blending fibroblasts into the collagen matrix showed 

viable tubular LEC formation at day 7 (Figure 15, c). Although a high number of 

propidium iodine stained cells were observed in the LEC layers (Figure 15, c), the 

remaining structures were not degraded and seemed to proliferate slowly (Figure 15, 

d). This experiment could not be repeated in BME medium, but was observed only 

in EMB-2 medium.  

Although this experiments indicates that LECs require a growth factor contribution 

in addition to co-culture in order to maintain tubular structures, it remains unclear at 

which fibroblast concentration LECs can be supported most efficiently.  
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Figure 15 Tube forming LECs in 3D co-culture with 3T3 mouse fibroblasts  

Images show collagen type I hydrogel co-culture of fibroblasts(a) and (c) and LECs 

(b) and (c) after 7 days culture in EMB-2 medium. Upper images were cultured with 

a low fibroblast and high LEC concentration (1:4). Bottom images were cultured 

with a high fibroblast and low LEC concentration (8:1). Images were stained with 

Acridine Orange (green) and Propidium Iodide (red). Fluorescence images show live 

(green) and dead cells nuclei (red). Image (c) shows LECs (arrow) in close proximity 

to fibroblasts. Image (d) shows the intersection of tube-forming LECs in collagen 

type I hydrogel in a 3D fluorescence image stack. Bar equals 50µm.  

2.4 Discussion  

2.4.1 LEC characterisation in vivo and in vitro  

Characterisation of the lymphatic endothelium has been challenging in the past. With 

the establishment of Prox-1 as a general marker for the lymphatic lineage, research 

in lymphatic tissue progressed. Prox-1 was verified against podoplanin and LYVE-

1 as the only specific marker for lymphatic tissue and endothelial cells in vitro. 

Nevertheless, markers such as Podoplanin and Lyve-1 can be used as co-stains to 

support lymphatic characterisation. However, neither podoplanin nor Lyve-1 has the 

capability to identify lymphatics exclusively. Not only are these markers expressed 

on other cells (Table 1) but it has been shown that expression profiles change during 

maturation of lymphatic vessels. Expression of Lyve-1 on mature vessels is generally 

less [121], and was nearly undetectable in stained vessel tissues. Prox-1 is an early 

indicator of lymphatic commitment during development. Although it is expressed to 

a lesser extent on mature cells [63], its expression remains throughout the entire 

lymphatics. The importance of Prox-1 was demonstrated in experiments by Petrova 

and colleagues (2002), where blood vascular endothelial cells (BEC) were 

reprogrammed with Prox-1 to express a lymphatic phenotype [122]. Their results 

demonstrated that Prox-1 not only revealed lymphatic identity but also its 

physiologically important aspect. The loss of Prox-1 therefore correlates with the 
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loss of lymphatic phenotype and functionality. The experiments reported in this 

thesis showed that LECs embedded in collagen type I lost their Prox-1 expression 

within 24h, followed by a slow cellular degeneration over 3 to 5 days, indicated by 

decline of viable LECs and cell debris accumulation. It can be theorised that Prox-1 

predicts a loss of lymphatic functionality prior to morphological changes and most 

likely prior cell death and apoptotic signalling. Hence, Prox-1 could be used as a tool 

to predict early onset of lymphatic apoptosis. Further experiments would be required 

to verify whether prox-1 deactivation is linked to the apoptosis signalling pathway. 

If that is the case, Prox-1 could be used as diagnostic tool in tissue engineering and 

medicine. Further manipulations of Prox-1 expression might reveal a possibility to 

increase the robustness of LECs in 3D in vitro culture.  

2.4.2 LECs growth and tube formation in hydrogels  

The in vitro culture of LEC monolayers does not represent the native state of 

functional lymphatic vessel. It is known that the surrounding ECM is essential for 

LECs, because they generate relatively little matrix compared to other endothelial 

cell types [82]. Therefore, it was proposed that the provision of ECM proteins in 

vitro would provide the basis for a functional morphology resembling the native state 

of initial lymphatics. LECs have been shown to assemble into tubular like structures 

once exposed to collagen type I hydrogels, matrigel® or fibrin hydrogels [33]. The 

mechanism of new tube or vessel formation, tubulogenesis, is initiated by integrin 

attachment to the ECM structural proteins such as collagen type I [52]. Moreover, 

LECs need to overcome the restriction imposed by a two-dimensional environment, 

- on coated surfaces with collagen type I, VI, laminin and fibronectin LECs do not 

form tube like formations. A 3D matrix, which surrounds LECs providing the 
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necessary binding cues, is thought to induce tubular assembly of LECs. However, 

without the appropriate growth factors, such as VEGF–C, LECs become apoptotic, 

or are incapable of infiltrating hydrogels. It has been shown that addition of FGF-2 

(10ng/ml), VEGF-A and –C (>100ng/ml) supports LECs tube formation and 

neoformation of vessel-like structures in various 2D and 3D collagen type I hydrogel 

culture models [123]. Neo lymphatic vessel formation is described as 

lymphangiogenesis. Lymphangiogenesis is induced by the ligands of vascular 

endothelial growth factor receptor-3 (VEGFR-3) [124]. However, simple tube 

formations in vitro do not require VEGF-C supplementation, although VEGFR-3 

activation via VEGF-C is required for cellular survival and functional maintenance 

[54]. Commercially available endothelial expansion medium does not include 

VEGF-C, only 2-4ng/ml VEGF-A and <8ng/ml FGF-2 (Lonza, communication), 

therefore, it seems not appropriate for 3D collagen type I culture of LECs. Conditions 

to form tubular structures were tested mostly in collagen type I hydrogels. The 

different effects of other ECM structural proteins on tube formation induction and 

maintenance have not been tested intensively.  

Hyaluronan is a network of hydrophilic polymer chains consisting of non-ionic 

glycosaminoglycans. Unlike collagen and fibrin, most cell-hyaluronan functions 

require binding to non-integrin cellular receptors such as LYVE-1, RHAMM or 

ICAM-1 [125]. Hyaluronan function is associated with increased cellular migration 

and metabolism. Receptors, such as ICAM-1 which are expressed by lymphatic cells 

mediate migration via integrin binding sites [126]. However, LEC on hyaluronan 

hydrogels showed impaired attachment and tube formation. Similar results have been 

shown earlier, where outgrowth of LECs was impaired by hyaluronan surfaces [127]. 
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Hyaluronan is metabolised quickly by LECs via Lyve-1 receptor [98], therefore it 

can assumed that attachment to this structural glycoprotein is reduced over time as it 

is metabolised by lymphatic endothelial cells. Cellular tube formation, migration and 

attachment are regulated via specific integrins. The amount of integrin attachment 

sites towards a surface matrix is critical to cellular survival. Loss of attachment leads 

to cellular death. Lymphatic endothelial cells degrade hyaluronan. Therefore, 

hyaluronan hydrogels fail as a suitable matrix for LECs as they lose their functions 

to provide a structural matrix for attachment and migration.  

Fibrin hydrogels provided a suitable matrix for lymphatic tube formation under the 

experimental conditions used. The integrin binding towards the RGD sequences in 

the fibrin matrix is thought to induce lymphatic tube formation in a similar 

mechanism to collagen induced tube formations. However, the outcome differed 

from the structures observed with collagen type I matrices. In the experiments, the 

resolving structures in fibrin hydrogels displayed a morphological change of an 

irregular network and visually narrowed lumen of partially blind-ended tubes. The 

observed vessel network morphology was similar to the native structure of initial 

lymphatic vessels illustrated in literature [128]. LECs express ECM components 

such as laminin [110], fibronectin [95], and are enclosed in a matrix structure mainly 

composed of collagens [128]. This demonstrates that LECs are not exposed directly 

to collagen type I and recognise laminin and fibronectin as their native basal matrix. 

Moreover, it was shown earlier that lymphatics organize best in soft fibrin rich 

matrices compared to collagen matrices [33]. In this study growth and decay of LECs 

was examined on biomaterials with and without 3D matrices. Collagen type I 

matrices increased proliferation and cellular metabolism, but reduced the half life of 
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cells in 3D structures. Integrins for collagen type I are expressed during cellular 

processes of inflammation and wound healing [94]. This process coincides with the 

presence of VEGF-C excreting monocytes [14]. VEGF-C attracts LEC migration, 

promotes growth and supports their invasion into collagen rich matrices. Therefore, 

collagen type I matrices might be suitable for rapid formation of LECs neo-vessels, 

accelerated migration and high metabolism/proliferation. However, these matrices 

fail without the necessary growth factor support.  

Fibrin hydrogels extended LECs survival in tubular structures compared to collagen 

type I hydrogels. It has been show here that the native ECM of lymphatic vessels 

may provide better survival cues for LECs in 3D hydrogel culture. Although, 

fibronectin/fibrin matrices had the greatest potential to support LECs tubular 

structures, all matrices failed to support lymphatic tubular structures in vitro without 

the presence of additional growth factors. This indicates a central role for growth 

factors contribution in lymphatic tissue engineering, but the dynamics between 

matrix and growth factors are yet to be understood.  

The work in this thesis correlates with similar findings by Helm et al. 2007 [33].  

Moreover, the experiments show exclusively that the morphological differences of 

LEC tubes in collagen type I and fibrin matrices resemble a native like phenotype 

and morphology in fibrin/fibronectin matrices only.   

  

2.4.3 LEC co-culture with fibroblast   

The lymphatics share their microenvironment with adjacent cells such as smooth 

muscle cells, monocytes and dendritic cells. These cells are in direct cell-cell 

communication via juxtacrine and paracrine exchange. Moreover, LECs are 
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influenced via paracrine exchange by other cells such as fibroblasts, adipose cells 

and vascular endothelial cells in the distal ECM, as reviewed by various authors 

[34,98]. The complex structural and cellular environment is essential and supports 

functionality of most tissues including the lymphatics via growth factor excretions 

of adjacent and proximal cells (juxtacrine and paracrine) and EMC deposition 

[8,129]. It is known that monocytes support growth and invasion of LECs by VEGF-

C excretion [14]. Vascular endothelial cells also contribute by matrix deposition and 

growth factor release to lymphangiogenesis during wound healing [130]. The 

influence of fibroblasts has not been studied within lymphatics. Fibroblasts supplied 

as a feeder layer support many cell types in their physiological aspects during cell 

culture (e.g. epithelium). However, direct co-culture with fibroblasts restricts LECs 

in their attachment as shown in the experiments. Further, survival of LEC tube-like 

formations was not supported by fibroblasts. Although direct co-culture seems not 

to be beneficial in creating an environment for lymphatics in in vitro culture, the 

development of non penetratable layers by LECs with fibroblast-collagen type I 

sheets can become a useful tool in advanced tissue engineering.  

A different co-culture approach has shown beneficial properties for LECs in 3D 

collagen type I matrices. LECs co-cultured with fibroblasts with physical separation 

by a collagen type I hydrogel layer showed growth increase and survival in collagen 

type I matrices. 3T3 mouse fibroblasts excrete FGF-2 among other growth factors 

and have been shown to support vascular growth in collagen type I matrices [131], 

therefore it is possible that paracrine signalling by fibroblasts provided beneficial 

support for the lymphatic structures in the collagen type I culture. Nevertheless, 

fibroblasts seem not to be an appropriate cell type to support LECs in co-culture by 
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paracrine stimulation. First, a high number of fibroblasts is required to support LECs 

in endothelial cell expansion medium EMB-2. Although these cells survive for 7 

days, large quantities of cell debris and death cell are observed in the proximity of 

LECs. Further, EMB-2 provides additional growth factors for lymphatic expansion, 

which were essential for LECs survival. It seems that fibroblasts have a minor effect 

on physiological stability of LECs in collagen type I culture. Therefore, other 

proximal cell types such as monocytes or adipose cells are suggested as appropriate 

to develop and maintain LEC tubular structures in vitro without additional growth 

factor supplementation. Moreover, the introduction and combination of matrices 

such as fibronectin/fibrin with proximal cells types and collagen might be a 

promising approach to address LEC survival in 3D hydrogels on many different 

levels; juxtacrine, paracrine and stimulation by multiple ECM cues.  

2.5 Conclusions  
The results presented here suggest how LECs can be characterised with 

immunofluorescence markers LYVE-1, Podoplanin and Prox-1 on tissue sections 

and in cell culture. Further, the influence of biomaterials and hydrogels in lymphatic 

cell in vitro culture was evaluated with regard to cellular growth, tube formations 

and morphological changes. Last, an approach to generate a co-culture was 

demonstrated with LECs and fibroblasts.  

Characterisation has shown that Prox-1 is a reliable marker for lymphatic vessel 

tissues as well as a cellular marker during LEC culture. Podoplanin co-stained 

fibroblasts in vitro, and vascular endothelial cells in tissue sections. Co-staining with 

Podoplanin and Prox-1 was sufficient to identify lymphatic tissue. LYVE-1 was very 

weakly expressed on lymphatic vessels tissue sections and stained for other cell types 
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in various tissues such as muscle, fat and interstitium. Thus, Prox-1 is the most 

relevant of the markers used in lymphatic identification. Moreover, Prox-1 not only 

identifies LECs on tissue and in cell culture as a single marker, but it also indicates 

cellular vitality of LECs.   

Cell culture of lymphatics is non-physiological, where LECs develop a monolayer of 

cells instead of a tubular network as observed with the initial lymphatics in vivo. In 

order to convert LECs into a more physiological state in vitro, LECs have to be cultured 

in 3D conditions, within appropriate biomaterials such as fibronectin, fibrin or collagen 

hydrogels and nourished with appropriate growth factors such as VEGFC to maintain 

their physiological and functional aspects. A three dimensional matrix is essential for 

LECs to form tube like structures in vitro. The supplied matrix, either collagen type I 

or fibrin (fibrinogen, fibronectin, RDG based matrices), initiates LECs migration and 

reorganisation into tubular like structures. Collagen matrices increase the metabolism 

and growth of LECs compared to fibronectin, fibrin or laminin matrices. Due to a higher 

metabolism in collagen type I matrices LECs decay rapidly within 4 days if not supplied 

with a high doses of VEGF-C. Although, fibronectin surfaces do reduce LEC growth 

slightly when compared to collagen type I surfaces, the decay of LECs in 

fibronectin/fibrin matrices is significantly reduced. Hence, fibrin/fibronectin matrices 

are proposed as potential tools for LEC tissue engineering. Nevertheless, none of the 

tested biomaterials and hydrogel matrices was shown to support LEC maintenance in 

vitro solely. A supplementation of appropriate growth factors such as VEGF-C was 

always required.  

The need to support LEC functionality with growth factors lead to the initial 

coculture experiments. One aim was to replace growth factors with the help of 
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growth factor excreting fibroblasts. Fibroblasts are shown to maintain LEC tubular 

formations for at least 7 days in collagen type hydrogels. Fibroblasts need to be 

supplied in a high ratio to LECs in order to provide the beneficial paracrine factors. 

Further, LECs were restricted in their attachment when seeded in close proximity to 

fibroblasts, growth seems to be reduced and LECs needed an additional minimum 

supplementation of growth factors to maintain their tubular structures in collagen 

type I matrices. Accordingly, fibroblasts in combination with collagen type I 

hydrogels were not suitable to support the LECs functionality sufficiently. Further 

experiments, which introduce fibrin hydrogel and other growth factor expressing 

cells, potentially may have a higher success to create an in vitro environment where 

LECs cells can be sustained physiologically and functionally without addition of 

external growth factors.  
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Chapter III  
Electrospinning and 

polymer nanofibre 

properties   
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Electrospinning and polymer nanofibre properties   

3.1 Introduction  
A wide variety of materials can be electrospun into nanofibre scaffolds. Biomaterials 

used for this purpose are either natural polymers such as collagen networks, alginate, 

chitosan, fibrin and hyaluronic acids or synthetic polymers such as polyglycolic acid 

(PGA), poly(L)-lactic acid (PLA), poly(DL)lactic-co-glycolic acid (PLGA), 

polyvinyl alcohol (PVA) and polyhydroxyethylmethacrylate [18]. In this research 

medical grade PLGA was utilised to generate electrospun scaffolds.  

PGA is a biodegradable, thermoplastic polymer and the simplest linear, aliphatic 

polyester. PLA is also a biodegradable, thermoplastic, aliphatic polyester. Both lactic 

acid and glycolic acid are polymerized to generate PLGA copolymer. During 

polymerization, successive monomeric units (of glycolic or lactic acid) are linked 

together in PLGA by ester linkages, thus yielding a linear, aliphatic polyester as a 

product (Figure 16). Depending on the ratio of lactide to glycolide, different forms 

of PLGA can be obtained: these are usually identified with regard to the monomer 

ratio used (e.g. PLGA 75:25 identifies a copolymer whose composition is 75% lactic 

acid and 25% glycolic acid. All PLGAs are amorphous rather than crystalline and 

show a glass transition temperature in the range of 40-60 °C. Unlike the 

homopolymers of lactic acid (PLA) and glycolic acid (PGA) which show poor 

solubility, PLGA can be dissolved by a wide range of common solvents, including 

chlorinated solvents, tetrahydrofuran, acetone, ethyl acetate or hexafluoro-2-

propanol (HFIP). Moreover, PLGA has been widely used in various biomedical 

applications due to its biodegradability, biocompatibility and good mechanical 

properties [132]. The aliphatic polyesters such as PGA, PLA, polycaprolactone 
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(PCL), and their copolymers have been approved by the FDA for certain human 

clinical use such as surgical sutures and some implantable devices.  

  
Figure 16 Chemical structure of poly(lactic-co-glycolic acid) PLGA  

  

Controlled biodegradability of the polymer is a welcome if not an essential feature 

in soft tissue engineering. Biodegradable synthetic polymers include polyesters, 

polyanhydride, polyorthoester, polycarbonate, and polyfumarate [133]. PLA and 

PGA co-polymers degrade mainly via enzymatic and/or chemical hydrolysis of the 

hydrolytically unstable ester bonds into lactic acids and glycolic acids, which are 

non-toxic and can be removed from the body by normal metabolic pathways. The 

degradation behaviour depends on the polymer structure and surface properties (e.g. 

molecular weight, co-polymer composition, crystallinity, and overall material 

surface) and environmental conditions such as temperature, pH, interstitial flow and 

polymer/host interactions [101]. Rapid degradation can lead to cell death in culture 

due to the accumulation of lactic acids [134]. Therefore, the extent of the lactide 

incorporation in PLGA cannot be too high, as it can produce a highly acidic 

environment that is not suitable for cellular growth. It has been reported that the 

maximum amount of the lactide that can be incorporated into the electrospun scaffold 

without damaging fibroblast cell viability in vitro varies around 20 mg per ml cell 

culture medium [134].The degradation rate of polyhydroxy acids can be adjusted by 

changes of the PLA:PGA ratio, the molecular weight of each component, the 
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crystallinity and other factors in order to slow down the degradation rate [101]. 

Moreover, hydrophobicity and a low surface roughness of these polymers are critical 

factors for cellular attachment and growth [135]. However, most of their negative 

physical properties for cell culture can be adjusted by blends with other (natural) 

polymers, and physical or chemical treatments [39,135]. PLGAs have limited 

resistance to loading, as well as limited deformability and elasticity [136]. They do 

not fully satisfy the scaffold requirements of native soft tissues [136], however, as 

temporary scaffolds they are a useful tool to administer cells or bio-molecules and 

are easy to implant compared to hydrogels.  

Standard electrospinning is based on a polymer solvent system. The solvent performs 

two crucial roles in electrospinning. One is to solvate the polymer molecules, ready 

to form the electrified jet. The other is to carry the solvated polymer molecules 

towards the collector, then evaporate to allow polymerization towards nanofibres. 

The right solvent system is important for successful electrospinning.[137]. HFIP is a 

solvent which fits electrospinning criteria. Polymers once dissolved with HFIP are 

easier to electrospun than with other solvents (i.e. acetic acid) due to  its high 

conductivity (based on acidity), volatility and good solubility with ionic and non 

ionic polymers. It was shown that solutions with HFIP lead to a successful 

electrospinning with nanofibres of PLGA [38]. A drawback of this solvent is its 

hazardous potential for cells as traces can remain in electrospun fibres.   

  

The properties of the scaffold are controllable via the following process parameters: 

viscosity of the solvent, the dielectric constant of the solvent conductivity, surface 

tension of the polymer, polymer molecular weight, the distance between tip and 
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collector, the flow rate and the strength of the electric field (Table 4). Fibre diameter 

and morphology is controlled mainly by the polymer composition, flow rate and 

applied voltage (Table 4) and fibre alignment can be generated by different collector 

arrangements (see Chapter 4). Electrospinning adjustments can generate synthetic 

polymers in diameters varying from 3 nm to greater than 5 µm [38]. Although, PLGA 

has been electrospun in the past, electrospinning settings from other laboratories are 

not easily transferable, due to equipment changes, environmental influences, 

especially humidity, and differences in the molecular weight of the polymers. 

Therefore, all polymers have to be re-evaluated.   

Chapter III demonstrates the generation of PLGA polymer fibres between 100nm 

and 2000nm in diameter. The electrospinning process parameters required for PLGA 

polymers were evaluated to show the electrospinning limitations of these polymers.  

Further, the degradation of these polymer fibres with different diameters and PLG- 

PGA composition was investigated.  

  

Table 4 Effects of changing electrospinning process parameters on the resultant 

fibre diameter and morphology  

Electrospinning 

Process Parameters  

Effect on Fibre Diameter and Fibre 

Morphology  

Reference  

Viscosity/ 

Concentration  

Low concentrations/viscosities yielded defects 

in the form of beads and junctions; increasing 

concentration/viscosity reduced the defects  

[138,139]  

Fibre diameters and fibre uniformity increased 

with increasing concentration/viscosity  

[139-141]  

Conductivity/ 

solution, charge 

density  

Increasing the conductivity aided in the 

production of uniform bead-free fibres  

[140,142]  

Higher conductivities yielded smaller fibres in 

general  

[143]  

Higher conductivities yielded smaller mesh pore 

sizes  

[143]  
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Surface tension  

In general, no conclusive link was established 

between surface tension and fibre morphology, 

however, bead formation can be affected by 

surface tension  

[142]  

 

Polymer molecular 

weight  

Increasing molecular weight reduced the 

number of beads and droplets  

[144]  

High molecular weights of the same polymer 

can produce thinner fibres compared with low 

molecular weight polymers  

[144]  

Dipole moment and 

dielectric constant  

Successful spinning occurred in solvents only 

with a high dielectric constant  

[39]  

Flow rate  

Lower flow rates yielded fibres with smaller 

diameters in general  

[141]  

the opposite effects (high flow rate; smaller 

fibre diameter) can be observed with some 

polymers  

[18]  

In some cases flow rates did not influence fibre 

diameter at all  

[39]  

Very high flow rates produced fibres that were 

not dry upon reaching the collector resulting in 

interconnected nanofibre mats fibres  

[140,145]  

High flow rates can also lead to beaded fibre 

morphologies  

[18,141]  

Field strength/ 

voltage  

At too high voltage, beading was observed; the 

polymer jet can split into multiple jets at high 

voltages which results in beaded and non 

uniform fibres  

[138,140]  

Correlation between voltage and fibre diameter 

was ambiguous. In general, a voltage decrease 

led to uniform thick fibres, but some polymers 

such as PVA showed the opposite behaviour  

[139-141]  

Distance between tip 

and collector  

A minimum distance was required to obtain 

dried fibres  

[140]  

At distances either too close or too far, beading 

could be observed  

[38]  

Narrow distances produced flat fibres, longer  

distances generated round fibres  

[38]  

The further away the needle was positioned the 

smaller the fibre diameter in general  

[39]  
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Needle tip design  

Using a co-axial, two-capillary spinneret, 

hollow fibres were produced  

[146]  

A smaller needle orifice decreased the fibre 

diameter  

[146]  

Collector 

composition  

Smooth fibres resulted from metal collectors, 

water and methanol surfaces  

[140,145]  

Ambient parameters  

Increased temperature caused a decrease in 

solution viscosity, resulting in smaller fibres  

[140]  

Increasing humidity above 30% can lead to nano 

structured pores on the fibre surface which 

increased in size, number and shape  

[147]  

3.2 Methods   

3.2.1 Polymer preparation  

Three different polylactide-co-polymer solutions were dissolved in 

hexafluoroisopropanol (HIFP) (Sigma,UK); a) PLGA (10:90), b) PLGA (50:50) and 

c) poly(L-lactic)-co-(D-lactic acid) (PLDL) (Purasorb, NL) (Table 5). The solutions 

were prepared in 10ml glass containers in the exhaust fume cabinet, sealed and 

agitated with a magnetic stirrer on a magnetic stirring plate for up to 3 days at room 

temperature prior to the electrospinning process. Properties of the polymers used in 

these experiments are summarized in Table 5.  

  

Table 5 Properties of the polylactide-co-polymers  

Thesis  
Identity   

PURA- 
SORB  

identity  
L- 

Lactide  
D- 

Lactide  Glycolide  inherent  
Viscosity  

Concen- 
trations.  
(w/v) in 

HFIP  

MW  
[g/mol] 

x1000  

glass 
tran- 
sition 
temp  
[C°]  

melting  
temp.  
[C°]  

Degradati 

on times 

in PBS  

PLDL  
PLDL 

7060  70%  30%     6.0dl/g  5%-2.5%  1,523  55-60  
115- 
125  12-16mth  

PLGA  
(50:50)  

PDLG 

5010  50%  50%  1.0dl/g  15%-10%  153  45-50  
amorph 

ous  1-2mth  
PLGA  
(10:90)  

PLG 

1017  10%     90%  1.7dl/g  15%-10%  200,  35-45  
200- 
210  6-12mth  

  

3.2.2 Electrospinning Set Up  

The electrospinning apparatus consisted of a syringe pump (Harvard Apparatus PHD 

2000 infusion, US) and two 30kV high-voltage power supplies (Brandenburg, UK).  
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The solutions to be electrospun were added to a 5.0 ml plastic syringe (BD Syringe, 

UK) fitted with a 18 gauge needle (BD Microlance, UK), and loaded into the speed 

syringe pump. In the standard set up a positive terminal (ground) of the power supply 

was connected to the syringe needle. The negative terminal of the power supply was 

connected to a single plate collector assembled from an aluminium plate to collect 

random fibres (Figure 17, a). The collector was covered with standard aluminium foil, 

on which the polymer fibres deposited. The electrospinning time was flow rate 

dependent and varied between 15sec and a few minutes. The electrospinning process 

was terminated as soon as a white polymer spot appeared on the aluminium sheet. A 

detailed description of the laboratory set up is included as standard operating 

procedure (SOP) for the Electrospinning process in the Annex. The three polymers 

were electrospun under various settings of voltage, flow rate and viscosity 

(Electrospinning parameters and electrospinning examples: Table 6). After each 

electrospinning process the aluminium foil was changed and the sample was vacuum 

dried at 37°C degree for 24h and stored in desiccators under vacuum. A set of 3 to 5 

samples were generated per electrospinning setting for the analyses.   
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Figure 17 Set up and Measurements  

Image (a) shows the schematic of the electrospinning process. A polymer solution 

was extruded in the presence of an electrostatic field from the needle tip to the 

negatively charged collector plate. The polymer jet was pulled by the electrostatic 

field in a whipping fashion towards the negative pole. The solvent evaporated and 

fibres deposit randomly on the collector plate. Image (b) shows a sample of a SEM 

image of smooth PLGA (50:50) polymer fibres, which have accumulated on the 

collector. The measuring parameters (fibre diameter, widest gap between two fibres 

(pore size), pore pixel area) and morphological specifications are indicated in red.  

3.2.3 Electrospun Polymer Degradation  

Nanofibre mats of various nano-dimensions were generated with the electrospinning 

process (Table 6). PLDL, PLGA (10:90) and PLGA (50:50) electrospun samples 

were pealed off the aluminium foil and cut into rectangles for in vitro degradation 

testing. The samples were dried in a vacuum oven at 37°C, weighed, placed in a 

a)  b)  
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closed containers containing 20 ml of a phosphate buffer solution (PBS; pH 7.4) and 

incubated in vitro at 37°C for 15, (30), 45 and 90 days. After each degradation period, 

the samples were washed with PBS, dried in a vacuum oven at room temperature for 

48 h, and weighed. The weight-loss percentages of the samples were calculated from 

the dried weights obtained before, and after, degradation. In addition, samples taken 

on day 15 and 90 were dried and prepared for morphological analyses with surface 

scanning electron microscopy.   

Table 6 Setting range for the electrospinning procedure  

Polymer types  Polymer 

Concentration  
Polymer  

Flow  
Rate  

Voltage  Needle  
Collector  
Distance  

Humidity  
(18°)  

Fibre Diameter 

analysed by SEM  

Poly(lactide)co-

polymers  
2.5% - 20% (w/v)  0.005- 

8ml/h  
9-24kV  14 cm  23-35%  50nm - 1800nm  

Examples of settings used in degradation experiments:    

PLGA (50:50)  10% (w/v)  1.5ml/h  18kV  14 cm  25%  431nm (+/-

140nm)  
PLDL  3.75% (w/v)  0.1ml/h  12kV  14 cm  23%  522nm (+/-68nm)  

PLGA (10:90)  10% (w/v)  4ml/h  18kV  14 cm  25%  541nm (+/-

172nm)  
PLGA (10:90)  8% (w/v)  0.25ml/h  15kV  14 cm  26%  189nm (+/-88nm)  

  

3.2.4 Surface Scanning Electron Microscopy  

The aluminium foil with the deposited electrospun nanofibres was glued to a 

doubleface carbon adhesive sample holder. The sample was gold sputtered with a 

sputter coater (Quorum Technologies, UK) for 1.5min at 1.2kV, 40mA under 

vacuum of 0.1 torr (13.33 Pa). Thereafter samples were analyzed using a bench top 

scanning surface electron microscope (SEM): Hitachi Analytical TableTop 

Microscope TM3000 (Hitachi, Japan). The average polymer fibre diameter (vertical 

diameter across a single fibre), pore size/interspatial fibre distance (widest gap 

distance between two fibres in the same plane) and its distribution were calculated 

using the ImageJ® software (Figure 17).  
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3.2.5 Experimental design and statistical analyses  

The fibre diameters of electrospun scaffolds were determined from the SEM images, 

using ImageJ® software (National Institutes of Health, USA). During the 

electrospinning process 3 to 5 samples were generated. From each sample 5 random 

areas of the deposited polymer material were selected and scanned with the surface 

scanning electron microscope. A total of 15 images were generated for each 

electrospinning setting. From each image a minimum of 20 fibres were measured. 

The final fibre diameters and interspatial fibre distances were evaluated from a 

sample size of 150 to 200 fibres per electrospinning setting, (Figure 17, b). Pore area 

was measured parallel to pore size as a second reference value. The sample size for 

pore area and pore size was calculated from the same set of images consisting of 50 

to 100 measurements per electrospinning settings. T-test was performed between 

groups and a p-value below 0.01 was considered significant.   

The degradation experiments were performed from 3 individual electrospun samples 

per group. A triplicate of 3 samples represents polymer group or fibre diameter group. 

Samples were weighed every 24h over the drying period. Only consecutive constant 

weights were logged. Statistical tests were performed between several groups with 

ANOVA or between two groups with Student’s t-test. A p-value below 0.05 was 

considered significant.  

3.3 Results  

3.3.1 Electrospinning properties of fibre diameter and morphology  

Polymer fibres were electrospun over a single collector (Figure 17, a) at 18kV with 

increasing polymer flow rates. PLGA (90:10), and PLGA (50:50) at 10% weight per 

volume (w/v) and PLDL at 3.5% (w/v) showed that the higher the flow rate the 
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thicker the resulting fibre diameter and the wider the nanofibre mesh (Figure 18, a,b). 

PLGA fibres had a similar fibre diameter increment to each other, whereas PLDL 

formed thicker fibre diameters at comparable flow rates. PLDL could not be 

electrospun in micrometer dimensions and showed a fibre diameter maximum of 

<1µm. At flow rates above 0.75ml/h fibres merged together, but PLDL was 

electrospun to nanofibre dimensions below 50nm (maximal resolution) at flow rates 

of 0.01ml/h and below. Both PLGA polymers were electrospun to fibres of several 

micrometers in diameter. PLGA (50:50) with (10% w/v) was limited at the nanoscale 

dimension at about 250nm fibre diameter and could not be electrospun at very low 

flow rates below 0.1ml/h compared to PLGA (10:90) which was electrospun to fibre 

dimensions of under 100nm in diameter. However, PLGA (10:90) did not produce 

uniform nanofibres at lower flow rates (Figure 18, b). Two fibre populations of very 

fine fibres below <200nm diameter and thicker fibres above >500nm diameter 

accumulated at the same time during the spinning process. Finer fibres were attached 

and branched from thicker ones. The population of fine fibres increased with a lower 

flow rate, whereas the thicker fibres diminished. The overall fibre morphology was 

smooth and round. Fibres appeared to deposit as a non woven mesh, however, fibre 

branches and fibre interconnections were observed within all polymers. Fibre 

branches and interconnections were missing at low flow rates and were shown to 

increase at higher flow rates. PLDL showed mostly uniform fibres without 

interconnections of branches at flow rate between 0.01ml/h and 0.1 ml/h compared 

to the two PLGA polymers.  

Polymer viscosity was changed by increasing or decreasing the polymer 

concentration in the solvent. Increments of 2.5% polymer concentration had huge 
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effects on the viscous behaviour of the fluids and their processing. PLDL 

concentrations above 5% (w/v) increased the viscosity to such an extent that it could 

not be extruded from the needle tip. A higher polymer concentration and viscosity 

produced thicker polymer fibres in general. Doubling of the PLDL polymer 

concentration from 2.5% to 5% w/v showed an 80% increase in fibre diameter from 

387nm (+/- 52nm) to 696nm (+/-109nm) at the same flow rate of 0.5ml/h. PLGA 

(50:50) was concentrated at 10% to 15% w/v and showed a 60% increase in fibre 

thickness from 636nm (+/-140nm) to 1024nm (+/- 148nm) at a flow rate of 0.5ml/h 

(Figure 19). It was not possible to electrospun PLDL at concentrations higher than 

5% w/v, whereas PLGA (90:10) and PLGA (50:50) were spinable at concentrations 

between 8-20% w/v (Table 6). An increase in fibre diameter of PLDL 2.5% w/v and 

PLDL 5% w/v was observed at flow rates between 0.01ml to 0.75ml, and showed 

similar fibre diameter increments to PLGA (50:50) 10% w/v and 15% w/v at flow 

rates between 0.1ml to 1ml. Fibre diameter increased strongly with high polymer 

concentration, especially at low flow rates. Electrospun PLDL at 2.5% w/v and 5% 

w/v showed a 4 fold fibre diameter increase from 101nm (+/- 48nm) to 411nm (+/- 

247nm) at a flow rate of 0.01ml/h compared to 0.5 fold increase from 696nm (+/- 

109nm) to 917nm (+/- 161nm) at a flow rate of 0.75ml/h. Similar results were 

observed for PLGA (50:50) (Figure 19).  
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b)  

flow rate ml/h  

 

   0.01ml/h       0.05ml/h        0.1ml/h        0.5ml/h         1ml/h           4ml/h          

  

Figure 18 Polymer flow rate and Morphology  

PLGA (50:50) 10% w/v, PLGA (10:90) 10% w/v and PLDL (70:30) 3.5%w/v were 

electrospun at 18kV with different flow rates (a), showed a decrease in fibre diameter 

with reduced flow rate. The log x-axis for the flow rate shows a exponential 

correlation between fibre diameter and the increase in flow rate. The scanning electron 

microscopy images show a round and smooth polymer fibre morphology (b). PLGL 

(50:50) and PLDL show a uniformly fibre distribution. PLGA (10:90) shows variable 

No  
fibres  

No  
fibres  
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fibre diameters at low flow rates. PLDL shows merged/wet polymer fibre deposition 

at high flow rates. Scale bar on images is 10µm.  

a)  

  

 
 0.1ml/h 0.5ml/h 1ml/h 

 b)  Flow Rate [ml/h] 

 

  

Figure 19 Polymer viscosity and concentration  

PLGA (50:50) 10% w/v and PLGA (50:50) 15% w/v electrospun at 18kV with 

different flow rates (a), showed a decrease in fibre diameter with reduced flow rate 
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and lower polymer % concentration (a). PLDL 2.5% w/v with a low viscosity and 

PLDL 5%w/v with a high viscosity electrospun at 18kV with different flow rates 

showed an increase of fibre diameter with high flow rates (b).  

3.3.2 Correlation of pore size and fibre diameter  

The polymer pore size or the interspatial distance between fibres was measured at 

various flow rates. Pore size increased with higher flow rates (Figure 20, a). The 

interspatial fibre distance increments of electrospun PLGA (50:50) correlated with 

the increments in fibre diameter. PLGA (50:50) showed an average fibre diameter of 

636nm (+/- 140) and an interspatial fibre distance of 2.94µm (+/- 1.01µm) at set 

polymer concentration (10% w/v), flow rate (0.5ml/h) and applied voltage (18kV) 

(Figure 20, b). An increase of the PLGA (50:50) polymer concentration at the same 

flow rate and voltage from 10% w/v to 15% w/v increased not only the fibre 

diameter, but also the interspatial fibre distance in the same ratio to each other 

(Figure 20, b). PLGA (90:10) showed an average fibre diameter of 337nm (+/- 

275nm) and an interspatial fibre distance of 2.17µm (+/- 0.48µm), but correlations 

between fibre diameter and interspatial fibre distance were difficult to evaluate due 

to the non-uniform fibre distribution. The broad variations of PLGA (90:10) multiple 

fibre diameter are shown in Figure 18 (b) and it is also evident that the error bar for 

the PLGA (90:10) fibre diameter is twice as high as that of the other polymers in  

Figure 20 (b).   

a)  
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Flow rate (ml/h) 
b)  

 
  

Figure 20 Interspatial fibre distance  

Chart (a) shows the increase of fibre diameter and interspatial fibre distance with 

increasing flow rate. Chart (b) shows the variation of interspatial fibre distance and 

fibre diameter when the polymer type, polymer concentration and voltage were 

adjusted.  

  

Applied voltages between 9kV and 18kV affected the fibre diameter (Figure 21). A 

decrease in voltage from 18kV to 9kV at a flow rate of 2ml/h increased the fibre 

diameter of PLGA (90:10) in a linear fashion from 606nm (+/- 203nm) to 1066nm  

(+/-346). In contrast, interspatial fibre distance was reduced at lower voltage (Figure  
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20, b). PLDL electrospun at 18kV showed an average fibre diameter of 577nm (+/- 

117nm) and an interspatial fibre distance of 2.49µm (+/- 0.69µm). Voltage reduction 

of 50% to 9kV of the same electrospinning process resulted in an average fibre 

diameter of 387nm (+/- 52nm) and an interspatial fibre distance of 3.45µm (+/- 

0.84µm).  

 

Applied Voltage [kV] 

  

Figure 21 Applied Voltage  

The chart shows the fibre diameter increment of electrospun PLGA (90:10) at a stable 

flow rate of 2ml/h with a decreasing voltage from 18kV to 9kV. The diameter 

increase is linear with an average increment of ~150nm per 3kV.  

  

3.3.3 Influence of the relative humidity on electrospun polymer fibres  

The electrospinning process was strongly influenced by the relative humidity. 

Electrospun PLDL fibres at 23% relative humidity showed a rounded and smooth morphology with a fibre 

diameter below 1µm and recognizable interspatial fibre distance (Figure 22, a). At a relative humidity of 35% 

PLDL fibres were ribbon shaped and mostly flat (Figure 22, b). Their fibre diameter was increased and pore 
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size was reduced compared to fibres spun at lower humidity. b) 

 

Figure 22 Humidity  

The SEM images show PLDL 5% (w/v) fibres electrospun at 12kV with a flow rate 

of 0.5ml/h at 23% (a) and 35% (b) relative humidity. Polymer fibres show differences 

in size and morphology; rounded (a) and ribbon like shape (b).  

  

3.3.5 Polymer degradation  

PLGA and PLDL degradation properties varied according to the polymer type, 

molecular weight and fibre thickness (Table 5 and Table 6). Figure 23 shows the 

weight loss of electrospun PLGA (50:50), PLGA (10:90), and PLDL nanofibre mats 

with a fibre diameter range of 300-700nm in PBS at 37°C. Additionally the weight 

loss of PLGA (10:90) with comparable smaller fibre diameters was monitored. The 

degradation rate of PLGA was higher than that of PLDL. PLDL had no significant 

weight loss during the first 90 days. During the first 15 days of degradation, PLGA 

(50:50) exhibited a very slow weight-loss rate. The weight loss of PLGA (50:50) was 

accelerated after this period. PLGA (10:90) showed a rapid degradation rate without 

a delayed degradation onset. After 45 days, the residual weight of PLGA (50:50) and 

PLGA (10:90) was similar to each other. After 90% both polymers had lost more 

then 50% of their initial weight.   

  

a)  b)  
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Figure 23 Degradation Chart  

The chart shows the mass reduction of electrospum polymer mats with different fibre 
diameter and polymer type. Polymers were incubated at 37°C in PBS over a period 
of 90 days. Sample showed a significant faster mass reduction with small fibre 

diameter. No significant mass reductions were observed with purely polylactic 
polymers (PLDL).  

  

Figure 24 shows the morphological changes of the polymers on day 15 and 90. 

During in vitro degradation period, the fibre mats contracted a little and some fibres 

started to swell significantly within the first 15 days. PLGA (50:50) and PLGA 

(10:90) fibres started adhering to one another and the fibrous structure of the PLGA 

(10:90) swelled partially into agglomerations of fragmented polymer chunks.  

90  days  days 15 30  days 45  days 

PLGA (50:50) fibre 
diameter 300-600nm 

PLGA (10:90) fibre 
diameter 300-800nm 

PLGA (10:90) fibre 
diameter 100-250nm 

PLDL fibre diameter 
450-600 nm  
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Observation on day 90 showed surface defects which led to fibre rupture of PLGA 

(10:90) and changed into chunks consisting of the short fibre fragments. Degradation 

of PLGA (10:90) was different from the porous, membrane-like structure of PLGA 

(50:50). On day 90 the fibre structures of PLGA (50:50) were less segmented but 

hollow or porous. No fibre break-down was observed with PLDL during the 

degradation. However, a fibre mat contraction on day 15 and a strong swelling on 

day 90 showed that fibre mat had changed its properties showing the loss of porosity 

and ability to be perfused.  

Figure 24 Degradation of polymer fibres SEM Images  

Electrospun PLGA (50:50) with a fibre diameter of 300-600 nm in PBS  

 After 15 days         After 90 days  

  
  

Electrospun PLGA (10:90) with a fibre diameter of 300-800nm in PBS  

 After 15 days         After 90 days  

  
  

Electrospun PLDL with a fibre diameter of 450 to 600nm in PBS  
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 After 15 days          After 90 days  

  

3.4 Discussion  

Electrospinning of PLGA and PLDL has been widely demonstrated in the past and 

much of the body of this electrospinning work has been summarized and discussed 

in several books [38,39,148]. The presented findings are comparable to those in the 

literature, which show a linear increase in diameter with increasing flow rate, 

polymer concentration and decreasing voltage. The differences in the diameter are 

subject mostly to the inherent viscosity, which is lowest for PLGA (50:50) and 

highest for PLDL. Fibre diameter is dependent on the viscosity of the solution [148]. 

Therefore it is just plausible that PLDL shows a 1.5 fold thicker fibre diameter at 

similar low flow rate compared to PLGA. Although PLGA (50:50) has a lower 

molecular weight than PLGA (10:90), the latter has a slightly lower fibre diameter. 

The difference between PLGA (10:90) and PLGA (50:50) is the percentage of 

glycolic acids. A shift in the balance between glycolic- and lactic acids could result 

in a higher conductivity of PLGA (10:90). Solutions of higher conductivity yield 

nanofibres smaller in average diameter due to the transfer of electric charge from the 

electrode to the spinning solution [39]. Moreover, PLGA (10:90) produced two fibre 

diameter populations at the same time. Similar PLGA (10:90) blends have been 

electrospun previously [23], but two distinctive fibre diameter populations have not 
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been observed so far. One possibility could be that a multi-jet occurs due to high 

voltage and high surface charge of PLGA (10:90). Applied voltage provides the 

surface charge on the electrospinning jet. Charges in the jet accelerate the polymer 

solution in the direction of the electric field towards the collector, thereby closing 

the electrical circuit. The jet while moving towards the collector undergoes a chaotic 

motion or bending instability. Instability and stretching of the jet correlates with the 

increase of the applied voltage [149]. It has been discovered that high instabilities 

causes a single rapidly whipping jet to generate multiple fibre diameters [150]. The 

whipping phenomena occurs so fast that the jet appears to be splitting into smaller 

fibre jets, resulting in ultra fine fibres as observed with PLGA (90:10). There are in 

total three models of jet instabilities and for further reading refer to Hohman and 

colleagues (2001) [151]  

Electrospun nanofibrous membranes consist of specific pores sizes. The pore size is 

measured by the interspatial distance between fibres. Interspatial fibre distance 

correlates with the fibre diameter as long the applied voltage is not changed. Flow 

rate and polymer concentration influences the average pore size in a similar manner 

as the average fibre diameter. It has been found that pore dimensions vary with the 

volume density of nanofibres in the mat and therefore also with the yield and 

collection time [152], but are not directly related to the average fibre dimensions. 

Porosity tests with indirect methods such as bubble point or mercury intrusion 

measurements showed that there is no relationship between the average fibre distance 

and porosity [39,152-154]. However, the pressure required to form a bubble point 

test relates to the maximum pore size (range) [154]. Thus it can be suggested that 

increments in polymer concentration and flow rate reduced the porosity of the 
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electrospun material. Nevertheless, porosity is a factor for intrusion of material, 

drugs or cells. Coatings or cellular attachment will not be affected by it as much, 

because these act more in a 2 dimensional way. For this reason, interspatial fibre 

distance and fibre diameter were selected over porosity as the essential parameters 

for this research.  

Electrospinning at higher humidity influences fibre morphology. Nanopores 

generally occur on polymer fibres when electrospun at high humidity as reviewed by 

[38,140,155]. These pores were not evidenced, because of the limitation of scanning 

surface microscope resolution. However, the generated fibres showed ribbon 

morphology. Ribbon fibre morphologies are created with higher molecular weight 

and higher polymer concentration at times where water solvent evaporation reduces 

with higher solution viscosity. The solvent system volatility is reduced. As a result 

wet fibres are generated which then accumulate flattened on the collector [38]. It is 

questionable whether enough water is adsorbed by the solvent system during the 

electrospinning process at a high relative humidity or whether it is more likely that 

water contamination of the solvent system caused the ribbon effect. Nevertheless, 

the effect of water during the electrospinning process is critical to the electrospinning 

product.  

The electrospinning process of PLGA blends generates highly biodegradable 

nanofibres. These will lose complete structural integrity between 15 to 45 days and 

start to shrink, swell and break down after a few days in water based solutions. The 

process is described by Dong and colleagues [156] and factors which affect the 

polymer degradation included hydrophobicity, surface to volume ratio, nanofibre 

shrinkage, hydrolysis of crystalline polymers and surface erosion. The degradation 
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rates of the nanofibre matrices are reported in the order of PGA < PLGA << PLA 

[157]. PLDL fibres did not degrade significantly, but showed shrinkage due to 

thermally induced relaxation on day 15 and strong swelling on day 90. A possible 

explanation is that the high molecular weight, and a difference in amorphous and 

crystalline properties, slowed down the degradation process; the degradation of the 

polymer scaffolds being initiated in the amorphous regions. The water molecules 

easily diffuse into the amorphous chain segments. Temperature crystallisation and 

crystalline properties of the polymer lead rapidly to hydrolytic degradation through 

polymer chain scission [156,158]. In the early stage PGA-rich matrices degrade 

quickly because they are more crystalline leading to a hydrolytic degradation and a 

gradual degradation over time [156,157]. After the initial phase of 15 days, PLGA 

(10:90) and PLGA (50:50) show similar mass losses. Firstly, the amorphous region 

of PLGA (50:50) allows a faster access of water to the inner crystalline region of the 

polymer, accelerating the degradation process after the initial phase of 15 days. This 

process leads to further crystallization and a rapid degradation [156]. Secondly, the 

higher molecular weight of PLGA (10:90) slows down the hydrolysis of water to the 

polymer backbone under aqueous conditions. A faster degradation of PLGA (10:90) 

can be achieved with higher surface area or lower fibre diameter. The degradation of 

PGA-rich matrices shows fibre breakages and polymer chunks, which is typical for 

a crystalline polymer such as PLGA (10:90), whereas hollow or porous fibres are 

observed with semi-crystalline polymers such as PLGA (50:50). Crystalline rich 

fibres are segmented through hydrolysis from outside. Amorphous polymers are 

dissolved from inside by water intrusion through the amorphous polymer chains, 

which allows crystalline hydrolysis from the inside of the fibre. Polylactic polymers 
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can consist of isomers of D- and L-lactic acids (Table 5). The percentage of L-lactic 

acids represents the crystalline fraction of the polymer and D-lactide the amorphous 

fraction of the polylactic polymers [156]. Hence, nanofibre stability can be adjusted 

by polymer composition and blends to achieve desirable degradation properties. 

Polymer fibres with a small diameter degrade faster. Water can easily access the inner 

core of polymers with a lower diameter, which accelerates the degradation process, 

and a higher amount of lactic acid is released within a shorter time. The amount of 

lactic acid released limits the amount of polymer that can be used in vitro or in vivo. 

The incorporated amount (mass) of PLGA (10:90) with a low diameter fibre (100-

250nm) in vitro would be 50% less when compared to larger fibres (300800nm) 

because these show a 50% reduced degradation rate. However, degradation in vivo 

is thought to act even faster. In this situation enzymatic degradation, erosion, friction, 

diffusion, temperature and pH will influence the degradation process further. 

Therefore, tissue models with cell culture would be a more accurate tool to predict 

degradation behaviour of polymer nanofibre mats, whereas in vitro studies can 

provide a guideline for polymer amount with regard to fibre diameter and porosity.  

3.5 Conclusion  
Electrospinning settings have a strong impact on fibre diameter and interspatial fibre 

distance. Adjustments of the main three electrospinning properties: flow rate, 

polymer concentration/viscosity and applied voltage increases and/or decreases fibre 

and mesh dimensions. The highest impact on fibre diameter and interspatial fibre 

distance can be achieved with flow regulation and polymer viscosity. In addition, 

environmental properties such as the relative humidity should be controlled during 

the electrospinning process to avoid severe product differences.  
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Equal fibre qualities are not achievable with all tested polymers. All polymers behave 

uniquely in the electrospinning process and generate distinctive fibre products. 

However, individual electrospinning settings can generate similar fibre and mesh 

properties. Nevertheless, PLGA (50:50) is the most versatile polymer tested 

compared to the PLGA (10:90) or PLDL. Although, it is technically more difficult 

to electrospin PLGA (50:50) fibres of 100nm diameter and below, there are no 

limitations to electrospinning fibres of several micrometers in diameter. PLGA 

(50:50) shows uniform fibre distribution and stable interspatial fibre properties, 

which are not achievable with PLGA (10:90) solutions. Degradation properties in 

vitro were shown to be fast for PLGA (10:90) and PLGA (50:50) making these fibres 

attractive for soft tissue engineering and wound healing. Although, PLDL showed 

excellent properties to generate uniform fibre below 100nm its degradation ability is 

questionably low. It is therefore preferable that PLGA (50:50) is used in further 

studies with cellular interactions.  
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Chapter IV  
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Alignment of Nanofibres with dual field 

electrospinning  

4.1 Introduction  
An alignment of the fibres is difficult to achieve with a conventional electrospinning 

set up, because the polymer jet performs a whipping movement and is deposited 

randomly on the opposite collector. There is no effective way to overcome the 

whipping effect of the polymer jet, however, changes in the collector geometry can 

lead to different fibre deposition from random to highly aligned nanofibres (Figure 

25). The commercial method to achieve highly aligned fibres mats is to spin over a 

rotating mandrel [159]. However, this method cannot be used to coat fragile or 

gelatinous material because of the high rotation speed of the mandrel. Only a few 

electrospinning methods are able to spin highly aligned fibres at static conditions, 

rotating jet electrospinning [160], dual magnetic field electrospinning [161] or dual 

electric field electrospinning [162].   

The collectors describing a dual electric field or magnetic field electrospinning are 

positioned opposite each other allowing fibres to align over the narrow gap or a static 

target (Figure 26). A variant of this approach involves the use of a static (or rotating) 

grounded metal frame as collector which is described as rotating jet electrospinning.  

In the vicinity of such collectors, the electromagnetic field is split into two and runs 

in straight parallel lines between the collector segments. The whipping jet is attracted 

first to the collector closest to the jet segment and is then stretched rapidly to the 

adjacent collector. Fibres are placed along the electromagnetic field in the vicinity 

perpendicular to the collectors [39] (Figure 26). Polymer fibres in between the 

collectors charge up slowly and tend to repel each other. Their tautness as well as 
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their strongly parallel placement with respect to each other is believed to be due, 

partially to the surface charge [162].   

  

Figure 25 Collector Geometries  
Adapted from Anthony Andrady, Science and Technology of Polymers, p.99 [39] 

Different types of collectors used in electrospinning: (a) flat plate collector produces 

random nanofibre mats (b) rotating drum, mandrel, rotating disc produces thick 

aligned nanofibre mats and strings at high rotations; (c) rectangular, triangular, or 

wire cylinder frame produces aligned nanofibres; (d) electrode pair arrangements or 

dual electric field electrospinning produce highly aligned nanofibres; (e) single or 

multiple ring electrodes or rotating jet electrospinning produces aligned nanofibres; 

( f ) mesh electrode produces horizontally and vertically poorly aligned nanofibres; 

(g) pair of cone-shaped collectors, a different type of dual electric field 

electrospinning which produces strings of highly aligned nanofibres.  

  

  

Figure 26 Dual electric field 

electrospinning method (adapted 

from Anthony Andrady,  
Science  and  Technology  of  

Polymers, p.267 [39])   

Method shows the stretching of a 

charged jet segment across a pair 

of parallel electrodes.   
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Li and colleagues first showed that nanofibres of diameter exceeding >150 nm could 

be deposited as a highly aligned mat in the void space between a pair of electrodes 

[162]. Thinner nanofibres (less than diameter < 150 nm) were too fragile to be 

oriented in this manner. In recent studies it has been found that dual field 

electrospinning can generate higher fibre alignments comparable to those 

electrospun over a rotating mandrel at 300rpm [163]. Initially during the 

development of dual field electrospinning, alignment was achieved only with very 

narrow collector distances of between a few millimetres up to 3-4 cm [163,164]. This 

has changed recently; new large scale dual field electrospinning methods achieved 

alignment of fibres over a 60cm gap distance with a tip collector [165]. This progress 

moves the dual field electrospinning technology closer to a commercial application. 

There are still some technical issues to be addressed before this technology will be 

ready for industrial production of aligned polymer fibre material. Foremost, the fibre 

alignment varies and accumulation of random or “stray” fibres reduces the quality of 

the product. The resulting fibres from dual field electrospinning depend on 

parameters in addition to collector distance, such as electric field voltage, feeding 

rate and polymer concentration. Recently, a few approaches have been started to 

improve the electrospinning conditions. The fibre distance and deposition can be 

enhanced with auxiliary electrodes which narrows the whipping of high speed jet 

down [163]. Further “stray” fibres have been reduced with the combination of dual 

field and magnetic field electrospinning [166].   

Once the technical problems are resolved and reproducibility of high polymer fibre 

alignment is guaranteed; products of dual field electrospun material have a broad 

application spectrum. These electrospun polymers with high fibre alignment are 
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desirable in regenerative medicine, as they greatly affect cell fate and morphology 

[167], extracellular matrix formation [168] and direction of cell growth [169]. 

Further they have great potential applications in the fields of catalysts [170] and 

photonics [171].  

In this Chapter, I evaluate the process parameters to spin highly aligned fibres with 

defined interspatial fibre distance across the dual collectors. I investigate the effects 

of static and low oscillating electromagnetic fields, voltage strength, spinning 

duration as well as needle and collector positions. I will use the advantage of dual 

field electrospinning to coat flat surfaces such as aluminium and glass. Further I will 

demonstrate that fragile surfaces such as collagen hydrogels can be coated with 

defined fibre amounts and alignments in preparation for cell culture experiments.   
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4.2 Method  

4.2.1 Dual Field Electrospinning  

The electrospinning apparatus consisted of a syringe pump (Harvard Apparatus PHD 

2000 infusion, US) and two 30kV high-voltage power supplies (Brandenburg, UK) 

as described in chapter 3.2. Either a PLGA (50:50) 10% (w/v) in HFIP or a PLDL 

2.5% (w/v) in HFIP highly viscose solution was placed in a 5.0 ml plastic syringe 

(BD Syringe, UK) fitted with a 18 gauge needle (BD Microlance, UK), and loaded 

into the syringe pump. The polymer solution controlled by a syringe pump was 

extruded with a flow rate of 0.05ml/h to 1ml/h. The tip of a blunt 18 gauge needle 

was attached to the ground of a high voltage source and positioned in the middle 

between the collector and 8cm to 14cm above the two parallel collector rods. The 

high-voltage source was used to apply an electrostatic field of 9-24 kV to both 

collectors (Figure 27, a and b and Figure 28). In addition, an oscillating transverse 

electric field was applied with the help of a second power voltage supply 

(Brandenburg, UK) to each collector. A square function at frequencies between 0.5-

2 Hz with maximum amplitude between 9-24 kV was fed to one of the power 

supplies. Simultaneously, a 180° phase shifted copy of the former function was fed 

to the other power supply (Figure 28). Both functions are fed with an offset which is 

3kV below the amplitude settings. The oscillating amplitude is restricted to maximum 

of 3kV above the offset. Amplitude and frequency operations were controlled with 

the help of a multifunction data acquisition (DAQ) device and programmed with 

Labview® (National Instruments). An example of the Labview® program and the 

control panel are shown in Figure 29, b and c. Signal and measurements were fed to 

power supplies via a 21 pole socket according to the manufacturer’s manual.  
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Figure 27 Dual field electrospinning of aligned fibres  

Schematic dual field electrospinning set up with parallel bar collectors, a centrally 

positioned syringe and coated glass sheet (a). Image (b) shows electrospun dual field 

fibres at a gap distance of 18cm. The glass slide is positioned on two strings 1mm 

below the collectors. Aligned polymer nanofibres were covering the whole area 

between the 7cm long collector rods. The collector rods are half covered with 

polymer fibres and form a sharp edge from which the fibres transverse over the gap. 

The arrow head indicates the edge effect at the collector bar end where fibre direction 

changes due to the changes in the electrostatic field.   

  

Rod distance 4-18cm  

Needle-Rod  
distance               
8-14  cm  

9-21 kV  

Flowrate  
0.05-1 ml/h  

b)  a)  
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Figure 28 Dual oscillating field electrospinning   

The image shows the schematic set up of the transverse oscillating electric field 

electrospinning system. Two high voltage power supplies were fed with a square 

function of 0.5-2 Hz. Offset was set at 13.5kV. Amplitude was 3kV. The square 

function was delayed by 180 degrees from the other voltage supply. Polymer 

solution was extruded from the grounded needle tip and the resulting polymer 

fibres deposit in an aligned manner between the collectors.   

13.5 kV  

16.5 kV  

Hz  2 

kV  13.5 

kV  16.5 

Hz  2 

Phase shift 180°  
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Figure 29 Labview® control  

The Labview program in image (a) simulates two signals, which were fed via the 

multifunction data acquisition device to the power supplies. Voltage amplitude, 

frequency, voltage off set and phase were adjusted individually for both power 

supplies. Data output of the voltage was measured in return to control the input. The 

Labview Front Panel (b) displays the square functions and the voltage output 

(Amplitude 1 and 2 differs in order to visualize the square function in the image, 

experimental setting of amplitude 1 and 2 were set between 3 and 7 digit). The input 

for voltage and off set: 1 = 3000V, and the frequency: 1 = 1Hz.  

  

   

  

b)  

a)  
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Polymer solution was extruded from the grounded needle tip and the resulting 

polymer fibres were deposited in an aligned manner between the collectors. 

Collectors consisted of 2mm diameter steel rods and vary in length between 7cm and 

2cm. Electrospun fibres were collected between a 4cm to 18cm wide gap. A glass 

slide (2.5cm x 5cm) was positioned slightly below (1-2mm) the collector rod level. 

Electrospun fibres were collected over glass slides for 30sec to 30min. In addition 

fibres were collected over glass slides which have been covered with aluminium foil 

or 0.1-1ml collagen gel (method for collagen preparation, Chapter 2). 

Electrospincoated samples were cut free from the collector rods prior to 

characterization. A set of 5 samples (n=5) were electrospun for each electrospinning 

setting. Setting and range of the dual field electrospinning process are summarized 

in Table 7.  

  

Table 7 Setting range and examples for the dual field electrospinning process  
Polymer*  Flow  

Rate  
Needle  
Collector  
Distance  

Collector  
Gap  
Distance  

Applied  
Voltage  

Spinning  
Duration  

Oscillating  
Frequency  

Relative  
Humidity  

Fibre to  
Fibre  
Distance  

Fibre 

Diameter 

range  

Average  
Fibre  
Orientation  

PLDL  
/PLGA  

0.05ml/h  
- 1ml/h  

8cm –  
14cm  

4cm –  
18cm  

9kV –  
21kV  

30sec - 
30min  

0Hz - 2Hz  23% to 

35%  
1.5µm - 
80µm  

200nm - 
1500nm  

0° - 45°  

Examples of dual field electrospinning         

PLDL  0.05ml  14cm  7cm  14kV  0.5min  2Hz  23%  45-60µm  <350nm  0°-15°  
PLDL   0.1ml/h  14cm  7cm  12kV  5min  2Hz  26%  1.5-3µm  350-650nm  5° - 12°  
PLDL  0.25ml/h  14cm  7cm  14kV  10min  2Hz  26%  2-4µm  300-500nm  22° - 30°  
PLGA  0.5ml/h  14cm  7cm  14kV  2min  -  25%  7-16 µm  0.7-1.1µm  10° - 17°  
PLGA  0.5ml/h  14cm  7cm  12kV  3min  2Hz  35%  50-70µm  0.7-1.2µm  5° - 10°  
PLGA  0.25ml/h  14cm  18cm  15kV  10min  2Hz  23%  5-35µm  500-900nm  15° - 25°  

* PLGA = PLGA (50:50) with a polymer concentration of 10% (w/v) and PLDL = PLDL with a polymer concentration of 2.5% (w/v)  

4.2.2 Characterisation of fibre distance, diameter and orientation  

Glass slides and collagen gels with fibre deposition were visualised with a Zeiss Axio 

Vision Microscope in bright field. Fibres deposited on aluminium strips were 

visualised with scanning surface electron microscopy. The number of fibres per cm2 

and the average interspatial fibre distance per image was calculated from the Zeiss 
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Axio Vision Microscope brighfield images. Images of a 2.5 cm deposition area were 

taken with the Zeiss Axio Vision Microscope. Fibre distance between aligned fibres 

(interspatial distance) per microscopy image (2.2 mm) was counted with ImageJ® 

length measurement tool from 5 images of the glass slide centre (0.9-1.3cm). Fibre 

deposition was calculated from 32 images (equal to 2.5cm) of 5 individual 

experiments with ImageJ®. Images were transformed into binary (black/white 

images) and the amount of fibre deposition calculated by its pixel value for every 

frame. As an internal control, fibres were also counted directly from the bright field 

images and the average fibre to fibre distance and the number of fibres per cm2 was 

calculated by dividing fibre amount through frame length (78.125µm). Both 

described methods were compared to each other to minimize evaluation errors.  

Alignment was evaluated with Fast Fourier Transformation (FFT) of the microscope 

bright field images. The method was adapted from Ayres and colleagues [172]. The 

initial bright field microscope image was cropped to 1036 by 1036 pixel or 6.91 by 

6.91 inches, thereafter FFT was performed with ImageJ software. A circular 

selection was placed over the whole FFT image (Figure 30, b row 3). An oval profile  

 plug-in  (authored  by  William  O’  Connell)  downloaded  from  http://  

rsb.info.nih.gov/ij/plugin was used to determine the radial summation of intensities 

from 0° to 355° degree on the FFT image. The pixel/light intensity value was 

measured every 5° resulting in 72 values per image (Figure 30, c). Values from 270° 

degree to 85° and 275° degree to 90° representing top and bottom half of the FFT 

images. The upper and lower half of the images is similar to each other. Thus, the 

evaluation was simplified and the alignment was compared and evaluated by the 

pixel intensity over a 180° degree spectrum from 270° degree to 85°. At 90° FFT 
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images generate at “fake” intensity measurement shown as a horizontal line (Figure 

30, b row 1, 2, 4). The pixel line results from the noise or background in the picture.  

The background value of every image was subtracted from each measured intensity 

value. Resulting negative values were excluded and set to zero. Values were 

normalized to the control (random fibres) and results were shown as a percentage 

over the whole spectrum of 180°. The results showed that fibre alignment is 

concentrated around 0° (+/- 45°), therefore further charts and tables displayed values 

at a reduced range. In some cases the background was too high to generate 

comparable data (i.e. SEM images of fibres over aluminium foil). This led to an 

incorrect percentage evaluation of the actual fibre alignment. The values were similar 

to those of random fibres (Figure 31). For this reason the evaluation of SEM images 

was excluded in this study. Only images taken from bright field microscopy were 

evaluated and compared to each other. A protocol for alignment quantification is 

attached with this work (Annex).   

The statistical image evaluation in terms of measurement replicates and analyses 

methods for fibre alignment, diameter and interspatial distances were the same as in  

Chapter 3.  

  



 

Figure 30 Fibre alignment evaluation Part I  

Production of varied alignment and fibre density on three different materials- collagen gel (image (a) top) aluminium sheet (image (a) 

second row) or glass slide (image (a) bottom two). Fibres on aluminium sheets were analyzed with scanning surface electron microscopy 

(TM-1000, Table top microscope, Hitachi) and the bright field and/or phase contrast images of the glass slides and gels were visualized 

with Zeiss Axio Vision Microscope. Nanofibres produced with dual electrostatic field electrospinning showed variations of alignments 

from 0-90 degrees and can be electrospun in low and high densities as seen on the bright field images (a). Fast Fourier transformation 

(FFT) of the bright field images showed orientation of the fibres in radial direction (b, row 3). Background is displayed a horizontal line 

at 90° (b, row 2). Acquisition of the radial pixel light intensity of the FFT images allows translation of the alignment to real values, which 

are illustrated on a rotation graph of 360° on the x-axes and the pixel intensity on the y-axes (c).   
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Figure 31 Fibre alignment evaluation Part II  



 

Image shows the percentage of aligned fibres from 270° to 90° with 5° intervals after background reduction and pixle value normalization 

from Figure 30 c). A higher percentage around 0° indicates alignment of the electrospun polymer fibres, whereas an increase at 305°/45° 

and below indicated random orientation and stray fibre accumulation.  
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4.3 Results  

4.3.1 Dual Field Electrospinning Design and Fibre Deposition  

The standard set up to coat aligned nanofibres over various materials is shown in 

Figure 27. The materials such as glass slides, and glass slides covered with aluminium 

foil or collagen gels were mounted on two non-conductive strings 1-mm below the 

collector rods, which were isolated from surrounding connective material.  

  
  

Figure 32 Initial Set Up  

Image (a) shows the electrospinning set up of two negatively charged parallel rods 

7cm distance from each other. Electrospinning solution was extruded from the 

positively charged needle tip, generating parallel fibres between the rods. Fibres were 

collected over a glass slide which had been positioned on an inert plastic stand. 

Negative charges (leaking charges), were able to transfer over the surfaces onto the 

stand and changed the electrostatic field below the glass slide, which was attracting 

random fibres. Image of a 5cm x 2.5cm glass slide (b) shows the aligned fibres in air 

isolated part of the glass slide and a random mesh in the position of the plastic stand. 

The (x10) magnification under the microscope showed a mosaic bightfield image of 
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ten frames each 2.2mm in width (c) where aligned fibres merged with random fibres 

in the surface contact area with the plastic stand.  

Initially, several mounting methods were tried out. The glass slide was placed on an 

inert polystyrene block (Figure 32, a). However, aligned fibres could only be 

collected outside the contact area of the glass slide and plastic stand (Figure 32, b). 

The (x10) magnification under the microscope showed a mosaic bightfield image 

where aligned fibres merged with random fibres in the surface contact area with the 

plastic stand (Figure 32, c). The accumulation of random fibres was significantly 

reduced once the glass slide was detached from the larger surface area.   

Fibre accumulation over the glass slide was shown to be influenced by the position 

of the syringe. A syringe was placed in the centre between the collector system to 

distribute fibres evenly over the surface. A shift to one or other side of the collectors 

led to an accumulation of fibres on one collector only. However, dual field 

electrospinning supported with oscillating frequency at 2Hz was able to transfer 

polymer fibre between the collectors. When the syringe was placed in the centre 

between collector rods, the fibre deposition occured first in the centre below the 

needle tip and slowly spread out over the full bar length. The deposition pattern 

showed a Gaussian distribution in the central area of 2.5 cm at 12kV (Figure 33). At 

higher voltages (18kV) a Gaussian distribution could not be observed at the same 

central area, the fibres were distributed uniformly over the glass slide. At the end of 

the collector rods an “edge effect” was observed which changed the deposition 

pattern. The edges of the rods attract most of the fibres in a point to point dual field 

electrospinning process. In cases where the needle was positioned centrally most of 

the fibers were electrospun along the rod length. It was observed that the collector 
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rods were coated with nanofibres prior to the actual fibre transfer between the 

collectors. Nanofibre transfer between the collectors was set in motion from a sharp 

polymer edge at the rods (Figure 27, b).   

Polymer types such as PLDL, PLGA and flow rates between 0.1-1ml/h did not 

influence the spinning process; however, high polymer viscosity coated the collectors 

without transferring fibres over the collector gap. After a short spinning time it led to 

a Taylor Cone deformation at the needle tip, and polymer solution was dropping from 

needle tip instead of being electrospun. Hence, all consecutive experiments were 

conducted with a medium polymer concentration of PLDL 2.5% (w/v) and PLGA 

(50:50) 10% (w/v). Although the flow rates were restricted between 0.1 and 1ml/h a 

wide range (200nm-1500nm) of fibre diameter has been electrospun with the dual 

field electrospinning set up (Table 7). Generation of specific fibre diameter followed 

the same electrospinning principles as illustrated in Chapter 3; mostly adjustment to 

flow rate was used to produces fibre of specific diameters.   

The duration of the electrospinning process not only increased the fibre deposition 

but also had an effect on the interspatial fibre distance. Interspatial fibre distance 

decreased over time. PLDL fibres electrospun at a stable gap distance (7cm), flow 

rate of 0.1ml/h and 12kV showed an average of 13µm interspatial fibre distance after 

1 minute of electrospinning (Figure 34). In the experiments the deposition was 

saturated after 5min of electrospinning time. The interspatial fibre distance was 

limited to 2.5 µm or 400fibres/mm in these samples. An extended electrospinning 

period showed no significant changes in deposition of the fibre amounts at the 

described setting of 12kV and 7cm gap distance. Dual field electrospinning was 
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mostly stable for up to 10min at 9-12kV. Thereafter, the transversal electrospinning 

effect declined and a dropping needle tip was observed. The longest electrospinning 

process which lasted for about 30min was generated at 12kV with 7cm rod length, a 

rod needle distance of 14cm and the lowest humidity of 23% (Table 7). At this point 

the entire bar length was coated fully and evenly with polymer fibres and a dense 

single layer matt of fibres was observed between the collectors before the 

electrospinning process self terminated. In general high fibre depositions were 

achieved at low (< 26%) relative humidity (Table 8).  

  



 

 

Figure 33 Polymer fibre distribution pattern  

The Chart shows the distribution pattern of dual field electrospun polymer fibres at 12kV and 18kV after 2min of spinning duration. 

The position of the needle was at the centre of the image row. Fibres electrospun at 12kV show a Gaussian distribution. Fibres at 18kV 

are uniformly distributed. The highest amount of fibres accumulated at the tip ends of the collector rods. Bright field image below the 

chart shows the 12kV sample of the actual polymer fibre deposition over a length of 2.5cm. The evaluation of the fibre deposition for 

each group was conducted from 3-5 individual experiments; the average and standard deviation is represented in the chart.  
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 1min 2min 3min 5min 10min 

Dual field electrospinning duration [min] 

    

Figure 34 Time controlled fibre distance and deposition  

Accumulation of polymer fibres over time shows the fibre to fibre distance in 

micrometers between 1 and 10 minutes. PLDL fibre distribution was measured at 

the central area below the needle tip at 14cm needle collector distance, 7cm gap 

distance and 12kV applied voltage. The evaluation of the interspatial fibre distance 

was based on 3 individual experiments per time frame and the average and standard 

deviation is displayed in the chart.  

4.3.2 Dual Oscillating Field Electrospinning and Fibre Alignment  

As previously mentioned oscillating field electrospinning was able to stabilize the 

transversal electrospinning process between the two collector bars. In general it 

reduced stray fibre accumulation at high voltage (Table 8, Figure 35, a). Further, an 

electrostatic field imbalance either by needle position or voltage impaired the fibre 

quality. A voltage difference of over >1000kV reduced the alignment quality and 

increased the accumulation of stray fibres (Table 8). The negative effect of a voltage 

imbalance towards the fibre alignment quality was resolved by a low oscillating 

electric field. The frequency of the oscillating field had to be higher then 1Hz to 

reduce the accumulation of random fibres or “stray fibres” (Figure 35, a). 

Accumulation of stray fibres is indicated with a fibre degree at 35° and above. These 
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were significantly reduced at 2Hz frequency. Moreover, at 12kV amplitude a higher 

alignment was produced with oscillating field (Figure 35, b). Nevertheless, an 

electrostatic field showed a better fibre yield compared to a 2Hz oscillating field 

(Figure 35, b). The difference between fibre deposition with and without an 

oscillation support is in average 20% at 18kV and increased with a lower voltage 

(Figure 35, c).  

The fibre alignment during dual oscillating field electrospinning was strongly 

influenced by the applied voltage. High voltages attracted many stray fibres and 

reduced the overall alignment, whereas low voltages produced a high fibre alignment 

with no stray fibres (Table 8). More than 75% of the electrospun fibres were aligned 

below 20° degrees when electrospun at 9kV. The accumulation of stray fibres was 

highest at 18 and 21kV with every 10th fibre depositing in a random pattern.   

Another factor that led strongly to the accumulation of stray fibres was humidity. A 

rise from 25% to 35% relative humidity tripled the stray fibre percentage and 

lowered the overall alignment (Table 8). In this regard, dual electric field 

electrospinng over surfaces such as hydrogels showed a similar effect. Small 

amounts of gel or small areas of gels did not influence the fibre alignment 

significantly compared to a glass surface, but 1ml of gel distributed over 2cm x 3cm 

area showed accumulation of stray fibres and an overall reduced fibre alignment 

profile (Table 8).   

Minor effects of stray fibre accumulation were observed with spinning duration and 

collector/needle arrangements. Accumulation of stray fibres did not increase over  
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  114   time, but the overall alignment decreased with extended 

electrospinning durations (Table 8). Accumulations of stray fibres were not 

influenced by collector to collector distance or needle to collector distance (Table 

8). However, the overall alignment was influenced by the gap distance in a voltage 

dependent way, whereas needle-bar distance between 8-14cm did not influence the 

alignment. At 15kV the highest alignment was observed at an 11cm gap distance, 

whereas at 18kV alignment it peaked at 7cm.  

The results suggest a high polymer fibre alignment with dual oscillating field 

electrospinning at following parameter setting: a minimum voltage 9kV (or lower if 

possible), a low humidity <23%, an anticipated gab distance of >7cm, and an 

oscillating frequency of 2Hz (potentially >2Hz).  



 

a) Figure 35 Dual oscillating field 

electrospinning  

Chart (a) shows the alignment of PLGA (50:50) 

fibres at 2Hz, 1Hz, 0.5Hz and electrostatic 

conditions at18kV, gap distance 7cm and a flow 

rate of 0.5ml/h. The percentage of aligned PLDL 

fibres between an oscillating field of 2Hz and an 

electrostatic field at 12kV, with a gap distance of 

7cm and a flow rate of 0.1ml/h is compared in chart 

(b). Alignment was evaluated from 3 individual 

experiments per group. 35 images per experiment 

were quantified. The alignment average  

Alignment angle and standard deviation is 

represented in the chart.  
b) c)  The deposition of fibre material 

after  
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Table 8 Fibre alignment under various conditions  

(Bold letters indicate optimal setting, whereas red indicates 2-3 fold increase of 

stray fibres when compared to samples for the same group). Alignment was 

evaluated from 3 individual experiments per group. 3-5 images per experiment 

were quantified. The alignment average per 5º is shown in the table.  

Degree:  
Alignment over time  

0°  -5°-5°  
-10°10°  -15°15°  -20°20°  -25°25°  -30°30°  -

35°35°  
>-

40°40°  Alignment  

          

 

1min  30.8%  24.8%  16.9%  10.9%  5.4%  3.9%  3.4%  2.4%  2.0%  High  

 

Low  

2min  26.3%  21.4%  17.5%  13.8%  7.9%  4.2%  3.2%  2.7%  3.1%  

3min  26.6%  22.6%  17.8%  12.0%  7.9%  5.9%  5.0%  2.1%  1.3%  
5min  27.4%  20.4%  14.1%  11.0%  8.0%  7.0%  5.5%  4.0%  3.0%  
7min  24.2%  22.8%  18.3%  15.9%  6.6%  4.4%  5.6%  2.5%  2.5%  
10min  22.8%  21.6%  19.9%  15.8%  8.8%  5.6%  3.8%  2.7%  1.8%  

30min  22.1%  20.6%  18.6%  12.2%  8.8%  5.6%  4.7%  3.9%  3.3%  
Alignment with different Voltages           

 

9kV  37.1%  27.5%  16.0%  10.1%  3.7%  2.1%  1.2%  0.9%  1.2%  High  

 
Low  

12kV  34.9%  25.9%  13.6%  8.8%  5.0%  4.6%  3.3%  1.8%  2.1%  

15kV  26.0%  21.5%  16.4%  13.7%  9.8%  6.2%  3.0%  1.5%  2.0%  
18kV  23.8%  19.1%  11.7%  9.0%  8.4%  7.5%  4.6%  6.1%  9.8%  
21kV  26.0%  18.0%  8.6%  9.2%  10.5%  7.8%  5.3%  4.4%  10.2%  

Alignment with voltage 

imbalance           

 

Static  
18kV/18kV  24.2%  20.5%  14.7%  11.5%  9.7%  6%  4.5%  3.4%  7.8%  

Low  

  

Lowest  

Highest  

  

High  

18kV/16.5kV  23.4%  19.4%  14.1%  10.3%  7.9%  8.1%  5.5%  4.6%  9.3%  
18kV/15kV  19.0%  15.0%  11.5%  10.4%  8.4%  9.2%  8.2%  7.6%  15.1%  

Oscillating 2Hz 

18kV/18kV  29.3%  24.2%  18.2%  12.4%  6.2%  4.2%  3.1%  2.1%  2.8%  
18kV/16.5kV  26.3%  25.0%  20.8%  11.8%  5.9%  3.0%  2.4%  1.9%  4.7%  
18kV/15kV  26.1%  20.5%  16.9%  10.7%  7.7%  4.8%  3.5%  3.8%  6.3%  

Needle to collector distances           

 

14cm  30.8%  24.8%  16.9%  10.9%  5.4%  3.9%  3.4%  2.4%  2.0%  
Indifferent  

8cm  32.3%  26.0%  16.1%  9.4%  5.9%  3.5%  2.7%  2.8%  1.3%  
Gap distance           

 

4cm   31.8%  24.7%  15.6%  9.7%  4.0%  4.2%  3.9%  3.0%  3.1%     

small gap  

 
wide gap  

   

7cm   42.4%  27.2%  13.4%  8.6%  3.5%  1.9%  1.2%  0.9%  0.6%  

11cm   28.6%  23.9%  18.1%  11.8%  6.1%  4.4%  2.7%  2.1%  2.3%  

 

7cm   26.0%  21.5%  16.4%  13.7%  9.8%  6.2%  3.0%  1.5%  1.2%  

11cm   36.4%  24.0%  12.1%  6.7%  5.8%  4.2%  3.0%  2.5%  2.4%  

18cm   25.6%  22.7%  15.9%  12.2%  9.9%  4.4%  3.4%  3.2%  2.7%  
Environmental Humidity           

25%  31.9%  27.4%  16.9%  8.6%  5.3%  3.6%  3.2%  1.5%  1.7%  
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 35%  23.1%  20.2%  15.6%  13.1%  8.2%  6.0%  4.8%  3.8%  5.3%  

High  

Low  
Alignment over Gels           

 

1x1cm (0.25ml)  38.4%  29.2%  16.9%  8.7%  3.2%  1.9%  0.5%  0.4%  0.9%  

High  

   

Low  

1.5x1.5 (0.5ml)  35.3%  28.2%  16.5%  8.8%  5.1%  3.2%  1.6%  0.7%  0.4%  

2x3cm (1ml)  27.7%  23.3%  16.5%  11.0%  6.4%  5.6%  3.6%  2.9%  3.0%  

glass slide 

control  41.9%  27.0%  13.6%  8.5%  3.3%  2.4%  1.2%  0.8%  1.0%     

4.4 Discussion  

4.4.1 Dual field electrospinning and electrostatic field strength  

Polymer nanofibres between 250nm and 1.2µm have been electrospun in alignment 

between two parallel rods of 2mm diameter with a gap distance between 4cm and 

18cm. The variation in fibre diameter observed is consistent with previous reports, 

where fibres of 150nm to several micrometers were successfully electrospun over a 

variety of collector gaps [165,173,174]. So far, most techniques transfer the matt of 

electrospun aligned nanofibre onto the designated surfaces. A simple dual field 

electrospinning set up can spin directly onto a variety of surfaces such as glass slides, 

aluminium surfaces or hydrogels with polymer fibres. Surfaces which are selected 

for the coating process are placed ~1mm below the collector rod level. For the set up 

it is important that surfaces such as glass slides are positioned below the level of the 

collector rod so that they do not disturb the electrostatic field, which would terminate 

the fibre transfer between the two collectors. Aligned fibres will deposit onto those 

surfaces as long as these are isolated from any negative voltage source. Non-isolated 

parts can be charged up by leaking charges from the collector and changing the 

electrostatic field below the glass slide, which will attract random fibres (Figure 32, 

a).  Fibres along the rods are electrospun according to the electro magnetic field 
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direction (Figure 36). The driving force for the fibre alignment is the electrostatic 

field between the two collectors and it is important that this electrostatic field remains 

undisturbed during the electrospinning process [162,174]. Further, it has been shown 

that support of the electromagnetic field increases the fibre quality [166]. However, 

the field strength is not equally distributed. The fibre accumulation shows two 

distinctive patterns, which can be related to the field strength. Fibres accumulate at 

the edge of the collector. The electrostatic field is strongest, at the sharp parts of the 

conductor, which are the edges of the rods. This phenomenon has been described 

earlier as a “point to point” electrospinning method and has been further investigated 

by Teo and Ramakrishna in 2005 [175]. In this regard it has been also postulated that 

rather than rods, collectors such as razors would provide better platform for direct 

fibre transfer [39].  

 
Figure 36 Electrostatic field  

The Schematic (a) shows the general fibre position between two collectors, forming 

central distribution of fibres parallel to each other. The second schematic (b) shows 

the edge effect. Fibre deposition concentrates at the tip and creates concave fibre 

deposition in accordance to the expected electrostatic field lines (indicated by the 

dashed lines).  

  

  

a)  b)  

  

  

Electrostatic field  
between the two  
collectors  

Electrostatic field  
between the edges of the  
two collectors  
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Although the electrostatic field has not been visualized in the experiments, the 

distribution pattern of the polymer fibres over the glass slide is specific to the 

electrostatic field strength. Higher voltages (i.e. 18kV) provide a stable electrostatic 

field strength, which is less affected by distance than a low voltage electrostatic field 

<12kV. Fibres are distributed more evenly over the coated area at high voltages. No 

significant changes in the electrostatic field were observed. At low voltage the 

magnitude of electrostatic field is concentrated in the centre below the needle tip.  

The distance between needle and collector is closest in the centre, and the 

electrostatic field the strongest in that particular area. Hence, the fibre deposition 

occurs first at this point and distributes slowly to the periphery of the collectors. A 

Gaussian fibre deposition pattern was observed. Fibre accumulation first increased 

and then decreased until it reached a deposition maximum and interspatial fibre 

distance minimum. A similar effect has been demonstrated by Park and Yang 2011 

[173]. The effect can be explained in that the deposited fibres carry a positive charge 

which is repulsive to other freshly ejected fibres [39,174]. Therefore, successive fibre 

deposition occurs at a certain distance from previously deposited fibres. Fibres 

maintain a specific distance to each other, which has been described earlier by the 

deposition analysis model [176]. Moreover, it was observed that deposition was 

influenced by humidity. High humidity allows fibres to carry a higher charge via 

water molecules at the polymer fibre surface. Also the air isolated glass slide 

accumulated more charges due to the electrostatic charge up of water particles in the 

air, which deposit onto the spin coated surface. Thus, accumulation of stray fibres 

and wider interspatial fibre distances are observed. In order to reduce this effect of 

residual charge, a dischargeable surface could be anticipated. The dual  
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electrospinning process coats surfaces with fibres, but is not able to spin aligned fibre 

mats, without first clearing the rods from the accumulated polymer or by discharging 

previously deposited fibres. The dual field electrospinning process was shown to be 

self terminating at low voltages. The termination of the spinning process was most 

likely due to a drop in electrostatic field strength. As the electrospinning process 

continued, the collectors were covered with polymer solution and positively charged 

fibres spun over the gap, which reduced the field strength. These two effects drive 

newly ejected fibres to the periphery of the rods. At a critical point, where the 

polymer insulates most of the collector, the electrostatic field strength diminishes 

and becomes insufficient to generate a stable Taylor Cone formation. I believe for 

this reason, that the attenuation in the electrostatic field strength self-terminates the 

electrospinning process and is also responsible for the Gaussian patterned deposition 

of fibres per area.   

Alterations of the electrostatic field strength to one or the other collector side, either 

through needle position, different collector size- and geometry or voltage imbalance 

play an important part in the spinning. All these parameters can impair the 

electrospinning process and the fibre alignment and deposition pattern. Some of 

these parameters such as voltage imbalance between the two collectors can be 

stabilized by low frequency oscillation. It is reasonable to theorise that the low 

frequency forces the fibres to transverse from one to the other collector. Frequencies 

of 1Hz and above are beneficial to the transversal electrospinning process. Moreover, 

oscillating dual field electrospinning generates highly aligned fibres, despite changes 

in the electrostatic field strength or environmental factors such as humidity. In a 

different approach by Liu and colleagues, the alignment of electrospun fibres has 
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been improved at low voltages (<6kV), but with a high frequency (4-7kHz) auxiliary 

oscillating transverse electric field [176]. The mechanism is not known. However, it 

is known that the electrostatic charge on the insulating material such as rubber, 

plastics and polymer fibres is unequally distributed in comparison to a conductive 

material which provides an equal distribution of charges. Therefore residual charges 

of the electrospun fibre material deposit unequally over the surface. Further, the 

experiments in this work support the theory that addition of charge to the fibre coated 

surface via “leaking charges” from the collector itself can contribute to stray fibre 

accumulation (Figure 32). It has been described earlier (Chapter 3) that instability 

and stretching of the jet correlates with the increase of the applied voltage; hence it 

would be plausible that the jet instability is affected by charge differences as well. 

Therefore, I believe that an unequal charge distribution forces new electrospun fibres 

to deposit randomly on surfaces over time. An oscillating field might harmonize the 

charge distribution by actively shifting residual charges over the electrospun material 

to generate a rather equal charge distribution minimizing stray fibre accumulation. It 

is debatable to hypothesise whether higher frequencies will show greater benefits for 

the alignment and the reduction of stray fibres. However, due to technical limitations 

it was not possible to explore this phenomenon further.   

4.4.2 Dual oscillating field electrospinning and fibre alignment   

The alignment and accumulation of stray fibres of the polymer are influenced by a) 

the applied voltage b) gap distance of the collectors, c) spinning duration d) humidity 

and e) surface.   
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The principle of narrow alignment depends on residual charges in the electrospun 

nanofibre. As nanofibres accumulate on non-conductive material such as glass slides, 

the nanofibres retain mostly their charge. This has two effects. One mentioned earlier 

separates the fibres from each other due to electric repulsion. The other effects the 

orientation of the deposited nanofibre, due to differences between residual charges 

causing jet instability followed by less aligned fibres. In simulation it has been shown 

that this effect reduces the orientation by 10-15% [177]. Firstly, the more fibres 

deposited, the higher the residual charge, the more instable the jet becomes and the 

lower the alignment. Secondly, the stronger the electrostatic field the more residual 

charge is carried over by each nanofibre transfer. The residual charges can be 

controlled through the electrostatic field strength or voltage by maintaining a low 

humidity. However, there are more parameters which influence the electrostatic field 

strength of the dual field electrospinning process. For further research it would be 

beneficial to describe the influence of voltage and conductivity of the electrospun 

material, collector geometry and the changes of the electrostatic field strength during 

the electrospinning process.   

Electrostatic field strength and residual charges are not the only factors that affect 

the dual field electrospinning process. Further alignment and gap distance converge 

at a specific voltage towards an optimum. In this regard Park and Yang [173] 

reported a higher alignment at increased gap width and Liu and Dzenis [177] 

simulated and experimentally demonstrated the benefit of collector to collector 

distance of about  

7cm and wider collector distances for fibre alignment at low voltages of <12kV 

[177].  
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Controversially, Pokorny and colleagues showed the opposite effect for high voltage 

(20-25kV) dual field electrospinning [164]. Moreover, they showed that high 

voltages produced a peak alignment at 1mm distance and this declined at wider or 

narrower gap size. However, it was technically impossible to produce an electrostatic 

field of 12kV or less over a gap distance of more than 10cm. Therefore, data cannot 

be compared to those of Park and Liu who showed theoretically an “infinitive” 

improvement of alignment with wider gap size at low voltages. Further 

investigations are required to determine whether gap size and voltage complement 

each other to produce a favourable higher alignment.  

Other factors such as collector geometry have been not considered in this work, but 

further improvement of the fibre alignment has been shown with an inclined gap 

method at either high 25-30kV [178] or lower voltages 9-15kV [173] and with a tip 

collector instead of razors, bars or rods [165]. These electrospinning modifications 

can be applied to achieve higher alignment results and would be transferable to coat 

surfaces such as gels, metals, plastics and glass.   
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4.5 Conclusion  
Dual field electrospinning generates narrow fibre alignment over surfaces. It 

produces a monolayer of aligned fibres over various surfaces such as glass, plastics, 

metals and hydrogels. Interspatial fibre distance is dependent on several parameters 

such as gap distance, collector geometry, electrospinning duration and voltage. The 

mechanism behind narrow alignment and deposition pattern is subject to residual 

charges of the electrospun fibres and underlying surfaces. On the one hand it is 

necessary to maintain residual charge of freshly electrospun fibre to separate one 

fibre from another, on the other hand charge accumulation and unequal distribution 

reduces the quality and alignment of the fibres. The initial charge of the fibres as well 

as the accumulation and distribution of charge over time on the fibre coated surface 

is crucial to the outcome. Therefore electrospinning duration and the applied voltage 

are identified key regulators to control the deposition process and fibre alignment 

quality. Moreover the distance between the collectors and humidity has to be 

evaluated appropriately for the process. Application of a low oscillating field 

compared to electrostatic field stabilizes the electrospinning process, reduces stray 

fibres and improves alignment. There is certainly room for improvement in the dual 

field electrospinning design and >80% fibre alignment has not been achieved so far. 

Dual field electrospinning technology is the only technology so far able to coat any 

desired surface with a monolayer of polymer nano/- microfibres. Therefore it would 

be advisable to further investigate in the electrostatic and oscillating mechanics and 

improve dual field electrospinning technology.   
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Interactions of polymer nanofibres with lymphatic 

endothelial cells  

5.1 Introduction  
  

A long-standing challenge for tissue engineers is the rapid organisation of endothelial 

cells into a network of capillaries and their directed growth through an acellular 

tissue or scaffolds to reconnect with the native vasculature. The interactions between 

migratory endothelial cells and the surrounding environment are of central 

importance to this process, with cell orientation being achieved to a degree through 

the use of structured scaffolds. Studies with endothelial cells on aligned fibrous 

materials, for example, have shown that these cells recognise and respond to their 

topographical microenvironment, aligning and elongating, and eventually migrating 

in the direction of the fibre alignment [179]. In a process known as contact guidance, 

topographical features on the surface of the biomaterial substratum regulate the 

spatial distribution of adhesive contacts and thereby determine how a cell spreads. 

In general, vascular endothelial cells prefer smoother surfaces for adhesion and 

migration [180], nevertheless, they require a structured surface for cellular 

orientation. These principles have been used in practice to grow endothelial cells 

within hydrogels [181,182] and to direct cell proliferation and division on solid 

surfaces [183]. Thus surface topography plays an essential role during attachment 

and migration of endothelial cells equal in importance to that of surface chemistry 

[184]. Contact guidance is subject to hydrophilic surface chemistry for cellular 

attachment. ECM compounds, protein and growth factors in cell culture media are 

adsorbed by these surfaces providing a substrate for cellular attachment. Depending 

on the hydrophilicity of the underlying surface material cellular attachment can be 



  128    

accelerated or strongly reduced. Contact guidance is subject to either attachment or 

repulsion to parts of the surface substrate. Therefore contact guidance can be 

provided and manipulated by either hydrophilic or hydrophobic material. The use of 

hydrophobic surfaces to promote cell guidance has been less investigated. The 

fabrication of guiding structures of hydrophobic and hydrophilic surface chemistry 

on two-dimensional surfaces and in three dimensional environments such as 

hydrogels has been a challenge so far. Approaches with nano-imprinting [184,185] 

have produced structured micro- and nano- surfaces for cellular contact guidance, 

but have not demonstrated a feasible three-dimensional scaffold. Nanofibrous 

scaffolds of random fibre meshes have a high porosity and the fibers provide a high 

surfacearea-to-volume ratio. The topographical features can encourage cellular 

adhesion, migration, proliferation and differentiation. Moreover, electrospun 

polymer fibre scaffolds demonstrate a 3 dimensional surface and as shown in this 

thesis they can be incorporated in hydrogels. These 3D hydrogel based scaffolds with 

highly aligned polymer fibers may be useful to replicate the ECM of specific tissue 

with topographic cues for “cellular guidance”.  

Topographical cues translate into cellular growth directions, orientations and many 

other cell functions via the “cellular fingers”, the filopodia. Filopodia are thin 

membrane protrusions of 60-200 nm diameter with the parallel bundles of 10-30 

actin filaments, the “cellular muscles”. Filopodia are oriented with the end of their 

actin filaments towards the protruding membrane (Figure 37). Filopodia sense the 

extracellular environment at their tips using cell surface receptors [186]. Filopodia 

are prominent in fibroblasts and neurites as growth cones but specialized endothelial 

cells show also growth cones at the tip of sprouting capillaries [187]. Filopodia, 
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especially during formation of growth cones, cyclically penetrate into the ECM, 

searching for inhibitory or stimulatory cues. It has been found that different cell types 

react to topographical cues from a few nanometers to several 100nm depending on 

shape and surface chemistry. Endothelial cells have been shown to respond to larger 

structures >200nm in terms of attachment and contact guidance [188,189].   

  
Figure 37 Different types of filopodia  
Filopodia are prominent at the tips of neural dendrites and growth cones (A), the front edge 

of migrating cells (B), and at the interface between epithelial cells (C). (© by Manual of 

Cellular and Molecular Function, National University of Singapore, by Pham Thi Phuong 

Thao, 2010)   
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The model of contact guidance with topographical cues is well established for 

endothelial cell and neural cells [190]. Guidance cues may be diffusible chemicals 

such as growth factor gradients or contact of the physical structure of the surface 

[180]. Contact with the environment promotes the coupling of membrane-bound 

proteins to the backward (retrograde) flow of actin; this coupling produces the 

pulling forces needed for cell migration processes such as wound healing or capillary 

sprouting [191]. In contrast to hydrogel scaffolds which provide no directional cues, 

polymer nanofibres can interact directly with the growth cone providing contact 

guidance cues allowing for directed cellular growth; as reviewed by Nisbet [180].  

It is already possible for skin [168], tendons [167], muscular tissue [3] and neural 

tissue [169] to create scaffolds which provide the topographical cues and contact 

guidance for alignment and growth direction, while providing an elastic substrate for 

cellular differentiation. Vascular endothelial cells have been proven to attach 

proliferate and migrate on electrospun fibre scaffolds [192], as well as to orientate 

along microstructure patterned surfaces [41]. Little is known about the lymphatic 

endothelial vasculature in comparison to the extended knowledge of vascular 

endothelial cell behaviour on surfaces and in hydrogels. Especially, research on the 

interaction between tube forming lymphatic endothelial cells and electrospun 

material has not been carried out yet.   

The objective of this thesis was to determine how diameter, density and orientation 

of PLGA (50:50), PLGA (10:90) and PLDL (30:70), electrospun fibres affect 

morphology, attachment, proliferation, migration, cell elongation and tube formation 

of human lymphatic microvascular endothelial cells in collagen hydrogels and on flat 

surfaces. Fibre diameter varied between 100 nanometers to a few micrometers and 
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was oriented by the dual electrostatic field electrospinning procedure, which allows 

the coating of surface and hydrogels with precise fibre distribution, diameter and 

alignment. Tube formation of endothelial cells was induced by seeding of cells 

between layers of collagen. In addition various biomaterial coatings and hydrogels 

were evaluated for their ability to maintain lymphatic endothelial cells in three 

dimensional cultures. This chapter describes a systematic study the aim of which was 

to identify the parameters for directed growth of endothelial cells in two- and 

threedimensional culture environments, in particular the influence of fibre size, 

orientation, density and hydrophobicity.   
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5.2 Methods  

5.2.1 Electrospinning and Polymer Casting over Glass Slides  

The electrospinning set up, process and generation of random fibres is documented 

in chapter 3 and 4. In this study we used four solvent systems from which fibres were 

electrospun with different diameters. Moreover, we used the same materials to cast 

polymer film for cell culture. The materials are polylactide-co-polymers dissolved in 

HFIP: a) PLGA (10:90) at 10% (w/v), b) PLGA (50:50) 10% (w/v) c) PLDL (70:30) 

5% (w/v) and d) PLGA (50:50) 6% (w/v) blended with 2% (w/v) collagen type I 

from rat tendon (Sigma, UK). The polymer solutions were electrospun at flow rates 

in the range 0.01 to 8ml/h and at applied voltages of between 12kV and 18 kV. 

Electrospun PLGA (50:50) (fibre diameters in the range 150-1000nm), and PLGA 

(50:50) / Collagen type I blends (fibre diameters in the range 100-250nm) were 

collected over 13 mm diameter glass cover slips (Figure 27). Glass cover slips were 

placed onto the aluminium foil of the collector plate and 3-5 ml of the polymer and 

polymer blend solutions were electrospun for 1-3h until the entire surfaces was 

covered with polymer fibres. The fibre material was dried for at least 24h in the fume 

cabinet. Thereafter, the fibre coated coverslips were cut out from the aluminium foil, 

vacuum air-dried for at least 24h and stored in desiccators under vacuum.  

Polymer solutions of PLGA (50:50) and (10:90), and PLDL (30:70) in HFIP were 

cast over glass cover slips to produce polymer film. Glass cover slips were placed in 

a 10cm petri dish and layered with 2ml polymer solvent solution. The solvent 

solutions were air dried in a fume cabinet for 3 days and vacuum air-dried for 

additional 24h to generate a solid polymer film above the glass slides. The coated 
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glass cover slips were chipped off the petri dish and stored in a desiccator under 

vacuum.  

Glass cover slips coated with polymer fibres or cast polymer films were fixed in 

24well plates with medical silicone glue and dried for 3 days in a vaccum oven at 

room temperature. Prior to cell culture usage, the prepared 24-well plates were 

sterilized for two hours under UV light.   

The previously described dual field electrospinning method in Chapter 4 was used to 

generate surfaces and hydrogels with aligned polymer fibres. The settings are 

comparable to the method in Chapter 4. Here we used 2 parallel orientated collector 

rods of 7 cm length which were separated by a gap distance of 5-8 cm. The needle 

was placed 14cm above and at the centre between the two collector rods. Fibres were 

electrospun onto a thin glass slide (Ultima, UK) or onto the surface of freshly cast 

collagen gels for periods of 1-10 min. The solvent system and flow rates were PLGA 

(50:50) 10% w/v and PLGA (10:90) 10% w/v at a flow rate of 1ml/h, and PLLA  

(70:30) at 3.5%, and 5% w/v at 0.25-0.5ml/h. The applied voltage was set between 

9kV and 15kV. The electrospinning process was run at room temperature and 

environmental humidity. Prior to cell culture experiments the polymer nanofibres 

were sterilized for 2h under UV light.   

5.2.2 Polymer Fibre, Film and Collagen Matrix Analyses  

Electrospun samples were visualised by scanning electron microscopy (TM-1000, 

Tabletopmicroscope, Hitachi) and the diameter and morphology of individual fibres 

quantified with ImageJ® software. Bright field, dark field or phase-contrast images 

were captured with an upright microscope (Axio Imager Z1, Carl Zeiss Ltd, UK).  
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These images were used to calculate interspatial fibre distance as well fibre 

alignment as described in Chapter 3.  

The topography of the collagen-nanofibre constructs was quantified by Atomic Force  

Microscopy (MFP-3D, Asylum Research, UK) in contact mode and fitted with an 

Olympus silicon-nitride micro-cantilever probe (TR400PB). Samples on glass cover 

slips were washed with deionised water to remove salt crystals. The air dried samples 

were mounted onto the scanning stage and fixed with two magnetic strips. The 

cantilever was lowered close to the surface. The laser light is focused with the manual 

wheels at the tip of the cantilever. The resulting SUM of the laser adjustment was 

around 3. The deflection was set manually with the hand wheel between -0.2 and -

.0.22. Prior to engaging the tip of the cantilever to the surface the Z Voltage was 

adjusted to 70 and the surface scanning mode options were set: Set point was adjusted 

to -0.200V and gain was fixed between 6.5-7V. The scan angle was set to 90°C, 

initial scan size was 40µm. Scan size was lowered to 10-5µm after the first image 

was processed. Scan lines vertically and horizontally were set initially to 64 and 

increased to 1024 lines per scan to achieve higher image resolutions. Scan speed was 

10µm/s and below. After engaging the cantilever with the surface, adjustment of gain 

and set point were carried out to optimize the image quality. Resulting readouts were 

processed with Asylum Software to evaluate fibre diameter, material depth and fibre 

surface morphology.  

5.2.3 Lymphatic endothelial cell attachment assay  

Electrospun PLGA (50:50) (fibre diameters in the range 150-1000nm), PLGA  

(50:50) / Collagen type I blends (fibre diameters in the range 100-250nm) and PLGA  



  135    

(50:50), PLGA (10:90) and PLDL films were prepared and used as attachment 

surface in this experiments. Nanofibre diameter was assessed with the same method 

as described in Chapter 3 and 4.  

In the first experiment the influence of different surface chemistries of nanofibres 

and polymer films on cellular attachment was investigated. Polymer films and 

nanofibres were not pre-equilibrated in cell culture media in order to show the effect 

of surface hydrophobicity and protein adsorption as a factor for cellular attachment. 

PLGL (50:50) polymer nanofibres (with a diameter of 800-1000nm), PLGA (50:50) 

/  

Collagen type I blends (with a diameter of 150-250nm) and the three polymer films 

(PLGA (10:90), (50:50) and PLDL) were seeded at a density of 150,000 cells per 

well after surface sterilization. LECs on non-equilibrated polymer films and 

nanofibres surfaces were cultured for 18h. Thereafter, surfaces were washed twice 

with PBS, and the number of attached cells was determined using a colorimetric 

MTT formazan assay (MTT assay, chapter 2). A few samples were fixed with 4% 

para-formaldehyde and stained with acridine orange (see below). These samples 

were visualized with a fluorescence microscope (Axio Imager Z1, Carl Zeiss Ltd, 

UK) to demonstrate the morphology of LECs attached to nanofibre mats.  

In the second experiment the effect of fibre diameter on cellular attachment was 

investigated. PLGL electrospun (50:50) mats with an average fibre diameter of 

250nm, 500nm, 1000nm and tissue culture plastic as control surfaces were 

equilibrated for 24-48h in endothelial culture medium (EMB-2, Lonza) prior to cell 

seeding in order to allow proteins to adsorb and to minimize the effect of surface 

chemistry dependent cell attachment. Thereafter, LECs were seeded at 100,000 cells 
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per well. LECs on equilibrated PLDL (50:50) nanofibre mats were cultured for 

30min, 1h and 3h (LECs culture method, Chapter 2). Thereafter, surfaces were 

washed twice with PBS, and the number of attached cells was determined using a 

colorimetric MTT formazan assay (MTT assay, Chapter 2).  

5.2.4 Lymphatic endothelial cells growth assay on nanofibre mats  

Electrospun PLGA (50:50) fibre mats with a diameter between 750nm-1000nm were 

prepared on glass coverslips, mounted into 24-well plates and sterilized (detailed 

description see 5.2.1). Prior to cell seeding the electrospun mats were equilibrated 

for 48h in endothelial culture medium (EMB-2, Lonza). LEC were seeded at 65,000 

cells per well and cultured in endothelial cell culture medium (LECs culture method, 

Chapter 2). Every 24h wells were washed with PBS and the number of proliferating 

cells over 5 days was determined using a colorimetric MTT formazan assay (MTT 

assay, Chapter 2).  

5.2.5 Lymphatic endothelial cells migration assay   

PLGA (50:50) nanofibres (with a diameter of 400-1000nm) and PLDL (70:30) 

nanofibres (with a diameter of 300-500nm) had been deposited on glass microscope 

slides and were sterilized with the method above (4.2.1). The interspatial fibre 

distance varied from sample to sample. Samples with an interspatial fibre distance 

of <4µm, 4-8µm, 8-19µm and 20-50µm were grouped and used in this experiment. 

The slides were immersed in endothelial cell culture medium for 24h, after which a 

previously autoclaved heavy stainless steel ring, i.d. 11mm, was mounted in the 

middle of the glass slide. LECs were seeded inside the ring at a density of 150,000 

cells. After 24h culture in endothelial cell culture medium the ring was removed and 
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slides washed in PBS. Slides were cultured for an additional 10-14 days in 

endothelial culture medium and then fixed in 4% para-formaldehyde, stained with 

DAPI and visualized with fluorescence microscopy. Images were taken of the whole 

glass slide in a mosaic pattern with 12 x 9 frames at 5x magnification. Images were 

stitched together with the Axio Vision software and exported as a single image. Cell 

migration and outgrowth from the seeding point was quantified with ImageJ® 

software (Figure 43) and the aspect ratio of the cellular growth area in the horizontal 

versus vertical directions calculated in each case. LEC growth was estimated by 

subtracting the initial seeding area, and expressing the results as growth (area) per 

day. The distance between the cell frontier and the position of the initial ring barrier 

was measured and expressed as migration in microns per day. Morphology of the 

actin cytoskeleton was visualized with phalloidin staining (see below 5.2.8).  

5.2.6 Tube forming assay   

PLGA (50:50), (10:90) or PLDL (70:30) polymer nanofibres were deposited on glass 

slides via electrospinning and sterilized for 2h under UV light (see above 5.2.1). The 

electrospun polymer fibres were between 100-1500nm in diameter and showed an 

interspatial distance of between 2 and 50 micrometer. A stainless steel metal ring 

(11mm i.d.) was placed on the surface to define the cell culture area, and LECs 

seeded into the ring well at a density of 1x105 cells/ring area. Cells were cultured in 

endothelial cell medium for 24h. Thereafter, medium was renewed and 

supplemented with 100mg/ml collagen type I (ApColl®, Devro Medical Ltd., UK). 

Cells were cultured for additional 24h. Samples were stained with acridine orange 

and propidium iodide (see below 5.2.8) to demonstrate cell viability, migration and 
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tube formation. Images of the vacuoles that formed between the cells in the 

horizontal versus vertical direction were captured and the aspect ratios quantified 

with ImageJ® software (Figure 39, a and b). The samples were visualized at 10 x 

magnifications with a fluorescence microscope (Axio Imager Z1, Carl Zeiss Ltd, 

UK). Several images were taken to quantify a sufficiently large area per sample. The 

images were combined of in a mosaic of 3x3 frames and stitched together with Axio 

Vison software.  

5.2.7 Cell staining: Viability, Cytoskeleton and Morphology  

LECs from growth, migration and tube forming assays were stained with Acridine 

Orange (Molecular Probes,US) for live cells and Propidium Iodide (Invitrogen, UK) 

for dead cells. Nuclear staining was performed with DAPI (Sigma, UK) after fixation 

in 4% para-formaldehyde. For the detailed protocol see chapter 2.   

Actin filaments of the cytoskeleton were stained with Phalloidin-FITC conjugate 

(Molecular Probes, US). Cells or cell-gel-nanofibre constructs were rinsed with PBS 

to remove media components. LECs and gel constructs were fixed in 4% 

paraformaldehyde in PBS (freshly prepared) for 15-45 min at room temperature. The 

time and concentration of fixative varied, depending on the thickness of the specimen 

(time for fixative to diffuse into the sample).   

Phalloidin binding requires the F-actin to have a protein structure which is nearly 

native. The methanol or acetone used to fix and / or permeabilize essentially abolishes 

phalloidin binding. Preparation of Phalloidin solutions require methanol. However, 

the amounts of methanol used do not inhibit the binding totally.  

Nevertheless, fixation is the critical step in the procedure.   
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The phalloidin vial content was dissolved in 1mL methanol to yield a final 

concentration of 200 units/mL, which is equivalent to approximately 6.6 µM. This 

stock solution was diluted further with 4 ml solution of 1% BSA in PBS. Aliquots 

can be stored at -20°C. Working solution was diluted further 1:10 with PBS.   

After fixation, cells were washed with PBS 3 times in PBS, 5 min/wash and incubated 

in FITC conjugated-phalloidin solution for 15-30 min in darkness at room 

temperature. Thereafter, samples were rinsed 3 times in PBS, 5 min/wash. No 

mounting medium was used; samples were visualized immediately after staining. A 

few samples were further stained with DAPI (for DAPI staining refers to Chapter 2). 

Representative images of cell viability and morphology, and the cell cytoskeleton 

during attachment, growth, tube forming and migration assays, were captured with 

an epifluorescence microscope (Zeiss Axio Imager, Zeiss Ltd, UK).  

5.2.8 Experimental design and statistical analyses  

Experimental results are expressed as mean +/- standard deviation. The analyses of 

fibre diameter and interspatial fibre distances were evaluated from 3-6 images, which 

were captured from 3 to 5 independent samples, each with a minimum of 100 fibres; 

likewise the analysis of fibre orientation was based on measurements made on a 

minimum of n=3-6 images each from 3-5 individual samples. Tube formation pattern 

from 3 individual samples were evaluated from 9-27 images with n>150  

measurements of length and width of cell elongation patterns. Cellular migration on 

fibres was performed with a minimum of n=3 experiments and the MTT tests on 

polymer films and fibres were designed with n=3-6 replicates to ensure experimental 

reproducibility. Data were grouped and analysed using Student’s T-test between two 
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groups and ANOVA for comparison between several groups. Statistical significance 

was assigned to results where is p<0.05. Data analyses with ANOVA were 

preformed with http://www.physics.csbsju.edu/stats/anova.html. As an example 

complete analyses reports and box plot of Figure 38, a, and Figure 42, b and d are 

part of the supplemented material annex.  

5.3 Results  

5.3.1 Attachment and Growth of LECs on polymer films and fibres  

LECs showed superior attachment to PLGA (10:90) films than to other materials 

used (Figure 38, a). LECs attached less well to PLDL and PLGA (50:50) after 18h 

than to PLGA (10:90) and tissue culture plastic. Cells seeded on electrospun PLGA 

(50:50) nanofibres with a diameter of ~1um showed a similar attachment to PLGA 

(50:50) films. Blending PLGA (50:50) polymer with 2% collagen type I increased 

the cellular attachment significantly though not on fine fibres of ~150nm, which 

again emphasises the importance of surface topography. Immersion of the 

electrospun polymer nanofibre and polystyrene tissue culture plates for at least 48h 

in culture medium prior to cell seeding allowed the cells to attach to the surfaces 

within a few hours (Figure 38, b). Moreover, attachment was significantly greater on 

microfibrous mats with average fibre diameters of about 1µm compared to mats 

comprising nanofibres less than 500nm in diameter; however the initial attachment 

of cells onto 1µm thick fibres was poor compared to the attachment on flat surfaces. 

Cell growth on PLGA (50:50) nanofibres compared to flat surfaces was slower by 

more than 1.5 fold (Figure 38, c). A confluent monolayer on flat surfaces was 

observed at day 4, whereas cells on 700-1000nm diameter nanofibre mats remained 
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non-confluent after 7 days (Figure 38, d). LECs exhibited a cobblestone morphology 

on random nanofibre mats and their viability was confirmed by live/dead staining.  



 

Figure 38 LECs 

attachment and 

growth on randomly 

oriented nanofibres  
Attachment of LECs on 

non-equilibrated 

polymer films and 

nanofibres of PLGA 

(10:90), PLGA (50:50), 

PLDL (30:70) and 

PLGA (50:50) / collagen 

type I blends after 18h 

(a). Nanofibres of PLGA 

(50:50) are 800-1200nm. 

Nanofibres of PLGA 

(50:50)  
collagen blend are 

100200nm. Attachment 

of LECs  on 

 culture medium 

 equilibrated PLGA 

 (50:50)  of different 

fibre diameters (250nm 

- 1000nm) after 30-

180min (b). Growth of 

 LECs  on 

 culture medium 

 equilibrated PLGA 

 (50:50)  nanofibres  compared  to growth on tissue culture plate  (c).  Merged fluorescence and bright field image of LECs stained 

with Acridine Orange and Propidium Iodide after 7 days growth on random PLGA (50:50) nanofibres (700nm diameter), colours in gray scale, scale 

bar 50µm (d)  
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5.3.2 Topography of aligned fibres influences cellular tube-like 

formations and morphology  

Tube-like formations of LECs were induced by deposition of collagen type I over a 

confluent monolayer of cells, which were cultured on glass or collagen gel surfaces 

with nanofibres. The glass and collagen type I gel surfaces were coated with random 

and aligned polymer nanofibres of different diameters between 150nm to 1500nm, a 

spatial distribution of 3µm to 50µm and aligned parallel to within ±30 degrees. The 

3D collagen network induced rapid cell migration and reorganisation of the 

cobblestone-like monolayer. The migrating cells formed a tubular network in a 

honeycomb shape. The length and width of the honeycomb structures showed a 

symmetrical distribution (Figure 39, a). The presence of nanofibres influenced the 

cell organisation and the resulting honeycomb pattern. On flat surfaces and random 

nanofibres cells adopted a morphology having an equal length to width ratio (Figure 

39, a and d), but they become elongated when in contact with aligned nanofibres 

(Figure 39, b and c), aligning themselves in the direction of the underlying 

nanofibres. The live/dead staining showed viable LECs on aligned and random fibres  

(Figure 39, c, d).  
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Figure 39 Tube formation of LECs on nanofibres in 3D collagen gels  

LECs exhibit a honeycomb pattern on random or flat surfaces after migration and 

tube-like formation is initiated with collagen deposition (a). The pattern changes on 

aligned nanofibres, the aspect ratio of the honeycombs becoming elongated in the 

direction of the fibre alignment (b). LECs were stained with acridine orange, 

fluorescence images of a 3x3 mosaic (2,64mm x 2mm) were taken and the aspect 

ratio of the vacuoles was evaluated (results: Figure 42). Images of Live/Dead stain 

of LECs on aligned fibres (c) and random fibres (d) (PLGL (50:50) with a diameter 

of >800nm) were taken 24h after collagen deposition by fluorescence microscopy, 

merged with a phase contrast image. The colours are inverted: a purple cell nucleus 

indicates viable cells, a dark blue nucleus indicates cell death; straight white-grey 

lines represent nanofibres and the fine white network between the nanofibres and 

endothelial cells are collagen type I fibres. The scale bar is 50µm.   

  

The morphology of LECs and the actin filament expression as well orientation is 

influenced by the surface material (Figure 40). On tissue culture plastic LECs 

showed a distinctive cobblestone pattern with most of the actin filaments expressed 

at the cell line border. There was no actin orientation. On matrices such as soft 

collagen gels (1mg/ml) a less obvious cobblestone assembly was observed and the 

actin filament expression was strongly reduced when compared to cells attached on 
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hard material such as the tissue culture plate. Cells in tubular formation induced by 

a layer of collagen gel on top showed weak expression of the actin filaments. The 

actin filament orientation and expression was directed alongside cell-cell binding 

contacts, which were randomly orientated. Nanofibre-collagen constructs, with 

PLDL (50:50) nanofibres of >1000nm diameter orientated the actin filament of 

attached and tube forming LECs in the direction of the polymer fibres. Actin 

filaments were more strongly expressed in the images with nanofibres.  

Atomic force microscopy showed the size and morphological differences between 

polymer nanofibres and collagen fibres. The polymer nanofibres showed a smooth 

surface and a diameter of ~500nm, whereas collagen fibres consisted of a helical 

structure of <250nm in diameter (Figure 41, a). Collagen fibres overlay the polymer 

fibers in random patterns. In collagen gel constructs with tube forming LECs, 

nanofibres and cells were covered completely with helical collagen fibres (Figure 41, 

b). However, a continuously strong difference in depth (>700nm) in a single 

direction indicates the position of a polymer fibre covered with collagen fibres and 

LECs. LEC attachments to the collagen matrix lead to a matrix reorganisation during 

tube formation. A depth difference between 400-600nm of randomly orientated 

collagen fibre might indicate tube forming cells and dense cell colonies. The scanned 

samples are dehydrated; therefore, intact cells are not visible. However, single peaks 

in the depth profile indicate cellular nuclei. The accumulation of collagen in a 

random pattern indicates the “ghost tunnels” of dehydrated tube forming LECs.   
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Figure 40 Actin filament of LECs  

Images show the staining with Phalloidin-FITC conjugate of the actin filaments (green) and 

DAPI staining of the cell nucleus (blue) of LECs. The actin filaments of attached LECs are 

shown on TCP and on soft collagen gel and during tube formation. LECs attachment on 

nanofibre-collagen gels (PLGL (50:50) with a diameter of >1000nm, collagen gels 1mg/ml) 

and tube formation in collagen gel sandwiches is shown as fluorescence images and with the 
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overlaid phase contrast image of the nanofibres. Images were taken with the Zeiss 

epifluorescence microscope (Zeiss Axio Imager, Zeiss Ltd, UK) at 20x magnification. 

  

 
Figure 41 Atomic force microscopy of collagen-nanofibre constructs with LECs 

The image a) shows a nanofibre (white arrow) covered with collagen fibres in 3D 

(left column) and 2D (right column). The smooth nanofibre of ~400nm surrounded 

by helical collagen fibres ~200nm visible in image was acquired with the atomic 

force microscope operating in contact mode and fitted with an Olympus 

siliconnitride micro-cantilever probe (TR400PB). The surface was scanned at a scan 

rate of 0.23Hz with 512 data points acquired per line and 512 lines per image. Image 

size was 5µm x 5µm. Image (b) shows the air dried sample of LECs embedded in a 

nanofibre collagen gel construct. Polymer fibres are overlaid with collagen fibres but 

the 3D image acquisition (left column) shows the position of an aligned polymer 

fibre identifiable by a straight line with a strongly increased depth difference of over 

600nm (black arrow). LEC nuclei may be identified as rounded structures in the 2D 

images (right column), and in 3D as peaks of ~300nm size (white arrow head). The 

position of tube forming cells (white arrow) is indicated by collagen fibre 

accumulation in continuous non linear patterns with a depth difference of 400-

500nm. The image was acquired with the same setting as before. The surface was 

scanned at a scan rate of 0.23Hz with 1024 data points acquired per line and 1024 

lines per image and the size of the image was 40µm x 40µm.  

  

  

a)  

b)  
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The vacuole aspect ratio was calculated from a series of images comparable to Figure 

39, a) and b) with variation in fibre alignment, diameter, density as well as matrix 

surface. A positive aspect ratio in the charts indicates the migration of cells along the 

nanofibre direction. In the presence of aligned fibres LECs significantly changed 

their aspect ratio (Figure 42, a). The aspect ratio increased in proportion to the density 

of the layers of nanofibres (Figure 42, a). However, fibres below 350nm, which had 

a similar diameter to the collagen type I random fibres of the gels showed no 

significant difference in their aspect ratio when compared to thicker fibre diameters. 

LECs were significantly affected in their migration and tube forming process by a 

minimum coating of 20 fibres per mm (Figure 42, a). The aspect ratio peaked at a 

distribution of approximately ~5µm fibres on glass surfaces and ~10 µm on collagen 

gel surfaces (Figure 42, a and b). Flat glass surfaces showed up to 3 fold stretch in 

the direction of the fibres, whereas in collagen type I gel sandwiches the stretch effect 

remained under 2 fold. Not only did surface chemistry and compliance influence the 

cellular migration but it was also influenced by the material properties of the 

nanofibres. PLGA (10:90), which previously demonstrated advantages for cellular 

attachment, was less likely to direct cell migration along the fibres compared to 

PLDL, which previously showed a very low affinity for cellular attachment (Figure 

42, c).  

Another factor was the alignment of the fibres. On densely packed surfaces with 

nanofibres, cells exhibited a strong elongation and migration in the direction of the 

fibre alignment. However, a low fibre alignment greater than 15 degrees eliminated 

this effect (Figure 42, d). The cellular response on lower densities of nanofibres was 

less influenced by the alignment of the nanofibres.   
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Overall this fast migrating 3D assay showed an increased elongation and migration 

of LECs by fibres of thicker diameter, a spatial fibre distribution slightly below the 

size of the endothelial cells, less adhesive polymer fibres and a high fibre alignment. 

Moreover, a compliant matrix, such as collagen hydrogels, reduced the overall effect 

compared to solid glass surfaces, but cellular elongation and migration was still 

significant.  



 

  

Figure 42 Determination of aspect ratio of 

tube forming LECs  
The aspect ratio changes >1 when fibre 

diameter is >300nm (a). There is no significant 

difference in the aspect ratio between PLDL 

(70:30) nanofibres of 350650nm and PLGA 

(50:50) nanofibres of 7001500nm. The aspect 

ratio increased with increasing fibre deposition 

(a-b). Surface materials such as soft collagen 

gels significantly reduce the aspect ratio when 

compared to glass surfaces (b). PLDL (70:30) 

compared to PLGA (10:90) of similar fibre  
(control 2) 20µm 10µm 5µm  <5µm  

diameter and deposition increased the aspect  
ratio of the tube forming LECs significantly (c). Higher fibre alignment correlates with a higher 

aspect ratio (d).  

  



 

fibre alignment high 0-10 

distance 10- Fibre distance degree, 
degree,  Fibre 

 diameter 350- diameter 350- 
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5.3.3 Migration of LECs on aligned nanofibres  

LECs seeded into the well structure show a distinctive outgrowth and migration 

pattern in response to the underlying topography of nanofibres. The outgrowth of 

the cells aligned in the direction of the nanofibres and an elliptic pattern was formed 

after 12-14 days in culture (Figure 43, a). The growth pattern is formed by cone 

shaped outgrowths of cells from the main body. Moreover, single cells separated, 

strongly elongated and migrated rapidly along the direction of the nanofibres (Figure 

43, c). In general, LECs migrated 2-fold faster in the direction of the aligned 

nanofibres (Figure 44, b). The aspect ratio, cellular growth and migration speed in 

the direction of the nanofibres increased with the nanofibre deposition (Figure 44, a 

and b). However, at very high nanofibre densities cellular growth was significantly 

reduced. Nevertheless, the aspect ratio of cells growing in the horizontal (with the 

nanofibre alignment) versus vertical (against the nanofibre alignment) direction 

increased significantly. A comparison of highly aligned PLDL nanofibres (>75% of 

the nanofibres are in the range between 0°-15°) to low aligned nanofibres (>75% of 

the nanofibres are in the range between 10°-30°) of the same diameter showed 

similar results as before (Figure 44, d). Low alignment showed an increased aspect 

ratio, but significantly reduced cellular migration in fibre direction by 50% 

compared to high alignment. The total growth area was reduced by more than 50% 

from 612µm2/day at higher fibre alignment to 281µm2/day at lower fibre alignments. 

LECs were restricted in growth and migration by densely aligned nanofibres and 

poor alignment. Nanofibre surfaces compared with flat surfaces showed an overall 

smaller growth, but the difference in growth rate was less significant on low fibre 
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distribution of >5µm. In addition, fibre diameter affected the growth area per day of 

LECs significantly. Fibre diameter above 500nm reduced the total growth by half, 

but showed a relatively minor attenuation in the cellular migration and no 

differences in the aspect ratio (Figure 44, c). LECs were not only restricted in growth 

by the amount and degree of alignment of the deposited nanofibre, but also by their 

dimensions in height or diameter.  

The nanofibres exhibited two functions: one is to direct and enhance migration of 

the cells along the fibres; the other is to restrict cells to grow in a direction normal 

to the surface of each fibre. The nanofibre-coated surfaces of ~200 fibres per mm 

and above successfully combined high cell migration and proliferation with a 

distinctive cell orientation.  



 

  
Figure 43 Morphology and actin staining of LECs on aligned nanofibres  
LECs seeded within an 11mm circle (dashed line, a) and grown for 12 days on nanofibre structured surfaces show an elliptical outgrowth in the direction 

of the nanofibres (a). The nuclei of LECs were stained with DAPI (a, c, d). Actin staining was performed with Phalloidin-FITC to show the cytoskeleton 

(b-e). In the horizontal direction, LECs show cobblestone morphology at the seeding area and an organized cytoskeleton of elongated cells at the growth 

frontier (e). In the vertical direction cells show a mixture of cobblestone and elongated morphology (b). Phase-contrast images of cells and PLDL 

(70:30) nanofibres were merged with fluorescent images of the DAPI (blue; cell nucleus) and Phalloidin-FITC (green; cytoskeleton) stain (c, d). The 

images highlight the difference in cell morphology on low fibre densities (c) and high fibre densities (d)   
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Actin staining revealed that the mechanism of attachment to the nanofibres is not 

significantly different to that on flat surfaces (Figure 43, e): while migrating cells 

adjusted their cytoskeleton in the direction of the nanofibres, resting cells exhibited 

a cobblestone morphology. Moreover, LECs stretched several fold of their actual 

cell size when located between two narrow aligned fibres while some cells develop 

growth cone tips (Figure 43, c). Those LECs that resided between two fibres 

migrated and elongated into the space between the fibres. On densely populated fibre 

surfaces LECs stretched over several fibres (Figure 43, d). Despite their aligned 

actin fibre filaments they show a reduced spindle shape. LECs showed a mixture of 

cobblestone and aligned cytoskeleton at the outgrowth frontier at right angles to the 

predominant direction of fibre alignment (Figure 43, b), which was indicative of 

reduced growth and migration in that direction. The morphology and cytoskeleton 

analyses demonstrated that cells correlated their shape and actin filament with the 

alignment of the fibres. Thus, the presence of those fibres appeared to constrain 

cellular elongation and migration against the direction of those fibres.  

  



 

 * 
Figure 44 Growth and migration  
of LECs on 2D aligned 

nanofibre surfaces  
The aspect ratio of endothelial cell 

outgrowth on different fibre 

densities of PLDL (70:30) with a  
400-600nm diameter was measured 

and compared (a). LECs growth 

per day was compared to LEC 

migration per day on different fibre 

densities (b). The chart shows an 

increase in the aspect ratio and 

migration per day in proportion to 

fibre density increments. Growth on 

fibres was significantly reduced, but 

aspect ratio was the highest on high 

fibre densities. Image (c) compares 

fibre diameter of PLDL below 

500nm to PLGA (50:50) above 

500nm, and Image (d) compares 

high PLDL fibre alignment to low 

PLDL fibre alignment on aspect 

ratio, cell growth area increase per 

day and cell migration in fibre 

direction per day. Poor alignment 

and large fibre diameters reduced 

migration in fibre direction and 

decreased total cell growth, but had 

no effect on aspect ratio, or in the 

case of lower alignment increased aspect ratio.  
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5.4 Discussion  

The response of human endothelial cells to the topographical features of nanofibres 

has been demonstrated in this research. A comprehensive review of the topic is given 

by Nisbet and colleagues [180]. Briefly, the cellular responses may be summarised 

as follows: endothelial cells improve their orientation [193], attachment and growth 

[194] on fibre mats with increasing fibre diameter [195]. They migrate in the 

direction of an organised surface pattern and elongate significantly [179]. Cellular 

orientation and migration is subject to surface pattern and geometry [189]. 

Nanostructures strongly influence gene expression of endothelial cells and can 

reduce their extracellular matrix protein expression [196]. Endothelial cells prefer 

flat surfaces for adhesion and growth; the extent of the effect of the surface roughness 

is still controversial [197,198]; however, rough surfaces such as nanofibre mats, with 

either aligned or random orientation, do not enhance proliferation or enzymatic 

activity; growth is significantly reduced [199].   

  

The key challenge here is to direct endothelial cell migration without hampering or 

disturbing their growth. The combination of a smooth surface with a minimum of 

topographical signalling such as electrospun nanofibres benefits cellular migration, 

elongation and proliferation. Overall a spatial distribution of well aligned nanofibres 

separated by a cell width (5-10µm) provides the essential contact guidance and has 

the least effect on proliferation. The fibre diameter is essential to provide signalling 

for contact guidance. Despite the fact that endothelial cells recognise a minimum 

dept of 150nm [41], larger diameter fibres are necessary in order to promote better 

organisation and migration at collagen gel interfaces.   
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It has been a challenge to demonstrate contact guidance in 3D hydrogels. Sukmana 

and Vermette (2009) first demonstrated an in vitro model of thick polymer fibres of 

100µm diameter in fibrin gels as rigid support for endothelial cells for attachment 

and migration [182]. In contrast, the present study suggests that nanofibres between 

350nm to 1500nm are sufficient to provide a form of contact guidance in 3D 

hydrogels. Finer fibre diameters do not contribute to the organisation of LEC is 

collagen gels. The topographical signal can be disturbed by favourable surface 

chemistry as shown with randomly orientated collagen type I fibres of >250nm. 

Further, in 3D experiments nano-dimensional polymer structures with a decreasing 

size of 200nm and below have been shown to increase the binding of endothelial 

cells when compared to larger structures [200]. It is also known that the surface 

compliance strongly influences the binding of nanoparticles to endothelial cells. 

Rigid surfaces such as tissue culture plates dominate cell attachment and growth of 

micro vascular endothelial cells over collagen gels of different stiffness grades [201]. 

Nevertheless, it can be assumed that the massive amount of randomly orientated 

collagen fibres in the hydrogel have a more favourable surface chemistry and specific 

binding receptors for the LECs. Thus, the collagen matrices provide a higher number 

of binding sites per cell compared to the integrated polymer fibres. The transduced 

signalling from the collagen fibres competes with the aligned polymer fibres. Thus, 

the signalling for cellular guidance is disturbed by the large random collagen fibre 

network, which results in non-directional growth.  

  

Lymphatic endothelial vessels in vivo are connected via a fibrillar network and 

orientated along elastin fibres of ~1um diameter, which are surrounded by wave 
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patterned collagen [90,91]. The in vitro model employed here mimics approximately 

the vivo features of elastic fibre orientation in size and shape. Moreover, capillary 

sprouting of endothelial cells in vivo showed that elastic fibres of 180nm to 1400nm 

are involved in contact guidance during wound healing [202]. The three dimensional 

AFM images show the “ghost tunnels” of collagen type I fibres. These fibres are 

incorporated in the LECs-ECM and I believe that they been actively reorganized by 

the LECs. Although the organisation is random, the embedding of LECs with a layer 

collagen type I is typical for the initial lymphatic vessel organization as reviewed by  

Wiig and colleagues [111].  

  

Surface chemistry and topography are both required for contact guidance of 

endothelial cells. In principle, LECs attach to the surface of the nanofibres via 

integrins and translate the topographical cues into cytoskeletal migration via the 

filopodia and growth cones [203]. (Similar behaviour has been observed with neural 

cells; see review by Cao and colleagues [204].) LECs, however, do not show these 

growth cones or hyper-extensions when seeded onto densely aligned nanofibre, or 

random nanofibre, meshes, which suggests that migration in the sequence of “stretch, 

stick and pull” is disturbed by too many topographical signals, which would explain 

the reduced elongation and migration on these surfaces. Whereas endothelial cells 

benefit from nanofibres in terms of contact guidance the presence of these fibres 

appears to restrict the cell growth and migration.   

  

Apart from topographical features, the migration of endothelial cells was affected 

also by the surface chemistry, namely the wettability of the fibres. Cells do not adhere 
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well to hydrophobic materials. Hydrophobicity can be measured by water contact 

angle: cells will adhere when this angle is 60-70°, but optimal conditions are seen at 

contact angles ~50° [205,206]. Cellular alignment and migration on more 

hydrophilic PLGA (90:10) nanofibre surfaces is an example of classic contact 

guidance. Cell attachment to hydrophobic polymers may be improved by blending 

with polyglycolic polymers having lower contact angles [207]. Surprisingly, PLDL 

70:30 (contact angle >75 degrees [208]) though more hydrophobic than PLGA 

(90:10) [209], is seen here to give rise to a certain degree of cell orientation despite 

the cellular attachment to a more hydrophobic material being significantly weaker 

compared to the flat surface.    
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5.5 Conclusion  

In summary, an electrospinning technique has been used to deposit fibres within 

collagen hydrogels precisely 1 to 50 micrometer apart and aligned to within +/- 30 

degrees. Studies involving these gel-fibre composites have shown the ability of 

resorbable nanofibres to promote cell guidance without direct cell-fibre contact. 

Contact guidance and migration operate effectively as long as each endothelial cell 

is in contact with a single fibre of appropriate size. Equally, hydrophobic nanofibres 

may be used to direct growth and migration of cells located between fibres 5-10um 

apart. The diameter of the guiding fibres must be greater than the fibres of the matrix 

material, such as collagen, in which the cells and fibres are embedded. Fibre 

alignment is a key parameter to drive the cells in a particular direction. Crossing 

fibres, such as those present in microfibrous mats, hamper the motility, elongation 

and growth of endothelial cells that would otherwise require a flat surface to migrate 

efficiently. LEC orientation during attachment and migration in 3D and on 2D 

surfaces is influenced by three factors, surface topography, surface chemistry and 

differences in material compliance.  

The fabricated collagen gel and nanofibre coated gel surfaces with incorporated 

endothelial cells mimics the native ECM of collagen and elastic fibres. This novel in 

vitro model showed that the dimensional features of elastic fibres in vivo are highly 

likely to contribute to endothelial cell orientation.  

My results showed that endothelial cell guidance is possible within 

nanofibre/collagen-gel constructs that mimic the native ECM in terms of size and 

orientation of fibrillar components. Thus collagen-fibre composites may prove to be 



  162    

an effective way to promote contact guidance of human microvascular endothelial 

cells and directed capillary tube formation.   
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Chapter VI   
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Summary  
  

This thesis documents a novel approach for lymphatic tissue regeneration. The first 

part of the thesis (Chapter 2) investigated how lymphatic endothelial cells (LECs) 

were influenced by polyglycolide based biomaterials and ECM based hydrogels 

during in vitro culture. In this section, biomarkers were evaluated; co-culture systems 

with fibroblasts were introduced; and 3D hydrogels were generated. One central 

question of this section was whether a 3D tissue culture with specific biomaterials or 

co-culture could sustain lymphatic functionality.  

The second part of the thesis (Chapter 3 and 4) illustrated the fabrication of 

electrospun nanofibres and their precise alignment over specific surfaces. In this 

section, the fibre properties and electrospinning process parameters were determined 

to generate reproducible polymer fibres. The focus was on fibre alignment. A dual 

field electrospinning set up was introduced with a low oscillating frequency to spin 

fibres across a gap in order to coat surfaces such as culture plates, hydrogels, glass 

slides and metals. The work in this section described process development and 

product analyses of aligned polymer fibres with desired properties.   

The third part (Chapter 5) combined the findings of parts I and II for a novel approach 

in lymphatic tissue engineering. Hydrogels with aligned nanofibres were fabricated 

and the response of lymphatic endothelial cells in those 3D scaffolds evaluated in 

terms of lymphatic cell attachment, growth and migration. The aim of this work was 

to generate a nanofibre reinforced hydrogel scaffold that not only sustained 

lymphatic functionality but also delivered appropriate topographical cues for neo-

vessel (tubule) formation.  
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In part one I first evaluated lymphatic markers. The first part concluded that Prox-1 

was the most relevant marker in lymphatic identification. Moreover, not only did 

Prox-1 identify LECs in vivo and in vitro with a single marker, it also indicated a 

physiological and functional aspect of LECs. LEC tube formation was induced with 

collagen type I and fibrin 3D hydrogels. Lymphatic structures lost their physiology 

and native morphology; and later viability in all hydrogel cultures without 

supplementation of vascular endothelial growth factor (VEGF). Although collagen 

type I based hydrogels led to fast LEC degradation without supplementation of 

VEGFs, they are a useful tool in creating rapid migration assays where LECs form 

tube like structures within a few hours after attachment. Moreover, it was observed 

that while on the one hand fibrin extended lymphatic viability compared to collagen 

type I, growth, migration and metabolism was enhanced within collagen type I 

hydrogels. Thesis results lead to the assumption and generation of collagen-fibrin 

blended hydrogels for a beneficial lymphatic culture. In another approach to improve 

lymphatic functionality in vitro we co-cultured fibroblasts with LECs in collage type 

I hydrogels. Fibroblasts interfered with lymphatic attachment but could preserve 

some LEC tube like formation in collagen type I hydrogels. Nevertheless, the high 

rate of cellular death of LECs indicated a minor role for fibroblasts in lymphatic 

tissue engineering.   

  

In the second part, three polylactic-co-polymers were electrospun and their features 

such as fibre diameter, mesh porosity and scaffold biodegradability under different 

process parameters were characterised. The second part concluded that polylactic-

coglycolic acid at a ratio of 1:1 showed best characteristics for tissue engineering 
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applications for soft tissue. Polylactic-co-glycolic acid biodegraded within 90 days 

and was electrospun at dimensions from 150nm to several micrometers in diameter. 

Further, dual field electrospinning was used to align the polymer fibres. Instead of 

one collector, two parallel collectors were positioned centrally beneath the extrusion 

needle with a specific gap distance from each other. The polymer transferred between 

the two collectors and generated a narrowly aligned fibre sheet over various surfaces, 

such as glass, plastics, metals and hydrogels, which were positioned in the gap 

between the two collectors. Specific process parameters such as gap distance, 

collector geometry, spin duration and voltage were defined to manipulate interspatial 

fibre distance and alignment. However, alignment was strongly reduced with 

spinning duration, because residual charges deposited on the surface and interacted 

with the deposition profile, causing so called “stray fibres”. In order to reduce 

residual charges we introduced a new, low oscillating electric field between the two 

collectors. It stabilized the electrospinning process, reduced stray fibres and 

improved alignment. This technology allowed us to produce polymer fibres of 

specific diameters, as well as control interspatial distances and alignments. Although 

a fibre alignment of >80% has not yet been achieved, dual field electrospinning 

technology is the only technology so far able to coat any desired surface with a layer 

of polymer fibres of specific characteristics.   

  

The third part used random and aligned polymer fibres on glass and collagen type I 

hydrogels to investigate LEC migration, tube formation and growth. Aligned fibres 

provided topographical cues for LECs in single cells as well as tube formation. 

Contact guidance and migration was directed as long as each endothelial cell was in 
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contact with a single fibre of >300nm. Contact guidance could be provided 

effectively with hydrophobic or hydrophilic nanofibres at an interspatial fibre 

distance of 5-10µm. Fibre alignment was a key parameter to drive the cells in a 

particular direction. Random fibres impaired outgrowth and migration. The results 

in the third part showed that LEC guidance is possible within nanofibre/collagen type 

I hydrogel constructs that mimic the native extra cellular matrix in terms of size and 

orientation of fibrillar components. Thus, hydrogel-fibre composites may prove to 

be an effective tool in lymphatic regeneration.   

This thesis has accomplished several objectives steps in its approach to generate a 

tissue engineered lymphatic vessel network:  

• Evaluation of the lymphatic marker Prox-1 as highly selective tool for 

lymphatic identification and lymphatic functionality in vivo and in vitro 

(Chapter 2.3.1; Figure 3 and Figure 4).  

• Comparison of collagen type I and fibrin hydrogels for lymphatic vessel in 

vitro culture (Chapter 2.3.2)  o Fibrin hydrogels maintained lymphatic vessel 

for a longer time without additional growth factors and developed blind ended 

vessel structures similar to their native structure (Figure 9 and Figure 11)  

o Collagen type I induced high metabolism of LECs and rapid  

migration into tube like honeycomb structure (Figure 8 and Figure 11) 

o LECs showed a VEGF dependency in hydrogels (Figure 6)  

• Exclusion of 3T3 fibroblasts as a potent co-culture partner for lymphatic 

vessel sustainability and growth in collagen type I hydrogels (Chapter 2.3.3)  
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• Development of a collagen type I hydrogel scaffold with biodegradable 

organized polymer nanofibres for directed lymphatic endothelial cell 

migration, tube formation; and thus cellular guidance (Chapter 3-5)  

o Evaluation  of  electrospun  polymer  fibre  morphology 

 and  

biodegradation (Chapter 3.3)  

 High flow rates, low polymer concentrations and an increased 

voltage reduced the fibre diameter of PLGA and PLDL  

(Figure 18, Figure 19 and Figure 21)  

 Morphology of fibres is highly influenced by ambient humidity 

(Figure 22)  

 PLGA in contrast to the slowly degradable PLDL degraded 

about 50% in 90 days. Small fibre diameter (<300nm) 

accelerated PLGA fibre degradation (Figure 23 and Figure 

24).  

o Process developments in dual field electrospinning led to a technique, 

which is able to coat surfaces with polymer nanofibres of specific 

orientation and interspatial fibres distance (Chapter 4.3)  

 Fibre distance depended on the spinning duration (Figure 34)  

 Fibre orientation was influenced by multiple factors, 

environmental as well process parameters. Mainly, voltage 

and residual charges decreased fibre orientation (Table 8). The 

introduction of a novel non static (altering) electric field 

supported the electrospinning process (Table 8 and Figure 35).  
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• Identification of essential nanofibre parameters for lymphatic attachment and 

cellular guidance in collagen hydrogels (Chapter 5.3)  

o LECs rapidly attached to fibres in micrometer dimensions but not in 

nano-dimensions (Figure 38) o Hydrophobic PLDL polymers led to very 

low cellular attachments, but were able to provide signals for cellular 

guidance (Figure 38 and  

Figure 42) o Cellular guidance in collagen hydrogels depended on 

polymer fibre diameter of 350nm and above (Figure 42) o High fibre 

alignment was a critical parameter to accelerate directed migration and 

tube formation of LECs (Figure 44).  

  

Discussion and Future Recommendations  

The lymphatic research field is small. The 2010 Gordon research conference on 

Molecular Mechanisms in Lymphatic Function & Disease, hosted almost all 

lymphatic scientists (approx. 180 people) in Lucca, Italy. The area of lymphatic 

tissue engineering was covered there as well, but only very few research groups 

within the lymphatic research field have set out to reconstruct lymphatic vessels in 

vitro for medical grafts. Melody Swartz’s group in Lausanne, Switzerland, is one of 

the well-established research groups studying lymphatic vessel networks in a tissue 

engineering approach. Her group’s efforts in constructing lymphatic tissues in 

perfused bioreactors [33] has contributed much to the understanding of lymphatic 

fluid and mass transport within the interstitium [210]. However, there has been little 

progress in lymphatic tissue engineering and no laboratory concentrates primarily on 
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lymphatic tissue development. There are potentially a few reasons for this lack of 

progresss. A common assumption regarding lymphatic tissue engineering describes 

lymphatics as a secondary vascular network, a “drainage system” of the body. 

Further, the importance of the lymphatic system as a vital tissue function seems to 

be less prominent; therefore there is no need for a tissue engineering approach. This 

view may be outdated. Therefore, the following section of this chapter will discuss a 

paradigm shift in lymphatic tissue engineering with regards to the significant 

findings presented in this thesis.  

  

The lymphatic system is often compared to the vascular system. University text 

books teach that blood flow is approximately 7200 L/day. Nearly all circulates in the 

blood vascular system, only 20 L/day are distributed from the capillaries into the 

interstitial tissues. Almost 80% of it is reabsorbed by the blood capillaries. The rest, 

approximately 3L/day, is thought to be recycled by the lymphatic system and 

redistributed into the vascular blood flow. The common conclusion is that the 

lymphatic system drains and transports 3L/day, which is significant small amount 

compared to 7200L/day of the vascular system. This perspective may be flawed, and 

has contributed to a lesser scientific and medical awareness for the lymphatic system. 

The outflow from the thoracic duct is indeed about 3L/day but the fluid volume 

processed by the lymphatic network is not necessarily the same and is most likely of 

much higher magnitude. The out flow from the thoracic duct into the blood vascular 

system was measured and found to be stable at 2-4L/day independent of blood 

pressure changes [211]. In an earlier study the lymphatic outflow was blocked by 

high vascular pressure, which prevents the inflow of new lymph into the blood 
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system. Elevation of venous pressure also increases the interstitial fluid pressure 

from the kidneys [212]. However, lymph flow and pressure did not change and 

interestingly experimental animals did not suffer any oedema conditions [211]. It 

was assumed that interstitial fluid was recycled by other means. Later it was 

discovered that the lymphatic network is semipermeable. Lower weight molecules 

(such as insulin, water) of 6000kD and below can exchange freely through the 

lymphatics only controlled by the interstitial pressure, whereas high molecular 

weight compounds (e.g. fats) are concentrated in the lymphatic system [213]. This 

demonstrates that the balance of lymphatic fluid intake might not be equal to the fluid 

out flow of the thoracic duct. Hence, the fluid transport between the lymphatics and 

the interstitium is eventually higher and more dynamic than previously thought. In 

addition, more than 50% of all macromolecules are recycled through the lymphatic 

system back to the blood system to keep a balanced tissue homeostasis system [213]. 

Although, the vital function of the lymphatic system is undeniable at this point many 

people would still argue that it is not necessary to incorporate lymphatic vessels into 

engineered tissue in order to generate functional grafts. The argument here is that, 

the vascular system is the primary system supplying necrotic and injured tissues with 

nutrition and oxygen, other structures such as the lymphatics can and will arrive from 

the surrounding healthy tissue in the remodelling process during wound healing 

(Chapter 1). In general this view is correct, but recently it has been shown 

computationally [214] and later in vitro [215] that vascularized scaffolds also require 

drainage to maintain interstitial fluid homeostasis. In the absence of lymphatic 

drainage, endothelial cells detach from tissue engineered scaffolds, which might 

impair the success of vascularized grafts in future medical applications. Although 



  172    

vascular grafts have been successfully implanted in children with congenital heart 

diseases [216], adult patients may encounter different challenges to adapt to larger 

grafts. The translational vascular field is novel; hence, clinical data about 

vascularized tissue implants for adults is yet not representative. However, it is likely 

that the importance of lymphatic vessels in tissue engineered grafts will be 

recognized in future. Thinking ahead of time, it might be topical to introduce 

lymphatics into current tissue engineered grafts. A reasonable application for 

lymphatic networks would be alongside vascular tissue. Vascular graft designs are 

already tested concepts of translational medicine with a fair amount of success [216]; 

far ahead of any lymphatic approaches. In this case it is an advantage for the 

lymphatic tissue engineering. The acquired knowledge in vascular tissue engineering 

can be easily transferred towards the lymphatics, due to their tissue similarity and 

shared ancestral origin. Only a few factors have to be considered before both tissue 

types can be co-grafted. The lymphatic tissue engineering approach should determine 

a feasible hydrogel platform, importance of extracellular matrix types, essential 

growth factor supplementation and then test co-culture of lymphatics with vascular 

and interstitial cells types. This thesis has contributed to some aspects of tissue 

engineered lymphatics which can be used in future application.  

  

Hydrogels are a class of biomaterials that have great scaffolding potential in many 

tissue engineering applications due to their high tissue-like water content, high 

biocompatibility in general, mechanical properties that parallel the properties of soft 

tissues, efficient transport of nutrients and waste, powerful ability to uniformly 

encapsulate cells, and ability to be injected as a liquid that gels in situ [217]. A 
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disadvantage of hydrogels is a poor internal organization and low response to 

mechanotransduction, which can be critical for cell survival. Although there are more 

advanced alternatives to generate soft tissues, such as the use of highly advanced 3D 

tissue printers and composite assembly of 2D cell sheets [218], the hydrogel 

approach is technically one of the easiest with which to mimic native soft tissue, 

including lymphatics. Compositions of hydrogel shown in this thesis are ECM based. 

Although it would be fascinating and scientifically important to introduce polymer 

hydrogels in lymphatic tissue engineering, only native biomaterials were used in the 

cell culture studies of this thesis. The reasoning was that the understanding of the 

mechanism of interaction between cells and their native environment requires only 

structural proteins of the ECM. Also, at that time, there was not enough scientific 

data to understand lymphatics and their response to native biomaterials. Although it 

would be preferable to provide the full ECM for lymphatic tissue engineering it is 

currently technically impossible to reproduce the level of complexity and 

organisation of the native ECM in vitro. Moreover, lymphatics have been shown to 

have a specific matrix environment and cell adhesion sites for a group of ECM 

polymers (Chapter 2.1) Thus, it is argued in Chapter 2 that only a few structural 

proteins are essential for LECs, to provide the necessary binding cues for lymphatic 

functionality and tubular assembly. The ECM composition, such as collagen type I 

and fibrin, distinctively influences the morphology, organization pattern and growth 

of lymphatic endothelium (Chapter 2.3). In addition it has been shown that 

hyaluronan hydrogels do not support lymphatic attachment. The strong contrasting 

responses to different structural EMC proteins with LECs show the importance of 

the tissue engineering design. From a tissue engineering point, a collagen type I 
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hydrogel would be of advantage as it induces high cellular metabolism and growth 

(Chapter  

2.3). However, a drawback in the design is high cellular demand for essential 

vascular growth factor in order to sustain lymphatic vessels in the 3D tissues. Just 

like vascular grafts, delivery of growth factors is critical for vessel sustainability. The 

requirement for growth factors is challenging, especially when hydrogels are used as 

the delivery system. Despite better cell survival in fibrin gels over collagen gels 

(Chapter 2.3.2); when cultured without growth factors; natural polymer systems are 

difficult to design, expensive and more difficult to control in terms of drug release, 

given their tendency to bind growth factors [219]. Thus, introduction of synthetic 

biomaterials might provide an advantage over native biomaterial. Fully synthetic 

polymer hydrogels such as polyethylene glycol, which include matrices for 

controlled drug release are the gold standard for polymers in biomedical application 

[220]. However, there are many other technical alternatives for controlled drug 

release (e.g. (Chapter 5) incorporation of electrospun polymer fibres in hydrogels). 

Polymer fibres fabricated in this thesis can be used for controlled drug release. The 

electrospun polymer fibres can be either functionalized or specifically designed with 

“core-shell” electrospinning technology as biodegradable hollow fibres with slow 

drug release [221]. Although, it has been shown in this research that polymers can 

be functionalized (blended) with collagen to improve attachment of cells (Chapter 

2.3), further polymer fibre functionalizations with critical VEGFs have not been 

attempted, as this technology has been recently demonstrated by Zhang and 

colleagues [222]. Nevertheless, an alternative approach was conducted to deliver 

critical growth factors for lymphatic vessels.  
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Considering that tissue and cell communications is based on exchange of cytokines 

and growth factors in a paracrine and juxtacrine fashion from one cell type to another, 

it would be logical to implement a functional co-culture in tissue engineering 

designs.  

This approach has had great success in skin organ development where fibroblasts of 

the dermal layer sustain the growth of the epithelium via paracrine exchange of basic 

fibroblast growth factor and VEGFs [223]. The experiments with fibroblast coculture 

systems in this thesis (Chapter 2.3.3) indicated beneficial support for lymphatic 

vessel sustainability in collagen hydrogels. This finding is promising and should be 

extended in further co-culture systems with cell types known to provide the critical 

growth factors for lymphatic growth, such as immunological cells and vascular 

endothelial cells. If paired with the right co-culture system, it might be even more 

supportive regarding cellular growth and maturation than growth factor drug release 

by synthetic biomaterials. Changing demand of several growth factors due to cell 

growth and death are not well addressed by a stable drug release from synthetic 

material. A balanced co-culture system, such as the skin organ culture, would be able 

to support growth and development over months in vitro with little contribution from 

external growth factors [223]. Currently, drug release technology is used to provide 

one or two critical biomolecules for a limited time in order to attract and proliferate 

desired cells types in tissue engineered scaffolds and hydrogels. Whether this process 

is enough to achieve effective wound healing and physiological homeostasis cannot 

be fully answered currently. It is quite likely that the co-culture approach is more 

sensible as it provides a tissue that is highly functional due to existing cell-cell 

communication, which provides sustainability in long term culture. Further, 
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synthetic biomaterials such as PLG, PGA and PLGA mostly undergo bio-

degeneration (Chapter 3.1, 3.4), which can impair the healing process. A co-culture 

system embedded in a native hydrogel or scaffold would have a lower chance of 

failure due to lack of bio-degeneration or biomaterial toxicity. Although, it would be 

reasonable to argue for a tissue model without any synthetic biomaterials to evade 

tissue developmental complications because of polymer degeneration, 

hydrophobicity and compliance; one critical aspect of tissue engineering that is 

difficult to achieve without incorporation of synthetic polymers is tissue 

organization.   

Hydrogels are a poor substitute, especially so in terms of the organisation of 

structural protein fibres. Although soft tissues have much higher levels of 

unorganized fibres than hard tissue such as bone and tendon, organized structural 

fibres such as the anchoring filaments are essential for the tissue lymphatic 

functionality and lymph transportation (Chapter 1). Cellularized hydrogels do not 

necessarily develop the distinctive interconnective structures of native tissue. This is 

due to the lack of mechanotransduction signalling [224]. In order to apply an 

organizational structure, cellularized hydrogels are mechanically stretched and 

moulded, thus cells remodel structural proteins of hydrogels with a distinctive 

orientation along the mechanical stress lines [224]. Tissues such as cartilage, tendon 

and muscles require a functional ECM organisation. Structural organisation in a 

specific direction can guide cell migration and growth. Native fibres such as elastin 

and collagen bundles not only provide structural support, but also chemotactic and 

topographic guidance for cellular organisation (Chapter 5.1). Regarding wound 

healing, contact guidance is a desirable feature for tissue engineered designs. It 
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would drive rapid cell migration within the hydrogels, and increase cell survival 

within the tissue engineered scaffold. Repopulation of hydrogel structures would be 

shortened, and it would help to build up structured networks and microchannels 

similar to a native tissue.  

Implementing and mimicking the natural structural fibres in order to provide 

guidance for LECs was a major aspect of this thesis. Although many approaches 

stimulate hydrogels mechanically, a different approach was performed in this thesis 

with constructed electrospun aligned polymer fibres in between hydrogel layers. 

These polymer fibres conditioned the hydrogel with an organization pattern which 

provided contact guidance and attachment. Although it would be a native process to 

provide structural organisational patterns via mechnotransduction, the electrospun 

polymer fibres delivered better control of the hydrogel environment. Electrospun 

nanofibrous environments are quite complex, and by changing a dimension such as 

fibre diameter, interspatial fibre distance or fibre alignment, it automatically 

influenced cell migration, attachment and growth (Chapter 5). Moreover, the 

established “one fibre per cell-cell distance” rule in this thesis evidently reduced the  

amount of incorporated synthetic polymer when compared with any other 

electrospun tissue engineering models. Currently the polymer-hydrogel model in this 

thesis is the only full tissue model that demonstrates efficient cellular guidance with 

a minimum amount of incorporated polymer fibres. One 500nm thick polymer fibre 

at a spatial distance of 5-10µm changed endothelial cell migration, tube formation 

and growth in tissue engineered hydrogels efficiently. This response, often quoted in 

literature, has been attributed to similarities of fibre diameter and quantity with the 

natural ECM environment (Chapter 5.4). Whether this is entirely true or not remains 
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to be shown, but it is known that endothelial cells respond to ECM components at 

similar size scale (Chapter 5.4). The underlying mechanisms for enhanced cellular 

response to nanostructures are only now beginning to be realized by using highly 

regular and reproducible nanostructured surfaces. Hence, micro- and 

nanotechnology will play an important part for all tissue engineering constructs and 

the understanding of tissue functionality. In this regard, electrospinning is an 

established technology to construct a directional topography in micro-and nano-

dimensions. Moreover, the anticipated dual function of electrospun fibres as drug 

delivery systems, matrix organization and structural support, is one of the most 

interesting features for tissue engineering to explore in future.  

Although electrospinning offers a rapid and convenient way of producing scaffolds 

and material coatings with features that are aligned and of a micro-nanoscale; and 

may be utilized across a broad range of polymer systems and tissue engineering 

endeavours; it is unlikely to reach much beyond the laboratory bench. Poor 

reproducibility of the electrospinning process and the materials it produces has been 

a barrier to its commercialisation to date. The dual field electrospinning introduced 

here, on the other hand, can produce fairly reproducible fibre materials and coatings 

under stable environmental conditions (Chapter 4). The application of an alternating 

field can lead to further improvements in quality. Residual charges and  

environmental factors are the main difficulties in dual field electrospinning (Chapter 

4.3). Nevertheless, it is reasonable to say that confinement of residual charges during 

the electrospinning process and alterations of the electrospinning design will lead to 

a pro-commercial development in future. However, electrospinning has not achieved 

commercialisation and the fabrication quality is still inferior to 3D bio-printer and 
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2D micro pattering technology, both of which have achieved commercial success 

with a broader spectrum of applications. Nevertheless, dual field electrospinning 

might be able to acquire a commercial niche such as engineering of simple tissue 

constructs, which provide cellular guidance and drug delivery. The aforementioned 

approach of drug delivery by Zhang and collegues [222] to provide vascular growth 

factor via “core-shell” electrospinning is critical for new developments in vascular 

and lymphatic tissue engineering with electrospinning technology. It is therefore 

likely that a combinatory “core-shell” and dual field electrospinning approach would 

be able to construct tissue hydrogels which have the possibility to challenge current 

3D printing designs in terms of organisation and growth factors delivery.  

Nevertheless as a next step, highly engineered functionalised polymer fibre 

hydrogels or simple constructs, as shown in this thesis, should prove their 

regenerative potential in a lymphatic oedema tail rodent model. Animal experiments 

are a critical step in translational medicine, which decide the future of tissue 

engineered designs. Future experiments should also combine fibrin hydrogels, 

growth factors and co-culture within the electrospun construct to avoid tissue failure. 

Once a stable matrix is provided for lymphatic growth and vessel function, further 

experiments could aim towards tissue maturation and the development of collective 

vessels and lymphatic ducts. However, the engineering of mature lymphatic tissues 

is somewhat more daunting than previously thought. Challenges are apparent in the 

engineering of functional lymphatic vessels that would present an intrinsic pump 

conduit and the active contraction essential to move lymph fluid forward. While 

speculative, this type of experimental model system could prove a powerful tool for 

dissecting molecular and cellular events surrounding tumour invasion of lymphatics, 
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as well as lymphangiogenesis and several oedema-related diseases. A more fitting 

and topical medical application would aim towards structured scaffolds seeded with 

engineered lymphatic and/or vascular cells, and controlled growth factor release 

which would be implanted post-surgically in order to support the injured tissue area 

with a functional network, cell guidance and accelerated would healing. In future, 

these tissues and organs will prove amenable to tissue-engineering therapies, but, as 

in all fields of tissue engineering, there is a long way to go before the science can be 

implemented as a clinical regimen.  

All in all, the presented final discussion stresses the necessity of lymphatic tissue 

engineering, and recommends the combination of vascular and lymphatic tissue 

development.    
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Annex  

SOP Electrospinning  
  

Electrostatic Polymer Spinning Apparatus  

  

Instructions for Safe Operation in ‘Local and Remote’ Mode (Front Panel 

Operation)  

  

Contents:  

  
1) Brief description of apparatus (incl. labelled photograph)  
2) Wiring diagram (HT circuit only)  
3) Start-up and shutdown procedures (normal operation)  

  
1) Description of Apparatus  
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This apparatus is used to create electrospun fibrous sheets from a polymer solution.   
Polymer in solution is delivered from a syringe pump through a tube and out of a needle.  

The polymer solution is drawn from the needle tip towards a charged target and the solvent 

evaporates during the travel.  The needle and target part of the apparatus are housed in a 

fume cupboard to remove the evaporated solvent.  

  
In the default setup the target consists of a rotating mandrel and the needle is mounted on 

a reciprocating traverse.  This produces a polymer tube around the mandrel.  

  
The mandrel and adjacent grid are charged by two separate high tension power supplies.  

Both of the supplies are connected to ground through a resistance to maintain a small 

current.  This allows the supply to cut out in the event of an increase in current due to 

contact with any charged surfaces.  

  
Mandrel and grid of the default set up has been dismantled and replaced with the dual bars 

which are wired in the same way. In the dual bar set up the target consists of two parallel 

bars and the needle is mounted above the centre of these two bars.   
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Controller  
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Hazard  
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To prevent access to the charged surfaces the sash of the fume cupboard is lowered.  Two 

safety switches are used to only allow power to be supplied to the system when the unit’s 

shelf is fully extended into the fume cupboard and the sash is adequately lowered.  

  
To prevent access to charged surfaces by random persons while the operator is not 

present, a safety cage is placed around the electrospinning rig holding down a third safety 

switch   

  
2) Wiring Diagram   

 
  
3a) Start-up Procedure  

  

  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

a) default set up  

Trolley  

HT Power  
Supply  

HT Power  

Supply  

Supply  
  
Return   

Supply   
  
Return   

b) dual bar set up  

Mandrel  

Grid  
Bars  

High Voltage  
Resistors   



   IV   

Trip/Limit  

  

  
 Preparation for computer assisted remote control (optional): Connect both power 

supplies with the LabView interface according to the manufactures description to 

operate in remote mode  Preparation of trolley:  
• remove all loose items from target area on top shelf  
• position trolley in front of fume hood ensuring that cables do not snag  
• Lift sash of fume hood and extend top shelf inside fume hood to full extent  
• Lower sash so that it engages with and activates limit switch  
• Connect needle with tubing to the polymer solution system  

 Ensure all potentiometers on front panel are rotated fully anticlockwise  
 Ensure power supply is in limit mode  
 Ensure that Local/Remote switch is in desired position either remote or local mode  
 Bridge safety cage limit switch (push the button down, or tape it down)  
 Switch on mains supply: electrical power on the trolley is supplied via a single 

distribution board connected to the mains (red-coloured plug)  
 Switch on power supply: switch on left of front panel  
 Activate HT output: push button on right of front panel, HT light will illuminate  Only 

for local mode:   
• Turn current potentiometer approximately ½ turn clockwise  
• Set desired voltage using voltage potentiometers  
• Turn current potentiometer anticlockwise until current limit LED illuminates, 

then clockwise just enough for LED to go out   Only for remote mode:  
• Set desired values (e.g. voltage, current,…) via LabView program and run 

program  
 Switch unit from ‘Limit’ to ‘Trip’ Mode (Comment for remote mode: Depending on the 

LabView program switch unit to ‘Limit’ mode to avoid power trip during the 

experiment)  
 Only during ‘Trip’ mode the electrospinning trolley can be leaved unattended by 

placing the safety cage around it and enable the safety cage limit switch  
 During ‘Limit’ mode the operator has to be present at any time while the power supply 

is activated!  
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3b) Shut down procedure  

  
 Press HT button  
 Turn current and voltage potentiometers fully anticlockwise  
 Turn off power supply  
 Change from Trip to Limit mode  

  

Emergency Shutdown:  

  

Power to the trolley may be isolated by striking the yellow emergency shut-off 

button (see picture)  

  

  
  

Good Working Practices:  

  

Limit switches must not be defeated, when operator is not around  

Target area must be kept clear of clutter  

Safety warning signs must not be obscured  

Cage safety switch and cage has to be in place when operator is not around  

  

Appendices:  

  

Responsible person:  

Dr Richard Black, Senior Lecturer, Department of Bioengineering  

Email: richard.black@strath.ac.uk;   

Telephone: JA ext. 4568;   
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Polymer fibre alignment 

quantification  
  

Original Microscope Image in xxx.tif format 

Open image with ImageJ® or import stack of  

images to process several images at the same time  

  

  

  

  

  

Crop Image with ImageJ® to 6.91 by 

6.91 inches (1036 by  

Use selection tool square and do it by 

hand after selection  

Fast Fourier Transformation Image with 

ImageJ   

Process > FFT > FFT  

  

  

  

Draw a circle selection with the circular  

selection tool over the whole area  

  

  

Analyse the pixel Intensity of the lines in 

radial direction  

Plug-in from OVAL PROFIL down loaded 

from ImageJ plug-in  

  
  

1036  pixel)  

Image > Crop  
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Plug-in > Analyse >Oval Profile > 360 or 72 

points > Radial Sum  

  

  
  

  
360° quantification with 1° intervals, 360 data points  

  
360° quantification with 5° intervals, 72 data points  
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Select List and the graph and safe the data in an excel sheet  

Important note: The acquired graph and values is shifted by 90 degree.  

  

Data evaluation are done with Microsoft Excel ®  

(Fig.: Data evaluation with MS Excel with 72 data points from FFT image)  

  

Table: Data evaluation with Excel with 72 data points from FFT image Intensity 

values are displayed at row 2, degree at row 1. Background (value at 90 degree) is 

subtracted in row 3. Negative values converted to zero (row 4). Percentage is 

calculated in row 5. Simplified values are displayed in row 7 and 9, only 50% or 

25% of the total results are used to the alignment spectrum per image. In this 

example evaluation of only one image is shown. In general, simplified values are 

grouped together from a minimum of 5 images per electrospinning setting.   
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Pixel Intensity  
Elimination of  

- Background  
Degree  Pixel Intensity  negative  

(value at 90 values  
degree)  

 0  128829  37649  37649  
 5  123530.3828  32350.38281  32350.38281  
 10  116191.7422  25011.74219  25011.74219  
 15  111296.1172  20116.11719  20116.11719  
 20  98305.28125  7125.28125  7125.28125  
 25  94577.26563  3397.265625  3397.265625  
 30  93240.35938  2060.359375  2060.359375  
 35  91863.02344  683.0234375  683.0234375  
 40  92056.49219  876.4921875  876.4921875  
 45  91789.78906  609.7890625  609.7890625  
 50  91945.17188  765.171875  765.171875  
 55  91767.80469  587.8046875  587.8046875  
 60  91889.14844  709.1484375  709.1484375  
 65  91543.02344  363.0234375  363.0234375  
 70  92042.32813  862.328125  862.328125  
 75  91542.83594  362.8359375  362.8359375  
 80  91441.07031  261.0703125  261.0703125  
 85  90705.17969  -474.8203125  0  
 90  91180  0  0  
 95  90382.60938  -797.390625  0  
 100  91806.84375  626.84375  626.84375  
 105  91734.17188  554.171875  554.171875  
 110  91878.63281  698.6328125  698.6328125  
 115  91684.13281  504.1328125  504.1328125  
 120  91903.77344  723.7734375  723.7734375  
 125  92958.14844  1778.148438  1778.148438  
 130  95102.63281  3922.632813  3922.632813  
 135  101595.7109  10415.71094  10415.71094  
 140  116844.4844  25664.48438  25664.48438  
 145  107912.1797  16732.17969  16732.17969  
 150  109369.4844  18189.48438  18189.48438  
 155  100274.6016  9094.601563  9094.601563  
 160  98129.25781  6949.257813  6949.257813  
 165  105839.7188  14659.71875  14659.71875  

Intensity after  
normalization 

in  
percentage  degree  

Values 
simplified  
from -90 

to 90 

degree  degree  

Values 
simplified  
from -45 

to 45 

degree  

6.3%  -90  0.0%  -45  3.6%  
5.4%  -85  0.0%  -40  9.0%  

4.2%  -80  0.2%  -35  5.9%  

3.3%  -75  0.2%  -30  6.4%  

1.2%  -70  0.2%  -25  3.2%  

0.6%  -65  0.2%  -20  2.4%  

0.3%  -60  0.2%  -15  5.1%  

0.1%  -55  0.6%  -10  9.9%  

0.1%  -50  1.3%  -5  12.1%  

0.1%  -45  3.5%  0  13.5%  

0.1%  -40  8.7%  5  10.3%  

0.1%  -35  5.7%  10  7.5%  

0.1%  -30  6.2%  15  7.9%  

0.1%  -25  3.1%  20  1.5%  

0.1%  -20  2.4%  25  0.7%  

0.1%  -15  5.0%  30  0.6%  

0.0%  -10  9.6%  35  0.2%  

0.0%  -5  11.7%  40  
45  

0.1%  
0.1%  0.0%  

0.0%  
0  13.1%  
5  10.0%  SUM  100.0%  

0.1%  10  7.3%  
    

0.1%  15  7.7%  
    

0.1%  20  1.4%  
    

0.1%  25  0.6%  
    

0.1%  30  0.6%  
    

0.3%  35  0.2%  
    

0.7%  40  0.1%  
  

  

  

  
1.7%  45  0.1%  

4.3%  50  0.1%  
    

2.8%  55  0.0%  
    

3.0%  60  0.0%  
    

1.5%  65  0.0%  
    

1.2%  70  0.1%  
    

2.4%  75  0.0%  
    



   X   

 170  119604.6563  28424.65625  28424.65625     
 175  125637.9766  34457.97656  34457.97656     
 180  129778  38598  38598     
 185  120647.3516  29467.35156  29467.35156     
 190  112624.1172  21444.11719  21444.11719     
 195  113901.1094  22721.10938  22721.10938     
 200  95458.78906  4278.789063  4278.789063     
 205  93098  1918  1918     
 210  92924.5625  1744.5625  1744.5625     
 215  91662.55469  482.5546875  482.5546875     
 220  91537.35156  357.3515625  357.3515625     
 225  91509.85938  329.859375  329.859375     
 230  91430.60156  250.6015625  250.6015625     
 235  91074.58594  -105.4140625  0     
 240  90774.73438  -405.265625  0     
 245  90739.85938  -440.140625  0     
 250  91333.10938  153.109375  153.109375     
 255  90816.23438  -363.765625  0     
 260  90243.41406  -936.5859375  0     
 265  89378.64844  -1801.351563  0     
 270  91011  -169  0     
 275  89585.45313  -1594.546875  0 0.0%     

     

 280  90833.57813  -346.421875  0 0.0%     

     

 285  91537.89844  357.8984375  357.8984375 0.1%     

     

 290  91266.19531  86.1953125  86.1953125 0.0%     

     

 295  91363.91406  183.9140625  183.9140625  0.0%          
 300  91752.20313  572.203125  572.203125  0.1%          
 305  91804.82813  624.828125  624.828125  0.1%          
 310  92615.48438  1435.484375  1435.484375  0.2%          
 315  101400.9922  10220.99219  10220.99219  1.7%          
 320  103309.1484  12129.14844  12129.14844  2.0%          
 325  116614.2969  25434.29688  25434.29688  4.2%          
 330  103649.6563  12469.65625  12469.65625  2.1%          
 335  115780.7266  24600.72656  24600.72656  4.1%          
 340  97072.02344  5892.023438  5892.023438  1.0%          
 345  111919.1641  20739.16406  20739.16406  3.4%          
 350  117605.7422  26425.74219  26425.74219  4.4%          
 355  122366.5469  31186.54688  31186.54688  5.2%          

      SUM  100.0%          

  

Calculation of Decay / Half life of Cell populations  
  

4.7%  80  0.0%  

5.7%  85  0.0%  

6.4%  
4.9%  
3.6%  
3.8%  
0.7%  
0.3%  
0.3%  
0.1%  
0.1%  
0.1%  

90  0.0%  
SUM  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

100.0%  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

0.0%  
0.0%  
0.0%  
0.0%  
0.0%  
0.0%  
0.0%  
0.0%  
0.0%  
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Nuclei are counted manually with Image J software from the acquired microscopic 

samples.  

Table below shows the Cell counts over five days in two different conditions   

a) LECs coated with fibrin gels on TCP  

b) LECs coated with collagen gel type I on TCP  

  

TCP  Cell counts        

Fibrin  
Sample  
1  

Sample  
2  

Sample  
3  Average  STD  

Day 1  376  301  340  339  37.51  

Day 2  332  240  288  286.6667  46.01449  

Day 3  211  166  253  210  43.50862  

Day 4  102  94  146  114  28  

Day 5  40  28  81  49.66667  27.79089  

            

Collagen  
Sample  
1  

Sample  
2  

Sample  
3  Average  STD  

Day 1  350  287  340  325.6667  33.85754  

Day 2  222  162  205  196.3333  30.92464  

Day 3  82  56  103  80.33333  23.54428  

Day 4  40  28  68  45.33333  20.52641  

Day 5  0  23  35  19.33333  17.78576  

  

Values are graphically displayed in an excel chart (see below) Apply 

a trend line (curve fit) with MS Excel ®.   

Either a linear or exponential curve can be chosen. In general the exponential 

curve is selected. However, if the R2 value is too low (<95) try a linear curve fit. 

Display the equations of the curve fit/ trend line.  
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Exponential Curve: To calculate the half life of the cell population the native 

Logarithms Ln(2) is divided by exponential factor of the exponential curve equation.  

Ln(2)/-0.7114=Day to half the population  

  

Linear Curve: Calculate the Day 1 population from the linear equation (initial 

population) x=1. Divide the initial population by 2 (half population). Calculate 

from the linear equation the day to half the population y=half population x=half 

life. Result is the difference between day 0 and starting day, here +1 for Day1.  

  

Table below show the values and calculation for the half life from the previous 

equations (chart above)  

  

Cell decay on TCP with Fibrin and Collagen hydrogels  

Collagen  (exponential approach)    

  

  

   

  

  

growth/ decay frequency  
Half life of the Cell 

Population in days  

-0.7114    -0.97434    

  

  
      

Fibrin  (linear approach)  

Day 1   50% of population  
Half life of the Cell 

Population in days  

350  175  -2.33333    

  


