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Abstract 

Vascular diseases are the major causes of morbidity and mortality. The unavailability of 

adequate vascular graft and implant-related infections are disastrous complications. New 

approaches have been applied to engineer artery xenografts that can provide efficient local 

antibiotic delivery. The aim of this study was to develop a hybrid vascular construct, 

incorporating decellularised porcine tibial artery (PTA) and a biodegradable antibiotic-

releasing polymeric envelope, which will be suitable for vascular reconstructions. 

PTAs were decellularised by enzymatic and detergent-based methods and the electrospun 

polymeric meshes were fabricated using a polycaprolactone and polyethylene glycol 

copolymer, soaked in an antibiotic solution. Removal of cells and preservation of 

extracellular matrix were assessed by histological and immunohistochemical assays, as well 

as transmission electron microscopy. Deoxyribonucleic acid (DNA) content was reduced to 

less than 10 ng×mg
-1 

tissues dry weight in the decellularised samples. Total collagen levels 

and stress strain responses were similar to those of native arteries. Furthermore, in vitro 

biocompatibility studies demonstrated that the decellularised tissue and the polymer coating 

were not cytotoxic. The antimicrobial assessment indicated that the released antibiotics from 

the polymer resulted in short-term suppression of bacterial growth. In addition, the effect of 

different concentrations of antibiotics showed that the highest concentration of antibiotics 

(8mg/ml Gentamicin and 5 mg/ml Vancomycin) is cytotoxic for human vascular cells.  

However, the lowest concentration of antibiotics (1mg/ml Gentamicin 0.6 mg/ml 

Vancomycin) tested, was sufficient to suppress bacterial growth, while not affecting the 

human vascular cell viability.  

Overall, histoarchitecture, biochemical composition and biomechanics of porcine artery 

grafts well retained after the decellularisation procedure. While the decellularised graft could 

be applied as an alternative vascular prosthesis, an electrospun polymeric envelope may be 

additionally considered to prevent and combat implant related infections. 
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Entwicklung eines hybriden Gefäßersatzes mit erhöhter antimikrobieller 

Resistenz 

Abstraktum 

Gefäßerkrankungen zählen derzeit noch immer zu den Hauptursachen vorzeitiger 

Sterblichkeit in der Bevölkerung. Nichtverfügbarkeit von adäquaten Gefäßprothesen oder 

Gefäßtransplantaten, sowie Implantat-Infektionen führen zu unvorhersehbaren 

Komplikationen. Aktuell werden neue Ansätze verfolgt arterielle Xenotransplantate zu 

entwickeln, welche eine effiziente und lokale Abgabe von Antibiotika ermöglichen.  

Ziel dieser Studie war die Charakterisierung und Bewertung von dezellularisierter, porciner 

arteria tibialis (PTA) und einer biologisch abbaubaren, Antibiotika-freisetzenden 

Polymerhülle für die Entwicklung eines hybriden Konstrukts das als Gefäßersatz eingesetzt 

werden kann.  

Um die Dezellularisierung der PTAs zu erreichen wurde ein Protokoll angewendet, welches 

den Einsatz von Detergenzien und Enzymen beinhaltete; die Polymerhülle wurde aus 

Polycaprolacton- und Polyethylenglykol-Copolymeren durch Einsatz der „electrospinning“ 

Technologie hergestellt und anschließend mit einer Antibiotika-Lösung getränkt.  

Die Entfernung von Zellen und die Konservierung der extrazellulären Matrix wurden durch 

histologische und immunhistochemische Assays sowie Transmissionselektronenmikroskopie 

beurteilt. In den dezellularisierten Proben wurde der Desoxyribonukleinsäure (DNA) -Gehalt 

auf weniger als 10 ng × mg-1 Gewebe-Trockengewicht reduziert, wohingegen der 

Gesamtkollagengehalt weiterhin dem von nativen Arterien ähnelte. Insgesamt blieb die 

Histoarchitektur der Arterie nach dem Dezellularisierungsverfahren gut erhalten. Ebenso 

konnte festgestellt werden, dass die Dezellularisierung nur einen geringfügigen Einfluss auf 

die biomechanischen Eigenschaften der Arterie hatte. Weder das dezellularisierte Gewebe 

noch die unbehandelte Polymerhülle wurden in den in-vitro Biokompatibilitätstests als 

zytotoxisch erkannt. Durch die mikrobiologische Beurteilung wurde gezeigt, dass die vom 
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Polymer freigesetzten Antibiotika zu einer kurzfristigen Unterdrückung des 

Bakterienwachstums führten. 

Darüber hinaus erwies sich die höchste Konzentration der getesteten 

Antibiotikakombination (8 mg/ml Gentamicin und 5 mg/ml Vancomycin) für humane 

Gefäßzellen als zytotoxisch, wobei schon die niedrigste getestete Konzentration (1 mg/ml 

Gentamicin 0,6 mg/ml Vancomycin) das Bakterienwachstum unterdrückte, ohne die 

Vitalität der humanen Gefäßzellen negativ zu beeinträchtigen. 

Während das dezellularisierte Transplantat bereits als eine alternative Gefäßprothese 

Verwendung  finden könnte, kann eine elektrogesponnene Polymerhülle zusätzlich in 

Betracht kommen, um Implantat bezogene Infektionen zu verhindern oder zu bekämpfen. 
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Introduction 

Cardiovascular diseases are the leading causes of death in the industrialized world and 

include the situations that affect the structures or function of the heart. New approaches have 

been applied to engineer grafts and the market for cardiovascular products is being grown 

due to the high demand. The disorder of the circulatory system including arteries and veins 

is the most common cardiovascular disease.  The inflammation, weakness or fatty deposits 

in the blood vessels are the major complications that may lead to vessel replacement in order 

to restore normal function. Also, the implant- related infections are disastrous complications 

in the clinic [1]. The ideal vascular substitute should be biocompatible, infection resistant 

and should combine long-term durability and hemodynamic performance resembling the 

natural vessels [2].  

Currently, there are different types of prosthetic vessels have been devised over the years. 

The diseased veins or arteries are typically replaced either autologous grafts or with 

prosthetics. Nevertheless, adequate autologous vascular grafts are unavailable and current 

synthetic grafts are imperfect and may be associated with infection, blood damage, 

calcification, graft rejection and reoperation. These complications and limitations have led 

researchers to investigate the alternative solutions. 

On the other hand, there are no effective therapies to prevent and treat the implant- related 

infections, except the removal of the implants. Although systemic antibiotic therapy can be 

administered, however, a high level of the antibiotics may not be achieved to a certain part. 

For this reason, local antibiotic therapy has become more necessary.  

Tissue engineering is a strategy that combines the use of cells, scaffold and proper 

biochemical factors to create potentially replacement devices. Tissue engineered grafts have 

the potential for growth, self-repair and remodeling due to the cells [3]. 

One approach is to apply decellularised tissue as scaffolds. Tissue decellularisation involves 

the cell removal of the tissue and major immunogenic components such as antigens and 
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soluble proteins and preservation of biomechanical properties and the extracellular matrix 

components (glycosaminoglycans, elastin and collagen).  

Another approach to apply local antibiotics is using electrospun polymeric fibers in drug 

delivery due to their porosity, high surface area and functionality. Also electrospinning is a 

cost effective technique and can be employed in laboratory and industry.   

The purpose of this research is the investigation of a natural ECM and creating a hybrid 

vascular construct, incorporating decellularised porcine tibial artery and polymeric antibiotic 

releasing coverage, which would be suitable for vascular reconstructions and prevention of 

infection. To this aim, DNA quantification, immunohistochemistry, biochemistry, histology, 

cell culture, cytotoxicity test, live dead assay, antimicrobial assessment, disk diffusion assay 

and uniaxial tensile test were conducted to determine the suitability of the decellularised 

tissue as scaffolds for tissue engineered vascular grafts and efficiency of antibiotic release 

from the polymeric cage to suppress growth of bacteria.  

This thesis is structured into four sections. The first section reviews the aspects of the 

literature relevant to this research. The second section describes materials and methods. The 

third section indicates the experiments and results followed during the biological and 

biomechanical characterization of fresh and treated porcine vessels as well as the 

experimental results obtained by the antimicrobial efficiency of polymeric scaffold and the 

effect of antibiotics on human cells. The thesis concludes together with discussion, which is 

presented in the fourth section.  
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1. State of the art 

1.1. Cardiovascular system 

Heart, blood vessels, and the approximately 5 litres of blood are the essential organs of the 

human cardiovascular system (Figure1). The heart is a muscular organ that functions as the 

body’s circulatory pump and is located medial to the lung along the body’s midline in the 

thorax. The blood vessels are responsible for transporting oxygen, nutrients, hormones, and 

cellular waste products throughout the body. Blood vessels differ in structure and function; 

Veins are blood vessels, which carry blood from the body back to the heart. Deoxygenated 

blood returns from the tissues and organs to the heart via them (except the pulmonary vein). 

Arteries are blood vessels that carry oxygenated blood from the heart to the body (except in 

the case of the pulmonary artery). Branches of major arteries are called arterioles. Arterioles 

further branch into microscopic blood vessels, called capillaries. They are so tiny that only 

one blood cell can move through them at a time. The actual exchange of oxygen, carbon 

dioxide, foodstuffs and waste products between the blood and the tissue fluid occurs in the 

capillaries. They move the blood back through wider vessels called venules. Venules 

eventually join to form veins [4, 5, and 6]. 
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arterial blood is pumped by the heart and transfers oxygen-poor blood to the lungs, and the 

veins carry oxygen-rich blood from the lungs to the heart [9].  

Veins and arteries are generally structured in three layers. The layer on the luminal side is 

called the tunica intima, the central layer tunica media and the surrounding layer tunica 

adventitia. The thickness of the tunica media and the calibre differs, depending on the type 

of blood vessel [10]. The tunica intima consists of an endothelium and a subendothelial 

matrix of glycoproteins and connective tissue. The tunica media contains organized smooth 

muscle cells that are arranged in an inner longitudinal and an outer circumferential pattern 

and are embedded in a matrix of collagen and elastic fibrils. This layer can affect on the 

diameter of the vessel and the blood pressure. There are amounts of elastic and collagen 

fibres, elastic lamellae, and proteoglycans secreted by the smooth muscle cells in the tunica 

media [11]. The contraction of the smooth muscle layer is controlled by the sympathetic 

nervous system. The artery generally has a thicker muscular wall than veins in order to cope 

with extra pressure, which is generated by the force of the heart’s beating. While the veins 

generally have a larger lumen, they also differ from arteries in possessing venal valves, 

which prevent the back flow of the blood. The walls of capillaries are only one cell layer 

thick, which allows for an efficient exchange of gasses and molecules between blood and 

tissue. 

The tunica adventitia is mainly made of collagen bundles and mostly fibrous connective 

tissue [12]. It tends to be much larger in veins than in arteries and accommodates a network 

of small blood vessels, called vasa vasorum, which penetrates into the tunica media in order 

to supply the cells with oxygen and nutrients. 

Two most important types of vascular cells that can be found in structure of veins and 

arteries are endothelial cells and mural cells (Figure 2). Mural cells of the vascular system 

include smooth muscle cells (SMCs) and pericytes and both are responsive to vascular 

endothelial growth factor (VEGF) [13].  



	  
14	  

Embryonic stem cells of the inner cell mass of a blastocyst are one of the resources of 

pluripotent cells that can be differentiated to any cell type [14]. Also the bone marrow-

derived cells and bone marrow-derived endothelial progenitor cells have been suggested as 

the cell resources to construct tissue-engineered blood vessels. Furthermore, circulating 

SMC precursors or progenitors might also originate from other sources such as 

transdifferentiation of EC or non-bone marrow-derived fibroblast-like cells residing in the 

peripheral blood [15].  

The endothelial cells line the vascular system. Characteristic of endothelial cells is their flat 

polygonal morphology and high numbers of intracellular vesicles. The endothelial cells 

regulate physiological processes such as vasodilatation and vasoconstriction, gas exchange, 

nutrient delivery and blood coagulation [16, 17]. They have a significant capacity to adjust 

their number and arrangement to meet local requirements such as tissue growth and repair. 

Tissue growth and repair would be possible due to endothelial cells extending and 

remodeling the network of blood vessels [17]. 

Mural cells are important components of blood vessels and are essential for normal 

development, homeostasis, and organ function [18]. The role of the mural cells is to provide 

contractility to blood vessels and vascular tone, secrete extracellular matrix and induce 

vessel quiescence [19]. In addition, mural cells have been considered in tumor therapy as 

potential antiangiogenic targets since they are implicated in regulating tumor growth [18]. 

For the maturation and stabilization of new vessels, mutual signalling events between 

endothelium and mural cells are essential [20]. Also a basement membrane separates SMCs 

from the endothelium. SMCs are found in large blood vessels and provide structural 

integrity and regulate the diameter. This happens by contracting and relaxing dynamically in 

response to vasoactive stimuli [21]. A large amount of the blood vessel extracellular matrix 

(ECM) can be secreted by SMCs that is vital and consisting mostly of Laminin, Collagen 

IV, Nidogen, Perlecan, and Fibulins [22].  
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Pericytes are mural cells found in microvessels, which control basic behaviours of 

endothelial cells. Unlike the SMCs, they do not form a continuous layer and can be found as 

isolated cells [23]. 

Interestingly, once pericytes cover vessels; this halts vascular remodelling and prevents 

further proliferation of endothelial cells [24]. A subset of pericytes was described to possess 

multipotency, capable to differentiate towards adipocytes, osteoblasts and phagocytes [25]. 

Fibroblasts are another cell type in an area between the external elastic lamina and the 

outermost edge of the blood vessel that is called the vascular adventitia. The main function 

of them is to preserve the structural integrity of connective tissues. Also, fibroblasts produce 

precursors of all the components of the ECM, mainly the ground substance and a variety of 

fibres [26]. 

	  

Figure 2. Vascular cells 

Adopted from  

https://images.nature.com/full/nature-assets/nrm/journal/v10/n1/images/nrm2596-f1.jpg 

(accessed on 29.07.2017)  
	  

1. 3. Vascular disease 

Until today, the number of diagnoses for a vascular disease annually increases within the 

population of the industrialised world.  Depending on the type of the vascular disease, where 
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the function of the arteries or the veins to transport blood from or to the tissue is strongly 

impaired, the condition of a patient can become very serious and life threatening.  

Coronary artery disease is the leading cause of death in the world. Coronary arteries supply 

oxygen-rich blood to the heart muscle. When affected by atherosclerosis, plaques are built 

up inside these vessels, which sequentially occlude the lumen and inhibit the supply of the 

heart muscle with nutrients and oxygen, eventually leading to a heart attack [28].  

Risk factors include age, sex, genetic predisposition, smoking, high blood pressure, high 

blood cholesterol levels, diabetes, overweight or obesity, physical inactivity and high stress. 

Complications comprise chest pain (angina), heart attack, heart failure and abnormal heart 

rhythm. Current treatments include medicines, surgery, cardiac rehabilitation and following 

a heart-healthy lifestyle [28]. 

Venous dysfunction develops when venous return is impaired for any reason such as 

congenital deformities, increased venal wall dilation and/or elongation and venous valvular 

incompetence. It can also result from primary muscle pump failure, or from venous 

obstruction. It can arise from abnormalities within the deep veins, superficial veins, or a 

combination. When the blood pressure in the veins of the lower extremity is too low and the 

venous system is not working sufficiently, blood accumulates in the veins [29].  

For example, blood flow in the intact vein is supported by muscle contractions within the 

surrounding tissue. When the venous valve is weak, it cannot close properly, the backflow of 

the venous blood is not inhibited and an abnormal circulatory happens. Varicose veins are 

prominent veins that have lost their valve effectiveness. The most common underlying cause 

of varicose veins is reflux within the greater saphenous vein in the thigh, which leads to 

pooling in the visible varicose veins below. 

The symptoms include swelling in the lower limbs, especially after extended periods of 

standing, aching or tiredness in the legs, new varicose veins, leathery-looking skin on the 

legs, flaking or itching skin on the legs or feet and stasis ulcers (or venous stasis ulcers) [30]. 
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1. 4. Conventional vascular reconstruction strategies 

There are several treatments for vascular diseases associated with blood flow limitation. In 

these cases angioplasty, vascular stenting, repair, replacement or transposition is typically 

performed. One of the essential components of cardiovascular surgical practice for vascular 

diseases is bypass grafting. In this regard a segment of a healthy vessel is transplanted to 

reroute the blood around the incompetent segment of the diseased vessel. However, many of 

these grafts will eventually fail due to infection, blood damage, calcification or 

inflammatory rejection.	  Tissue engineering offers a promising alternative for regeneration of 

diseased tissue [31], involving the development of biological or hybrid substitutes for 

implantation with the purpose of tissue reconstruction [3]. Currently, application of 

decellularised tissue due to their natural histoarchitectures is widely considered to be 

superior over conventional synthetic scaffolds. 

1.5. Tissue engineering strategies 

1.5.1. Introduction 

Tissue engineering technologies are based on the combination of cells, scaffold and 

regulatory signals to promote tissue formation and function [32]. It is to develop biological 

substitutes for implantation with the goal to replace, repair, maintain, or enhance the 

function or to promote tissue regeneration. The development of engineered tissues usually 

involves the seeding of selected cell types into scaffolds.  

One approach is in vitro cell seeding with the patient’s autologous cells before implantation. 

In this method, the tissue engineering of vascular structures develops under in vitro 

conditions in order to fabricate functional vascularised tissues before final implantation [33]. 

The other approach involves the direct transplantation of scaffolds into the patient which 

attract endogenous cells for the repopulation.  

In the first approach, cells can be seeded in the natural scaffolds or an artificial three-



	  
18	  

dimensional (3-D) biodegradable scaffold. This method can be applied under 

controlledconditions in a tissue culture bioreactor [34]. In the bioreactor, cells are stimulated 

to proliferate and to differentiate towards the desired phenotype. By secreting ECM 

macromolecules, tissue formation can be achieved. While the initial scaffold is degraded, 

resorbed, or metabolized, the cells are expected to gradually replace the scaffold materials 

with secreted ECM [35, 36, and 37]. Although there is remarkable progress due to the 

clinical practice of tissue engineered blood vessels [38, 39], researchers still investigate into 

the cell source, scaffold type and other factors that can affect on tissue engineering. 

1. 5.2. Vascular tissue engineering 

There is an urgent clinical need for the development of blood vessel substitutes, which 

overcome the limitations associated with the current surgical procedures, i.e. lack of suitable 

autologous vessels and suboptimal performance of synthetic grafts. Currently used synthetic 

vascular grafts have numerous problems such as thrombogenicity, increased risk of 

infection, lack of growth potential and neointimal hyperplasia [40].  

There are three main methods for engineering vascularized systems. One of them is using 

angiogenic factors to stimulate fast vessel growth in vascular implants and the other is 

seeding biodegradable polymer scaffolds with endothelial cells and angiogenic factors. The 

third one is pre-vascularizing the acellular structures with stem cells before implantation 

[41]. The reconstruction of the natural vascular scaffold, with its functional architecture and 

its unique mechanical properties, presents a challenge to tissue engineering.  

As an instance prosthetic grafts have been developed as alternatives to autologous grafts, but 

their low patency limits their clinical application since short-term and intermediate-term 

thrombosis occurs [42]. Although several studies showed that tissue-engineered vascular 

grafts, made from bioresorbable polymers which underwent seeding with cells prior to 

implantation [43, 44, and 45] may have decreased incidences of occlusion, however,  

isolation, cultivation and seeding of autologous cells before transplantation is time 
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consuming. Therefore, these grafts are not suitable for the treatment of acute injuries that 

need rapid treatment. 

Decellularised matrices have been used for decades. Nowadays a major objective of tissue 

engineered vessels such as decelularized vascular grafts is to provide mechanical strength 

and the natural histoartichecture to serve as scaffolds for re-cellularization with respect to 

vascular grafts. Human umbilical vessels are a valuable and widely available resource for 

vascular tissue engineering, as well. In 1986, Weinberg et al. (1986) [46] fabricated the first 

tissue-engineered vessel. Bovine endothelial cells, smooth muscle cells, and fibroblasts were 

applied to construct artificial blood vessels in vitro with using collagen and an open Dacron 

mesh sleeve.  

L’heureux et al. (1998) improved structure of these engineered grafts by culturing 

mesenchymal cells, vitamin C and using a polytetrafluoroethylene mandril to create a 3D 

ECM.  The produced structure was implanted as a canine femoral arterial interposition graft 

and remained patent in 3 of 6 animals at 1 week [47]. Furthermore, Schaner et al. (2004) 

presented the decellularisation of human saphenous vein. This study, showed the successful 

implantation of vein in a canine for over 2 weeks. Also, it was demonstrated that the SDS 

treated vein had a well-preserved extracellular matrix, an intact basement membrane 

structure, and a sufficient strength for vascular grafting. These properties suggest the proof 

of concept and the feasibility to use this scaffold for vascular tissue engineering [48].  

Campbell et.al (2012) investigated the properties of decellularised porcine coronary arteries. 

This study established the potential of this natural matrix scaffold to be used as a graft [49]. 

Also Quint et al. (2011) indicated that decellularised vessels could be used as efficient 

vascular grafts to treat cardiovascular diseases [50]. Gauvin et al. (2011) compared the 

mechanical properties of vascular scaffolds. Arterial and venous constructs were generated 

by using cells extracted from either the artery or vein harvested from the same human 

umbilical cord and self-assembly technique. Mechanical characteristics showed arterial 
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constructs have superior mechanical properties in comparison to venous constructs. This 

study indicated that cells originating from different cell sources can affect on tissue 

properties [51].                 

1.5.3. Decellularisation 

Tissue engineered blood vessels with natural ECM have been investigated as vessel grafts 

for various purposes. The ECM plays an important role on cell attachment, proliferation, 

differentiation and biological responses.  Since cellular components can affect on 

inflammatory responses in vivo, the tissue processing methods, especially decellularisation 

are critical for the success of implantation. Decellularisation is a promising and new method 

that has been successfully applied in a variety of tissue engineering. The decellularisation 

process should ideally remove the cells and preserve the ECM [52]. A fully decellularised 

porcine artery scaffold with similar biological and biomechanical characteristics to the 

native vessels has the potential to be applied in vascular replacement surgeries.  

Combinations of physical, chemical and enzymatic treatments or a single method have been 

studied for decellularisation of tissues in different research groups [53]. Normally, physical 

treatments such as agitation along with using detergents as chemical method are being used 

to increase effectiveness of the treatments. In some cases, enzymatic treatments can be 

effective to separate cellular components from ECM and remove residual nuclei by applying 

nucleases, such as DNAses and RNAses. Finally, washing steps are essential to remove 

residual chemical and cell lysis products [52].  

Hypotonic and hypertonic solutions have been widely applied in decellularisation 

techniques. Hypotonic solutions are effective for cell lysis by the osmotic flow of water into 

the intracellular space [54] Also, hypertonic saline has been indicated to dissociate DNA 

from proteins [55].  

Non-ionic detergents such as Triton X-100 and ionic detergents, such as SDS are the most 

commonly used detergents in tissue decellularisation.  Triton X-100 contains uncharged, 
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hydrophilic head groups to disrupt lipid-lipid and lipid-protein interactions, but leaves 

protein-protein interactions intact [56]. 

SDS contains a head group with a net charge, and is effective for solubilizing cellular 

membranes. SDS appears to be more applicable in removing cell residues from tissues 

compared to other detergents, but it may lead to ECM disruption in high concentrations 

(such as loss of GAGs and collagen integrity) and growth factor elimination [57].  

On the other hand, by increasing the tissue exposure time to detergents, more complete 

decellularisation can be achieved, but also more ECM proteins may be denatured. 

It is important to note that the process of decellularisation can potentially cause ECM 

disruption [58]. The objective of effective decellularisation is to minimize undesirable 

effects that are associated with the treatments on 3D scaffold. The current challenge is to 

optimize the decellularisation method according to the tissue type [59]. 

Finally, following the decellularisation of the scaffold, sterilization should be done prior to 

implantation or in vitro assessments with one of sterilization methods such as incubation in 

acids or solvents, gamma irradiation, ethylene oxide exposure and electron beam irradiation 

[52].  

1.5.4. Decellularisation methods 

Generally, cell removal techniques may affect the ultrastructure and composition of the 

ECM. However, no decellularisation protocol described so far includes the exposure to 

reagents for the removal of cellular debris, without disrupting the ECM to some degree [58]. 

The objective of an effective decellularisation process is to minimize this undesirable effect 

[59]. Therefore, it is possible to improve an effective protocol by optimizing the 

decellularisation process, e.g. by application of a combination of physical, chemical, and 

biological treatments [56].  

There are several decellularisation physical methods such as scraping, sonication, agitation 

(stirring, rocking, etc.), electroporation, pressure gradient, snap freezing and supercritical 



	  
22	  

fluid [53, 60]. The effects of various protocols on decellularised porcine carotid arteries have 

been investigated by Sheridan et al. (2013) [61] to fabricate preserved scaffolds as vascular 

grafts. The results of this study clearly showed the importance of optimizing the nucleation 

and ice crystal growth, preventing ECM disruption and subsequent inferior mechanical 

properties. Mechanical abrasion in combination with enzymes can also effectively remove 

cells on the surface of tissue or organ [62, 63]. Mechanical agitation can be applied by using 

a magnetic stir plate, an orbital shaker, or a low profile roller. By repeating washing cycles 

with Phosphate Buffered Saline (PBS) under agitation, residual detergents can be efficiently 

removed. It is hypothesized that osmotic shock treatment greatly improves the removal of 

cells within tissues and organs [64]. For this purpose, the tissue can be alternately immersed 

in hypertonic and hypotonic solutions through several cycles [65,66,67]. 

It has been reported that the treatment with deionized water and sodium chloride solutions 

cause cell lysis, with only minimal changes in matrix molecules and architecture on a tissue 

or organ [56]. A hypertonic saline solution dissociates DNA from proteins [68], and readily 

causes cell lysis through a simple osmotic effect
 
[69], but in some cases this technique is not 

sufficient to remove all cellular debris. Hence, additional techniques are basically required to 

facilitate the removal of resultant cellular remnants from the tissues [56].  

In decellularisation protocols, ionic and non-ionic detergents have been frequently applied to 

solubilize cell membranes and dissociate DNA from proteins. Moreover, many reports have 

indicated that using detergents is an effective technique for removing cellular materials from 

the tissues [59].  

Triton X-100 is a non-ionic detergent that can eliminate cellular components by destroying 

the cellular biomembrane when it combines with the plasma membrane protein and 

phosphatide to give a soluble complex.  Sodium dodecyl sulfate (SDS) has been also used as 

an anionic surfactant for cell lysis, which is typically more effective for removing cell 

residues from tissues compared to other detergents [70,71]. Meyer et al. (2006) [72] have 
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shown that cell residues from thicker tissues, such as valve conduits can be effectively 

removed by Triton X-100, where enzymatic and osmotic methods are insufficient. 

Schaner et al. (2004) reported that intact human greater saphenous vein specimens were 

decellularised by using SDS. Veins, rendered acellular with SDS, have well-preserved 

extracellular matrix, basement membrane structure, and sufficient burst and suture-holding	  

strength for vascular grafting. These properties suggest proof of concept for its use as a 

scaffold for further vascular tissue engineering [48]. 

However, special care must be taken to completely remove all residual chemicals from the 

ECM after decellularisation, since any remaining detergents can be cytotoxic and have 

disruptive effects on the ECM structure [71]. In this regard, even thin tissues such as valve 

leaflets require multiple (more than six rounds) agitated washing cycles to remove 

detergents [73,74] . 

As a simple method, treating with alcohols such as isopropanol, ethanol, and methanol can 

disrupt the cell membranes and remove lipids from tissues [74]. However, this procedure 

should be meticulously controlled and optimised for the respective tissue since alcohols can 

damage the ECM ultrastructure and precipitate proteins [75]. There are other solvents such 

as aceton and tributyl phosphate (TBP). TBP can effect on preservation of ECM 

fundamental and native mechanical properties. It forms stable complexes with metals and 

dislocates protein- protein interactions. Aceton can also remove lipids from tissues and thus 

disrupts the cellular membranes. It can be used as a tissue fixative, as well [53].  

Acids and bases can cause hydrolytic degradation of biomolecules and are often used in 

combination with other methods such as detergents and alcohols [76,77]. A common 

disinfection agent that can remove residual nucleic acids with minimal effects on the ECM 

composition and structure is peracetic acid (also known as peroxyacetic acid, or PAA) 

[78,79].
 
It has been also stated that bases such as ammonium hydroxide can completely 

eliminate growth factors, cell membranes and intracellular organelles from the matrix [80]. 
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However, it is preferred to use detergents and enzymatic agents since bases may harmfully 

affect the mechanical properties of the ECM [80].  

Treatment with enzymes (such as trypsin, nucleases, collagenase, lipase, dispase, etc.) has 

been frequently reported as the most well-known biological methods for decellularisation of 

tissues. Although enzymes can be specifically used for the cell removal, residual enzymes 

can impair recellularization or cause immune reactions [59]. Patnaik et al. (2014) [81] 

reported that trypsin has been extensively used as an enzymatic agent for decellularisation of 

tissues such as arteries and human amniotic membrane. However, it can damage to ECM at 

high concentrations. As an example, it has been reported that the elastin networks of aortic 

valve leaflets can be disrupted by a trypsin treatment at concentrations around 5%. 

Nevertheless, a trypsin treatment can be effective at lower concentrations [82]. Wang et al. 

(2012) [83] have reported that the use of trypsin in cooperation with other detergents such as 

SDS can be highly effective to remove cellular contents of porcine myocardial ECM. There 

is a decellularisation process on veins and heart valves called SynerGraft
 ®

 (CryoLife, Inc). 

This process involves cell lysis in hypotonic sterile water, followed by equilibration in a 

buffer. Then by an enzymatic digestion of the nucleic acids with a combined solution of 

RNases and DNase is applied to treat the tissue. Results on the cryo valve synergraft have 

been reported to show approximately 99% reduction in staining of the endothelial cells and 

interstitial cellular elements [2]. 

Table 1. Methods of decellularisation [59, 56]. 

Methods of 

decellularisation 

Mode of action Cautions 

Physical methods   

Scraping Can remove tissue and residue cells ECM can be affected by 

force 

Pressure Through timing and pressure of the  
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detergents, researchers have refined the 

decellularisation process on hundreds of 

hearts and other organs. 

 

Pressure can damage 

ECM 

Electroporation Can induce significant ablation of 

biological tissues with minimal heat 

generation 

Pulsed electrical field can 

damage ECM 

Freezing and 

thawing 

Can be used to remove cell contents from 

the ECM by disrupting cell membranes 

Ice crystal formation can 

disrupt or fracture ECM 

Perfusion Can preserve the underlying ECM, and 

provide an acellular, perfusable vascular 

architecture, competent acellular valves 

and intact chamber geometry. 

Perfusion with pressure 

can disrupt ECM 

Supercritical fluid Can remove cell residues when passed 

through tissues at a controlled rate similar 

to critical point drying 

Pressure necessary for 

supercritical phase can 

disrupt ECM 

Pressure gradient 

across tissue 

Can be used to supplement enzyme 

treatment, resulting in superior 

preservation of ultrastructure 

Pressure gradient can 

damage ECM 

Agitation Can lyse cells but more commonly 

applied to removal of cellular material 

 

Strong agitation can 

damage ECM 

Sonication Can lyse cells and resulted in 

significantly cleaner matrices compared 

with the agitation 

Aggressive sonication can 

disrupt ECM 

Chemical 

methods 

  

Acids and bases Can cause hydrolytic degradation of 

biomolecules such as  nucleic acids and 

proteins 

May damage collagen, 

GAG and growth factors 

and harmfully affect the 

mechanical properties of 

the ECM 

Hypotonic and 

hypertonic 

Can readily cause cell lysis through a 

simple osmotic effect 

Effectively lyses cells, 

but in some cases this 

technique cannot 
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solutions completely remove the 

cellular debris 

Detergents Non ionic detergents disrupt DNA- 

protein interactions, disrupt lipid- lipid 

and lipid- protein interactions and to a 

lesser degree protein-protein interactions. 

Ionic detergents solubilize cell and 

nucleic membranes. Tend to denature 

proteins. Zwitterionic detergents exhibit 

properties of non ionic and ionic 

detergents. 

Efficacy dependent on 

tissue thickness 

Solvents   

Alcohols Can remove lipids from tissues and thus 

disrupt the cellular membranes. 

Effectively removes cells 

from dense tissues and 

inactivates pyrogens, but 

crosslinks and 

precipitates proteins, 

including collagen 

Acetone Can remove lipids from tissues and thus 

disrupt the cellular membranes. 

Effectively removes cells 

from dense tissues and 

inactivates pyrogens, but 

crosslinks and 

precipitates proteins, 

including collagen 

Tributyl phosphate 

(TBP) 

Can Effect on retention of ECM 

constituent and native mechanical 

properties and forms stable complexes 

with metals, disrupts protein- protein 

interactions 

Mixed results with 

efficacy dependent on 

tissue, dense tissues lost 

collagen 

Biological 

method 

  

Enzymes Can provide high specificity for removal 

of cell residues or undesirable ECM 

constituents 

Difficult to remove from 

the tissue, could invoke 

an immune response or 

enzyme residues may 

impair recellularization 
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1. 5. 5. Challenges in tissue engineering  

The number of patients with a need for implants has increased with the developments of 

surgery techniques and the improvement of implants. As a result, risk of infection related to 

implants has been observed. Implant associated infections following invasive surgery is one 

of the main causes of implant failure.  

Current strategy for management of implant-associated infections is the administration of 

systemic antibiotics prophylaxis. However a high concentration of the antibiotics may not be 

achieved at the desired site with systemic administration and cause toxicities and antibiotic 

resistance [84]. 

On the other hand, the immune system has developed complicated and effective mechanisms 

to suppress foreign agents. In addition, it is the most difficult barrier to implantation. 

Calcification has also been associated with the inflammatory response that occurs after 

implantation [85]. 

Furthermore, alpha-gal is a terminal carbohydrate found in glycosilated proteins and lipids 

of mammals, except humans, apes and Old-World monkeys. Humans have high preformed 

antibody titers against the α-gal epitope [86]. Therefore, the α-gal epitope is the major 

xenoantigen triggers hyperacute rejection. It may cause a strong inflammatory response due 

to the presence of anti-α-gal antibodies in humans [87]. Different strategies have been 

developed to reduce the antigenicity of xenogeneic tissue. Glutaraldehyde fixation is one of 

the mechanisms to cause crosslinking of the ECM proteins, however, it damages to the cell 

membranes, and leads to an increase in calcium intake [88]. The other strategies such as the 

use of chemical agents, glycolytic enzymes like α galactosidase that cleaves α-gal epitopes, 

and PNGase F, as well as the development of genetically modified pigs that do not express 

α-gal have been observed and are being investigated [85]. 
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1. 6. Synthetic polymer scaffolds 

Rapid advances in medicine and biotechnology have driven the field of drug delivery. To 

reduce the number of costly drug failures in clinical trials, developing a simple, highly 

consistent and easy-to-use synthetic biodegradable scaffolds with mechanical stability holds 

great promise.  

Polymer selection is one of the important factors that greatly influence the performance of 

the drug delivery system. The objective of effective drug delivery is to release drug to the 

right target, at the right time and in the right dosage. Drug efficacy can be enhanced by 

controlling drug diffusion, the rate of dissolution, or degradation of the carrier [89].  

It is hypothesized that cells, which are seeded onto such scaffolds, are capable to produce 

extracellular matrix at the same place as the polymer degrades, resulting in the complete 

replacement of the polymeric scaffold with autologous material, eventually.  

Among the various described polymers, polycaprolactone has become one of the most 

frequently used and characterized polymers, for the fabrication of scaffolds. While PCL 

alone has a relatively slow degradation rate (up to 3-4 years) [90]. PCL is a hyhdrophobic 

polymer that has FDA approval in the USA for biomedical applications [91]. It can be easily 

electrospun due to good mechanical stability. Also, it has semi crystalline structure and good 

miscibility properties [92]. Blending with fast-degrading polymers, e.g. Polyethylene glycol 

(PEG), it is possible to fabricate scaffolds with a controlled degradation rate, while also 

other mechanical properties can be adjusted. It is a water-soluble polyether with a wide 

range of molecular weights [93]. Therefore, the combination of both polymers as a single 

blend could be useful and suitable for applications in drug delivery. 

Sant et al. (2011) were able to generate a scaffold, using a blend of poly (glycerol sebacate): 

poly (caprolactone) which matched all of the tested biomechanical properties of human 

aortic valves, while also demonstrating sufficient scaffold performance, advantageous 

process-ability and biological behaviour [94]. In a study, reported by Vas et al. (2005) PCL 
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and a PCL/Polylactic Acid (PLA) co-polymer were used for the generation of a scaffold for 

blood vessel tissue engineering, applying the electrospinning technique. The resulting 

scaffold consisted of a stiff fibrous layer made of oriented PLA fibres and a randomly 

oriented fibrous luminal layer made of PLA/PCL fibres [95]. 

Another prominent synthetic polymer that is frequently used for the generation of 

degradable scaffolds is poly-l-lactid acid (PLLA). This chiral polyester forms a 

semicrystalline polymer, which has been reported to have suitable mechanical properties and 

sufficient biocompatibility. Furthermore, by blending with other polymers or molecules, 

further composites with controlled mechanical properties and desired degradation rates can 

be generated and used for the fabrication of scaffolds for tissue engineering purposes [96].  

Also ranking among the most frequently used polymers has been polyglycolic acid (PGA). 

Initially used for the generation of biodegradable suture material [97], this thermoplastic, 

aliphatic polyester can also be applied to the construction of biodegradable scaffolds as 

described in a study. Here, tubular PGA scaffolds were seeded with porcine aortic smooth 

muscle cells (SMCs) and mounted in a pulsatile bioreactor. Histological analysis performed 

after incubation and conditioning for 8-10 weeks in the bioreactor revealed that the 

engineered vascular constructs possessed the structural features of a native blood vessel, 

while most of the initial PGA scaffold had been degraded [98]. 

As scaffolds made of the above-mentioned polymers, their derivatives or blends with other 

co-polymers are still subject of current research, new studies on novel scaffold materials are 

constantly reported. Only recently, Polyether ester amide-based constructs containing self-

assembling peptides gained popularity, and were already tested for several tissue-

engineering applications, such as bone, cartilage and dentin [99]. 

1.6.1. Fabrication technology in scaffold generation 

For the generation of scaffolds, and scaffolds for vascular tissue engineering in particular, 

several fabrication technologies have been reported, including solvent casting/particulate 
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leaching, phase separation, emulsion freeze drying, fibre extrusion and fabric forming 

process, gas foaming and lately the electrospinning technique [100]. For example, solvent 

casting/salt leaching allows for the preparation of porous structures with regular porosity, 

but with a limited thickness. In this method, a polymer in an organic solvent is dissolved and 

then particles, mainly salts, with specific dimensions are added to the solution. The mixture 

is shaped into its final geometry such as glass plate or in a three-dimensional mould. 

Afterward, the solvent is evaporated to form a structure of composite material consisting of 

the particles together with the polymer. The polymer remains and the particles are dissolved 

in a bath, leaving behind a porous structure [101]. 

Also, phase separation is a process that requires the use of a solvent with a low melting point 

to dissolve the polymer. When a small quantity of water is added phase separation is 

induced and a polymer-rich and a polymer-poor phase are formed. Then cooling below the 

solvent melting point and evaporating the solvent obtain a porous scaffold. This method 

does not provide interconnectivity of pores in the porous structure [102]. 

In addition, in emulsion freeze-drying technique the polymer is dissolved into a solvent and 

then a non-solvent such as water is added to obtain an emulsion. Subsequently, the emulsion 

is cast into a mould and quenched quickly before the two phases can separate. Finally, in 

order to remove the dispersed water and the solvent, the frozen emulsion is moved to freeze-

drying, thus leaving a solidified, porous polymeric structure. The pores are highly 

interconnected however a problem with this method stems from obtaining a relatively small 

median pore size ranging from 15 to 35 µm in diameter with the largest pore greater than 

200µm and often irregular porosity [103].  

Furthermore, gas foaming is a technique that can be explored further as a potential method 

for manufacturing 3-D structure of the highly porous matrix. In this method, an inert gas 

such as carbon dioxide is induced within a prepared polymer. During this time carbon 
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dioxide molecules escape the polymer and the pores are formed, resulting in a sponge-like 

structure [104]. 

Last but not least, electrospinning is an electrostatic fiber fabrication technique. The 

application of electrostatic forces process to form synthetic fibers has been recognized for 

over 100 years. It is a process in which a charged polymer jet is collected on a collector. It 

happens when an applied electrostatic charge overcomes the surface tension of the solution. 

Aligned nanofibers are in the result of a rapidly rotating collector while stationary collector 

causes randomly oriented fiber mats [105].  

Electrospun matrices have both requirements of barrier function and drug delivery that can 

control cell migration and the morphology of the fibres and utilization of a wide variety of 

polymers. The small fibre diameters manufactured by electrospinning have the benefit of 

required characters in a biological system such as large surface-to volume ratio, as well as a 

high porous structure. In the next section (1.12), this technique is described in details.  

1.6.2. Electrospinning technique 

Electrospinning is a fiber production method that has attracted the attention of scientists in 

recent years due to its potential for various applications such as tissue engineering, 

biosensors, filtration, wound dressings, drug delivery, and enzyme immobilization [106].  

In this technique (Figure3), the essential high voltage is required and the machine with a thin 

needle of specific diameter pumps polymer in a liquid phase to assemble conductive object 

[107]. Specifically, electrospinning is an effective technique to prepare materials for drug 

delivery applications and tissue engineering. A number of drugs including antibiotics, 

anticancer drugs, proteins, and DNA can be delivered by electrospinning technique due to 

the flexibility in material selection [108]. Targeted delivery of drugs remains a challenge in 

terms of preventing any side effects or toxicity. Therefore, electrospun polymeric meshes 

have been investigated as drug delivery system candidates.  



	  
32	  

Ease of use, adaptability, and the ability to compose fibres with diameters on the nanometer 

size scale are the benefit of this technique to have a similar architecture to the natural ECM. 

Also high surface to volume ratio of electrospun scaffolds can improve cell adhesion, and 

drug loading [99]. Diffusion alone or with scaffold degradation can control drug release 

from biodegradable, non-degradable or natural materials [109, 110]. Orientation of 

electrospun fibres can be arranged randomly. It affects on the bulk mechanical properties 

also fibres can control the biological response to the scaffold.  

 

	  

Figure 3. Electrospinning set up 

Adopted from http://nptel.ac.in/courses/116102006/Flash/7.4_12.jpg  (accessed on 

25.03.2017) 

The conversion of polymer solutions into nanofibers through electrospinning depends on 

some parameters such as solution, process, and ambient parameters, table 2 [111].  
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Table 2. Parameters that affect nanofibers production during electrospinning [111]. 

	  	   	  	   	  	   	  	   	  	   	  	  

	  	   	  	   Concentration	   	  	   	  	  

	  	   	  	   Molecular	  weight	   	  	   	  	  

	  	   Solution	  Parameters	   Viscosity	   	  	   	  	   	  	  

	  	   	  	   Surface	  tension	   	  	   	  	  

	  	   	  	   Conductivity/	  Surface	  charge	  density	   	  	  

	  	   	  	   Voltage	   	  	   	  	   	  	  

	  	   	  	   Flow	  rate	   	  	   	  	   	  	  

	  	   Processing	  Parameters	   Colletctors	   	  	   	  	   	  	  

	  	   	  	   Distance	  between	  the	  collector	  and	  	   	  	  

	  	   	  	   the	  tip	  of	  the	  syringe	   	  	   	  	  

	  	   	  	   Humidity	   	  	   	  	   	  	  

	  	   Ambient	  Parameters	   Temprature	   	  	   	  	   	  	  

	  	   	  	   	  	   	  	   	  	   	  	  

 

Structures and properties of fibers can be modified by the spinneret and/or the type of 

solution. Also, a porous or core–shell morphology of electrospun fibers can be adopted 

depending on the type of materials being spun as well as the evaporation rates and 

miscibility of solvents. There are several types of electrospinnig such as coaxial, emulsion 

and melting electrospinnig. 

In the coaxial process, two different dissolved materials such as polymer and drug flow 

through a co-axial capillary and are drawn to produce unique core-sheath or hollow 

structures, so one material is surrounded by the other at the micro-nano level [112].  

In emulsion electrospinning an immiscible liquid phase is dispersed into a polymer solution. 

During the electrospinning process the emulsion droplets within the fluid are stretched and 

gradually confined leading to their combination. A continuous inner core can be formed if 

the volume fraction of inner fluid is sufficiently high [113].  

In a study, Xu et al. (2005) showed electrospinning of water-in-oil emulsions containing an 

anti-cancer drug, the water drops, as well as a PEG/PLLA diblock copolymer. During 

electrospinning almost all the water from the drop phase evaporated. Therefore, the anti-

cancer drug was incorporated into the electrospun fibers in dry form [114]. 
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The setup of melting electrospinning includes the use of a syringe or spinneret, a high 

voltage supply and the collector. Since it is difficult to dissolve semi crystalline polymers 

such as PCL therefore heating of such polymers helps to melt them. After electrospinning, 

the fiber diameters are generally larger than those obtained from solution electrospinning 

due to the high viscosity of polymer melts [113, 115].	   

1.6.3. Drugs/drug loading 

The drug loading technique is one of the important factors in the efficiency of drug delivery 

(Figure4). There are several electrospinning techniques and a number of drug loading 

methods such as swelling, coatings, loading before crosslinking, encapsulating, and soaking 

that can be used to enhance control over drug release kinetics [108].  

Surgical interventions are carried out in a highly aseptical environment; however, infections 

are frequently observed and in many cases can lead to graft rejection. In order to combat 

infections that might occur during surgery, delivery of antibiotics, which are locally 

confined at the site of graft implantation, can be considered. As mentioned above, it is 

possible to incorporate a specific drug into the polymeric solution used for the scaffold 

production by electrospinning. By choosing the appropriate polymer, scaffolds can be 

generated that degrade over time, while the incorporated drug, or antibiotic respectively, is 

released into the surrounding tissue [110].   

Especially in the cardiovascular field, infections and immunogenic reactions have been 

repeatedly reported to occur after or during implantation of devices [116]. A foreign object 

can cause the acute inflammation and also adversely impact or compromise the performance 

of implantable devices [117]. After a period of time, it can cause the accumulation of dense 

fibrotic tissue and a chronic state of the inflammation process [118]. Thus, it is hypothesised 

that the application of polymer scaffolds incorporating drugs can be useful in reducing these 

risks directly at the site of implantation. Among the various loading techniques, soaking 

method to load antibiotics is a simple concept for treating infections. Soaking the polymeric 



	   35	  

scaffold in antibiotics solution can be effective way of treating against infections, but it may 

cause serious consequences due to irreversible cell damage if done incorrectly. Haverich et 

al. (1992) reported that despite perioperative antibiotic prophylaxis, infection of prosthetic 

devices remains a dreaded complication in cardiovascular surgery. Therefore, the use of the 

antibiotics/ graft compound is suggested as a prophylactic tool in surgery to prevent vascular 

graft infection. In this study, the combination of gentamicin and fibrin sealant along with 

Dacron prostheses was studied. The result showed that pretreatment of Dacron with 

antibiotic and fibrin can release sufficient amounts of antibiotic for at least one week [119]. 

In another study, Perezprieto et al. (2016) confirmed the hypothesis that prophylactic 

autograft presoaking in vancomycin (5mg/ml) along with prophylactic intravenous 

antibiotics reduces the incidence of infection after ligament reconstruction [120]. 

Due to the flexibility in material selection in drug delivery system, there are a number of 

drugs can be delivered such as antibiotics, anticancer drugs, proteins, and DNA. 

 

	  

Figure 4. Schematic of drug release 

Adopted from http://www.sigmaaldrich.com/technical-documents/articles/materials-

science/biomaterials/tutorial.html (accessed on 29.07.2017). 
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1.6.4. Released drugs and molecules  

One of the disastrous complications in the clinic is implant- related infections. The current 

solutions are systemic antibiotic therapy and removal of implants. For this reason treatment 

with antibiotics locally has become more necessary. Polymeric nanofibers with the ability of 

encapsulation and delivery of various molecules have recently been explored for therapeutic 

applications [121] and nowadays a wide variety of polymeric materials have been applied as 

delivery matrices. For example Bölgen et al (2007) found that PCL electrospun fibres 

containing antibiotics could diminish extent, type and tenacity of adhesion of the materials 

after implanting in the abdominal wall of rats [122].  

In another study, polyurethane nanofibrous scaffolds were produced by electro-spinning for 

the delivery of water-insoluble drugs such as intraconazole and ketanserin. The authors 

achieved an amorphous nanodispersion of the water-insoluble drug on the nanofibrous 

scaffold [123]. Also, due to the large surface area of the nanofibrous scaffold, quick and 

efficient solvent evaporation is achieved. Therefore, crystallization of incorporated drug had 

limited time and it caused the formation of an amorphous dispersion.  

On the other hand, another study by Kim et al. incorporated Mefoxin
®

 (cefotoxin sodium) 

into poly-lactic-co-glycolic acid (PLGA) nanofibers during the process of electrospinning. 

Inhibited growth of Staphylococcus aureus showed that the bioactivity and the structure of 

the antibiotic drug are not affected by the process of electrospinning [121]. 

In regard to the selection of antibiotics, it is hypothesised that combination of vancomycin 

and gentamicin are effective to supress Gram positive and negative bacteria. Vancomycin 

has shown to be safe for a local use.  It is a useful bactericidal drug against staphylococci 

and enterococci. There are various studies that investigated vancomycin with biomaterials 

such as cement, bioactive glasses or composite biomaterials [120]. The minimal 

concentration of vancomycin with the purpose of eradicating most of Staphylococcus 

infections is about 2 µg/ml. Grayson et al. (2011) [125] showed that when a tendon has 
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been previously pre-soaked with vancomycin, the mentioned concentration can be 

maintained for at least 24 h and this elution is not cytotoxic for osteoblast and chondroblast 

[126]. 

Gentamicin is an aminoglycoside antibiotic, which is active against a wide range of bacteria 

infections, mostly Gram-negative bacteria such as Escherchia coli and Pseudomonas and the 

Gram- positive bacteria such as Staphylococcus [127]. Mullins et al. (2016) indicated 

gentamicin coated antimicrobial implants in a study [127]. Also, Haverich et al. (1992) 

[119] used gentamicin and fibrin in local drug delivery. Although gentamicin can have side 

effects to damage cells due to toxicity in high concentration, however, the suitable amount is 

safe to be used locally. 

In addition, growth factors can be used with polymers in implantable drug delivery systems. 

It can function as neo-angiogenesis using VEGF. Delivery of VEGF can stimulate new 

blood vessels and also improve circulation in the intended target area. Furthermore, it is 

possible to combine two factors such as anti-inflammatory agents and growth factors. In this 

case it is possible to control inflammation and neo-angiogenesis. These studies show the 

possibility to improve a graft that can stimulate local angiogenesis for blood vessel and 

cardiovascular structures tissue engineering [128,129].  

Heparin is one of the drugs extensively used in cardiovascular disease, such as deep venous 

thrombosis, myocardial infarction, bare metal stent implantation in the coronary arteries or 

other vascular procedures. Heparin has various properties, as an instance, heparin obviously 

and quickly prevents DNA and RNA synthesis in cultured vascular smooth muscle cells 

[130]. It can also prevent leucocyte adhesion to the injured endothelium and restores 

endothelial integrity. 

Furthermore, it is possible to apply growth factors using heparin-conjugated natural 

polysaccharides such as alginate, chitosan and hyaluronic acid [129,131]. Heparin can also 

be applied for polymer-coated metallic wires. Moreover, heparin has an important inhibitory 
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effect on neointimal hyperplasia. Also, it is critical that a therapeutic gene can be introduced, 

through controlled drug delivery systems, to the target cells in an appropriate sequence and 

timing. There are several investigations to promote the regeneration of blood vessels by 

tissue-engineering approaches with genes. An important factor that could be achieved by the 

transfection of genes is the induction of cell proliferation and differentiation or the secretion 

of ECM components for tissue regeneration. For example Murphy et al. (1999) have 

reported that a plasmid DNA encoding the PDGF gene with the carrier matrix of PLGA, 

improved matrix deposition and blood vessel formation in cardiovascular applications [132]. 

1.7. Aim of the study 

The aim of this thesis was to develop and to assess a tissue engineered biohybrid vascular 

graft with increased antimicrobial resistance, consisting of a xenogenic (porcine) blood 

vessel and an antibiotic releasing, electrospun polymer fibre cage.  

This project addressed the underpinning hypotheses i) that decellularised porcine blood 

vessels can be used as scaffolds for vascular grafts, which are free from potential 

immunogenic cellular residues, while an adequate mechanical integrity is preserved, and ii) 

that released antibiotics from an electrospun polymeric cage are sufficient to combat acute 

infections from pathogens, usually found on the patient’s skin.   

Objectives:  

• To develop and optimize a process for the decellularisation of porcine blood vessels.  

• To assess the effect of decellularisation on the histoarchitecture, the total amount of 

DNA, and the presence of collagen IV and α-gal epitopes in comparison with the 

fresh tissue. 

• To synthesize electrospun polymeric cages and conjugate them with antibiotics. 

• To assess antimicrobial efficiency of polymeric cages and the effect of antibiotics on 

human cells. 
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2. Materials and Methods 

2.1. Materials 

The equipment used in this study and the suppliers are listed in appendix (Table 3). 

2.1.1. Chemicals and antibodies 

The chemicals and antibodies used in this study are listed in appendix (Table 4). 

2.1.2. Consumables 

The consumables and plasticware used during this project are listed in appendix (Table 5). 

2.1.3. Cells and bacteria 

Cytotoxicity assays were performed using human skin fibroblasts (Human foreskin 

fibroblasts HFF-1, ATCC
®

 SCRC-1041™) and L929 murine fibroblasts (DSMZ ACC2). 

Also the effect of antibiotics on cell was assessed by using human umbilical vein endothelial 

cells (HUVECs, in-house isolation) and human skin fibroblasts. 

The bacterial strains were staphylococcus epidermidis (S. epidermidis), staphylococcus 

aureus (S. aureus) and Escherichia coli (E.Coli) purchased from DSMZ Company. Bacteria 

were stored at – 80 ° C.  

2.1.4. Animal tissue 

All animal tissues (porcine tibial artery and femoral vein) were obtained from 6-month old 

German Landrace pig legs in the local abattoir (Kultur-Schlacht-Hof-Saustark e.V., 

Hannover). 

2.1.5. Polymers 

Electrospun copolymers, polycaprolactone (PCL, Mn 70000-90000) purchased from Sigma-

Aldrich and Polyethylene glycol (PEG, Mr 3500-4500 & Mr~35000) purchased from Fluka, 

were prepared in Institute for Multiphase Processes at Leibniz Universität Hannover, 

Hannover, Germany.  
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2.2. Methods 

2.2.1. Development of decellularisation  

Porcine tibial arteries and femoral veins were obtained from 6-month old pigs from a local 

abattoir and dissected within 4 hours of slaughter. Excess tissue (fat and connective tissue) 

was carefully trimmed from the samples using scissors. The decellularisation protocols 

developed based on the in-house protocol [133].  

Tissue samples were placed in 250 mL square Schott bottles with 150 mL of PBS solution. 

The bottles were placed in an orbital shaker and agitated at 180 rpm at room temperature or 

in specified solutions such as antibiotics and enzymes at 37°C. All solutions were sterilized 

or filtered and the decellularisation process was performed under aseptic conditions. 

After dissecting tissue, the samples were disinfected in an antibiotic cocktail consisting of 

0.2 mg/mL of Polymyxin B sulfate, 0.05 mg/mL of vancomycin hydrochloride hydrate, and 

0.5 mg/mL of gentamicin sulfate in PBS (pH 7.2), at 37°C for 1 h. Then the tissues were 

placed in hypotonic buffer (10 mM Tris, 2.7 mM EDTA in distilled water, pH 8.0-8.2) for 

24 h. The buffer was changed every 12h. Subsequently, the samples were treated with 0.5% 

(w/v) Triton X 100 and 0.5% (w/v) SDS solution in distilled water for 24 h, each solution. 

The samples were then washed 12 times every 12 h. After that, the tissues were divided in 

two groups first group was washed with PBS and sterilised (Method 1) and second group 

treated with a nucleic acid digestion solution consisting of 50 U/µL DNase, and 1 U/µL 

RNase in digestion buffer (50.35 mM Tris, 21 mM magnesium chloride in 1 L distilled 

water, pH 7.5-7.7) for 3h at 37°C (Method 2). A final rinsing step consisting of 7 washes 

with PBS. Then the samples were sterilized by 0.1% (v/v) PAA solution in PBS (pH 7.3) for 

3 hours. Finally, three 30 min washes in PBS were carried out. For those samples were 

treated with 150 Gray gamma irradiation no more washing was performed. Then, the 

samples were stored in PBS at 4°C until use. 
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The sterility of samples was checked by incubation in 24 mL final washing solution and 6 

mL of soy-casein culture medium (5× concentration) containing 75gr soy-casein powder 

(Roth) in 500 ml dH2O which was autoclaved at 121°C.  The sterility test was performed in 

a filter-cap falcon tube. A negative control tube was set up by diluting sterile PBS with 6 mL 

of concentrated soy casein medium. Tubes were incubated at 37°C for 14 days. Samples 

were considered sterile if no bacterial growth occurred by visual inspection. 

Tissue fixation 

Fresh and decellularised tissues were fixed in 10% (v/v) neutral buffered formalin (NBF) at 

4 °C for 16-24 hours prior to tissue processing. Tissue samples were placed into individual 

histological cassettes. For immunohistochemistry, zinc fixative consisting of 9.97 mM Tris, 

2.84 mM calcium acetate, 36.68 mM zinc chloride and 22.78 mM zinc acetate dihydrate in 

distilled water (pH 7.4) was applied. 

Tissue processor and paraffin embedding  

The samples were dehydrated by an automated tissue processor. The cassettes containing the 

tissue blocks were sequentially immersed in increasing concentration of ethanol starting at 

70% (v/v) ethanol, 90% (v/v) ethanol, 100% ethanol and after that three glass pots of 100% 

xylene, and three final steps of paraffin. The incubation time was 1 hour in each solution. 

Then the tissue samples were positioned in metal moulds, covered with molten paraffin. On 

a cooling plate the paraffin became hard and rectangular blocks were formed. Finally, the 

wax blocks were removed from the mould and the excess wax was trimmed. 

Sectioning and slide preparation  

The paraffin blocks were placed on a cold plate for 10 minutes prior to cutting and sectioned 

using a microtome at a thickness of 6 µm. The isolated sections were carefully transferred to 

a 45 - 50°C water bath to flatten. Then they were transferred onto Superfrost™ microscope 

slides (Thermofisher) for histological staining or Ultra Plus™ slides (Thermofisher) for 

immunohistochemistry. The tissue sections were dried overnight on a hot plate set to 60°C. 
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Tissue section dewaxing and rehydration, dehydration and mounting  

To prepare samples for staining, the slides were rehydrated by immersing into 2 glass pots 

of 100% xylene for 10 min each and two times in 100% ethanol for five minutes each and 

then 95% ethanol for two min, 70% ethanol for two min, and distilled water for 1 min.  

Following staining, all sections were dehydrated by placing once in 95% ethanol for 5 min, 

followed by two times in 100% ethanol for five min each, and two times in 100% xylene for 

five min each. Finally, a drop of Eukit™ mounting (Fluka) was added on top of stains and 

covered gently with a cover slip. Samples were left to dry overnight inside a fume hood. 

2.2.2. Histological staining 

H&E staining 

The slides were immersed in Mayer’s Hematoxylin solution for 1 min. They were then 

rinsed under running tap water for until they got clear. Then samples were placed in eosin 

solution for 20 s and distilled water for 1 min. Next step was dehydration and mounting. All 

steps were done at room temperature. Nuclei were stained purple, whereas the ECM was 

visualized in pink. 

DAPI Staining 

Sample rehydration was performed before adding a drop of Roti-Mount FluorCare DAPI on 

top of each sample. Finally a coverslip was placed on top of each slide, and they were placed 

in the dark at 4°C for up to 1week to harden. The nuclei had blue fluorescence emission. 

Masson’s Trichrome Staining 

A commercially available kit (Sigma-Aldrich) was used for Masson’s trichrome staining. 

All the solutions were prepared according to manufacturer’s instructions. Following the 

sample rehydration, the slides were immersed in Weigert’s iron hematoxylin solution for 5 

min. They were then placed under running tap water for 5 min, and dipped in distilled water 

for 1 min. Subsequently, they were immersed in Biebrich scarlet-acid fuchsin for 6 min, and 

dipped in distilled water for 1 min. The slides were then rinsed in a phosphotungstic/ 
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phosphomolybdic acid solution for 5 min, followed by a dip in aniline blue solution for 5 

min. Finally, the slides were placed in 1% (v/v) acetic acid solution for 2 min, dipped in 

distilled water for 1 min, dehydrated and mounted. Nuclei, collagen and muscle fibres were 

stained black, blue, and red respectively. 

Van Gieson’s Staining 

A commercially available kit (Merck) was used to perform Van Gieson’s staining. After 

rehydration, samples were immersed in Elastin according to Weigert’s resorcin fuchsin 

solution for 10 min. They were immersed in Weigert’s iron hematoxylin for 5 min after 

rinsing under running tap water for 1 min. Then they were dipped in Picrofuchsin solution 

for 2 min following rinsing under running tap water for 1 min. Finally, they were immersed 

in 70% ethanol for 1 min, dehydrated and mounted. Nuclei were stained black, elastin black, 

collagen red, and muscle yellow.  

Alcian Blue-Periodic acid and Schiffs reagent (PAS) 

Alcian Blue/PAS Staining was performed using a commercially available kit (Thermo 

Scientific). Samples were rehydrated and immersed in Alcian blue solution for 15 min, and 

rinsed under running tap water for 1 min. Then, they were dipped in periodic acid stain for 5 

min, followed by Schiff’s reagent for 15 min. Next step, the slides were rinsed under 

running tap water for 5 min and immersed in Mayer’s hematoxylin solution for 90 s. Finally, 

the samples were dehydrated and mounted. Nuclei and GAGs were stained purple and blue 

respectively. 

2.2.3. Immunohistochemistry 

The EnVision Dual Link System-HRP (DAB+) kit was applied to perform 

Immunohistochemical staining. After rehydration, the sections were dipped in 3% (v/v) 

hydrogen peroxide for 10 min, and then rinsed for 3 min under running tap water. Anti-α-gal 

and anti-collagen IV primary antibodies were used to identify these specific epitopes. A 

circle was drawn around each section using a hydrophobic marker, after the slides were 
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immersed for 5 min in Tris-buffered saline (TBS; 50mM Tris, 150 Mm NaCl in distilled 

water, pH 7.6). Before second wash with TBS, one drop of the dual endogenous enzyme 

block was added to each section and incubated for 10 min. The primary antibody at the 

dilutions of 1:10 for anti-α-gal and 1:100 for anti-collagen IV were applied and then slides 

were incubated for 1 h at room temperature in a moist atmosphere. The samples were then 

rinsed twice in TBS containing 0.05% (v/v) Tween 20, and twice with TBS. Furthermore, 20 

µL of labelled polymer-HRP were added to each section, and incubated for 30 min at room 

temperature in the dark. 15 µL of substrate chromagen was added to each section after 

washing the sections twice in TBS containing 0.05% (v/v) Tween 20 and twice in TBS. 

Finally the slides were incubated for 10 min, dipped 4 times in distilled water and then 

counterstained in Mayer’s hematoxylin for 7 s. The last steps were dehydration and 

mounting of the samples. The epitopes and nuclei were stained brown and purple 

respectively. 

2.2.4. Transmission electron microscopy (TEM) 

Native and decellularised PTA were cut transversally. All tissues were fixed and embedded 

as described by Rudat et al. (2014) [134] Briefly, all samples were immersion-fixed in 150 

mM HEPES, pH 7.35, containing 1.5% formaldehyde and 1.5% glutaraldehyde. Then, after 

incubation in 1% OsO4 (2 h at RT) and 4% uranyl acetate (overnight at 4°C) tissues were 

dehydrated in acetone and embedded in Epon. Sections were post-stained with uranyl 

acetate and lead citrate and observed in a Morgagni TEM (FEI). Images were taken with a 

side mounted Veleta CCD camera.  

2.2.5. DNA quantification 

DNA was extracted from 25 mg of fresh and decellularised tissue (n = 6) after freeze-drying 

using a DNA extraction kit (DNeasy Blood and Tissue Kit, Qiagen). The manufacturer’s 

instructions were followed and the DNA was quantified using a Nanodrop 

spectrophotometer, which measured the absorbance of samples at 260 nm. Finally the DNA 
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samples were stored at -20°C until further use. 

2.2.6. Biochemical assays 

Biochemical assays with fresh (n=6) and decellularised (n=6) PTA were performed in order 

to quantify the amount of ECM collagen through hydroxyprolin (HYP) and 

glycosaminoglycan (GAGs). Standard curves have been shown in Figure 5. All the samples 

were minced and lyophilized. Samples with a constant weight of 100 mg of dry tissue were 

used to perform the experiments. 

Collagen quantification 

The lyophilized samples were hydrolysed in 4 mL of hydrochloric acid (6 N) at 121°C 

overnight and then neutralized by incubation at 96°C to be evaporated completely (1.5-3 h). 

After neutralization, assay buffer (13.3 g citric acid, 32 g sodium acetate, 9.1 g sodium 

hydroxide, 3.2 mL glacial acetic acid, 80 mL 1-propanol in 400 mL of distilled water, pH 

6.0-6.5) was added to the samples. To create the standard solutions, trans-4-hydroxy-L-

proline was diluted to serial concentrations (0.5 – 30 µg/m). Samples and standard solutions 

were plated (50 µL) in triplicate in a flat-bottom 96-well plate.  Ehrlich’s reagent (3.75 g 4-

(Dimethylamino) benzaldehyde, 15 mL 1-propanol, 6.5 mL perchloric acid 60%, and 3.5 

mL distilled water) was added to each well (100 µL) after adding 100 µL of oxidizing 

solution (1.41 g chloramine T in 100 mL distilled water) to each well. Finally the samples 

were incubated at 60°C for 45 min. The absorbance was read using a microplate photometer 

at 570 nm. A standard curve was constructed and the HYP concentration of the samples was 

calculated by interpolation.  
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Figure 5. Standard curves for HYP (A) and GAG (B) quantification. 

Sulfated GAG quantification 

The lyophilized samples were digested in 5 ml of papain extraction reagent (7 U/mL papain, 

5mM L cysteine, 5 mM EDTA in PBS, pH 6.0-6.1) at 60 °C for 24h.  

Standard solutions consisting of 30, 25, 12.5, 6.25, and 3.125 µg/mL of chondroitin sulfate 

in assay buffer (137 mL 0.1M sodium di-hydrogen phosphate solution, 63 mL of 0.1M di-

sodium hydrogen phosphate solution, pH 6.8) and samples were added in triplicate (40 µL) 

to a flat-bottom 96-well plate (40 µL/well) then were assessed by spectrophotometer at 525 

nm with 250 µL of the 1, 9-dimethyl-methylene blue. The concentration of GAGs in each 

test sample was calculated by interpolation from the standard curve (Figure 6).  

2.2.7. Cell culture technique 

HUVECS, Human skin fibroblast and L929 Murine fibroblast cells were used in complete 

cell culture medium (EGM2 containing Bulletkit and 2% FBS, DMEM and RPMI 1640 

medium (Merck) containing 10% (v/v) fetal bovine serum (FBS), 1% Pen-strep 

respectively) under aseptic technique in a Class II cabinet. All culture media and reagents 

were equilibrated at 37°C before use. The cells were cultured at 37°C in 5 % CO2 (v/v) in 

air.  
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Cell passaging  

Once the cells were 80% confluent, the cell layer was washed in PBS without calcium or 

magnesium for 2 min after aspiration of the culture medium. Then 1.5 ml Trypsin (Lonza) 

was added to the culture T75 flasks for 5 to 10 min at 37°C. An inverted light microscope 

was used to monitor cell detachment process. Before adding Culture medium (8.5 ml) to 

each flask to stop the action of the trypsin, some gentle tapping were applied to detach the 

cells, and then the cell suspension was transferred into a falcon tube and centrifuged for 10 

min at 180 g. Following centrifugation, the supernatant was carefully removed and the cell 

pellet was re-suspended in a specific volume of complete cell culture medium, depending on 

the amount of cells needed for the subsequent experiments.  

Thawing cryopreserved cells  

The cells were removed from liquid nitrogen storage and rapidly defrosted up to 4 °C in a 

37°C water bath and washed to remove DMSO. The cells were then added to a T75 flask 

with 14 ml of complete cell culture medium for skin fibroblast and L929 Murine fibroblast 

as well as 20 ml for HUVECs. The cells were incubated in standard condition. 

2.2.8. Cytotoxicity of decellularised tissues 

L929 murine fibroblasts were passaged twice before use and cultured at 37°C in 5% CO2 

(v/v) in air. Cell numbers were determined using a hemocytometer including the trypan blue 

exclusion test. Cell populations were used with a viability of >90%. The biocompatibility of 

the decellularised tissues was assessed following the contact and extract cytotoxicity assay 

protocols.  

Contact cytotoxicity assay 

Decellularised PTA samples (5mm
2
, n = 3) were attached in the centre of the wells of a six-

well culture plate using collagen gel extracted from rat tail tendons. A drop of cyanoacrylate 
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glue was applied as positive control demonstrating cell death, while as a droplet of collagen 

gel was used as a negative control to ensure that the experimental procedure had no effect on 

cell vitality. A density of 4×10
5 

cells was seeded into each well. Plates were incubated at 

37°C in 5% (v/v) CO2 and 21% O2 for 24 h. The cells were washed with PBS and fixed 

with 10% (v/v) NBF (2ml/well) for 10 min and then stained with Giemsa solution (Sigma- 

Aldrich) for 5 min. The culture wells were rinsed with tap water and air-dried. Cell 

morphology and distribution were examined by light microscopy.  

Extract cytotoxicity assay 

Decellularised PTA were finely minced, weighed, and incubated in RPMI 1640 medium 

(1mL medium per 100 mg tissue n=6) for 72 h at 37°C with agitation. After incubation, the 

mixtures were centrifuged at 19,000 g for 15 min and the supernatants were collected. 

Cells (L929 murine fibroblasts) were seeded into a 96-well plate with a density of 10,000 

(cells/well) and incubated for 24 h at 37°C in 5% (v/v) CO2 in air. Then the cell culture 

medium was removed and 100 mL of double-strength FBS in fresh culture medium and 100 

mL of the extracts were added to the cell cultures (at 80% confluence). The negative and 

positive controls consisted of 200 mL cell culture medium and 80% (v/v) dimethyl sulfoxide 

(DMSO; AppliChem) in RPMI respectively. The cells were incubated at 37°C in 5% (v/v) 

CO2 and 21% O2 for 48 h prior to determination of ATP content using the ATPLite assay. 

Luminescence was measured using a Synergy 2 multi-mode microplate reader. In addition, 

before final test the sterility was checked by the incubation of 100 µg of extracts in 0.9% 

NaCl/ 20% caso medium (Roth, Karlsruhe, Germany). Sterility test samples were incubated 

at 37°C for 14 days and considered sterile if no bacterial growth occurred by visual 

inspection. 

2.2.9. Biomechanical testing 

Uniaxial tensile tests 

Uniaxial tensile test was performed by using the Instron™ tensile testing machine. 
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Tissue samples were prepared with the appropriate cutter, keeping a ratio of 2:1 (10mm 

length: 5mm width) and range of thickness was about 0.4 mm to 0.8 mm. The mean 

thickness of the samples was determined by using the Mitutoyo thickness gauge. 

Prior to the actual stress-strain testing, the average transition strain of tissue was calculated 

by preliminary testing on 3 samples. The samples were mounted using a custom-made tissue 

holder with serrated grips to prevent slippage. All tests were performed at 37°C in PBS. 

During testing, the samples were subjected to uniaxial tensile stretching and the generated 

force, the values were recorded by the machine over time. Engineering stress ε was 

calculated according to:  

 

 

Where σ was the stress in MPa, F the recorded force in N, and A the cross-sectional area of 

the sample in mm
2
. The cross sectional area was calculated according to: 

 

where w is the width of the sample and t is its average thickness. 

 The engineering strain was calculated according to the formula: 

 

ε was the unit of strain, Δl Norm the deformation of the sample (machine crosshead 

displacement) in mm, li the original sample length in mm, and Δl 0.01N the extension required 

for a particular sample to achieve the set preloading value of 0.01 N, also in mm. 

The calculated engineering stress was plotted against the engineering strain for each sample, 

and preconditioning limits (transition strain) were calculated.  
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2.2.10. Polymer preparation and antibiotic loading 

Polycaprolactone (PCL, Mn 70000-90000) and Polyethylene glycol (PEG, Mr 3500-4500 & 

Mr~35000) were dissolved in 2,2,2-Trifluroethanol using a stirrer. The total polymer 

concentration was 150 mg/mL and the mass ratio between PCL and PEG was 3:1 [92]. Then 

the solution was placed in a 10 cc syringe and electrospun using a high voltage DC power 

supply. Electrospun fiber mats were collected on a rotating collector. The polymeric samples 

were sterilized with ethylene oxide for antimicrobial assessment. Those groups, which were 

used in biomechanical test, were sterilized by gamma irradiation. Then the samples were 

soaked in a solution containing 5 mg/ml Vancomycin and 8 mg/ml Gentamicin. As the 

control, one group of single blend polymer along with antibiotics were produced. 

2.2.11. Bacterial strain and antimicrobial assessment 

The antimicrobial activity of the PCL: PEG with two commercial antibiotics (Vancomycin 

and Gentamycin) was determined with 2 Gram positive bacteria (Staphylococcus aureus 

and Epidermidis) and 1 Gram negative bacteria (Escherichia coli). To perform the 

antimicrobial assessment, bacteria were cultured overnight.  Bacterial growth was monitored 

by measuring the optical density of the bacteria suspension. While the bacteria suspensions 

were used at an OD of 0.2 for testing polymer samples, bacteria suspensions with an OD of 

0.1 were used for testing fibrin. A sample of the polymer without antibiotics and with 

bacteria was considered as positive control, while the negative control consisted of the 

polymer, the medium but without bacteria.  

2.2.12. Disk diffusion assay 

A disk diffusion assay was performed based on the method suggested by the British Society 

of Antimicrobial Chemotherapy to assess the diffusion of antimicrobial agents through solid 

agar to inhibit bacterial growth. Sections of polymeric samples (5 mm) were immersed in an 

antibiotic solution and then placed onto the lawns of bacteria, which had been inoculated 

onto Muller Hinton agar (MHA) plates. 
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The negative control was 5 mm polymeric samples without antibiotic. The zone of inhibition 

was measured after 24 h at 37°C (n=3). 

2.2.13. Fourier transform infrared spectroscopy 

FTIR-ATR spectra were collected using a Perkin Elmer 100 Fourier transform infrared 

spectrometer (Perkin Elmer, Norwalk, CT, USA), equipped with a diamond ATR accessory 

to analyse chemical characterisation of polymers at different time points. The scans over the 

region 4000 - 650 cm
-1

 at a resolution of 4 cm
-1

 were taken. 

2.2.14. Antibiotic release assessment 

For the drug release study, the polymeric samples (1 cm
2
, n=3) were immersed in antibiotic 

solutions overnight and then incubated in 1 ml of PBS in 2 ml tube at 37° C. The kinetics of 

antibiotic release was studied by sampling the total volume of PBS in contact with polymers 

and fresh medium was added back to the tube. The amount of the released drug was 

measured at a wavelength of 280 nm for both antibiotics based on peak screen with a UV 

visible spectrometer and determined by interpolation from a calibration plot of absorbance 

versus concentration.
 

2.2.15. Electron microscopy 

Structural and morphological characteristic of PCL: PEG (1 cm
2
) fibres were studied using 

SEM after sputtering with gold. Images were taken in a Philips SEM 505 at 10 kV, using 

magnification/spot size of 2500x/50 nm. 

2.2.16. Effect of antibiotics on human cells 

HUVECs and human foreskin fibroblasts were seeded on 6well plate (75000cells/well) and 

incubated until being 80% confluent. Then different concentrations of antibiotics 

(Vancomycin and Gentamicin together and individually) as below were calculated and 

added to each well (n=3). 
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Table 3. Groups of antibiotics 

 

As positive control a cytotoxic concentration of DMSO (80% DMSO in Medium) was 

applied and medium without antibiotics served as negative. After 48 h a live/dead assay was 

performed to quantify cell viability. 

1.5 ml of dye solution (1µM calcein-am and 2 µM ethidium bromide in Hank’s buffer) was 

added to each well and incubated for 30 min at 37°C in the dark. Finally, samples were 

washed one time with Hank’s buffer. Cell viability was assessed using a plate reader, 

measuring the fluorescence signal intensity, and also a fluorescence microscope. The 

respective wavelength for excitation and emission of calcein was 485/20 nm, 528/20 nm and 

ethidum bromide 530/25 nm, 590/35 nm. 

2.2.17. Cytotoxicity of polymers 

Human foreskin fibroblasts (100,000 cells/well) were used to assess the cytotoxicity of 

samples made from 150 mg/ml PCL: 50 mg/ml PEG and treated by gamma irradiation. 

Polymers were attached to the bottom of a 6-well plate by collagen. The positive control, 

inducing cytotoxicity, was 80% DMSO, the negative controls were polymer samples without 

antibiotics and also collagen. Cells were stained after 48h using the live/dead kit and 

microscopy images were taken.  

To determine the effect of released antibiotics, another plate was seeded with the same 

amount of cells. After being 80% confluent, polymers soaked in antibiotics (1 cm
2 

electrospun
 
polymer soaked in 8 mg/ml gentamicin and 5 mg/ml vancomycin for 24 h in 4°C 

in falcon tube) were added to each well. The negative control was cells with medium and 

positive control was cells with 80% DMSO. Cells were stained using the live/dead kit after 

48h and assessed by plate reader. 
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2.2.18. Effect of the antibiotics on bacteria 

Three bacteria strains, Staphylococcus aureus, Epidermidis and Escherichia coli, were 

cultured and as the initial amount with an OD of 0.2 was added to different concentration of 

antibiotics (table 3). Negative control was medium without bacteria and also medium with 

the highest concentration of antibiotics. Positive control was bacteria without antibiotics. 

The amount of bacteria was measured by OD spectrophotometer after 24h and 48h.  

2.2.19. Data analysis 

All numerical data were analyzed using Microsoft Excel (Version 2010). Differences 

between groups were assessed by one-way ANOVA from more than two groups and T-test 

for two groups. P<0.05 was considered statistically significant. 
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3. Results 

3.1. Histological characterization of porcine tibial artery  

Histological assessments were performed to analyse the histoarchitecture and composition of 

native and decellularised porcine tibial arteries. Native porcine arteries display a three-

layered structure as seen in human arteries. These layers differ both in architecture and ECM 

components. Several experiments were applied to compare the relative retention of major 

ECM components after decellularisation. Native samples stained with H&E and DAPI 

showed cellularity in all 3 layers (Figure 7A and Figure 9A). 

The collagen fibres in the layers were stained by Masson Trichrom staining. Native samples 

indicated collagen fibres and muscle cells (Figure 8). Van Gieson staining showed the 

presence of elastin fibres in the native tissues. Elastin expression was distributed throughout 

the entire layers and also densely packed elastin fibres in walls between three layers of the 

artery (Figure8). Alcian blue staining revealed the lack of GAGs by poor staining (Figure8). 

Following the decellularisation treatment with both techniques (Detergent and enzyme 

based) and sterilisation methods (Gamma irradiation and PAA), histological analysis of PTA 

showed a grossly preserved histoarchitecture (Figure 7 and Figure 8). H&E and DAPI 

staining confirmed the removal of cell nuclei (Figure 7 and Figure 9), whereas the ECM 

containing collagen and elastin fibres was generally well maintained (Figure 7 and Figure 8). 

However, alcian blue staining revealed an evident loss of GAGs (Figure 8). The results were 

similar in both decellularization techniques.  
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Figure 7. H&E staining. Architechture of vascular tissue A) Native PTA showed cellularity 

in all 3 layers B) Decellularised PTA treated by method 1 and PAA C) Decellularised PTA 

treated by method 1 and GI D) Decellularised PTA treated by method 2 and PAA E) 

Decellularised PTA treated by method 2 and GI. F) Porcine tibial artery G) Layers of 

vessels, Scale bar 500µm. 
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Figure 8. Histological images of native and decellularised PTA, A-E) Masson trichrome, 

collagen fibres were stained in blue, F-J) Van Gieson, elastin fibres and collagen were 

stained in black and pink respectively, K-O) Alcian blue, polysaccharides were stained in 

magenta. Scale bars indicate 500 µm. 
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Figure 9. DAPI staining A) Native PTA C) Decellularised PTA treated by method 1 and 

PAA D) Decellularised PTA treated by method 1 and GI E) Decellularised PTA treated by 

method 2 and PAA F) Decellularised PTA treated by method 2 and GI, Scale bar 500 µm. 

3.2. Immunohistochemical characterization of porcine tibial artery  

Immunohistochemistry was utilised to localise collagen type IV and α-gal epitopes in tissue 

sections. Qualitatively, a dense layer of collagen IV was seen along the luminal surface and 

within the vessel wall of the fresh arteries. After decellularisation with both methods, 

immunohistochemical staining of collagen type IV, the major component of vascular 

basement membrane, which is important for endothelialisation, showed preservation of this 

protein in the samples sterilized by gamma irradiation while no collagen IV staining was 

detected in the samples that were sterilized by PAA. In addition, staining by anti-α-gal 

antibodies showed the presence of α-gal in fresh and decellularised PTA with both 
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techniques. The staining was stronger on the inner and outer layers of the tissue, but it was 

also present throughout the ECM (Figure 10). 

	  

Figure 10. Immunohistochemical images of fresh and decellularised PTA for collagen 

IV and α-gal, A-C) Controls, D-H) Localisation of collagen IV in native and decellularised 

PTA with both techniques, I-M) Localisation of alpha gal in native and decellularised PTA 

with both techniques, Scale bar 500 µm. 

3.3. Histological and immunohistochemical characterization of porcine 

femoral vein 

To compare histoarchitecture of veins and arteries, porcine femoral vein samples were 

characterized by histological and immunohistochemical experiments. 

After decellularisation, both H&E and DAPI staining (Figure11 and 12) showed removal of 

cellular debris and nuclei by method 2 (detergent and enzyme) and using the PAA 

sterilisation technique. The samples were well decellularised in all layers and the ECM was 

satisfactorily preserved. Also the microscopic images showed thickest tunica adventitia in 

veins while tunica media is the thickest layer in arteries. 
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According to the results from Masson's trichrome and Van Gieson staining, retention of 

elastin and collagen fibres can be seen after decellularisation process. However, Alcian blue 

showed the glycosaminoglycans were completely eliminated (Figure11). 

 

	  

Figure 11. Histological images of native and decellularised porcine femoral vein, A-C) 

H&E, the nucleus was stained in black and the cytoplasm in pink, D-F) Masson Trichrome, 

collagen fibres were stained in blue, G-I) Van Gieson, elastin and collagen fibres were 

stained in black and pink respectively, J-L) Alcian blue, polysaccharides were stained in 

magenta. 
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Figure 12. DAPI staining of native and decellularised porcine femoral vein, A) Native 

porcine femoral vein, the image showed cellularity of tissue, B and C) Decellularised 

porcine femoral vein, images showed removal of cellular debris and nuclei with and w/o 

using PAA , scale bar 500.  

Immunohistochemical staining of collagen type IV and α-gal are shown in Figure 13. 

Collagen IV showed preservation of this protein after decellularisation and using GI. It is in 

agreement with the same experiment for PTA. PAA treatment removed or altered the 

collagen IV molecule such that the anti-collagen IV antibody cannot recognize the epitope 

for binding. The presence of α-gal in both fresh and decellularised porcine femoral vein was 

confirmed by anti-α-gal antibody. 	  
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Figure 13. Immunohistochemical images of fresh and decellularised porcine femoral 

vein for collagen IV and α-gal, A-C) Isotype controls, D-F) Localisation of collagen IV in 

native and decellularised porcine femoral vein using method 2 with and without PAA 

sterilisation, G-I) Localisation of alpha gal in native and decellularised tissue using method2 

with and without PAA sterilisation, Scale bar 50 µm. 

3.4. DNA quantification of porcine tibial artery 

According to the applied analysis, DNA content was significantly reduced by both 

decellularisation methods as compared to the native tissue. However, the reduction in 

detectable DNA content was greater in decellularisation that was treated with method 2 as 

compared to method 1. First method revealed 82.95% and 86.74 % reduction of residual 

DNA content throughout all regions of PAA and GI treated decellularised samples 

respectively. The second method further decreased the DNA content to 94.86% and 94.82%. 

Therefore, it was found to be more effective than the first method. 



	   63	  

	  

Figure 14. DNA content of native and decellularised PTA using method 1 (M1) and 2 

(M2) with PAA (P) and Gamma (G) treatment, Data is presented as the mean (n=6) ± 95 % 

C.I. Data was analysed using one-way Anova and Tukey's test, which showed a significant 

reduction of DNA content in decellularised tissue compared to the native tissue (p<0.05 *). 

3.5. Biochemical assessment of porcine tibial artery  

The concentration of HYP per mg of dry weight of PTA for native and decellularised tissue 

was shown in Figure 15. There was a significant increase in HYP content of decellularised 

tissue in comparison to native tissue (p < 0.05).  

Furthermore, there was a significant reduction in the GAG content of the decellularised 

tissue compared with fresh tissue (p < 0.05). It is in agreement with Alcian blue staining.  

	  
Figure 15. Biochemical assessment A) Mean HYP and B) GAG content per dry weight of 

fresh and decellularized PTA (n=6). Error bars indicate 95% CI. Asterisks indicate 

statistically significant difference between a decellularised group and its fresh counterpart 

(p˂0.05). 
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3.6. Biomechanical characterization of porcine tibial artery 

In order to evaluate the biomechanical properties of the decellularised PTA, fresh and 

treated samples were tested under uniaxial tensile testing. The stress–strain results of fresh 

and decellularised PTA are shown in Figure 16. The average thickness of native and 

decellularised tissues was significantly different (Figure16D). There was no significant 

difference detectable in elastin phase, transition stress, transition strain, ultimate tensile 

stress and failure strain before and after decellularisation. In collagen phase slope there was 

a slight difference between native and decellularised PTA treated by method 2 and GI.  

	  

Figure 16. Mean biomechanical parameters of fresh and decellularised PTA. The 

sections were cut longitudinally. A) Average transition stress and ultimate tensile stress 

(n=3). There was no significant difference between the samples. B) Average collagen phase 

slope and elastin phase slope. In collagen phase slope there was a slight difference between 

native and decellularised PTA treated by method 2 and GI (p<0.05 *). C) Average transition 

strain and failure strain. There was no significant between the samples. D) Average 

thickness. There was a significant difference between native and decellularised tissue 

(p<0.05 *). Data is presented as the mean (n=3) ± 95 % C.I. Data was analysed using the 

Anova and Tukey's test. 
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3.7. Ultrastructural analysis of the ECM using TEM  

TEM demonstrated the preservation of the ultrastructure of collagen, elastic fibres and 

removal of cells after decellularisation. Compared to native biological tissue, all scaffolds 

from decellularised samples showed an ordered distribution of collagen fibres with the 

characteristic banding still recognizable. No significant difference is detectable in denatured 

collagen of native and decellularised samples. The ultrastructure of elastin was also 

maintained, indicating that the decellularisation protocols did not alter the elastic fibres 

during the treatment (Figure 17).  

Minor changes in collagen and elastin fibres were detected that may be due to using PAA. 

Fibrils on the surface of elastic fibres and thin structures in the collagen fibres can be 

observed only in native and gamma-treated samples, indicating that the fine fibrils may be 

washed by PAA. The same results have been obtained with both decellularisation methods. 
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Figure 18. Cytotoxicity. Cell viability of L929 murine fibroblast following 24  h culture 

with L929 murine fibroblasts A) Negative control (C-). B) Positive control (C+) C) 

Decellularised PTA treated with method 2 and GI D) Decellularised PTA treated with 

method 2 and PAA. (E) Cell viability of L929 murine fibroblast following 72 h cultured in 

vitro with decellularised PTA extracts (Method2 and PAA (2P), method2 and GI (2G)). Data 

are presented as the mean (n=6) ±95% CI, p<0.05 *. 

3.9. Antimicrobial assessment 

The effect of released antibiotics (vancomycin and gentamicin) from coated polymeric 

envelopes and also decellularised PTA that were immersed in antibiotics solution on 

inhibiting the growth of bacteria was determined using the antimicrobial assessment. 

Samples of the polymeric cage, incubated in bacteria containing medium without antibiotics 

were used as positive control showing bacterial growth, while samples incubated in medium 

without bacteria were used as negative control. In addition, one group of polymeric samples 

was used to determine the efficiency of antibiotic release from the electrospun polymeric 
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cage containing 10mg/ml antibiotics. Release of antibiotics from electrospun polymeric 

samples containing 10mg/ml antibiotics had high variation (Figure19A).  

The results of the antimicrobial assessment indicated that the amount of released antibiotics 

did not suppress the growth of bacteria in comparison to the initial amount of bacteria and 

controls in 14 days (Figure19A). The measurement of the bacteria amount at the wavelength 

of 600 nm for S. Aur, S. Epi, Pseud and Ecoli indicated 1.19,1.07, 1.10 and 1.62 OD 

respectively after 2 weeks that is significantly higher that initial amount (n=3, ±95% CI, 

p<0.05). 

On the other hand growth of bacteria on PCL without antibiotics showed a fluctuation in 

bacteria growth (Figure19B). As an instance, amount of S.Epi at time points of 1 day, 6 

and14 days showed the optical density of 2.635, 3.37 and 2.745 respectively. In regard to 

pseudomonas bacteria, they became jelly after three days therefore, measuring them was 

done by diluting. 

	  

Figure 19. Antimicrobial assessment on electrospun polymer and positive control. A) 

Electrospun polymeric cage containing 10 mg/ml antibiotics showed significant growth of 

Gram positive and negative bacteria in 14 days. B) PCL without antibiotics indicated 

significant growth of bacteria in 14 days. Data are presented as the mean (n=6) ±95% CI, 

p<0.05 *. 
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Samples of decellularised PTA and fibrin were soaked in antibiotics solution and assessed 

for the ability to inhibit the growth of bacteria. The Soaked decellularised PTA had sponge- 

like behaviour and could suppress the growth of bacteria in 14 days (Figure 20A). The 

optical density for S.epi, S.Aur, Ecoli was 0.07, 0.1 and 0.09 respectively. However fibrin 

did not inhibit growth of Ecoli, gram negative bacteria (Figure 20B). The measurement of 

Ecoli amount showed the optical density of 0.4 which was four times more than the initial 

amount.  

	  

 

Figure 20. Antimicrobial assessment on decellularised tissue and fibrin sealant. A) 

Decellularised PTA soaked in 8mg/ml gentamicin and 5mg/ml vancomycin showed 

suppression of bacteria in 14 days B) Fibrin soaked in antibiotics indicated growth of Ecoli 

in 14 days. Data are presented as the mean (n=3) ±95% CI, p<0.05 *. 
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Figure 21. Antimicrobial assessment on different concentrations of polymer. A) 

Electrospun 150mg/ml PCL: 50 mg/ml PEG with 5 mg/ml antibiotics B) Electrospun 

100mg/ml PCL: 50 mg/ml PEG with 5 mg/ml antibiotics C) 150mg/ml PCL: 50 mg/ml PEG 

soaked in 5mg/ml abs for 1 hour D) 100mg/ml PCL: 50 mg/ml PEG soaked in 5mg/ml abs 

for 1 hour E) 150mg/ml PCL: 50 mg/ml PEG soaked in 5mg/ml abs for 24 hours F) 

100mg/ml PCL: 50 mg/ml PEG soaked in 5mg/ml abs for 24 hours G) 150mg/ml PCL: 50 

mg/ml PEG soaked in 5mg/ml vancomycin and 8mg/ml gentamicin for 24 hours H) 

100mg/ml PCL: 50 mg/ml PEG soaked in 5mg/ml vancomycin and 8mg/ml gentamicin for 

24 hours. Data are presented as the mean (n=3) ±95% CI, p<0.05 *. 
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Samples of two co-polymers which differed in the ratio of PCL and PEG, 150mgPCL/ml: 50 

mg/ml PEG (Group A) and 100mg/ml PCL: 50mg/ml PEG (Group B) were used to compare 

the effect of released antibiotics on bacteria. The antibiotics were added to the co-polymer 

before electrospinning at a total concentration of 5 mg/ml. After electrospinning, the surface 

of the samples seemed more homogenous in group A by visual inspection. The antimicrobial 

assessment in both groups showed a significant increase of bacteria in 7 days, p<0.05 

(Figure21 A-B). The growth of bacteria was changed from 0.2OD to 1.8, 2.8, 4.1 OD for 

S.Epi, S.Aur and Ecoli respectively in polymer group A after one week as well as 2.07, 2.6 

and 5.1 OD in group B. Then polymeric samples without antibiotics soaked in 5 mg/ml 

antibiotics. Duration of soaking was one hour. The results showed a significant increase of 

bacteria in both groups, p<0.05 (Figure 21 C-D). In another group of polymeric samples, 

soaking was performed for 24 hours and the results showed that antibiotics could suppress 

gram-positive bacteria. However, Ecoli growth increased from 0.2 OD to 2.2 OD in group A 

and 3.71 OD in group B (Figure 21 E_F).  To optimize the amount of antibiotics, gentamicin 

was increased to 8mg/ml. The polymeric scaffolds, group A and B, soaked in 5mg/ml 

vancomycin and 8mg/ml gentamicin could inhibit growth of bacteria in the first and second 

week. The optical density of samples in group A was 0.10, 0.17 and 0.2 OD for S.Epi, S.Aur 

and Ecoli as well as 0.09, 0.14 and 0.09 OD in group B after 14 days (Figure21 G-H). 

3.10. Disk diffusion assay  

To assess the antimicrobial activity of polymeric coverage, 1cm segments were placed onto 

the lawns of bacteria and the zones of inhibition measured at 24 h. In both groups, mean 

diameter of the inhibition zone was 3.8 cm for S.aureus, 4.6 cm for E.coli, and 5.3 cm for S. 

epidermidis. 
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Figure 22. Disk diffusion assay. The antimicrobial activity of polymeric coverage after 24 

hours, the plates incubated at 37°C showed an inhibition zone in the treated central area. The 

size of the inhibition zones was indicative of the degree of inhibition. 

3.11. Fourier transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was applied to investigate the chemical composition of the electrospun 

polymeric cage (150mg/ml PCL and 50 mg/ml PEG) at two time points. Figure 23 showed 

the FTIR spectra of the PCL: PEG mats after 1 week and 6 weeks. PCL: PEG specimens 

exhibited characteristic peaks at 2943 cm
-1

 (-CH3, asymmetric stretching), 1726 cm
-1

 (-

C=O, stretching), 1244 cm
-1

 (-CH3, scissoring and bending), 1109 cm
-1

 (-C-O-C-(ether), 

stretching). The expected peaks, specific for the respective antibiotics, were not detected. 

The spectra of the P1 (polymeric sample soaked in PBS after 1 week) and P6 (polymeric 
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sample soaked in PBS after 6 weeks) differ from the spectrum obtained from the control, 

however, no difference between the spectrum from P1 and P6 could be detected. The 

rectangle in Figure 23 shows very small peaks in the control polymeric sample (Co) at 1566 

and 1592 cm
-1

. 

	  

Figure 23. FTIR spectra of PCL: PEG. After 1 week and 6 weeks incubating in PBS from 

4000 to 650 cm
-1

; the rectangular box indicates the differences in the spectra between 

control (Co), P1 and P6 fibres. 

	  

3.12. SEM 

The morphology of the electrospun polymeric cage was investigated by SEM. Images 

showed stability and dense fibre network of 150PCL: 50PEG. The images were taken before 

and after soaking the samples in antibiotics solution. Moreover, SEM images revealed that 

the fibres were sufficiently elongated, well aligned and uniformly dispersed throughout the 

analysed area (Figure 24). 
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Figure 24. SEM images of electrospun fiber mats, 150PCL: 50PEG (A, B), 150PCL: 

50PEG:Antibiotics (C, D), magnification = 200 X (A,C), 2500x (B,D), scale bars = 5 µm 

(A-D) 

3.13. Effect of antibiotics on cell behaviour 

Effect of different concentrations of antibiotics on HUVECs and human foreskin fibroblast 

has assessed by live dead assay. 

3.13.1. Human umbilical vein endothelial cell 

To determine the effect of the highest used concentration of antibiotics on HUVECs, i.e. 8 

mg/ml gentamicin and 5 mg/ml vancomycin (8Gen/5Van), a live/dead assay was carried out. 

HUVECs without antibiotics, considered as negative control, formed a confluent monolayer, 

with typical morphology and cell-to-cell contacts. As a positive control, HUVECs were 

exposed to a cytotoxic concentration of DMSO.   
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Figure 25. Live/dead assay to determine effect of high concentrations of antibiotics 

(8mg/ml gentamicin and 5 mg/ml vancomycin) on HUVECs A) Negative control without 

using Abs showed alive cells stained by calcein in green B) Positive control, 80% DMSO 

showed dead cells stained by ethidium bromide in red C) HUVECs were treated by 8mg/ml 

gentamicin and 5 mg/ml vancomycin (8Gen/5Van) D) HUVECs were treated by 8mg/ml 

gentamicin (8Gen) E) HUVECs were treated by 5mg/ml vancomycin (5Van), Scale bars 

indicate 500 µm. 

The density of the cells in control samples appeared to be higher as compared to the cells 

treated either with the highest concentration of combined antibiotics, or with the antibiotics 

individually (8Gen 5Van, 8Gen, 5Van). Cells incubated with 5mg/ml vancomycin were 

found to have a more elongated cell shape with extended filopodia (Figure25). In addition, 

the treatment had an impact on the total number of viable cells, which was assessed by 

measurement of the signal intensity of calcein stained samples (88% 8Gen 5Van, 44% 8Gen, 

56% 5Van) as shown in Figure 29.    
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Figure 26. Live/dead assay to determine the effect of combined and individual 

antibiotics (4mg/ml gentamicin and 2.5 mg/ml vancomycin) on the viability of 

HUVECs. A) Negative control without using Abs showed alive cells stained by calcein in 

green B) Positive control, 80% DMSO showed dead cells stained by ethidium bromide in 

red C) HUVECs were treated by 4mg/ml gentamicin and 2.5 mg/ml vancomycin 

(4Gen/2.5Van) D) HUVECs were treated by 4mg/ml gentamicin (4Gen) E) HUVECs were 

treated by 2.5 mg/ml vancomycin (2.5Van), Scale bars indicate 500 µm. 

The cell density of samples treated with 4 mg/ml Gentamicin appeared to be lower as in the 

negative control.  This finding was in agreement with the measured fluorescence signal 

intensity, where only 62 % viable cells were detected (Figure 29). The cells treated with 2.5 

mg/ml vancomycin were confluent, while in the samples, which were exposed to the 

combined antibiotics several gaps in the cell monolayer could be observed (83% viable 

cells).  
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Figure 27. Effect of combined and individual antibiotics (2mg/ml gentamicin and 1.2 

mg/ml vancomycin) on the viability of HUVECs. A) Negative control without using Abs 

showed alive cells stained by calcein in green B) Positive control, 80% DMSO showed dead 

cells stained by ethidium bromide in red C) HUVECs were treated by 2mg/ml gentamicin 

and 1.2 mg/ml vancomycin (2Gen/1.2Van) D) HUVECs were treated by 2mg/ml gentamicin 

(2Gen) E) HUVECs were treated by 1.2mg/ml vancomycin (1.2Van), Scale bars indicate 

500 µm. 

The cell density of samples treated with 2 mg/ml gentamicin was lower than in the negative 

control (Figure 27D). The measured fluorescence intensity corresponded to only 69 % viable 

cells. While the cells treated with the combined antibiotics were confluent.   
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Figure 28. Effect of low concentration of antibiotics (1mg/ml gentamicin and 0.6 mg/ml 

vancomycin) on the viability of HUVECs. A) Negative control without using Abs showed 

alive cells stained by calcein in green B) Positive control, 80% DMSO showed dead cells 

stained by ethidium bromide in red C) HUVECs were treated by 1mg/ml gentamicin and 0.6 

mg/ml vancomycin (1Gen/0.6Van) D) HUVECs were treated by 1mg/ml gentamicin (1Gen) 

E) HUVECs were treated by 0.6 mg/ml vancomycin (0.6 Van), Scale bars indicate 500 µm. 

There is a monolayer of cell to cell contact in all samples. No significant difference between 

samples treated with antibiotics and negative control can be seen.	  
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3.13.2. Viability of HUVECs treated with different concentrations of antibiotics 

The viability of cells was measured by the fluorescence intensity of the samples treated by 

antibiotics using live dead assay. 

	  

Figure 29. HUVECs viability treated with different concentration of antibiotics which 

was assessed by measurement of the signal intensity of calcein stained samples. 

A same trend can be seen in all the groups of individual and combined antibiotics. This trend 

showed that the viability of cells was higher when lower antibiotic concentration has been 

applied and it adversely decreased with increase of antibiotics. In the treatment with a 

combination of antibiotics, viability of cells was 95% for the lowest antibiotic concentration 

and 88% for the highest antibiotic concentration. In vancomycin treatment, the same trend 

followed decreasing from 86% to 56%. Finally, the viability of cells in gentamicin treatment 

was changed from 87% to 44% by increasing the antibiotic concentration. 
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3.13.3. Human foreskin fibroblast 

	  

Figure 30. Live/dead assay to determine effect of high concentrations of antibiotics 

(8mg/ml gentamicin and 5 mg/ml vancomycin) on human foreskin fibroblast cells A) 

Negative control without using Abs showed alive cells stained by calcein in green B) 

Positive control, 80% DMSO showed dead cells stained by ethidium bromide in red C) 

Human foreskin fibroblast cells were treated by 8mg/ml gentamicin and 5 mg/ml 

vancomycin (8Gen/5Van) D) Human foreskin fibroblast cells were treated by 8mg/ml 

gentamicin (8Gen) E) Human foreskin fibroblast cells were treated by 5mg/ml vancomycin 

(5Van), Scale bars indicate 500 µm. 

The effect of high concentrations of antibiotics, 8 mg/ml gentamicin and 5 mg/ml 

vancomycin (8Gen/5Van), on human skin fibroblast was determined by live dead assay. 
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Human foreskin fibroblasts cultivated without antibiotics were considered as negative 

control. Cells treated with 80% DMSO were used as a positive control. 

The images showed a massive cell loss in samples treated with 8 Gen or 8Gen/5Van. The 

density of the cells treated with 5 Van was not as high as the negative control (Figure 30). 

The treatment had an impact on the total number of viable cells, which was assessed by 

measurement of the signal intensity of calcein stained samples (13% 8Gen 5Van, 10% 8Gen, 

51% 5Van) as shown in Figure 34.    

	  

Figure 31. Live/dead assay to determine the effect of combined and individual 

antibiotics (4mg/ml gentamicin and 2.5 mg/ml vancomycin) on the viability of human 

foreskin fibroblast cells. A) Negative control without using Abs showed alive cells stained 

by calcein in green B) Positive control, 80% DMSO showed dead cells stained by ethidium 

bromide in red C) Human foreskin fibroblast cells were treated by 4mg/ml gentamicin and 

2.5 mg/ml vancomycin (4Gen/2.5Van) D) Human foreskin fibroblast cells were treated by 

4mg/ml gentamicin (4Gen) E) Human foreskin fibroblast cells were treated by 2.5mg/ml 

vancomycin (2.5Van), Scale bars indicate 500 µm. 
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The cell density on treated samples with 4 mg/ml Gentamicin appeared to be lower than in 

the negative control (Figure 31). The measured signal intensity confirmed that only 34% 

viable cells remained after treatment (Figure 34). The cells in contact with 2.5 mg/ml 

vancomycin seemed still confluent (63% viable cells). Also, The measured fluorescence 

intensity of the samples treated by combined antibiotics showed 31% cell viability.  

	  

Figure 32. Effect of combined and individual antibiotics (2mg/ml gentamicin and 1.2 

mg/ml vancomycin) on the viability of human foreskin fibroblast cells. A) Negative 

control without using Abs showed alive cells stained by calcein in green B) Positive control, 

80% DMSO showed dead cells stained by ethidium bromide in red C)Human foreskin 

fibroblast cells were treated by 2mg/ml gentamicin and 1.2 mg/ml vancomycin 

(2Gen/1.2Van) D) Human foreskin fibroblast cells were treated by 2mg/ml gentamicin 

(2Gen) E) Human foreskin fibroblast cells were treated by 1.2mg/ml vancomycin (1.2Van), 

Scale bars indicate 500 µm. 
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The cells treated with 1.2 mg/ml vancomycin seemed more confluent than gentamicin. Some 

gaps can be seen between the cells treated by 2 mg/ml gentamicin. The measurement of the 

signal intensity of calcein stained samples treated by combined antibiotics showed cell 

viability as 62% (Figure 34).    

	  

Figure 33. Effect of low concentration of antibiotics (1mg/ml gentamicin and 0.6 mg/ml 

vancomycin) on the viability of human foreskin fibroblast cells. A) Negative control 

without using Abs showed alive cells stained by calcein in green B) Positive control, 80% 

DMSO showed dead cells stained by ethidium bromide in red C) Human foreskin fibroblast 

cells were treated by 1mg/ml gentamicin and 0.6 mg/ml vancomycin (1Gen/0.6Van) D) 

Human foreskin fibroblast cells were treated by 1mg/ml gentamicin (1Gen) E) Human 

foreskin fibroblast cells were treated by 0.6 mg/ml vancomycin (0.6 Van), Scale bars 

indicate 500 µm. 
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There is a monolayer of cell to cell contact in samples treated with individual lowest 

concentration of antibiotics. They are completely confluent. However, some gaps can be 

seen in samples treated by combined antibiotics.  

3.13.4. Viability of human foreskin fibroblast treated with different concentrations of 

antibiotics 

The viability of cells was measured by the fluorescence intensity of the samples treated by 

antibiotics using live dead assay. 

	  

Figure 34. Viability of human skin fibroblast treated with different concentration of 

antibiotics in compare to positive and negative controls. 

A same trend can be seen in all the groups of individual and combined antibiotics that was in 

agreement to previous test with HUVECs. This trend showed that the viability of cells was 

lower when higher antibiotic concentration has been applied and it adversely increased with 

the decrease of antibiotics. In the treatment with a combination of antibiotics, viability of 

cells was changed from the highest antibiotic concentration to the lowest one by increasing 

from 13% to 51%. In vancomycin treatment, the same trend followed rising from 51% to 

79%. Finally, the viability of cells in gentamicin treatment went up from 10% to 98%.	  

 



	   85	  

3.14. Effect of polymeric cage and released antibiotics on viability of 

human foreskin fibroblast cells  

In order to assess the cytotoxicity and the human foreskin fibroblast behaviour upon direct 

contact with the electrospun polymer sample, live/dead assay followed by image acquisition 

using a stereomicroscope was carried out. Collagen was applied as a negative control for 

confirming general cell viability, whereas 80% DMSO was used as a positive control to 

induce cell death.	  

	  

Figure 35. Contact cytotoxicity of polymer by live/dead assay, A) Negative control 

without using collagen showed alive cells stained by calcein in green B) Positive control, 

80% DMSO showed dead cells stained by ethidium bromide in red C and D) Polymeric 

samples soaked in Abs. Eand F) Polymeric samples without Abs, Scale bars indicate 500 

µm. 
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The images indicated that human foreskin fibroblast cells were not able to attach to the 

electrospun polymer surface. No difference with regard to cell adhesion was found between 

samples with or without antibiotics. However, the viability of cells growing on culture 

plastic in close proximity to the sample was not found to be affected.  

	  

Figure 36. Cytotoxicity of released antibiotics from polymer (n=3, ± SD, p<0.05 *). 

Data was analysed using t-test. 

The effect of released antibiotics from the polymer on the viability of human foreskin 

fibroblast cells was additionally assessed by detecting the fluorescence signal intensity of 

calcein-stained cells, after 48 h in contact with the sample. Higher fluorescence signal 

intensity was found in the cell samples incubated with antibiotics-containing electrospun 

polymer samples.  
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3.15. Effect of antibiotics on bacteria 

The effectiveness of combined antibiotics applied within a range of concentrations on the 

growth of gram-positive and gram-negative bacteria was tested after 24 h and 48 h.	  

	  

Figure 37. Effect of different concentration of antibiotics on bacteria after 24 h and 48 

h 

The results were depicted as percentage of bacteria growth in comparison to the positive 

control.  Initial bacteria concentration was 0.2 OD and this result showed high 

concentrations of antibiotics (8 Gen/5 Van) were effective to suppress the growth of E .Coli 

down to 5%, S. Aureus down to 12% and S.Epidermidis down to 8%, within 24 h. However, 

already the lowest tested concentration of antibiotics has affected the growth of S. Aureus to 

a similar extend (13%).  For all tested concentrations of antibiotics growth inhibition of S. 

Aureus was more pronounced after 48h.   
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3.16. Drug release 

The drug release studies were performed in an incubator over a period of 96 hours. The 

result is shown in Figure 38. 

	  

Figure 38. Antibiotic release of polymeric cages at different time points and standard 

curve  

The polymeric scaffolds (n=6) were soaked in antibiotics solution (8 mg/ml vancomycin and 

5 mg/ml gentamicin) for 24 h. The result of the drug release assessment showed 0.2 mg/ml 

of antibiotics were washed in the first 2 hours.   

3.17. Uniaxial tensile test of electrospun polymeric cages 

The obtained data from the mechanical tensile tests before and after soaking the polymers 

(150 mg/ml PCL:50 mg/ml PEG) in antibiotics solution (8 mg/ml vancomycin and 5 mg/ml 

gentamicin) revealed a significant increase of the average transition strain in longitudinally 

measured samples after soaking in antibiotics solution (before soaking, 0.13 mm/mm and 

after soaking 0.23 mm/mm, ± SD, p<0.05). Data was shown in Figure39A.  
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Figure 39. Uniaxial tensile test on electrospun polymer sample longitudinally (L1) and 

circumferentially (C1) A) Mean of transition strain, a significant difference can be seen in 

longitudinal samples (p<0.05 *). B) Mean of ultimate tensile strength, no significant 

difference is between the samples C) Mean of young’s modulus, a significant difference is 

between circumferential samples (p<0.05 *). D) The Mean of tensile strain at break, there 

are significant differences between non-soaked and soaked polymeric samples in Abs 

longitudinally and circumferentially (p<0.05 *). Data is presented as the mean (n=3) ± SD. 

Data was analyzed using t-test. Asterisks indicate statistically significant difference. 

Additionally, there was no significant difference in ultimate tensile strength in both 

longitudinal (6.17 MPa, 5.04 MPa) and circumferential (5.03 MPa, 6.09 MPa) groups before 

and after soaking in antibiotics solution respectively (Figure39 B). In young modulus, there 

was a significant decrease in the mean of circumferential soaked samples (5.03 MPa, ± SD, 

p<0.05) rather than the mean of non-soaked samples (7.09 MPa) as shown in Figure 39C. In 

tensile strain at break, there was a significant increase in both tested groups longitudinally 

(3.47 mm/mm) and circumferentially (3.57 mm/mm) after soaking the samples in antibiotics 

(± SD, p<0.05). The results indicated that medium with antibiotics have little effect on 

mechanical properties. 
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4. Discussion 

In this study, a strategy was assessed for the development of a hybrid vascular graft with 

increased antimicrobial resistance, including the combination of decellularized porcine 

arteries and antibiotics-loaded electrospun polymeric sheaths. Also, primary results with 

regard to porcine femoral vein have been obtained for future studies as well as a comparison 

between histoarchitecture of porcine vessels.   

Current therapy options for vascular diseases, affecting the blood flow through small calibre 

blood vessels (<6 cm in diameter), involving repair or replacement of an artery, are 

limited.  Both, minimally invasive treatments (such as angioplasty or stenting) and 

traditional procedures such as bypass surgery are common practice, but still are associated 

with a high risk for infection, blood damage, calcification, graft rejection and reoperation. 

Bacterial infections of vascular grafts are frequently observed after surgical interventions 

that eventually can lead to graft rejection, especially in patients with impaired host defence 

[135]. Of course, other variables such as changes in medical and risk factor managements, as 

well as wound care treatments and methodologies are effective to prevent or treat infections. 

These issues need further analysis and study. Furthermore, there is a considerable clinical 

need for alternatives to the autologous vein and artery tissues used for vascular 

reconstructive surgeries due to the limited number of blood vessels [136]. 

So far, synthetic materials have not matched the efficacy of native tissues, particularly in 

small diameter applications. Complications associated with prosthetic grafts are thrombosis 

and neointimal hyperplasia as well as graft infection (contributes to 10-15% of graft failure). 

Other less common complications of prosthetic accesses include; steal syndrome, seromas, 

aneurysm formation, central vein stenosis and bleeding [137].  

The progress being made in the field of cardiovascular tissue engineering introduced the 

possibility of manufacturing a living, biological graft that can mimic the functional 

properties of native vessels [136]. Decellularized tissues of animal or human origin offer an 
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excellent biological and three-dimensional scaffold structure for vascular tissue engineering 

since they have bioactive and bioinductive properties, excellent biomechanical properties 

and the appropriate host responses to ECM [138,139]. The preservation of a natural scaffold 

in terms of organized entities such as collagen, elastin, glycosaminoglycans and fibronectin 

is useful in tissue engineering and regeneration applications [140]. 

In this study, the PTA has been applied since it has striking similarities to the human artery 

in terms of texture, length, size and also are available [141]. These similarities made the 

PTA a good option to be used in vascular tissue engineering. Also, using antibiotics 

releasing sheath to cover the PTA may prevent implantation related infections. 

4.1. Decellularisation of porcine vascular grafts 

Within this study, two decellularisation techniques were performed by using SDS, Triton X-

100 and also DNase/ RNase to assess effective cell and nuclear material removal while 

preserving the biomechanical integrity and stability. Although any decellularization protocol 

facilitates exposure to reagents and the removal of cellular debris to reduce bioimplant’s 

rejection, however, this exposure leads to some ECM disruption [142]. Therefore, there is a 

need for an optimized decellularisation protocol to remove cells and nuclei and preserve 

ECM. Among the different tested techniques, technique 2 was found to be less detrimental, 

with no significant loss or disruption of the major structural components, i.e. elastin and 

collagen. Also the removal of the DNA content was higher in comparison to the other 

detergent based techniques. In	  other	  studies,	  the	  effectiveness	  of	  decellularization	  techniques	  

using	  Triton-‐X	  combined	  with	  SDS	  was	   investigated.	   	   It	  has	  been	  reported	   that	   the	  protocols	  

used	   in	   these	   studies	   resulted	   in	   a	   decrease	   of	   the	   glycosaminoglycan	   and	   collagen	  

concentration	  of	  the	  tissue	  samples	  [143,144].	  Furthermore,	  it	  was	  found	  that	  nuclear	  material	  

remained	   in	   some	   tissues	   such	   as	   tendon,	   artery,	   and	   ligament	   after	   decellularization	  when	  

triton	  X-‐100	  solution	  was	  applied	  [145,146].	   
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On the other hand, the effects of SDS on the tissue structure depend on the type or 

anatomical origin of the tissue specimen [147]. According to Schaner et al. (2004), 

decellularization of human saphenous veins using an SDS-based protocol did not result in a 

massive change in biomechanical properties, when compared to the native veins [148]. They 

also reported that the decellularized vein allografts possessed satisfactory strength, when 

implanted into an arterial position. Moreover, these grafts had a reduced antigenicity 

compared to fresh allografts, and supported cellular repopulation within 8 weeks [149]. Also 

Zou et al. (2012) showed that the ECM of decellularised aortas treated by SDS and Triton 

X-100 exhibited similar elastic properties as native aortal tissues [150]. These elastic 

properties have ultimate importance for clinical appliance of such tissue-engineered grafts to 

maintain a relatively constant pressure despite the pulsating nature of the blood flow.  

In this study the method was developed with care to cause minimal damage to the ECM by 

using 0.5% Triton X-100, 0.5% SDS and RNase/DNase and washing out cell remnants and 

chemical residuals with extensive PBS washes at the end of each process step.  

Histological analyses confirmed that cells were effectively removed from the PTA tissue 

after decellularization, while the process did not affect the histoarchitecture of the ECM.  

Also, two different sterilization techniques, following the decellularization were compared, 

i.e. gamma irradiation and treatment with PAA. Gamma irradiation is widely used in 

medical device manufacturing. The bactericidal effect of gamma-ray irradiation depends on 

the dose rate, the oxidation level of biological tissue, the thickness and the volume of the 

tissue specimen [151].  

Before 2012, a minimum dose of 25 kGy was usually used for the sterilization of medical 

devices and biological tissues. Recently, as recommended by the International Organization 

for Standardization, the dose rate depends on the bioburden of each type of product [152]. 

Ionizing radiation not only kills microorganisms, but also affects tissue properties. In this 

study, gamma radiation was used for the sterilization of decellularized PTAs with a dose of 
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150 Gy. This low dose of GI was effective to suppress the amount growth of bacteria 

without any effect on tissue properties. Treatment with PAA is also an interesting approach 

for the sterilization of medical devices. It has been reported that it is bactericidal at a 

concentration of 0.001%, fungicidal at 0.003% and sporicidal at 0.3% [153]. However, due 

to the chemical nature of PAA, its reactivity might affect the ECM structure and needs to be 

investigated. In this study the effect of 0.1 % PAA on PTA was investigated. 

In regard to histoarchitecture of tissues, H&E and DAPI staining of native PTA showed 

cellularity in all layers before decellularisation. After decellularization with both methods, 

H&E and DAPI staining confirmed that cells were efficiently removed from the samples in 

all layers, while the ECM was satisfactorily preserved. According to the results from 

Masson's trichrome and Van Gieson staining, retention of elastin and collagen fibers was 

detected after the decellularization process. However, Alcian blue showed the 

glycosaminoglycans were completely eliminated in both methods. 

DNA Quantification is a commonly applied indicator for cell removal. In this study, a 

NanoDrop spectrophotometer was used to measure the nucleic acid content at a wavelength 

of 260 nm. At this wavelength, RNA, single- and double-stranded DNA, nucleotides, or any 

contaminants can all contribute to the measurement. It has been proposed that a residual 

DNA content of less than 50 ng/mg of dry tissue is indicative of an adequately 

decellularized scaffold [85]. Therefore, both decellularization techniques in this study 

worked effectively. 

Furthermore, collagen type IV was used as a marker for the basement membrane, which is 

important as a potential signal for endothelialization [154]. 

It has been shown by Dong et al. (2009) [155] that the treatment with acetic acid damages 

and removes collagens from the ECM with a corresponding reduction in ECM strength. Luo 

et al. (2014) [138] also reported that the PAA treatment could abrogate particularly collagen 

IV in decellularized porcine arteries. These reports were in agreement with the results 
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obtained from collagen IV stainings of decellularised tissues sterilized by PAA in this study. 

In contrast, collagen IV was still detectable, when decellularized PTA samples were 

sterilized using gamma irradiation.  

Presence of xenoantigens is one of the barriers for applying xenogeneic scaffolds in the 

clinical applications. One of the xenoantigens, triggering a strong hyperacute immune 

reaction once implanted into a human patient, is the alpha-gal epitope [156]. The 

immunohistochemical assessment showed the presence of alpha gal on both native and 

decellularised PTA. Alpha gal is an antigen responsible for the hyperacute rejection of 

xenografts and causes an increase in anti-α-gal antibodies after implantation in human. 

TEM pictures, which were obtained to assess the effect of the decellularization on the ECM, 

confirmed that the ultrastructure of the collagen and elastic fibrils was preserved. However, 

thin fibrils on the surface of elastic fibres could be observed only in native and gamma ray 

irradiated samples. Also thin structures that were visible in the collagen fibres represented 

tropocollagen, microfibrils or interfibrillar substances. These structures also diminished in 

the PAA-treated samples. Therefore, there is possibility that PAA washed the thin structures 

and fibrils.  

As an indicator of the collagen content within the tissue samples, a hydroxyproline 

quantification assay was performed, since HYP is largely restricted to collagen and makes 

up 13.5% of the collagen, where it serves to stabilize the helical structure [157]. However, 

HYP is also present in elastin of tissues such as the carotid artery; therefore, the contribution 

of elastin in the HYP content measurement needs to be considered [158]. In this study, there 

was a significant increase in the hydroxyproline content of decellularised tissue samples 

compared to native tissue because of loss of cellular components. 

Glycosaminoglycans are large complex carbohydrate molecules that are available on all 

animal cell surfaces and the ECM. Important functions are cell adhesion, cell growth and 

differentiation, cell signalling and anticoagulation [159]. GAGs also influence the 
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mechanical properties of the vessel wall by the interactions with other ECM components 

[85]. The analysis of the PTAs that were decellularized in this study using the described 

protocols, showed a significant reduction in the GAG content, compared with fresh tissue. 

However, the biomechanical analyses of fresh and decellularized PTAs indicated that the 

decellularisation protocol and the reduction in GAG levels did not adversely affect the 

functional performance of tissue. It is in agreement with a study on decellularization of 

leaflet and pulmonary wall tissues [52]. However, Mattson et al. (2017) reported that the 

interaction between GAGs and other ECM constituents plays an important role in the 

mechanics of the arterial wall [160].  

In this study, the thickness of decellularised PTAs has been less than native tissue. However, 

it has been reported that the hypotonic buffer can cause the osmotic flow of water and 

swelling into the tissue [161]. Also, water intake and subsequent swelling of mitral valve 

tissues were reported by Granados et al. (2016) [85].  

Furthermore, cytotoxicity tests are recommended for all medical devices prior to animal 

testing since they allow a rapid evaluation, employ standard protocols and produce 

quantitative and comparable data [162]. The cytotoxicity assessment in this study has been 

performed following the ISO standard EN ISO 10993-5 that suggested the use of L929 

murine fibroblasts for assessing decellularised PTA and the electrospun polymeric scaffold. 

These cells are being used because of their reproducible growth rates and biological 

responses. Contact cytotoxicity testing was performed to assess the morphology of cells 

growing in contact with the decellularized scaffolds qualitatively. Both, the contact and the 

extract cytotoxicity test confirmed the biocompatibility of the assessed decellularized 

samples and indicated that the washing steps in the decellularization protocol were sufficient 

to remove the cytotoxic detergents. It is also confirmed by Granados et al. (2016) and 

Cebotari et al. (2010) that using sufficient washing steps after decellularization are effective 

to remove cytotoxic detergents [85, 163]. 
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Furthermore, in this study, histological assessment showed three layers in PTA and porcine 

femoral vein called as the tunica intima, tunica media and tunica adventitia. Histological and 

immunohistochemical assessments of both groups confirmed these three layers and ECM 

components such as collagen, elastin and glycosaminoglycan. The collagen fibres were 

observed by Masson Trichrom staining, presence of elastin fibres by Van Gieson staining 

and poor staining of Alcian blue. The difference between artery and vein was obviously 

related to the thickness of the wall. The artery samples were thick-walled and highly 

muscular while the veins were thin-walled with presence of valves and huge amount of the 

adventitia. 

4.2. Polymeric cage as drug delivery system 

Strategies to prevent vascular conduit infections have centered on impregnating scaffolds 

with antibiotics [164]. Antibiotic therapy suppresses implantation-related infections. Also, 

there are short term and long term as well as superficial and deep infections. The method 

and dose of antibiotics are debated. In this study short-term prophylaxis has been considered 

for clean implantation procedures. Polymeric mesh composing PCL: PEG was used as a 

drug delivery system for controlled release of antibiotics against perioperative infection. 

PCL has the advantage of leading to neutral degradation products and slow degradation rate, 

whereas PEG is a water-soluble polymer that can be dissolved rapidly in the body fluid and 

makes porosity in the PCL coverage [165]. In this study, cytotoxicity assay of polymeric 

cages indicated that human foreskin fibroblast cells were not able to attach to the electrospun 

polymer surface. It might be due to hydrophobic characteristic of PCL. 

Antimicrobial assessment was performed to evaluate the effect of released antibiotics on 

bacteria. It was found that the electrospun scaffolds, which were produced with embedded 

antibiotics, could not suppress the growth of bacteria in two weeks. The main reason for this 

could be related to the long-term degradation of PCL. The release of antibiotics correlates 

with the degradation of PCL, which is obviously not sufficient to provide an effective 
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concentration of antibiotics. For that reason, further studies were carried out with 

electrospun polymeric cage soaked in antibiotics solution. A similar technique was used in 

other studies [166,167] and proved to be effective to provide initial sufficient concentrations 

of antibiotics. Antimicrobial assessment of the PCL: PEG with soaking technique indicated 

decrease of bacteria growth in two weeks. However, a fluctuation of bacteria growth could 

be seen in positive control that might be due to the huge amount of bacteria in a small place 

of 6-well plate. In a study, Baker et al. (2016) reported that due to largely infection of 

abdominal wall mesh, biological grafts were investigated. Therefore, a tyrosine polymer 

coating containing rifampin and minocycline on porcine acellular dermal graft was used. 

In vivo studies have confirmed decreased rates of wound infection using antibiotic polymer-

coated mesh materials at 2 and 4 weeks after implantation and only two patients from a total 

of 74 patients were readmitted after the operation due to wound infection [168]. 

In drug release assessment, the amount of drugs at different time points was assessed. The 

result showed that antibiotics were washed out completely within the first hours. It seemed 

there was no strong chemical bonding between polymer and antibiotics. The reason of rapid 

release of antibiotics could be due to the dissolution of PEG in the medium in the first hours 

of incubation or attachment of drug aggregation to the surface of the fibres because of 

soaking technique without any strong chemical bonding. This finding suggested that the 

electrospun co-polymer cage used in this study could serve as a short-term antibiotic 

delivery system that allows combating perioperative infections locally.  

Although attachment of antibiotics on the polymeric structure was expected to create 

changes on the surface, however, SEM showed fibres were aligned within a dense fibre 

network in both groups. 

Furthermore, FTIR was applied to analyse the chemical composition of the electrospun 

polymeric cage. The presence of both phases (PCL and PEG) was investigated by means of 

FTIR spectroscopy and the recorded spectra were in agreement with the detailed chemical 
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and microstructural characterisation of the PCL: PEG copolymer in another study by 

Repanas et al. (2015) [165]. Also in this study, the resulting peaks of the spectrum after 1 

week and 6 weeks of incubation showed no detectable degradation. Repanas et al. proposed 

that degradation of PCL was not significant and release of drug was regulated by the 

diffusion through the polymeric matrix and erosion of PEG [92].  

In order to prevent peri- and postoperative infections, strategies have been developed 

involving glutaraldehyde-fixed biological grafts or combination of synthetic materials with 

antibiotics before implantation [85, 119]. Due to the nature of these materials, the post-

operative re-seeding with host vascular cells is not expected. Although the rate of graft 

infection could be decreased, however, problems related to incomplete haemocompatibility 

and the missing contractibility are still present. It is hypothesized that the re-population of 

decellularized natural vascular scaffolds, leads to improve functioning, performance and 

long-term applicability of vascular grafts. However, the immersion in antibiotics might 

impair the ability of the host cells to adhere to such natural scaffolds or even affect the 

viability of the vascular cells in areas with high antibiotics concentrations. An antibiotics 

loaded sheath, enwrapping the decellularized natural scaffold, provides the possibility to 

restrict the highest antibiotics concentration at the adventitial site of the graft, where the 

probability of a perioperative infection is the highest.      

The prospective electrospun polymeric sheath will be in direct contact with the adventitial 

layer of the vascular graft, which potentially will be re-populated with adventitial 

fibroblasts. In order to assess the cytotoxicity of the antibiotics loaded sheath, human skin 

fibroblasts were incubated with a sheath sample for 48 h. The duration of 48 h was selected, 

since most of the loaded antibiotics should have been released from the sheath, while 

differences in cell proliferation could be detected since at least one population doubling of 

the fibroblasts should be detectable.  
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Fibroblasts are mesenchymal cells that are responsible to deposit the ECM components such 

as collagen and elastic fibers in the connective tissue. This characteristic masks the 

considerable heterogeneity of fibroblasts found in different tissues [169].  

Foreskin fibroblasts are responsible for generating connective tissue. In addition, foreskin 

fibroblasts produce the protein molecules such as laminin and fibronectin which comprise 

the ECM. Therefore, it was expected to have the interaction the same as vascular fibroblast 

[170].  

In regard to HUVECs, there was an idea that antibiotics may affect on endothelial cells of 

the graft.  HUVECs were used as a laboratory model system to study aspects of endothelial 

function. Damour et al. demonstrated viability of human fibroblast when they were exposed 

for 48 h to vancomycin, colistin, amikacin, imipeneme, pefloxaxin, piperacillin. The 

concentrations of antibiotics corresponding to the plasma peak obtained after therapeutic 

application clinically were not cytotoxic to the tested cells in vitro [171]. The same result 

was obtained in this study by using different concentrations of vancomycin and gentamicin 

individually and combined on both human skin fibroblast and HUVECs. Furthermore, a 

similar trend could be seen in both groups. Number of viable (and metabolically active) cells 

was lower with the highest concentration of antibiotics and it was increasing with the 

decrease of antibiotic dose. An explanation for the reduced cell numbers in samples treated 

with higher antibiotic concentration can be found in a study by Kalghatgi et al., which 

reported that antibiotics caused intracellular oxidative and subsequent cellular damage. They 

found that the function of mitochondria in ciprofloxacin treated cells was impaired while 

also showing an abnormally short and unbranched morphology [172]. 
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Conclusions and Outlook 

In conclusion, the two major components of the hybrid vascular graft were assessed. The 

experiments identified important parameters, which need to be considered in future studies 

on the optimization of the approach. Different decellularisation techniques, detergents and 

enzymatic based methods, showed cell extraction and grossly conserved histoarchitectures, 

collagen, and elastin fibers. However, a significant decrease in GAG content was detected 

and also α-gal could not be removed from the treated samples. 

On the other hand, the reduction in detectable DNA content was greater in decellularisation 

that was treated with method 2 as compared to method 1. Therefore, the second method of 

decellularization was the main technique that was applied to analyze characterization of 

decellularised PTA and porcine femoral vein. Porcine femoral vein was assessed as primary 

results for future studies. Also, two different sterilization methods were effective to sterilize 

decellularised tissues. Furthermore, in vitro cytotoxicity assay demonstrated the 

decellularised PTA was not cytotoxic to L929 fibroblasts.  

This study showed that PCL: PEG fibres in situ electrospun form and soaked in antibiotics 

solution is a promising approach to be used as a drug delivery system. Development of local 

drug-delivery system based on this matrix is interesting since it has potential of improving 

the drug level in target tissues and decreasing of systemic side effects.  

The amount of antibiotics was optimized based on the effect of them on cells and bacteria. 

The antimicrobial assessment indicated that the polymeric scaffold soaked in an optimised 

antibiotics solution containing 5mg/ml vancomycin and 8mg/ml gentamicin could inhibit 

growth of bacteria in the first and second week.  

In the disk diffusion assay, the size of the inhibition zones was indicative of the degree of 

inhibition. The mean diameter of the inhibition zone was about 4.5 cm. 

The effect of antibiotics on HUVECs and foreskin fibroblast showed that the viability of 

cells was higher when lower antibiotic concentration has been applied and it adversely 
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decreased with increase of antibiotics. Although cells were attached on polymeric cage 

difficulty due to hydrophobic surface, however, it was not cytotoxic.  

There are several implications for future research in this area. First and foremost, the 

effective decellularization to remove alpha gal epitopes and in vivo experiments to compare 

the certain phenomena with obtained data in the scientific area.  The inflammatory reaction 

to any residual alpha gal in the tissue could be investigated by implantation of samples in 

alpha gal knockout animals. Then, an electrospun polymer design which has strong chemical 

bonding with antibiotics in a single blend to release a certain dose of drugs by diffusion or 

degradation in a controlled manner for long term without any antibiotic resistance. 
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kit 

Merck 1.15974 

EnVision Dual Link System-

HRP(DAB+) kit 

Dako K4065 
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Eosin Roth X883.2 

Ethanol, 99% Roth 5054.2 

Eukit mounting medium Fluka 03989 

Fetal bovine serum (FBS) Biochrom S0115 

Formic acid Sigma-Aldrich F0507 

Gentamycin sulfate Biochrom A271-25 

Giemsa stain Sigma-Aldrich GS500 

Glycerin Roth 7530.1 

Hydrochloric acid, 6N Roth 0281.1 

Hydrogen peroxide Roth 8070.2 

Muller hinton agar Sigma 70191-100G 

Negative control mouse IgM Dako X0942 

L-cysteine Aldrich 168149 

Magnesium chloride 

(MgCl2) 

Roth HNO3.3 

Masson’s Trichrome stain kit Sigma-Aldrich HT15-1KT 

Mayer’s hematoxylin Merck 1.09249.1000 

Negative control mouse IgG1 Dako X0931 

Neutral-buffered formalin, 

10% (NBF) 

Sigma HT501128 

Papain from papaya latex Sigma P3375 

Penicillin-streptomycin (P/S) Lonza DE17-602E 

Peracetic acid (PAA) Sigma Aldrich 269336 

Polymixin B sulfate Sigma P4932-5MU 

Ribonuclease (RNase) A Sigma R4875-100MG 

Roti-Mount FluorCare DAPI Roth HP20.1 

RPMI 1640 culture medium Merck FG1215 
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Sodium acetate Roth 6779.1 

Sodium chloride (NaCl) Roth 3957.1 

Sodium di-hydrogen 

phosphate 

Sigma S3039 

Sodium dodecyl sulfate 

(SDS) 

Roth 2326.2 

Sodium hydroxide Roth K021.1 

Soy-Casein culture medium Roth X938.1 

Steristrips 3M E4540 

Tryptic Soy broth Sigma 22092 

Trans-4-hydroxy-L-proline Sigma 56250 

Tris Roth 4855.2 

Trypsin, 0.25% without 

Calcium 

Biochrom L2123 

Tween 20 Sigma P9416 

Vancomycin hydrochloride 

hydrate 

Sigma Aldrich 861987-250MG 

Weigert’s iron hematoxylin Sigma-Aldrich HT 

Xylene Roth 9713.3 

Zinc acetate dihydrate Sigma-Aldrich Z0625 

Zinc chloride Sigma-Aldrich 208086 

 

Table 5. Consumables used during this project [85]. 

Item Brand Brand Catalog Number 

6 well cell culture plate Sarstedt 83.3920 

75 cm2 T-flask for cell 

culture 

Sarstedt 83.3911.002 

96-well plate, non sterile Sarstedt 82.1581 

96-well plate, non 

transparent 

Thermo Scientific 137101 

Bottle filter Sarstedt 83.1823.101 

Cover slip Thermo Scientific BB024060A1 
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Falcon tubes Sarstedt -- 

Filter-cap 50mL tubes Sigma 87050 

Histology cassettes Simport M491-6 

Microcentrifuge tubes Sarstedt -- 

Micropipette tips Sarstedt -- 

Scalpel No. 21 Feather 02.001.30.021 

Sterile disposable serological 

pipettes 

Sarstedt -- 

Sterile surgical tissue Mölnlycke Health Care 800330 

Superfrost microscope slides Thermo Scientific 10143352 

Superfrost Ultra Plus 

microscope slides 

Thermo Scientific 

J3800AMNZ 

J3800AMNZ 

Surgical gloves Mölnlycke Health Care 82285 
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