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Periferik sinir yaralanmalarında, 5 mm’den büyük hasarlarda cerrahi müdahale 

ile tedavi yetersiz kaldığı ve sinir dokusunun iyileĢme hızı göreceli olarak yavaĢ 

olduğu için oluĢan boĢluk inflamasyon hücrelerinden oluĢan yara dokusuyla 

kapanarak sinir hattında fonksiyon kaybına sebep olmaktadır. Dolayısıyla büyük 

hasarların tedavisi için bölgenin çevre dokudan izole edilmesi gerekmektedir. 

Bu amaçla, literatürde yaygın olarak çalıĢılan ve klinik uygulamalarda da tercih 

edilmeye baĢlanılan sinir kılavuz kanalı kullanımı öne çıkmaktadır. Biyouyumlu 

ve biyobozunum hızı düĢük olması gereken sinir kılavuz kanalları, 

oksijen/besin/atık alıĢveriĢine olanak sağlayacak ancak inflamasyon hücreleri 

giriĢine izin vermeyecek ölçüde yarıgeçirgen gözenekli yapıda olmalıdır. 

Dolayısıyla, seçilen malzemenin biyodegredasyon hızı ve degredasyon 

ürünlerinin toksisitesi ile üretim için tercih edilen yöntemin gözeneklilik kontrolü 

sağlaması oldukça önemlidir. Literatürde, polimerler kullanılarak düĢük maliyetli 

ve kolay üretilebilen sinir kılavuz kanalları üzerine yoğun çalıĢmalar 

yapılmaktadır. Metaller ise yüksek mekanik dayanım ve iletkenlik 

sağlayabilmelerine rağmen geleneksel yöntemlerle mikron seviyesinde 

gözeneklilikte üretilemediklerinden, tercih edilememektedir. Bu tezde, literatürde 
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yaygın olarak stent uygulamaları için çalıĢılmakta olup, ticari seviyede 

kullanılmak üzere FDA onayı almıĢ ve dolayısıyla biyolojik yeterliliği stent 

uygulaması için kanıtlanmıĢ bir magnezyum alaĢımına benzer kompozisyonda 

bir magnezyum bileĢiğinin sinir kılavuz kanalı uygulamaları için kullanılmak 

üzere geliĢtirilmesi çalıĢılmıĢtır. Magnezyum düĢük yoğunluğa, yüksek özgül 

dayanıma, elektrik iletkenliğine ve düĢük toksisiteye sahip, vücutta bolca 

bulunan ve insan metabolizmasını besleyici bir elementtir. Böylece geliĢtirilen 

sinir kılavuz kanalının, magnezyum temelli bir alaĢım-benzeri bileĢikten 

oluĢması sayesinde, fiziksel, kimyasal ve biyolojik olarak üstün performans 

göstermesi öngörülmüĢtür. Söz konusu metalik alaĢım-benzeri bileĢiğin 

üretiminde, geleneksel yaklaĢımlardan farklı olarak, proses kolaylığı ve üstün 

gözeneklilik kontrolü sağlayan elektroeğirme yöntemi seçilmiĢ ve söz konusu 

alaĢımın bileĢenlerinin nitratlı bileĢikleri ile polivinilpirolidon veya polivinilalkol 

çözelti ham maddesi olarak kullanılarak elektroeğirme gerçekleĢtirilmiĢtir. Bu 

süreçte, ham madde/çözücü konsantrasyonları, sıcaklık, vizkozite gibi çözelti 

parametreleri ile voltaj, uzaklık, besleme hızı gibi elektroeğirme parametreleri 

gözle muayene ve SEM görüntülemeleriyle optimize edilmiĢtir. Optimum 

parametreler ile elektroeğirilen numuneler daha sonra, asal gaz (argon) 

atmosferi altında gaz akıĢı-sıcaklık-süre kontrollü kalsinasyona tabi tutularak 

bileĢenlerinin istenilen alaĢım kompozisyonunda kristalleĢmesi ve alaĢım harici 

bileĢenlerin uzaklaĢtırılması sağlanmaya çalıĢılmıĢtır. Kalsinasyon sürecinde 

uygulanan, birden fazla sıcaklık ve süre kademesinden oluĢan ısıl iĢlem profili, 

elektroeğirilmiĢ numunelere yapılan termal analizler sonucunda baĢta camsı 

geçiĢ sıcaklığı, erime sıcaklığı, kristalizasyon sıcaklığı gibi olası faz 

dönüĢümlerinden kaynaklanan endotermik ve ekzotermik piklerin belirlenmesi 

ve bu piklere matematiksel reaksiyon kinetiği yaklaĢımı ile uygulanmasıyla 

tasarlanmıĢtır. Kalsinasyon süreci sonrası elde edilen nihai numunelerin 

kristalografik yapısı, elemental kompozisyonu, morfolojik özellikleri ve alaĢım 

harici bileĢenlerin uzaklaĢtırıldığı/uzaklaĢtırılamadığı sırasıyla XRD, EDX, SEM 

ve XPS ile tayin edilmiĢtir. Ayrıca elde edilen numunelerin absorplama/ĢiĢme 

kapasitesi, ıslatılabilirliği, geçirgenliği ve degredasyon hızı gibi fiziksel ve 

kimyasal özellikleri de gerçekleĢtirilen tezdeki karakterizasyon çalıĢmaları 

kapsamında gerçekleĢtirilmiĢtir. Tez çalıĢmalarının son basamağında, 

geliĢtirilen sinir kılavuz kanalı materyali adayının hücre-materyal etkileĢimi, fare 
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fibroblast hücre hattı ile MTT analizi, hemositometrik sayım ve çeĢitli 

boyama/görüntüleme teknikleri kullanılarak hücre canlılığı, yapıĢma, yayılma ve 

üreme kabiliyetleri bakımından incelenmiĢtir. Tamamlanan tez çalıĢmasından 

elde edilen fiziksel, kimyasal ve biyouyumluluk performans verileri, 

elektroeğirme yöntemiyle magnezyum temelli alaĢım benzeri bileĢikten oluĢan 

fibröz gözenekli yapıların sinir kılavuz kanalı uygulamalarında kullanılabilme 

potansiyeli olabileceğini göstermiĢtir. 

 

 

Anahtar Kelimeler: Magnezyum AlaĢımı, WE43, Elektroeğirme, Kalsinasyon, 

Sinir Kılavuz Kanalı, Biyouyumluluk. 
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Surgery is insufficient for peripheral nerve injuries larger than 5 mm. Function 

loss and scar formation occur as a result of slow healing rate and inflammation 

cells filling the damaged gap. Therefore, isolation of damaged area from 

surrounding tissue is crucial for treatment. For this purpose, NGCs have 

increasingly gained interest both in literature and clinic. Biocompatibility, slow 

biodegradation and semi-permeable structure that allow oxygen/nutrition/waste 

transfer and prohibits inflammation cells are the main requirements for NGCs. 

Therefore, biodegradation rate and degradation product toxicity of the material 

and a fabrication method that provides porosity control are crucial. In the 

literature, fabrication of NGCs with low cost and easy to use methods by using 

polymers is widely studied. On the other hand, even though metals can provide 

higher mechanical strength and electrical conductivity, they are not preferred for 

NGCs since it is not possible to obtain micro-scale porosity by conventional 

methods. In this thesis, development of a magnesium alloy-like compound with 

a similar composition of a magnesium alloy widely studied in the literature for 

stent applications and obtained FDA approval, for the use of NGC applications 

was studied. Magnesium is an abundant element found in human body, with 
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high nutritional value, low density, high specific strength, high electrical 

conductivity and low toxicity. Therefore, it was planned to achieve enhanced 

physical, chemical and biological performance by using magnesium based 

alloy-like compound for NGC. For the fabrication of the compound, instead of 

conventional approaches, electrospinning were selected due to its ease of use 

and porosity control capability, and the spinning was conducted with the nitrates 

of alloy components and polyvinylpyrrolidone or polyvinylalcohol used as raw 

materials of the solution. Solution parameters such as concentration, 

temperature and viscosity, and electrospinning parameters such as voltage, 

distance and feeding rate were optimized with naked-eye observations and 

SEM. Electrospun samples were then underwent a gas flow-temperature-time 

controlled calcination under argon atmosphere in order to crystallize the 

components into alloy-like compound and remove non-alloy components. The 

calcination profile containing multiple temperature and duration steps was 

designed according to the thermal analyses applied to electrospun samples 

where all possible endothermic and exothermic phase transformations such as 

glass transition temperature, melting temperature and crystallization 

temperature were measured and analyzed with mathematical reaction kinetics. 

The crystallographic structure, elemental composition and morphological 

properties of the calcinated samples as well as removal of non-alloy 

components were determined with XRD, EDX, SEM and XPS. Additionally, 

physical and chemical properties such as absorption/swelling capacity, 

wettability, permeability and degradation rate were obtained as a part of 

characterization studies. In the final stage of the thesis, the cell-material 

interaction of the developed NGC candidate material was examined with MTT 

assay, haemocytometric counting and several staining/imaging techniques in 

terms of cell viability, attachment, proliferation and growth using fibroblast cell 

line. The physical, chemical and biocompatibility data obtained in this thesis 

showed that the fibrous magnesium based alloy-like compound fabricated with 

electrospinning could be a potential candidate for NGC applications. 

 

 

Keywords: Magnesium Alloy, WE43, Electrospinning, Calcination, Nerve 

Guidance Conduit, Biocompatibility.  
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1. INTRODUCTION 

 

Full recovery and regaining of the functions after peripheral nerve injuries 

caused by accidents still remain as an important clinical problem to this day [1]. 

Every year, millions of people became partially disabled or bedridden because 

of peripheral nerve damages and only a small fraction of these injuries can be 

treated with surgical intervention [2]. Neurorrhaphy is one of the most used 

surgical interventions for these injuries and is simply a method of suturing the 

ruptured nerve endings together as long as the nerve gap is less than 5 mm. 

For the larger gaps, this method usually fails because of the strain on the 

sutures [3]. Therefore, several studies are being conducted every year for larger 

nerve gaps by enclosing the gap with a biocompatible conduit [4]. 

 

The main reason of enclosing the gap between the ruptured nerves is that the 

nerve healing is slower than the surrounding tissue growth. Since the nerve 

regeneration process depends on the communication between both nerve 

endings, a scar tissue formation or a surrounding tissue migration in the gap will 

prevent nerve cells to connect with each other and therefore cause nerve 

degeneration quickly. Therefore, in the recent years, nerve conduits are 

becoming more and more a “Golden Standard” for the treatment of peripheral 

nerve injuries [5]. 

 

There are certain aspects that required from a nerve conduit compiled 

according to the recent studies. The first important aspect is that the conduit 

should have a certain level of biocompatibility so that there is no inflammatory 

reaction harming the damaged nerve endings. Another most important 

requirement for a nerve conduit is semi-permeability. Several studies shows 

that the permeability of a nerve conduit should be so that it allows oxygen, 

nutrients and waste transfer while preventing inflammation cells entering to or 

healing components escaping from the wounded site [6, 7]. 

 

There are several types of materials and methods studied to meet these two 

important requirements for nerve conduits in the literature. However, a 
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significant portion of these studies utilized synthetic polymers with different 

porosity levels, obtained by using some complex fabrication methods [1]. 

Therefore, true biocompatibility obtained with feasible manufacturing are still 

remain challenging in the literature. 

 

In this thesis, it is aimed to propose an alternative biocompatible material to 

polymers and to investigate the suitability of this material to a wide known, 

feasible fabrication technique. The material considered to be the alternative is a 

magnesium based alloy called WE43. Magnesium is a lightweight, high 

strength, elastic, conductive, non-toxic element with density close to bone tissue 

and found as the 4th abundant element in the human body [8]. A lot of 

magnesium based alloys were studied extensively for biomedical applications 

and there are FDA approved and patented stents fabricated with magnesium 

based alloys [9, 10]. In this thesis, it is believed that a highly biocompatible and 

commercially approved alloy like this can be a suitable high performance 

candidate for a conduit application. However, a stent is usually fabricated from 

an extruded metal tube by using laser cutting and therefore not only require 

expensive high temperature and deformation processes but also not properly 

suitable in terms of porosity/pore size. As a result, in this thesis, an alternative 

but more easy and feasible fabrication technique is also investigated for 

applicability to the selected magnesium alloy. The investigated fabrication 

technique, electrospinning, is a widely utilized and studied fibrous network 

fabrication method that is usually only applicable to polymeric materials, since 

the method requires solution based precursors for fabrication. Fabrication of 

metallic alloy/alloy-like compounds by using electrospinning technique attract 

the attention of the researchers in the recent years. The approach is based on 

simply using the highly water soluble nitrates of the elemental components of 

the alloys for preparing the precursor solution required for electrospinning 

technique. Also, since the nitrate solutions have very low viscosity, the studies 

also utilized polymer addition to these precursor solutions in order to adjust the 

viscosity of the solution to a more spinnable level. The final step in preparing 

the alloy/alloy-like compound by using electrospinning is the calcination/heat 

treatment applied after electrospinning in which the polymer used to adjust 

viscosity is pyrolized away and the remaining nitrates are calcinated into the 
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alloy-like compound in form of a fibrous network. In the literature, binary 

compounds such as alumina borate [11], titanium dioxide [12], silicate [13], 

cobalt oxide [14], nickel oxide [15], copper oxide [16], niobium oxide [17], 

vanadium pentoxide [18] and zinc oxide [19] fibers were successfully prepared 

with electrospinning technique. However, in this thesis, an alloy-like compound 

mimicking highly biocompatible and commercially approved WE43 magnesium 

alloy which contains four components were investigated in terms of suitability 

for prepared by electrospinning technique as well as biocompatibility. Therefore, 

it is aimed to create an alternative material with desired fibrous network using a 

low cost, easy to use fabrication method that provides extensive porosity/pore 

size control. This thesis study report the optimization of the precursor solution 

as well as electrospinning parameters, calculation and optimization of the 

calcination process applied following the electrospinning fibrous mat production 

and finally investigation of physical and chemical properties as well as 

biocompatibility performance, in the following sections. Detailed methods, 

calculations, results and extensive discussions are provided. 

 

This thesis study and the PhD candidate were fully supported by The Scientific 

and Technological Research Council of Turkey (TÜBĠTAK) through 1001-

Scientific and Technological Research Projects Funding Program (Project No: 

117M177). 
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2. LITERATURE SURVEY 

 

2.1. Peripheral Nerve Injuries 

Peripheral nervous system is the bridge between the central nervous system 

and the limbs/organs of the mammals. It consists of nerves and ganglia that 

provide neural communication. This neural communication is essential for the 

bodily functions [20]. Physical injuries due to the accidents sometimes severe 

these connections of nerves, leaving a gap between proximal and distal stumps. 

The nerves have the capability to regenerate from the proximal stump however 

it is a very slow process in order of several months [5]. Peripheral nerve 

regeneration mechanism consists of four main stage; namely, a protein-rich 

fluid phase containing neurotrophic factors, formation of fibrin-rich matrix phase, 

cellular phase in which perineural, endothelial and Schwann cells migrate, and 

axonal phase in which the axonal cables elongate (Figure 2.1) [21]. 

 

 

Figure 2.1. Peripheral nerve regeneration mechanism [22] 

 

Depending on the degree of injury and the nature of these regeneration steps, 

the rate of axon growth can range from 1-5 mm/day up to 2 mm/month [23]. 
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However, the surrounding tissue in the injury site can form a scar tissue faster 

than the rate of nerve regeneration which fills the gap between proximal and 

distal stumps with inflammation cells, severing the connection permanently and 

leaving the distal nerve line nonfunctional [24]. Additionally, Wallerian 

degeneration starts in the distal stump of the injured nerve within hours, 

preventing the regeneration of axon and/or myelin sheath. In order to minimize 

the Wallerian degeneration, four critical factors must be present in the injury 

site; the Schwann cells, the neurotrophic factors, the basal lamina which is the 

ECM of nerve cells, and the distal stump which found to provide neurotrophic 

factors for axon regeneration [25]. Therefore, if this scar formation between 

nerve endings and the resulting Wallerian degeneration can be prevented, the 

peripheral nerves can regenerate and neurofunctions can be restored by the 

help of physiotherapy. 

 

2.1.1. Current Medical Approach 

Treatment of peripheral nerve injuries are still a clinical problem in terms of full 

healing and functional recovery. Every year, millions of people become partially 

handicapped and/or bedridden because of the peripheral nerve injuries, and 

only a minority of them can be treated with surgical approaches such as 

neurolysis, neurorrhaphy or nerve graft [26, 27]. Neurolysis is the removal of 

scar tissue from the injury site which blocks the nerve tissue that is otherwise 

regenerates itself. However, this type of surgery only works on the nerve 

injuries small enough to heal on their own. Neurorrhaphy is a type of surgical 

intervention in which both of the nerve stumps of the injured nerve are sutured 

by the myelin sheath. The critical size for this surgical operation is around less 

than 5 mm nerve gaps, therefore it cannot be used for the repair of larger 

injuries, as it causes tension on the suture line, resulting poor healing of the 

injury [28]. Relatively larger nerve gaps can be repaired surgically with nerve 

grafts. Nerve grafts can be autograft, allograft or xenograft [29–31]. Autografts 

are donations of tissue from another part of patient’s own body. There are 

several commonly used donation sites in the body for nerve grafting such as 

sural nerve in the back of the legs or medial antebrachial cutaneous nerve in 

inner upper arms, depending on the size of graft needed. However autografting 

approach causes a secondary surgery site on the patient’s body, resulting a 
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scar, numbness/tingling sensation and/or loss of motor functionality [32–34]. In 

allograft tissue donations, nerve graft is taken from the body of another healthy 

person and implanted to the injury site. However, in this approach, in addition to 

the problems encountered in autografting, issues such as operation on a 

healthy person, scar formation, loss of functionality and/or sensation, tissue 

rejection via immune response due to the lack of tissue compatibility between 

the donor and the recipient as well as a life-time treatment with 

immunosuppressive drugs for the patient are also serious concerns [35, 36]. 

Xenograft tissue donations, on the other hand, solve donor site problems, since 

the donation is taken from a genetically compatible animal, bred commercially 

for this sole purpose. However this time, the disease transmission is a serious 

concern in this type of grafting along with the possibility of tissue rejection even 

though the animal is genetically compatible and immunosuppressive treatment 

is applied to prevent rejection. At last but not least, xenografting also raises 

international ethical debates on utilizing animals for human treatment without 

their consent [1]. 

 

All of these surgical interventions, whether direct procedural repair or a type of 

grafting, have a variable recovery rate and follow-up pain level, and none of 

them provides complete solution to the injury every time. For instance, a two 

year study conducted with eight neurolysis patients based on Likert scale 

resulted in only 25% complete recovery (Likert 1) and 12.5% almost complete 

recovery (Likert 2), both of which were deemed successful, and an average of 

mild to moderate pain were found according to NRS and BSI [37]. Another 

study conducted for seven years with 37 patients showed an average effective 

motor recovery rate between 43-54% according to MRC grading [38]. Another 

clinical study with ten patients showed no evidence of motor recovery after 

neurorrhaphy, leading the surgeons to abandon the technique in the hospital 

which the study conducted [39]. Grafting was also found to be ineffective in 

most cases, as indicated in several studies such as a 6 year study with 6 

autograft patients showing only 33% full recovery [40], a study conducted 

between 1975-1994 with 242 autograft repairs showing 30% good, 28% fair and 

42% failed results [41] or a 17 patient allograft repair study with 39% success 

rate according to Taras outcome criteria [42]. Therefore, even though new 
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surgical techniques or advanced surgery equipment are still being developed 

constantly, surgeons and medical scientist all around the world are looking for 

alternative solutions that yield better efficiency with less or no post-op 

complications. 

 

2.2. Nerve Guidance Conduits 

In order to overcome the issues encountered in surgical interventions, a novel 

approach called nerve guidance conduits (or channels), in which the injured 

nerve stumps and the gap between them are enclosed in an artificial conduit (or 

channel) to prevent scar tissue blockage resulting a Wallerian degeneration 

[43]. 

 

NGCs are artificially fabricated tubular structures that cover the injured nerve 

gap in order to protect the healing process from the surrounding as well as 

contain the inner mechanisms at injury site. Several physical, chemical and 

biological properties have been proposed for NGCs requirements which can be 

summarized as follows [29, 41, 44–51]: 

 

(1) The material used for fabrication of NGC must be biocompatible, show no 

cytotoxicity and trigger no inflammatory reaction at implant and 

surrounding sites. 

 

(2) The NGC must have mechanical properties such that it must be flexible 

enough to prevent compression of regenerating nerves, but rigid enough 

to resist mechanical forces from the surrounding. 

 

(3) The NGC must be durable enough for surgical handling so that it must 

retain sutures and prevent tearing. 

 

(4) The NGC structure must be semi-permeable, allowing oxygen and 

nutrients into the healing site while preventing inflammatory cell or scar 

tissue ingrowth as well as growth and/or neurotrophic factor exudation. 

 

Biocompatibility, as with all artificially fabricated biomedical materials and 
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devices, is important in developing NGCs. Biocompatibility is a general term for 

the ability of a material or a device to perform without any adverse biological 

reaction from the implanted location [52]. It depends on the physical, chemical 

and biological properties of the material, in which topographical structure as well 

as the functionality of the contact points play the main role [53]. The cells can 

attach to a surface from multiple points through biological functionality of their 

cell walls; therefore, any surface with high area and multiple functional reactive 

species can perform adequately in terms of biocompatibility [54]. However, 

topography and functionality are not the only properties affecting the 

biocompatibility, since the toxicity of the material used is also important which 

triggers immune response of the body, resulting the breakdown or isolation of 

the material and disconnecting the material from the cells [55]. Since the 

mammalian cells are anchorage dependent, they require a substrate, or more 

commonly known as scaffold, to attach before they can grow, multiply or show 

cellular activity [56]. NGCs act as a scaffold for the regenerating nerve cells; 

therefore, biocompatibility is the first requirement for developing such materials. 

Materials used in nerve tissue scaffolds, or in this case, nerve guidance 

conduits should meet the biocompatibility criteria before they even be 

considered a usable candidate. 

 

Apart from the physical and/or functional support, NGCs should also have 

adequate mechanical support in order to sustain regeneration process. 

Peripheral nervous system is different from other tissues such as muscle or 

skin, in terms of the forces affecting. Since nerve cells are highly sensitive to 

strain forces [57], peripheral nerve system is positioned biologically to avoid 

such forces. However, nerves are still surrounded by several different types of 

tissues; therefore, compressive forces are an important issue [58]. The main 

purpose of a NGC is to protect the healing site from external factors, one of 

which is the compressive forces caused by the surrounding tissues. Since the 

NGCs are fabricated in tubular form, these compressive forces exerted can be 

counteracted with radial support. Therefore, NGCs should have adequate radial 

rigidity to prevent the regenerating nerve cells from being crushed [59]. On the 

other hand, this rigidity is restricted by the need of a certain level of flexibility in 

order to endure the suturing process during the surgical implantation of the 
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NGC. The NGCs are fixated to the injured nerve gaps from the endpoints by 

suturing myelin sheath to the NGC. Therefore, a certain flexibility of the material 

is required for both during and after the suturing [60]. 

 

The most important property for an NGC, however, is the requirement of a 

semi-permeable porous structure. One of the most significant reasons for nerve 

regeneration failure is the blockage of the nerve gap by the infiltrated 

inflammatory cells. This blockage severs the connection between proximal and 

distal stumps, bringing the regeneration potential to a halt, due to lack of signal 

communication [24]. Therefore, it is crucial to prevent this blockage as soon as 

possible after the injury. It is also important to keep valuable growth and/or 

neurotrophic factors secreted to the injury site inside the healing zone, once the 

regeneration starts to take effect. As a result, NGCs should act as a two-way 

barrier to prevent inflammatory cells and healing factors from passing to the 

opposite side. However, no matter how effective it will be to stop inflammation 

cells entering the injury site or healing factors escaping, a complete 

impermeable channel will be impractical as it is also required to sustain 

oxygenation and nourishing of the nerves during regeneration [44]. Therefore 

NGCs should have a certain level of porosity to be able to act as a semi-

permeable barrier. Several studies reported that pores smaller than 5 µm inhibit 

cell proliferation where pores larger than 30 µm fail to prevent migration of 

inflammation cells. Therefore, the suggested pore size for an optimum barrier 

capability, is between 5 and 30 µm, in which 10 to 20 µm pore size distribution 

is generally preferred [29]. 

 

Last but not least, the following aspects are also important for NGCs, and have 

been proposed by many studies for enhancing the nerve regenerative 

performance of the candidate material developed and the resulting quality of life 

[3, 29, 41, 45, 46, 49–51]: 

 

(1) The material used in NGC can be biodegradable for a better post-healing 

physiology. Even though, the biodegradability may not be crucial as long 

as the material is biocompatible with the surrounding tissue [61], if 

present, the structure must maintain its mechanical support, especially the 
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radial support, during the regeneration to prevent premature failure of 

barrier properties. Additionally, the degradation products must also be 

biocompatible, and show no local and/or systemic toxicity. 

 

(2) The alignment of the inner structure of NGCs may also be build such that 

it can direct axonal growth along the tube. It has been proposed by many 

researchers that preventing misdirection and guiding the nerve growth with 

physically aligned structures within the tubular channel could increase the 

healing efficiency as well as the resulting functionality gain [62]. 

 

(3) The NGC should also withstand further handling such as sterilization, 

transportation, storage or other surgical processes [63]. 

 

2.2.1. NGC Materials 

Materials used in biomedical applications are generally classified by the origin 

of commercial derivation. Mostly utilized type of materials for nerve tissue 

engineering can be divided as natural or synthetic according to which source 

they are obtained. 

 

2.2.1.1. Natural Materials 

Natural materials have the advantage of containing adhesion sites and naturally 

occurring cell binding molecules, since they are directly derived commercially 

from animals, plants or microorganisms. Therefore, they provide enhanced 

biocompatibility properties in terms of topography and biofunctionality. However, 

they have also several disadvantages that needed to be addressed such as 

poor mechanical properties, possibility of impurities or diseases and lack of 

consistency in raw product quality/properties due to different in vivo sources 

[64]. 

 

Collagen is one of the most commonly used natural materials for not only nerve 

tissue engineering but also all kinds of tissue engineering applications. 

Because, it is the most abundant protein present in mammals and can also be 

found in peripheral nerve system [65]. There are at least 28 different types of 
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collagen identified in the literature, of which Type I is the majority of collagen 

found in human body. The key advantage of collagen is the several binding 

domains occurred naturally on the surface which provides multiple anchorage 

points for cells to attach and proliferate. Therefore, it offers topographical 

guiding to nerve cells in axonal regeneration process [65, 66]. There are several 

FDA approved nerve conduits commercially available, such as NeuraGen®, 

Neuroflex™, NeuroMatrix™, NeuroWrap™ and NeuroMend™ that is based on 

Type I collagen [22, 67]. Several clinical as well as research studies reported 

that collagen can be used for NGC material, however high cost and poor 

mechanical properties such as high stiffness and low flexibility are still a 

concern [68]. 

 

Fibrin is another biodegradable protein found in mammals and plays a crucial 

role in blood clotting mechanism [69, 70]. It has been suggested for the use in 

nerve damage repair, and several studies showed that it is possible to promote 

nerve regeneration and motor functional recovery for injuries less than 20 mm 

[71–73]. 

 

Other natural materials such as chitosan, gelatin, fibronectin, silk fibroin, keratin 

and hyaluronic acid are also widely studied for NGCs [74–79]. As with the most 

natural materials, they provide controllable biodegradability and enhanced 

biocompatibility, making them possible candidates for neural regeneration 

applications. However, difficulties in processability and lack of sufficient 

mechanical support as well as fast enzymatic degradation are primary concerns 

and need further tuning in order to obtain viable NGCs for commercial usage 

[80, 81]. 

 

2.2.1.2. Synthetic Materials 

Synthetic materials have a completely different set of advantages over natural 

materials. They have high consistency in quality and reproducibility at industrial 

scale as well as abundancy in adjustability of the properties. However, they lack 

the biofunctionality that comes with natural materials, but especially good 

mechanical properties and resistance to enzymatic degradation make them 

attractive for tissue engineering applications nevertheless [82, 83]. 
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PGA is one of the widely used synthetic polymers for NGCs with excellent 

mechanical properties such as high Young’s modulus, and is the first synthetic 

NGC approved by FDA in 1999 under the commercial name, Neurotube® [22, 

84]. It also became the gold standard amongst the surgeons when it comes to 

using synthetic NGCs up to 20 mm nerve gaps due to its length, low cost and 

widely available clinical studies, and is proven to be a viable candidate for 

neural regeneration, despite its synthetic nature [24]. However, its low solubility 

in organic solvents, high degradation rate and acidic degradation products that 

may cause tissue necrosis limit its application in nerve repair [85]. 

 

PCL is also one of the few synthetic materials approved by FDA for the use in 

NGCs. It is a cheap, easy to fabricate, highly soluble and biodegradable 

polyester that has good mechanical properties and non-toxic, non-inflammatory 

degradation products. Poly-D,L-lactide-co-ε-carprolactone NGC with a 

commercial name Neurolac® obtained FDA approval in 2005, and is the first 

and only transparent NGC commercially available that provides visual aid to 

surgeons during implantation [22]. It was proved to have a regeneration 

capability comparable to autografts as well as efficiency comparable to be the 

gold standard for nerve gaps up to 20 mm [86]. However, high rigidity and low 

flexibility remain as the major setback for handling of Neurolac® NGC during 

and after surgery, resulting in poor statistical performance for nerve injury 

repairs [87–89]. 

 

PVA is the only non-degradable synthetic polymer that achieved FDA approval 

under commercial names, SaluTunnel™ and Salubridge™. They are both 

hydrophilic hydrogels with same composition and structure with the only 

difference being the longitudinal opening present in SaluTunnel™ that provides 

easier surgical implantation. Both have sufficient flexibility due to the 

combination of water with similar ratio of human tissue and PVA. However, its 

non-degradable nature was found to cause issues such as tension and 

compression of the regenerated nerves at suture lines [22, 90]. 

 

There are other synthetic materials demonstrated to be promising for NGC 

applications and waiting for FDA approval for clinical practice such as PHB [91], 
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a long-term biodegradable polyester with good biocompatibility, widely used in 

sutures and wound dressings, or POSS, an organosilicon compound, found to 

be non-immunogenic when combined with polymers such as PCU or PCL [68, 

92]. Synthetic polymers such as PLA, PLLA, PLGA and PU are still being in 

research phase with promising results, however further extensive in vitro and in 

vivo pre-clinical studies are necessary in order to pursuit clinical approval [93, 

94]. 

 

2.2.2. NGC Fabrication 

There are several different techniques that can be utilized for fabrication of 

NGCs; however, all of them have one crucial aspect in common which is to 

obtain the porosity level desired for ideal NGC. Therefore, any technique that is 

considered to be suitable for NGC fabrication should be based on fabrication of 

a porous structure, in general. Porogen leaching, freeze drying, phase 

separation, rapid prototyping and electrospinning are some of the pore-

generating fabrication techniques that are commonly utilized for fabrication of 

NGCs [5]. 

 

Porogen leaching technique basically consists of combining a polymer solution 

with a secondary porogen component such as inorganic NaCl salt or another 

polymer with a solvent different from the main polymer. By this way, when the 

blended solution is cured, the porogen component can be removed from the 

bulk by dipping the structure in a selective solvent capable of dissolving the 

porogen but not the main polymer. The resulting structure will be the main 

polymer with porous structure where the pore size depends on the size of the 

secondary porogen component blended [95]. This technique has been widely 

used for fabrication of NGCs with the possibility of pore size range of 10 to 300 

µm [96]. However, pore interconnectivity was found to be problematic in this 

technique, but it is possible to overcome this issue by increasing the porosity 

level more than 80% with tunable pore morphology where studies showed that 

pore morphology and porosity level depend on the morphology and weight 

fraction of salt crystals used, respectively. Additionally, preventing fibroblast 

infiltration can be achieved by increasing the thickness of NGC wall for 

structures with pore sizes larger than the suggested range [44]. On the other 
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hand, using low-cost polymers as porogen provides tailored pore size 

depending on the blend composition and process parameters, but 

interconnectivity became the main challenge at the expense of enhanced 

mechanical properties [97]. Therefore, further efforts have to be made to 

optimize the balance between the enhanced mechanical properties and the 

tailored porosity [98]. 

 

Freeze drying is another porous bulk preparation technique in which a 

secondary porogen is not needed as opposed to leaching technique. Instead, 

the aqueous content of the polymer solution prepared act as a porogen when 

the structure is dried under vacuum at temperatures lower than the triple point 

of water. As a result, the water content of the polymer solution will freeze like a 

porogen particle and then sublimate, leaving interconnected pores behind [99]. 

Natural polymers are the most suitable polymer type for freeze-dried porous 

NGCs, since they have good water solubility [100]. One of the most interesting 

achievements of this technique is that, it is possible to obtain oriented pores 

with an approach called “unidirectional freezing” by using liquid nitrogen [101] or 

specialized freezing setup [102]. Briefly, before the freeze drying is applied to 

remove the water, the scaffold is subjected to a pre-freezing step in which 

cooling applied starting from one end, instead of applying to the whole sample. 

Therefore by this way, the water content forms dendritic ice instead of spherical, 

and the resulting pores after freeze drying will be in spindle-like shape with an 

orientation depending on the pre-freezing direction [103]. 

 

Phase separation technique is a relatively new technique that is being explored 

for NGC fabrication in recent years. The technique is based on the separation of 

a homogeneous solution into the polymer and the solvent where the solvent is 

later removed and left pores behind [5]. The separation can be induced 

thermally or by another solvent that the polymer is insoluble. In thermal route, 

the polymer solution is prepared at temperatures higher than the critical 

temperature and then cooled below it at high speeds. This triggers the 

separation of the polymer and the solvent. On the other hand, the polymer 

prepared with a specific solvent can also precipitate when it is cast into another 

solvent that it is insoluble in, and therefore is separated from its solvent. The 
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residual solvent is then removed from the phase separated biphasic polymer 

structure by immersing in a washing solution which dissolves the solvent but not 

the polymer [104]. Phase separation technique is particularly utilized for NGC 

fabrication to develop multi-sized porosity along the cross-section of the conduit 

wall to obtain asymmetrical permeability [93]. The technique can also be 

combined with other techniques such as wet spinning [105] or injection molding 

[106] to obtain hollow or multi-channeled conduits that can guide the orientation 

of regenerating axons, therefore improve the success of healing process. 

 

Rapid prototyping is a set of emerging fabrication techniques that can be used 

to fabricate complex shaped scaffolds with precision in a controllable fashion 

that is otherwise not possible with conventional methods. It is possible to 

fabricate a computer-generated 3D model of a scaffold that is designed to meet 

any structural requirement needed with top-down or bottom-up approaches. In 

these techniques, the data of the 3D model to be fabricated is separated into 

cross-sectional slices which are then constructed layer by layer on top of each 

other with specialized equipment to build the bulk structure [107]. Several 

biocompatible and biodegradable polymers are suitable already to be used in 

rapid prototyping, and new polymers are added to the list as the techniques 

advance [108]. Since the techniques utilize layer by layer fabrication approach, 

complex shapes with any desired pore size and shape, interconnectivity, 

porosity degree up to 90%, alignment and homogeneous/heterogeneous pore 

distribution, are theoretically not an issue, as long as the resolution of the rapid 

prototyping instrument allows [109]. Natural and synthetic polymers such as 

PLA, PCL, PGA, PLGA, PU, collagen or even live cells such as genetically 

modified human embryonic kidney cells that produce nerve growth factor 

(hNGF-EcR-293) were already adapted for fabrication NGCs with rapid 

prototyping techniques [110–112]. Additive manufacturing (bottom-up) 

techniques that use polymer solution or melt such as ink-jet micro-dispersing, 

FDM and DLDM were recently studied and found to be applicable rapid 

prototyping techniques for NGC fabrication [110, 112]. Rapid prototyping 

techniques and used materials are still in early research phase for fabrication of 

viable NGCs; and therefore, more biological assessments are needed, however 

given the remarkable versatility in achieving so many different options, the 
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techniques will expected to become one of the most preferred NGC fabrication 

technique in the future [5]. 

 

Electrospinning is probably the most studied NGC fabrication technique that 

allows development of scaffolds or conduits consisting aligned or non-woven 

fibers with controllable fiber diameter and pore size [113]. The technique briefly 

utilizes electrical field to eject a solution from a nozzle onto a grounded 

collector. Depending on the design of the nozzle and the collector as well as the 

voltage of applied electric field, the rate of solution feeder and the distance 

between the nozzle and the collector, it is possible to obtain a vast number of 

diversity in fiber size, shape, structure and/or orientation [64]. However in 

general, NGCs fabricated via electrospinning utilize either stationary collectors 

in which the fabricated scaffold is wrapped into a conduit and sutured/glued 

longitudinally or rotating collectors in order to obtain channeled shape directly 

[34, 114–116]. Since in this study, electrospinning was chosen as the primary 

fabrication approach, a more detailed introductory survey was given in the 

following section with state of the art studies. 

 

2.3. Electrospinning 

The origins of electrospinning technique went back to 16th century where 

William Gilbert was first observed an electrostatically charged amber that 

ejected small droplets which was the first known electrospraying in the history 

[117]. By the end of 18th century, it was found that with suitable experimental 

setup and enough voltage, fibers could be obtained from viscous liquids, and 

eventually the technique was patented in early 19th century [118]. In 1960s, 

Geoffrey Ingram Taylor described the behavior of liquids under the influence of 

electrostatic forces which form a cone shaped droplet, later called Taylor cone, 

that the liquid is ejected in form of fiber [119]. The term electrospinning became 

popular in 1990s when the number of research conducted on the technique was 

significantly increased [120]. Today, electrospinning is one of the most widely 

utilized fiber fabrication techniques, especially of polymers, for applications such 

as filtration, wound dressing, drug delivery and tissue engineering [64]. 
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2.3.1. Instrumental Setups 

Electrospinning technique is based on the electrostatic forces applied by a high 

voltage generator overcoming the surface tension of a liquid. The instrumental 

setup basically consists of three main parts; a conductive nozzle or spinneret, a 

grounded collector and a DC high voltage electrical field generator between 

two. When a liquid solution fed through the nozzle tip is subjected to high 

voltage electric field, it becomes charged and a stretched droplet called Taylor 

cone is formed. At a critical point, the electrostatic forces affecting the solution 

overpower the surface tension of the droplet and a stream of liquid is ejected. 

As the jet travels through the gap between the nozzle and the collector, 

unstable whipping occurs because of the charges migrating to surface of the 

fiber jet, and causes evaporation of the solvent before solid fibers are deposited 

on collector [64]. As long as suitable conditions are met, aligned or non-woven 

continuous bead-free fibers with diameters ranging from nanometer (1-500 nm) 

to micrometer (1-200 µm) can easily be achieved with electrospinning [121]. 

 

The instrumental setup can be classified according to several different criteria; 

however, the most basic classification can be made based on the layout of the 

nozzle and the collector which can be either horizontal or vertical (Figure 

2.2.a,b) [64]. 

 

More sophisticated instrumental layouts can be set with multiple solution 

feeding nozzles and oscillating/rotating collectors. For instance, an oscillating 

collector with dual solution nozzle can lead multilayered or mixed collection of 

different types of fibers on single pass (Figure 2.2.c). This type of setup can be 

useful for combining multiple types of materials with different properties in one 

structure to obtain advanced hybrid/composite materials [122]. Electrospinning 

on stationary or oscillating collectors generally yields non-woven or non-aligned 

fibers. On the other hand, some applications such as nerve tissue engineering 

require fiber alignment to guide cells to a specific direction [123]. Therefore, a 

rotating mandrel is usually utilized as a collector to guide fiber jet to a certain 

direction (Figure 2.2.d). This rotating mandrel can also oscillate under a dual 

spinneret system, in order to obtain not only multilayered/mixed but also aligned 

fibers (Figure 2.2.e) for applications require more complex structures [124]. 
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Figure 2.2. Electrospinning with different layouts; (a) horizontal, (b) vertical, 

(c) dual spinning system with oscillating collector, (d) single 

electrospinning on rotating mandrel, (e) dual spinning system with 

oscillating and rotating mandrel. 

 

Figure 2.3 Coaxial electrospinning setup and the resulting core-shell fiber. 

 

The nozzle from where the liquid solution is fed can be a syringe or a pipette tip 

or a specially manufactured spinneret as long as it allows conductivity needed 
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to create high voltage electric field between the nozzle and the collector. Single 

orifice nozzles usually lead to continuous fibers of a single material to be 

fabricated; however, it is also possible to obtain coaxially aligned or core-shell 

fibers with multiple materials using a specially designed coaxial nozzle (Figure 

2.3). In this type of instrumental setup, two different immiscible solutions are fed 

through the coaxial nozzle at the same time, and the applied voltage stretches 

both solutions coaxially, resulting a distinctive core-shell separation. Depending 

on the solution properties of two solutions such as viscosity and conductivity, 

different core and shell thicknesses can be obtained [125]. 

 

2.3.2. Process Parameters 

Instrumental setup is an important aspect in obtaining different fiber structures; 

however, the properties of the fibers collected with different setups depend on 

the parameters affecting the electrospinning process. These parameters are 

divided into two main categories of which the solution parameters are divided 

further into viscosity and conductivity, and the spinning parameters are divided 

further into magnitude of the electric field applied, nozzle-collector distance and 

solution feeding rate. Each affects the resulting fiber size, shape as well as 

continuity [64]. 

 

2.3.2.1. Solution Parameters 

Viscosity of a solution depends on several factors such as concentration or 

molecular weight, and is a crucial solution parameter for not only obtaining 

fibers, but also obtaining continuity in fibers. For instance, concentration of a 

polymer in a solution must be optimal so that the solution has a viscosity level 

just enough to be able to be stretched under electrostatic forces applied. 

Because if the concentration is lower than the minimum value required, the 

electric field will be too powerful and the solution viscosity will not be high 

enough to resist stretching, and therefore, electrospraying will occur instead. On 

the contrary, if the concentration is higher than the optimum range, the 

stretching resistance of the solution, or in other words viscosity of the solution, 

will be too high for the electric field to stretch the liquid, and as a result, no fiber 

formation will be obtained. However, as long as the viscosity is in the optimum 
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range for spinnability, the fiber diameter depends on the concentration 

proportionally [126]. Multiple studies in the literature showed that the low solvent 

content in solutions with high concentration dry faster, leading to thicker fibers, 

and solutions with higher solvent content remain viscoelastic longer before 

complete drying and therefore, subjected to thinning of fibers more [127–129]. 

Molecular weight of a polymer also behaves similar to the concentration when it 

comes to affecting the rheological properties of a solution. Because, molecular 

weight affects entanglements and Van der Waals interactions of monomer 

chains, the repeated subunits of the polymer. Therefore, as the molecular 

weight increases, the level of entanglement and/or the interaction forces 

between the chains increases [130, 131]. This result in reduction of chain 

mobility which in turn, increases the viscosity of the polymer solution. Therefore, 

molecular weight of the polymer used in electrospinning solution should also be 

at an optimal range in order to obtain favorable viscosity for a successful 

electrospinning. However, it should be noted that the optimum molecular weight 

range highly depends on the polymer type since different polymers have 

different intra-chain interactions [132, 133]. For instance, synthetic polymers 

such as PVA or PVP can be electrospun even at molecular weights as high as 

~1.3 x 106 [134, 135], whereas natural polymers such as chitosan require very 

low molecular weights for even being considered as spinnable [136]. 

 

Conductivity of the solution is another important solution parameter which 

depends on the polymer and the solvent used as well as the resulting ion 

content. As the conductivity increases, the charge carrying capacity of the 

solution increases and as a result, it becomes more influenced by the electrical 

field applied and subjected to more stretching. This leads to thinner fiber 

diameter since conductivity increases jet instability and solvent evaporation [64]. 

Baumgarten suggested a relation between fiber diameter and conductivity 

where the fiber diameter is inversely proportional to cube root of solution 

conductivity [137]. Conductivity, similar to other solution parameters, should be 

at an optimum range since low conductivity will result in insufficient elongation 

and bead formation whereas high conductivity causes severe jet instability and 

varied fiber diameter distribution [138, 139]. Apart from the type of polymer and 

solvent used as well as their concentrations in the solution, addition of salts 
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such as NaCl can increase charge carrying ion concentration and provide 

adjustable conductivity for a solution that has low or no conductivity as 

Beachley and Wen showed [128]. 

 

2.3.2.2. Spinning Parameters 

Spinning parameters are mostly related to the capacity of the electrospinning 

instrument. The magnitude of the electric field applied, the distance between the 

nozzle and the collector, and solution feeding rate are three major spinning 

parameters that affect the final fiber size and morphology. 

 

The electric field voltage applied is generally in the range of kV and should be 

strong enough to overcome the surface tension of the spinning solution. 

However, the effect of voltage on the fiber diameter is debated amongst the 

researchers since there are studies that showed the level of electric field has no 

significant effect on fiber diameter [132] whereas there are authors reported that 

as the voltage increases, the fiber diameter increases due to the increase in the 

amount of solution ejected [140] or decreases due to the increase in stretching, 

jet instability and solvent evaporation [141]. The effect of voltage on bead 

formation is also disputed, and contrary studies exist, some of which argue that 

high voltage causes beads because more solution is ejected while others 

support the opposite because low voltage fails to stretch the solution enough to 

form fine fibers [130, 142]. 

 

On the other hand, the gap between the nozzle and the collector affects the 

fiber diameter in inverse proportion. As the distance increases, the polymer jet 

is subjected to longer stretching, evaporation time and jet instability all of which 

result in deposition of finer and thinner fiber on the collector [141]. However, an 

optimal distance range is required since short distances can cause bead 

formation due to lack of evaporation, and unfavorably long distances can 

weaken the electrostatic forces that fail to eject the solution from nozzle tip 

[143]. Nevertheless, the optimal distance range depends on the polymer type 

and solution properties [144, 145]. 

 

Solution feeding in electrospinning process is not a mandatory feature but may 
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be favorable in some cases, depending on the instrumental setup. For instance, 

in vertical electrospinning layouts, it is possible to have feeding from a nozzle 

on top to a bottom collector or from a nozzle at the bottom to a collector on top. 

Therefore depending on this layout, the solution is fed against or in direction to 

the gravitational force. As a result, an additional feeder component such as a 

syringe pump may be required to assist the feeding [64]. Also, highly viscous 

solutions or solutions with short span of curing may require additional feeding to 

maintain liquid Taylor cone. However, if the solution is already viscous and 

conductive enough to be electrospun, high feeding rate can cause bead 

formation due to lack of solvent evaporation [143, 146]. Therefore, feeding rate 

slow enough to allow sufficient evaporation is desired for finer and thinner fibers 

[147]. 

 

2.3.3. Materials Used 

Electrospinning gained wide attention in the past few decades, because it is the 

most versatile, low-cost, easy to use fiber fabrication technique in which a vast 

number of materials, mostly polymers, can be utilized in different structures and 

properties [64]. More than 200 electrospun synthetic and natural polymers as 

well as their combinations have been reported in the literature [148]. It is also 

possible to utilize other types of materials such as ceramics or metals, as long 

as a spinnable solution can be obtained or the raw materials are soluble in 

polymer solutions. Last but not least, therapeutic agents such as drugs, growth 

factors or even live cells can also be electrospun by incorporating with polymer 

solutions that act as carrier [64]. 

 

A significant number of studies that focused on electrospinning contain 

polymers, since it is easy to obtain them in solution form. Various synthetic and 

natural polymers can be utilized to obtain several different structures, by using 

different electrospinning setups, for applications such as filtration, wound 

dressing, drug delivery and tissue engineering. Various state of art examples 

include synthetic polymers such as PGA [149], PLGA [150], PCL [151], PLLA 

[152], PU [153], PVA [154], P(LLA-CL) [155] and PELCL [156], and natural 

polymers such as cellulose acetate [157], silk fibroin [158], chitosan [154], 

gelatin [159], hyaluronic acid [160] and collagen [161]. Polysaccharides such as 
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alginates, starch and dextran can also be electrospun with the help of other 

spinnable natural or synthetic polymers [162–167]. 

 

Since electrospun fibrous structures provide high surface area, and it is possible 

to utilize a vast number of degradable polymers with this technique, the 

incorporation of therapeutic agents into the electrospun structures is one of the 

recent approaches that gained interest amongst the researchers in biomedical 

field [64]. The most common strategies for therapeutic incorporation are direct 

blending of agents with polymer solutions, encapsulation of agents in polymer 

structure or core-shell electrospinning where shell polymer act as a reservoir 

and contains the agents in the core. Several anti-biotic, anti-tumorigenic, anti-

coagulant, anti-viral, immunomodulatory and anti-inflammatory agents as well 

as vitamins, growth factors and plasmids such as fenbufen [168], ketoprofen 

[169], salicylic acid [170], ferulic acid [171], feruloyl-oleyl-glycerol [172], 

ibuprofen [173], acyclovir [174], captopril [175], acetazolamide [176], timolol 

maleate [176], lactobacillus [177], Vitamin B12 [178], camptothecin [179], 

shikonin [180], metronidazole benzoate [181], paclitaxel [182], doxorubicin 

[183], nifedipine [184], fusidic acid [185], FNIII1-derived P12 (hydrophilic 

peptide) [186], basic fibroblast growth factor [187], nerve growth factor [154], 

vascular endothelial growth factor [188], platelet-derived growth factor [189], 

adenovirus (type V) [190], pDNA [191], bone morphogenetic protein-2 [192] and 

lactate dehydrogenase [193] have been reported as a part of electrospun 

structures, in recent years. 

 

2.3.4. Applications 

The electrospinning technique has gained a wide interest among the 

researchers since its development in 60s, especially in the last few decades. 

Because, the technique enables researchers to create fibrous structures with 

different fiber sizes and orientation as well as pore sizes and shapes. The 

gained attention of the technique comes from the usefulness of the fibrous 

structures for different types of applications. There are several applications that 

can benefit from a fibrous network. Since different applications require different 

types of fibrous networks, a technique such as the electrospinning which can 

easily alter the state of the fibers in the network is very beneficial in creating 
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different products for different applications. This ability combined with the 

possibility of using a wide variety of materials during the processing is the 

reason the electrospinning has a great interest in research still to this day [64, 

120, 126, 194]. 

 

There are several aspects of an electrospun structure that can be beneficial to 

different types of applications. For instance, porosity is highly desired for 

particle filtration of liquids. The fibrous networks can be selectively permeable to 

solid particles based on the pore size distribution of the network. Since it is very 

easy to adjust the pore size of a fibrous network fabricated by electrospinning 

by adjusting several solution and/or process parameters, it is possible to easily 

create a filtration membrane based on the particle size [195]. However, the 

filtration ability of a fibrous network does not rely only on the physical structure 

of the fibers. It is also possible to create a fibrous network with functionalized 

fibers in which the fiber surfaces contain chemical/biological substances that act 

as catalyst or inhibitor to different types of contents of a liquid medium [196, 

197]. Since the electrospinning technique benefits from the ability to utilize a 

wide range of not only base materials such as polymers, but also other types of 

highly reactive chemical and biological molecules, it is also possible to create a 

filtration system based on the chemical/biological content. Another widely 

studied application that can benefit highly from a fibrous network is tissue 

engineering [64]. In tissue engineering, the goal is to create a supporting 

material called scaffold for live cells during a healing process of a damaged 

tissue. Because animal cells are anchorage dependent which means they 

require solid attachment points or areas in order to divide, proliferate, grow 

and/or function. Therefore, they require a 3D network of supporting material 

around them at all times. Normally, this supporting material is synthesized by 

the surrounding cells in the natural tissue and called ECM [198]. The structure 

of the ECM highly resembles the non-woven fibrous structures obtained with the 

electrospinning technique. Therefore, by utilizing different types of base 

materials, it is possible to create an artificial tissue engineering scaffold that 

mimics the natural supporting material of biological tissues. The obtained 

fibrous structures can contain either aligned or non-woven fibers where it is also 

possible to adjust the fiber and pore size so that the structure become suitable 
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for different types of cells in human body that have different sizes and shapes 

[199–202]. Drug delivery/release systems are also another application area that 

can utilize electrospun fibrous mats. Drug delivery or release is basically the 

expression of therapeutic agents to a targeted location in the body with a 

controlled behavior so that the therapeutic component remains effective without 

showing any kind of toxicity to the healthy tissues and cells. Since these 

therapeutic components are usually foreign to the body, a biocompatible carrier 

is generally used to contain these components and prevent the immune system 

from metabolizing them before they affect the required location [174, 203, 204]. 

Because electrospun fibrous structures have high surface area to volume ratio, 

mats prepared with this technique have more surfaces to interact with the tissue 

implanted, therefore, it is possible to adjust the drug release behavior by 

adjusting the surface area which can easily be possible with fiber diameter and 

pore size [205, 206]. Also, since the electrospinning utilizes a solution to 

fabricate the fibrous structures, a wide variety of biocompatible materials as 

carrier and chemical/biological components as therapeutic agents can be used 

to create a drug delivery/release mats [64]. Another application type that 

benefits from the electrospun fibrous structures is wound dressing in which a 

fibrous mat is basically used as an ex vivo tissue engineering scaffold. In wound 

dressing, the main goal is to protect an external injury site from pathogens and 

to prevent loss of humidity as well as sustenance, both of which required for a 

proper healing [207]. The electrospun fibrous mats can act as a selective barrier 

for maintaining the humidity as well as transferring the sustenance, gases and 

waste while preventing exogenous pathogens from entering the wound site 

[208, 209]. Because of the ability to adjust the porosity/pore size in between the 

fibers by using the electrospinning parameters is relatively easy, this technique 

can widely be utilized to create dressing structures for different types of 

wounds/tissues. It is also possible to incorporate anti-pathogenic substances 

into the designed dressing material with this technique so that the fibrous mats 

not only act as a barrier but also actively kill the pathogens, increasing the 

protection effectiveness of the dressing material [210, 211]. Besides from the 

widely studied application areas, the mats fabricated with electrospinning 

technique can also be used as reinforcement in composites, especially in 

polymer composites. Once the electrospun fibers are properly dried, it is 
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possible to use those dried fibrous network inside of a bulk polymer, in which 

the mechanical support provided by the fibers can enhance the mechanical 

behavior of the bulk polymer as long as the dried fibers are not affected by the 

solution of the bulk polymer [99]. 

 

2.4. Magnesium and Magnesium Alloys 

Magnesium is an alkaline earth metal, abundantly found in the universe (9th 

most found) as well as in the Earth (3rd most found in seawater, 8th most found 

in the crust, 4th most found overall). More than 50 naturally occurring minerals 

are documented for magnesium, of which the most commercially important 

ones are carnallite, brucite, magnesite and dolomite. Magnesium is also the 4th 

most abundant metallic element found in the human body with an approximate 

concentration of 0.5 g per kg of body weight. It is one of the essential nutritional 

elements in a healthy adult that involves in functioning of brain, heart and 

skeletal muscles. It is also the 2nd most positively charged ion found in 

intracellular fluids. Magnesium is also crucial in activation for more than 500 

enzymatic processes that use phosphorus for energy metabolism such as 

ATPase, glycolysis or protein synthesis, and known to be a useful supplement 

for treating medical conditions such as cardiovascular diseases, arrhythmias, 

dyspepsia, headaches, dysmenorrhea, eclampsia and asthma [212]. Abnormal 

levels or lack of magnesium, called hypomagnesemia which can also be 

hereditary, can affect almost any organ in the body, creating mild to life-

threatening complications. The recommended daily intake dosage is 240–420 

mg.day–1 [213]. It is a very lightweight and elastic material which has a density 

(1.74 g/cm3) and Young’s modulus (41–45 GPa) close to human bone (1.75 

g/cm3 and 40–57 GPa) [214]. It has a systemic toxicity level of 0.7-1 milimol per 

L (serum) (or 1.7–2.4 mg/dL) and therefore, is not toxic except local conditions 

[8]. It is also electrically and thermally conductive which is known to enhance 

cell biocompatibility of several tissues such as cardiovascular and orthopedic 

tissues [215]. Therefore, magnesium based alloys have gained a wide interest 

in biomedical field in the last few decades. The only downside of the Mg-based 

alloys is that the degradation rate is very high, especially in dynamic conditions 

such as blood vessels, which causes local toxicity, loss of mechanical integrity 

and failure in catching up the healing rate. Several solutions have been 



27 

proposed to overcome these issues, from coatings to micro-arc oxidation, which 

showed promising results in several recent studies [216–219]. For instance, 

micro-arc oxidation is a technique that resembles anodizing in which localized 

plasma created by high voltage potential generate a thick protective oxide layer 

on the surface. In aqueous or humid environments, magnesium and its alloys 

are highly prone to galvanic or pitting corrosion. Similar to aluminum, which 

naturally forms a thin protective oxide layer on its surface (passivation), 

magnesium and its alloys also have this capability at some extent, but still 

require additional processes for protection purposes. Since micro-arc oxidation 

technique can create a durable, wear-resistant and thick oxide layer efficiently 

with low cost, it is one of the most studied methods for improving the corrosion 

resistance of magnesium. This technique can also be used for other alloys such 

as aluminum or titanium in order to improve weak corrosion and wear 

resistances [220, 221]. 

 

Magnesium alloys are designated with an international code adopted by ASTM 

International. This code generally presented as two letters followed by two 

numbers. The letters represent the two main alloying elements (Table 2.1). The 

alloying element with higher composition in the alloy is written first. However, if 

both of the main alloying elements are equally present in the alloy in terms of 

composition, the letters presenting the elements are written alphabetically. The 

numbers in the code, on the other hand, represent the nominal compositions of 

these two elements. These numbers are written as single digit integers by 

rounding off the composition values in terms of weight per cent. For instance, 

AZ91 is a magnesium alloy containing primarily aluminum and zinc. However, 

even though the numbers corresponding to the compositions are given as 9 and 

1, the accurate values are between 8.3-9.7 wt.% for aluminum and 0.4-1.0 wt.% 

for zinc. This coding system and similar designations are used commonly not 

only for magnesium alloys but also for other types of alloys and it is very 

convenient for recognizing the alloys quickly in documentation and labeling. 

However, this type of coding generally limits the information regarding the other 

alloying elements present in the alloy. Standard alphabetic letters are also used 

as suffix to these codes to indicate composition variations or purity. The coding 

system for heat treated or work hardened magnesium alloys are similar to those 
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used for aluminum alloys [222]. 

 

Table 2.1. Some of the main lettering used for identification of magnesium 

alloys. 

Letter(s) 
Corresponding 

information 
Letter(s) 

Corresponding 

information 

A Aluminum Q Silver 

B Bismuth R Chromium 

C Copper S Silicon 

D Cadmium T Tin 

E Rare Earths W Yttrium 

F Iron Y Antimony 

H Thorium Z Zinc 

K Zirconium 
A, B, C, 

etc.* 

Composition variation or 

purity 

L Lithium X* Experimental 

M Manganese T5* 
Artificially aged after 

casting 

N Nickel T6* 

Solution treated, 

quenched, artificially 

aged 

P Lead T7* 
Solution treated, 

stabilized 

* Used as suffix to the main designation code. 

 

2.4.1. Traditional Fabrication Methods 

Magnesium alloys are generally classified as cast alloys and wrought alloys. 

However, more than 90% of magnesium alloys are fabricated conventionally 

with casting, especially by various die-casting methods. Cast alloys are the 
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majority of the European magnesium products covering 85-90% of the market. 

The earliest commercial magnesium alloy was produced with aluminum and 

zinc which is still the most used cast alloy. On the other hand, magnesium 

alloyed with 1.5 wt.% manganese was the first wrought alloy developed. It was 

widely used as sheet metal and suitable for extrusion or forging but eventually 

succeeded with more advance wrought alloys [222]. 

 

Magnesium cast alloys are mainly fabricated with die-casting methods. 

Especially high pressure die-casting allows the usage of cold chambers for 

larger parts. Because of the possibility to obtain pressures higher than 100 

MPa, molten alloy weighing more than tens of kilograms can be fed into the die 

cavity less than a second. On the other hand, majority of the magnesium 

applications require small parts and therefore, short die-casting cycles in order 

to lower the cost. As a result hot chamber die-casting are utilized instead [223]. 

The fabrication of magnesium alloys via die-casting methods is especially 

advantageous because of the nature of magnesium as well as its alloys. For 

instance, most of the magnesium alloys are usually easy to cast at high 

pressures for complex and/or thin shapes because of the fluid nature of molten 

alloy and low density of magnesium. Magnesium alloys also cool rapidly 

because of the low specific heat of magnesium element. This ability particularly 

contributes to shorter casting cycles which in turn reduce the cost significantly in 

terms of fabrication rate and die maintenance. Another important aspect that 

significantly contributes to shorter die-casting cycles is the usage of iron-based 

casting dies. Iron is usually not soluble in molten magnesium alloys. Therefore, 

cast magnesium alloy parts tend to not adhere to the die surface which 

increases the efficiency of the die-casting cycle. 

 

Apart from die-casting, sand casting or gravity casting are two other methods 

that are used for fabrication of magnesium parts [224]. However, magnesium is 

a highly reactive material. Therefore, oxidation and/or slag formation can occur 

because of the turbulent flow caused by conventional pouring techniques used 

in these casting methods. In order to counteract this problem, a bottom filling 

technique has been developed and widely used for automotive wheel 

fabrication, even to this day. In this technique, the mold is filled unidirectionally 
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from the bottom with a controlled pressure to prevent turbulence [225]. 

 

There are other techniques used for fabrication of high quality products such as 

squeeze casting or thixotropic casting. Squeeze casting is generally used for 

alloys and shapes that are not possible to fabricate with conventional casting 

methods. For instance the magnesium alloy containing 12% Zn, 1% Cu and 1% 

Si which has very good mechanical properties (yield stress: 200 MPa) up to 

200°C, can easily be cast with this method [226]. Thixotropic casting, on the 

other hand, is an alternative to high pressure die-casting. The technique 

basically utilizes the semi-solid form of the alloy, generally just below the 

melting temperature. Then, this pasty semi-solid is injected into the die with high 

torque using a screw mechanism similar to the injection systems used for 

plastics. It is possible to obtain magnesium alloys with fine grains at a relatively 

reduced cost which can provide significant improvement of the alloy toughness 

[227]. 

 

Magnesium has hexagonal crystal structure. Therefore, the deformation 

capacity is limited, especially at low temperatures. The deformation mechanism 

at these temperatures is mostly slip and twinning on <1120> direction family 

and {1012} plane family. However, the deformation is only possible as 

compression or tension depending on whether the stress is parallel or 

perpendicular. On the other hand, at elevated temperatures, the deformation 

also occurs as slip on {1011} plane family. Therefore, the deformation becomes 

easier, making hot working a more preferred fabrication method for wrought 

magnesium alloys [228]. As a result, hot working techniques such as extrusion, 

rolling or forging are the major production techniques used for wrought 

magnesium alloys [229, 230]. There is various magnesium alloys that can be 

classified as wrought. For instance, aluminum, zinc and manganese containing 

AZ31 has good strength, ductility and corrosion resistance, and therefore is one 

of the widely used wrought magnesium alloys. HM21 is another wrought 

magnesium alloy that contains thorium and has good creep resistance at 

elevated temperatures [231, 232]. Magnesium alloys such as aluminum, zinc 

and manganese containing AZ81, zinc and zirconium containing ZK61, and 

zinc, copper and manganese containing ZCM711 are amongst the high strength 
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wrought alloys that are equivalent to aluminum wrought alloys with similar 

strength-to-weight ratio [233–235]. Zinc and manganese containing ZM21 is the 

cheapest wrought magnesium alloy that can be fabricated with high speed 

extrusion [236]. Similar to HM21, HM31 which is another wrought magnesium 

alloy that contains thorium, has the most optimum mechanical properties at high 

temperatures [237]. Even though extrusion and rolling are much more common, 

it is also possible to forge magnesium wrought alloys, and the compositions of 

forgeable alloys are similar to the magnesium alloys mentioned previously. But 

it is often a common practice to subject the alloy to a certain level of extrusion 

beforehand in order to obtain refined microstructures, and press forming is the 

most common forging method applied [238]. 

 

2.4.2. Applications 

Magnesium alloys has gained increasing attention over the past decade 

because of its mechanical properties, electrical and thermal conductivity, 

dimensional stability, damping capacity, lightness and recyclability [239]. 

Especially in industries such as aerospace, automotive, electronic consumer 

products and biomedical applications, where low weight is crucial along with 

high mechanical resistance at high temperatures [240]. Conventionally, the 

most used alloy in order to meet high mechanical requirements is steel. 

However, as much as several steels provide superior mechanical properties, 

they have a disadvantage of being quite heavy for many types of applications. 

Novel alloys such as magnesium alloys provide lighter solutions at a cost of 

reduced mechanical properties compared to steels. However, since higher does 

not always mean better for some applications, such as biomedical devices, the 

most important point is to create a balance between the weight and the 

durability without compromising the minimum mechanical requirements. As a 

result, magnesium alloys have gained a widespread attention, especially in 

biomedical field, for the last decade [241]. 

 

The magnesium alloys are significantly used in automotive industry such as 

cast engine and transmission housings as well as other automobile components 

such as clutch housings, oil pans, steering columns, cylinder blocks, case 

housings, oil sumps, valve covers, air cleaners, camshaft covers, induction 
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covers, clutch/brake pedals, steering column brackets, drive brackets, seat 

frames, wheels, cylinder head covers, steering wheels, front cover assemblies 

with the majority of these parts are fabricated from AZ91 alloy [242]. Appliances 

and sporting goods are the other main applications in which magnesium alloys 

are trending. Die-cast magnesium alloys has also seen an increasing attention 

in applications such as computer and mobile phone cases/housings which 

require low weight, low wall thickness and electromagnetic shielding [243–245]. 

 

Another important application area of magnesium is aerospace industry. The 

aerospace industry has always been known to seek the reduction of weight in 

order to lower the cost of operation and increase the efficiency of the aircraft 

without sacrificing the safety. Magnesium is one of the lightest materials that 

can be utilized as a structural material. It has low specific gravity (~1.74) 

compared to other possible metals used in aerospace industry such as 

aluminum (~2.5-2.8) or steel (~7.8-7.9). Magnesium is also on a similar level 

with other structural materials in terms of strength, stiffness, thermal and 

dampening properties [246]. In the second half of the 19th century, magnesium 

has been widely used for various types of both military and civilian aircrafts. The 

majority of the usage during that period was used to be mainly as a structural 

component. However, similar to the automotive industry, it has also been widely 

used as housings, cases, component covers, transmission and gears. Alloys 

such as ZE41, QE22 or WE43 are few of the most utilized low-weight Mg-based 

component materials in aerospace industry [247]. The main disadvantages that 

limit the usage of magnesium alloys are its corrosion behavior and its potential 

flammability/ignition. Typical ignition temperature of magnesium was 

determined around 400°C, as reported by multiple studies and can be improved 

up to ~800°C with proper alloying [248]. Same alloying approach was also 

beneficial in providing corrosion resistance behavior to magnesium alloys. 

Aluminum, zirconium and manganese are major alloy elements used to 

fabricate magnesium alloys with finer grains and better corrosion performance 

[249]. 

 

Majority of the biomedical applications that utilized Mg-based alloys comprised 

of cardiovascular applications such as stents and shunts, and orthopedic 
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applications such as implants and screws [250]. For instance, Heublein et al. 

was first to show the possibility of AE21 Mg-alloy used as a coronary stent. The 

radial support was found to be good and no thromboembolic occurrences 

observed initially with pig models [251]. However, also the first major setback of 

Mg-alloys as a biomedical application mentioned above, the high degradation 

rate, was also observed. Biotronik, one of the major companies that specialized 

in stent applications of Mg-alloys, fabricated a WE43 stent that reached clinical 

trials after successful in vitro animal testing in following years [9]. Di Mario et.al. 

also successfully implanted Biotronik Mg-based absorbable metallic stents into 

below-knee lesions of 20 patients which degraded completely in 6 weeks 

without any toxic reaction [252]. Zartner et.al. successfully carried out the first 

implantation of magnesium alloy stents into pulmonary artery in 2005, in which 

the level of magnesium in serum was found to be slightly higher (1.7 milimol/L) 

than the normal range on the first day but returned to within the normal range 

on the second day [253]. The results showed continuous reperfusion over 4 

months and the stent was completely degraded in 5 months. In 2007, an 

extensive clinical trial was conducted in 8 centers with 63 patients, in which no 

infarction, thrombosis or patient loss observed [254]. Further advancements 

were obtained with drug eluding Mg-alloy stents loaded with antiproliferative 

drug, and Haude et al. conducted clinical trials for 12 months in 5 centers with 

46 patients without any cardiac death or scaffold thrombosis [255]. 

 

Magnesium were first attempted to use as orthopedic implant in the beginning 

of 1900s. Lambotte used pure magnesium plates and gold-coated steel nails for 

fixation of a leg bone fracture in 1907. However in vivo corrosion of pure 

magnesium was found to be too rapid, and the plates degraded in less than two 

weeks generating high amount of gas under the skin, failing the magnesium as 

an implant [214]. Various magnesium alloys were researched in vitro/in vivo 

ever since to improve the corrosion resistance and mechanical strength of 

potential magnesium implants [8, 215, 241, 256]. In 1944, a magnesium-

cadmium alloy was tried as plate and screw for fracture fixation on 34 patients. 

Any hydrogen accumulation as a result of corrosion was removed with 

subcutaneous needles. The authors, Troitskii and Tsitrin, reported that nine 

attempts were failed due to infection and lack of gas removal as a result of 
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orthopedic cast fixation. However, improvement in fracture healing was 

observed without any significant inflammation or any increase of magnesium in 

serum, and the implants kept their structural integrity up to 2 months. On the 

other hand, it was found that some of the implants could not survive more than 

a month because of the acidic accumulation on fracture site, but in general the 

material was degraded completely in one year. Similarly, a magnesium-

aluminum alloy was utilized in 2 patients for fractures caused by gunshot in 

1945. Znamenski reported that the fracture healing was completed in 6 weeks 

where plates and pins used were completely resorbed after a month [257]. Mg-

Al-Mn screws, pegs and plates were also utilized as fracture/bone grafting for 

twenty patients by McBride. The results showed no improvement in cancellous 

bones but distinctive improvement in periosteum and callus ossification/deposits 

without any systemic reaction and/or inflammation at the implantation site. It is 

also concluded that even though trauma could increase the degradation rate, 

the alloy would definitely degrade no more than four months [258]. These initial 

attempts and studies showed that magnesium alloys are not significantly toxic 

and could be a potential candidate for stimulating the healing process in bone 

tissue engineering. However, it has been widely agreed in the literature that at 

least 3 months are required for an implant to retain its integrity for a sufficient 

healing process. Therefore, the fast corrosion rate of these early magnesium-

based implants should be improved with further alloying. It has been found that 

complex alloys, especially alloyed with rare-earth elements even at amounts 

less than 4%, could significantly improve the resistance. The studies showed 

that a magnesium alloy containing rare-earth elements (<4 wt.%), cadmium (<1 

wt.%), calcium/aluminum (<1 wt.%) and manganese, silver, zirconium or silicon 

(trace amounts). Stroganov et al. found that orthopedic pins fabricated with this 

type of alloy had significantly improved corrosion resistance, and showed in vivo 

degradation times depending on the size of the pin, between 20 weeks and 44 

weeks for 3.0 mm and 8.0 mm pins, respectively. However, it should be noted 

that the study did not consider the potential toxicity of the elements or the 

duration of structural integrity [257]. In orthopedic field of medicine, fixtures such 

as plates, screws, pins, nails, wires and/or needles were used to treat a 

significant number of broken bones every year in vivo. Magnesium alloys such 

as ZEK 100 [259], LAE442 [260], MgCa0.8 [261] and MgYREZr [262] have 



35 

been tested with animal models as well as clinical trials for 12 months and 

found to have osteogenetic ability. One of the major findings in these studies 

was that MgCa0.8 has stronger bone-implant interface than LAE442, which was 

also comparable with clinically accepted S316L screws [261]. In a 6 month 

clinical trial, another magnesium alloy with trademark name MAGNEZIX®, which 

is an MgYREZr alloy, showed no foreign-body response, osteolysis or systemic 

inflammation; and therefore, was found to be equivalent to clinically accepted 

titanium screws widely used in the market [263]. 

 

2.4.3. WE43 Alloy 

WE43 is rare earth magnesium alloy having a composition around 92-94 wt.% 

magnesium, 4-4.2 wt.% yttrium, 2.25-2.3 wt.% neodymium and 0.15-0.6 wt.% 

zirconium with a density of ~1.8 g/cm3 and a melting point between 550-650°C 

[264]. It has a particular attention amongst the researchers because of its good 

castability, mechanical properties and lightness which makes this alloy a good 

candidate for applications require feasible and mass fabrication as well as 

specific strength and specific stiffness, such as aerospace, automotive and 

biomedical industry [265–267]. These properties are the result of densely 

packed fine precipitations in the microstructure which also provides good creep 

and corrosion resistance up to elevated temperatures [268]. According to the 

multiple studies in the literature, WE43 has yield strength (nominal) between 

150-270 MPa, Young’s modulus around ~45 GPa, ultimate tensile strength 

(nominal) between 220-320 MPa, ductility (nominal) between 1.0-15.0% and 

hardness (Vickers) between 90-120, based on the manufacturing method as 

well as consequent treatments and the resulting grain size, structure and 

texture [266, 268–274]. The alloy also has a coefficient of linear thermal 

expansion around ~26 µm/m°C, a thermal conductivity of ~51 W/mK, an 

electrical conductivity around 6.8x106 S/m. As it can be seen, WE43 has 

moderate thermal and electrical conductivity as well as thermal expansion 

capacity which, when combined with its lightweight structure and good 

mechanical properties, provide unusual benefits for complex parts and 

components in a wide variety of applications. 

 

Another important aspect that is needed to be mentioned is the toxicity of the 
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alloying elements in WE43. As a rare earth magnesium alloy, WE43 contains 

two rare earth elements, yttrium and neodymium, with a combined composition 

of more than 6%. There is no definitive toxicity research indicating significant 

toxic behavior of both of these elements, however, rare earth elements have 

been known to cause low to moderate toxicity if not handled properly and/or 

exposed long terms. On the other hand, there is also no report of cytotoxicity 

associated to these elements when used for alloying as a part of WE43 alloy, 

and therefore generally considered safe [275]. However, the 4th alloying 

element of WE43, zirconium, has been extensively investigated for toxicity in 

the literature. It is known to be present in human body up to 250 mg and 

recommended as a part of dietary daily intake as well as widely used for 

dental/skeletal implants, prosthetics and dialysis. Therefore, zirconium is widely 

accepted as a biocompatible, non-toxic element. 
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3. MATERIALS AND METHODS 

 

3.1. Materials 

PVP (MW ≈ 1.3 x 106 g/mol), PVA (MW ≈ 8.5-12.4 x 105 g/mol), 

Mg(NO3)2.6H2O, Y(NO3)3.6H2O, Nd(NO3)3.6H2O, ZrO(NO3)2.xH2O, PBS, 

lysozyme (from egg white), BSA, DMEM/F12, penicillin, streptomycin, FBS, 

MTT, ethanol (99.99%, v/v), paraformaldehyde, DMSO, hexamethyldisilazane, 

Triton X-100 and L-glutamine were purchased from Merck (Germany). AF-488 

and DRAQ5 was obtained from Thermo Fisher Scientific (USA). All of these 

chemicals and biochemicals were purchased as either research grade and/or 

cell culture grade. Therefore, no further sterilization or purification was carried 

out. 

 

3.2. Fibrous WE43 Magnesium Alloy-Like Compounds 

In the initial step of this study, the fabrication of WE43 magnesium alloy-like 

compound was carried out. In order to obtain suitable porosity level (5-30 µm, 

preferably 10-20 µm) that meets the nerve guidance conduit requirements, 

electrospinning, a low cost fabrication technique that provides porosity control 

easily was chosen, and the solution as well as the process parameters were 

optimized in order to obtain the desired porosity. After the electrospinning step, 

the samples fabricated with optimized parameters were calcinated in order to 

remove residual solvents and organic/polymeric components while crystallizing 

the metallic components into an alloy-like compound. 

 

3.2.1. Preparation of Electrospinning Solutions 

The targeted WE43 alloy has a composition of 93.6% Mg, 4% Y, 2.25% Nd and 

0.15% Zr. The solution for electrospinning of the alloy-like compound was 

prepared by solving nitrate salts of each alloy component with distilled water. 

Therefore, to achieve the same composition with WE43 alloy, Mg(NO3)2.6H2O, 

Y(NO3)3.6H2O, Nd(NO3)3.6H2O and ZrO(NO3)2.xH2O were weighed according to 

the corresponding stoichiometric ratio of Mg, Y, Nd and Zr, respectively, and 

dissolved with distilled water. Additionally, since the aqueous solutions of nitrate 

salts have extremely low viscosity therefore not suitable for electrospinning, a 
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polymer, generally PVA or PVP is dissolved with nitrate salts using 

water/ethanol solvent in order to adjust the viscosity of the solution for 

continuous spinnability. In this study, the solution parameter, viscosity, was 

adjusted with different concentrations of PVA or PVP as well as different solvent 

concentrations of water/ethanol mixture. Since the nitrate salt concentrations 

were calculated according to the stoichiometric ratio of the target alloy, the only 

solution parameter to be optimized was the viscosity depending on the polymer 

concentration and solvent concentration. Therefore, the optimization of these 

parameters were carried out by naked-eye observations of solution preparation 

in this section as well as the observations of the electrospinning and SEM 

images obtained from electrospun samples which were both carried out in the 

following sections. 

 

3.2.2. Electrospinning of WE43 Magnesium Alloy-Like Compounds 

The electrospinning of the prepared solutions were carried out with a vertical 

single nozzle electrospinner (Inovenso NE200, Turkey) at an ambient 

temperature of 24°C and 35% relative humidity using a copper nozzle with 0.9 

mm inner diameter. Different applied voltages, nozzle-collector distances and 

solution feeding rates were used for electrospinning of the solutions with 

different viscosity. Since these three process parameters as well as the 

viscosity of the spinning solution affect the fiber thickness, the interfiber 

distances, which can be interpreted as pore size, will also be affected 

depending on the optimizations. For instance lower viscosity and/or higher 

voltages, further distances and lower feeding rates cause thinner fiber 

deposition because of higher stretching of jet, more evaporation of solvent and 

low amount of solution fed, respectively. As a result of thinner fiber deposition, 

higher pore sizes can be achieved. Therefore, the optimizations of these 

parameters are crucial for obtaining a desired porosity level. In this study, the 

optimizations were carried out; first with the naked eye observations based on 

continuous spinnability, and then with SEM images obtained from the 

electrospun samples based on fiber thickness and the resulting interfiber pore 

sizes, until samples with continuous, bead-free fibers and desired porosity level 

were achieved. 
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3.2.3. Calcination of Electrospun Alloy-Like Compound 

In this part of the study, in order to remove residual solvents, other organic 

components and the polymer used to control viscosity of the electrospinning 

solution as well as to crystallize the alloy-like compounds, the electrospun 

samples were calcinated. Since the water affinity of the nitrate compounds of 

metals is high, when dissolved in aqueous solvents they decompose into oxide 

compound, oxygen and nitrogen oxide instead of dehydration as in the following 

reaction; M(NO3)X → MO + NO2 + O2 (Non-stoichiometric representation, M: 

metallic element). Therefore, a WE43 magnesium alloy-like compound with a 

formula MgaYbNdcZrdOx was expected after this calcination process. 

 

In the literature, studies conducted for similar alloy-like compounds utilized 

calcination temperatures between 500-1100°C. The alloy-like compound 

targeted in this study, has composition similar to commercial WE43 alloy which 

contains mainly magnesium element (>93%). Magnesium is an element with 

high oxygen affinity and therefore, a protective oxide layer is formed on the 

surface of WE43 alloy. This protective layer retains its stability and protection up 

to the eutectic temperature of the alloy, according to the literature. Since the 

eutectic temperature and the melting temperature of WE43 alloy are ~540°C 

and ~650°C, respectively, and based on the studies in the literature related to 

the thermal analysis of WE43 alloy, the calcination temperature used in this 

study was planned to be between 300-500°C. However, the exact calcination 

profile, in terms of temperatures as well as durations, were determined 

according to the DTA/TG analysis conducted with the samples successfully 

electrospun with the optimized parameters for desired porosity. 

 

Additionally, since a polymer was used in order to control the viscosity of the 

electrospinning solution, the resulting continuous fibers were expected to be 

structurally smooth. However, after the calcination process, as a result of the 

removal of the polymer from the structure, the structure was expected to have 

rough surfaced crystalline fibers, which were also expected to affect the final 

fiber diameter and pore size. 

 

On the other hand, the duration of calcination process was determined 
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according to the approach proposed by Zivkovic and Dobovisek [276]. Briefly, it 

is possible to calculate reaction kinetics from thermal analyses by using first-

order reaction rate and Arrhenius equation. The first-order reaction is 

represented with the following equation; 

 
 
 

a
ln =k.t

a-x
         Eq. (1) 

where a is the initial concentration of the reactants and x is the amount of 

materials reacted after a time t, both in terms of moles, and k represents the 

rate of reaction. The k in this equation can also be expressed with Arrhenius 

equation; 

k=Ae-E/RT         Eq. (2) 

where E, A, R and T are activation energy, pre-exponential factor (or frequency 

factor), gas constant and temperature in K, respectively. If two equations are 

combined and rearranged, the following equation can be written: 

  
 
 

ln a a-x E
log =logA-

t 2.303RT
      Eq. (3) 

The initial concentration, a, and the amount reacted after a certain time, x, can 

also be expressed as the area under the DTA peak of the reaction in concern 

where a is the area under the peak up to maximum peak point (designated as 

S) and x is the area under the peak after a certain reaction time (designated as 

St). Therefore the equation becomes; 

  
 
 

tln S S-S E
log =logA-

t 2.303RT
      Eq. (4) 

As a result, the slope of a straight plot line obtained with log [ln (S / S-St) / t] vs 

1/T graph can give theoretical estimation about activation energy and pre-

exponential factor for the reaction. Finally, it is possible to estimate the reaction 

time necessary to complete a reaction up to 99.99% using these data, or in 

case of this study, the time required to calcinate the components at a certain 

temperature. Therefore, this mathematical approach was applied to the 

significant peaks obtained from DTA/TG analyses of the samples in order to 

predict the duration of the calcination steps. The area under the corresponding 

peaks was determined by using Riemann sum approach which is a 

mathematical approximation of an integral (area under the curve) by dividing the 
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area under into calculable shapes such as rectangular and adding the area of 

these shapes to find the final area in which by decreasing the size of the 

shapes, it is possible to have a good approximation of an area under a curve. 

Therefore, in order to obtain the target pore size, both electrospinning 

parameters as well as calcination parameters were optimized according to the 

final structure after calcination step. 

 

3.2.3.1. Differential Thermal Analysis and Thermogravimetry 

The calcination process applied in this study was a crucial and one of the most 

important steps for developing the WE43 alloy-like compound nerve guidance 

conduit with the desired properties. Because, the process affects not only the 

removal of the polymeric component and the reduction of the fiber/pore size, but 

also the formation of crystallographic components from the metallic elements 

present in the structure. In the literature, studies with similar metallic scaffolds 

utilized calcination processes with different temperatures and durations. The 

thermal behavior of the magnesium as well as those literature studies 

suggested the calcination process to be conducted between 300-500°C and 1-

48 h. However, since an alloy or an alloy-like compound containing 4 different 

elements have never been studied in the literature before, the WE43 alloy-like 

compound scaffolds were examined with DTA/TG (Setaram Labsys DTA/TGA, 

USA) after the electrospinning, in order to obtain all the possible exothermic and 

endothermic peaks representing the thermal properties such as glass transition, 

melting, crystallization, etc. Additionally, both the polymer, used for controlling 

the viscosity of the electrospinning solution, individually electrospun without the 

metallic salts and the metallic salts dissolved without the polymer in the same 

solvent used for the electrospinning solution were also subjected to thermal 

analyses. As a result, the calcination profile, in terms of temperature and 

duration, was determined by comparing the thermal behavior of the polymer, 

the metallic salts and the polymer-metallic salt compound. 

 

3.3. Characterizations 

3.3.1. Scanning Electron Microscopy and Energy-Dispersive X-Ray 
Spectroscopy 

In this study, the main goal in developing a nerve guidance conduit is to obtain 
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a fibrous scaffold with a certain level of interconnected porosity and an 

elemental composition similar to WE43 magnesium alloy. Since the 

electrospinning solution and process parameters as well as the calcination 

parameters affect the fiber size and the resulting pore size, all of these 

parameters were optimized based on the SEM images and the corresponding 

fiber/pore sizes. Therefore, the samples after electrospinning with different 

parameters as well as the samples electrospun with optimized parameters after 

calcination with different parameters were morphologically inspected with SEM 

(Quanta 400F FE-SEM, FEI, USA). 

 

Additionally, the EDX analysis was conducted with the samples electrospun and 

calcinated with the optimized parameters, in order to confirm elemental 

composition of the developed scaffolds. 

 

3.3.2. X-Ray Photoelectron Spectroscopy 

In addition to SEM images, the complete removal of the polymer used after the 

calcination process was confirmed with XPS spectrometer (PHI 5000 

VersaProbe, USA). The binding energy peaks for both the samples before and 

after the calcination step were obtained in order to confirm the presence of the 

characteristic peaks of the polymer and therefore, confirming the successful 

electrospinning as well as to compare the absence of those peaks after the 

calcination and therefore, confirming the successful removal. 

 

3.3.3. X-Ray Diffraction 

One of the main reasons for applying a calcination process to the electrospun 

samples is to crystallize the metallic components into an alloy-like compound. 

Therefore, the crystallographic structure of the calcinated alloy-like compound 

scaffolds was determined with X-Ray Diffractometer (Rigaku Ultima-IV, Japan). 

 

3.3.4. Wettability 

The wettability of the electrospun WE43 alloy-like compounds developed was 

measured by using static contact angle measurement technique, in terms of 

water contact angle values using an optical goniometer (Phoenix 300, Surface 
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Electro Optics, South Korea). Ultra-pure water (18 MΩ.cm) was utilized as 

measurement medium and the measurements were repeated at least three 

times. The values were presented as average values with standard deviation. 

 

3.3.5. In Vitro Degradation 

The in vitro degradation rate of the developed alloy-like compound was 

obtained by a series of experiments described in international ASTM F1635-04 

standard [277]. Briefly, the initial weights of the samples were measured first. 

Then, the samples were placed in test tubes containing 0.1 M PBS and 

lysozyme (≥40000 units/mg) at pH 7.3. The test tubes were then stored in an 

incubator for 180 days. At 30-day intervals, the samples corresponding to the 

interval to be measured were taken out of the test tubes and gently rinsed to 

remove residual test medium. Then, the samples were placed in a vacuum oven 

for 24 h to further clean the residuals. Finally, the weights of the samples were 

measured again after the drying process. The amounts of degradation at that 

specific interval were then estimated in terms of percent weight remaining with 

the following equation; 

 
 
 

i f

i

W -W
Weight remaining (%)=100- ×100

W
    Eq. (5) 

where Wi is the initial weight of the sample at the beginning of the test and W f is 

the weight of the sample at the specific interval that the degradation amount 

calculated. 

 

3.3.6. Permeability Assays 

One of the desired properties expected from a nerve guidance conduit is a 

certain level of permeability. The conduit should behave like a semi-permeable 

membrane in order to allow nutrition and waste transfer while preventing the 

healing factors to escape and the scar tissue cells to enter. The FDA guidelines 

and the literature studies suggest optimum porosity level between 5-30 µm 

(preferably 10-20 µm) to meet this criterion, however little information can be 

found about the transfer rate at this ideal porosity level. Therefore, in this study 

permeation rate of the scaffolds fabricated with desired porosity level was 

defined in terms of WVTR according to method described in ASTM E96 
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standard [278] as well as in terms of lysozyme and bovine serum albumin. For 

water vapor transmission rate, briefly, the opening of a cylindrical test tube (50 

mm diameter) containing 10 ml distilled water was tightly sealed with square 

shaped samples with 60mm x 60 mm dimension and 2 mm thickness. The 

prepared test tubes was then weighed and placed in an incubator at 37°C. The 

tubes were weighed at 3 h intervals for one day and the WVTR were calculated 

in terms of g/m.day by using the following equation; 

2 i f

6

W -W
WVTR (g m .day )=

A×10
      Eq. (6) 

where A (mm2) is the cross-section area of the tube opening, and W i and Wf 

were the initial weight and the weight of the test tube at the certain interval, 

respectively. 

 

On the other hand, lysozyme and bovine serum albumin permeation rate was 

obtained similarly in which a 2 ml test tube containing 1 ml of lysozyme or BSA, 

both prepared in PBS, was sealed with the prepared samples and immersed in 

a larger container filled with PBS only. After 24 h and 48 h in an incubator at 

37°C, the optical densities of solutions retrieved from the larger container were 

obtained with a UV spectrometer (600 nm, PG Instruments T80+, UK), in 

compared to the optical density of PBS only solution. 

 

3.3.7. Absorption and Swelling 

Regardless of the target application, all tissue supporting scaffolds should resist 

volume and shape changes in surrounding fluidic environment as much as 

possible because high amount of such changes can cause pressure on the 

healing cells and deteriorate the healing process. This is especially more 

important for cells as sensitive to pressure as nerve cells. Therefore, absorption 

and swelling properties of the alloy-like compounds were determined according 

to the methods similar to those described in ASTM D570 standard [279], and at 

least three measurements were obtained for average values and corresponding 

standard deviations. In absorption test, briefly, 10 mm x 10 mm square shaped 

samples were weighed and placed in test tubes containing PBS at neutral pH 

(~7.3-7.5). The tubes then stored in an incubator for one day at 37°C. After the 

incubation period, the specimens were removed from the tubes and dried gently 
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with a clean and uncontaminated fabric to remove all excessive water. Finally, 

the weights of the samples were measured again immediately, and the 

absorption capacities were estimated with the following equation; 

 
 
 

f i

i

W -W
Absorption (%)= x100

W
      Eq. (7) 

where Wi and Wf were the weights of the samples at the beginning and at the 

end of incubation, respectively. 

 

The samples obtained at the end of the incubation were also placed in a drying 

oven for swelling test. The swelling ratio was then estimated after 12 h with the 

following equation; 

 
 
 

f i

i

A -A
Swelling (%)= ×100

A
      Eq. (8) 

where Ai and Af were measured at the beginning of the incubation and after the 

drying of the samples obtained at the end of the incubation, respectively. 

 

3.4. In Vitro Cell Culture Studies 

In the final part of this study, the alloy-like compound scaffolds with desired 

porosity and elemental composition similar to WE43 magnesium, fabricated with 

optimized electrospinning and calcination processes, and characterized 

physically and chemically, were examined for biocompatibility performance by 

using purchased fibroblast cells lines (L-929, ATCC CCL-1). Fibroblast cells are 

one of the mostly recommended cell types by ASTM for cell cytotoxicity studies. 

This cell type can also be utilized for the evaluation of materials for neural tissue 

engineering. The aim of this thesis was to create a metallic alloy-like compound 

scaffold for nerve tissue engineering by using novel approaches. Cell lines that 

can be cultured fast and easily with low cost, such as L-929 fibroblast cell lines, 

are widely preferred for the in vitro biocompatibility evaluation of this kind of 

novel scaffolds. Because, the fibroblast cells are one of the most common 

connective tissue cells, found in almost every part of the body of mammals, and 

any material aiming for biocompatibility should perform sufficiently against 

fibroblast cells. Therefore, if the developed material fails against fibroblast cells, 

in terms of cytotoxicity and/or cell-material interactions, it is not expected to 
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perform sufficient against more specific cell types, such as nerve cells. 

 

In this study, in vitro cell culture assays were conducted using circular samples 

with 1 mm diameter, placed in parafilm coated TCPS and UV-sterilized for 15 

min. Fibroblast cells were seeded on the samples (1 ml for each sample) at a 

concentration of 1x105 cells/ml. The incubation was carried out for 7 days under 

standard cell culture environment (5% CO2, 37°C). The culture medium used 

was DMEM/F12 supplied with FBS and L-glutamine (10% v/v and 1 ml/100ml, 

respectively). Additionally, a combination of penicillin (100 units/ml) and 

streptomycin (100 μg/ml) was added to all media (1% v/v in total) as a 

contamination protection. The culture media were replaced completely every 48 

h of the 7 day culture period. 

 

3.4.1. Cell Attachment 

Initial cell adhesion of a tissue scaffold is crucial because it affects the overall 

cell-material interaction performance. The samples were cultured for 3 h and 

the cell attachment assay was conducted for every 30 min. This assay in this 

study was performed with standard haemocytometric counting of the cells that 

did not attach on the scaffolds after a certain period of time. Since the TCPS 

Petri dishes used for cell culture were parafilm coated, the cells that did not 

attach to the scaffolds remain in medium. Therefore, the cell amount remaining 

were counted and subtracted from the initial cell amount seeded, to find the 

number of cells adhered to samples. The assay was replicated three times for 

every sample and culture duration. The values were given as average 

attachment percentage against time and standard deviations were included for 

every value. 

 

3.4.2. Cell Viability and Cell Yield 

Cell viability is an in vitro colorimetric assay conducted to evaluate the 

metabolic activity of cells seeded on a material developed. This assay provides 

cytotoxicity performance of the material, and is generally performed with 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), a yellow colored 

salt, that only enzymes in viable cells can metabolize into purple colored 
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formazan. Therefore, the viability can be assessed by the intensity (or optical 

density) of the color formed after a certain period of culture via a plate reader. 

As a result, higher optical density of the aliquot obtained from medium indicates 

presence of higher number of viable cells on the developed material. 

 

In this study, the assays were performed with 24-well Petri dishes after the first 

24 h and replicated at 48 h intervals. The procedure started with discarding the 

culture media from the well and washing the samples with PBS twice. Then, the 

samples were placed into the incubator again with 600 µl media containing 10% 

v/v MTT for three hours under the same standard culture conditions. At the end 

of this incubation, the medium/MTT solution was discarded, and the samples 

were placed into the incubator for the last time with 1 ml DMSO in order to 

dissolve formazan crystals. After one hour of incubation, aliquots were 

transferred from each sample to a new clean 96-well microtiter plate, and the 

optical densities (540 nm) of these aliquots were measured with a plate reader 

(Ledetect 96, Labexim Products, Austria). Three replicates of each sample were 

assessed and the viability of the cells was presented as an average absorbance 

value with standard deviation. 

 

Additionally, since a certain optical density value can only be obtained from a 

certain number of viable cells, the cell yield for a certain period of time can be 

detected with a similar MTT assay. Therefore, in this study, at the end of 7 

days, the final cell yield, which is the average total number of viable cells 

present on/within each sample, was also determined by using viability assay. 

 

3.4.3. Visual Assessments 

The morphology of the cells cultured with the developed material was assessed 

using CLSM (Zeiss LSM 510, USA). The cell seeded samples after incubation 

for 4 days and 7 days were dual stained with AF-488/DRAQ5 in order to 

observe both the nucleus and the cytoskeleton of the cells. Briefly, the medium 

on the cells were discarded and the wells were gently rinsed with PBS twice. 

The cells were fixated using 4% (v/v) paraformaldehyde for 45 min, 

permeabilized using 0.1% Triton X-100 for 5 min, blocked using BSA for 30 min, 

and finally stained using AF-488 and DRAQ5, consecutively, for 20 min and 10 
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min, respectively, in the dark, at room temperature. Imaging of the stained 

samples was carried out immediately. In addition to the confocal imaging, the 

cell morphologies at the final day of incubation were observed with SEM for a 

better 3D visualization. Briefly, the media in the wells were removed, and cells 

were gently rinsed and fixated with the same procedure as the confocal 

imaging. The fixated cells were then dehydrated using ethanol with increasing 

concentrations between 30-100% (v/v) (10% intervals, 2 min each) and using 

100% hexamethyldisilazane for 5 min. Finally, the samples were held open 

under the laminar flow cabin to evaporate hexamethyldisilazane and to obtain 

complete drying. The samples were sputter-coated using gold-palladium 

(coating thickness: ~3 nm), and the imaging was carried out at various 

magnifications under vacuum. 
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4. RESULTS AND DISCUSSIONS 

 

4.1. Fibrous WE43 Magnesium Alloy-Like Compounds 

In this study, WE43 magnesium alloy, developed for FDA-approved stent 

application, were fabricated with a novel approach. Unlike the traditional metal 

alloy fabrication techniques such as casting which uses pure elements as raw 

material, the electrospinning technique was employed and nitrates of the 

elements were used as starting materials. The major goal was to obtain a 

fibrous network inside the material with a pore size at micron scale which was 

not possible with the traditional approaches. Additionally, a calcination step was 

applied after the electrospinning to ensure the final product to be an alloy-like 

compound with a similar composition of the commercial WE43 magnesium 

alloy. The following sections present the results of the studies conducted and 

discuss the results with the state-of-art knowledge. 

 

4.1.1. Preparation of Electrospinning Solutions 

The commercial WE43 magnesium alloy has a composition of 93.6% Mg, 4% Y, 

2.25% Nd and 0.15% Zr. Given with the atomic mass of the elements, the alloy 

can be represented with a stoichiometric formula of Mg3.85Y0.045Nd0.0156Zr0.0016 

(Table 4.1). According to this formula and the molecular mass of the nitrates 

used, the initial electrospinning solution was prepared in distilled water with the 

amounts given in Table 4.1. 

 

Metallic nitrates have good solubility in the water, even in low temperatures 

[280]. On the other hand, given with the number of different metal nitrates used, 

the interaction between the components added was found to prevent the 

complete homogeneous dissolution of all the nitrates at room temperature, even 

with vigorous stirring over 72 h at more than 1500 rpm. However, when the 

solution temperature was raised to 30°C, the nitrates were dissolved easily at 

400 rpm after 24 h. The preliminary electrospinning attempt showed that this 

solution has viscosity too low to form electrospinning jet. 
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Table 4.1. Compositions and amounts used for solution preparation. 

 
Magnesium 

(Mg) 

Yttrium 

(Y) 

Neodymium 

(Nd) 

Zirconium 

(Zr) 

Composition (%) 93.6 4 2.25 0.15 

Atomic Mass (g/mol) 24.305 88.9058 144.242 91.224 

Number of moles 

(based on 100 g of 

alloy) 

3.85 0.04499 0.015598 0.001644 

Nitrates used 
Mg(NO3)2. 

6H2O 

Y(NO3)3. 

6H2O 

Nd(NO3)3. 

6H2O 

ZrO(NO3)2. 

xH2O 

Molecular Mass of 

Nitrates (g/mol) 
256.41 383.01 438.35 231.23 

Amount of nitrates 

dissolved for 1 g 

alloy (g) 

0.9871 0.0172 0.0068 0.0004 

 

The similar studies in the literature utilized polymers such as PVP or PVA in 

order to adjust the viscosity of the electrospinning solutions to a manageable 

level [281–283]. Therefore, the new solutions were prepared with PVP (MW ≈ 

1.3 x 106) or PVA (MW ≈ 8.5-12.4 x 105) addition. The reason to choose PVP 

and PVA was that they are highly soluble in water, and the viscosity and the 

conductivity of their solutions as well as the resulting electrospun fiber diameter 

can easily be adjusted with different solvent content and concentration [135, 

284]. Since a certain level of pore size distribution is desired for the developed 

electrospun alloy-like compound and the pore size of fibrous networks depends 

on the fiber diameter, a series of different solutions was prepared and tried for 

electrospinning. The solutions were prepared with nitrates of alloy components 

corresponding to the alloy weighing from 0.25 g to 5 g. PVP was found to be 

dissolved in water, ethanol or different ethanol/water mixtures at room 

temperature in 30-60 min at 200 rpm, and PVA was found to be dissolved in 

water at temperature between 70-90°C in ~2 h at 500 rpm. However, since the 

duration of stirring increases the viscosity of the polymer solutions [285] and at 
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least 24 h of stirring was needed to completely and homogeneously dissolve the 

nitrates, the electrospinning solutions were prepared by dissolving first the 

nitrates for 24 h and then PVP or PVA for their respective durations. A total of 

96 nitrates/PVP solutions with 2 different PVP concentrations (2.5 or 5 wt.%), 4 

different stirring temperatures (room, 30°C, 50°C or 90°C) and 12 different 

solvent concentrations, and a total of 72 nitrates/PVA solutions with 4 different 

PVA concentrations (2.5, 5, 10 or 15 wt.%), 3 different stirring temperature 

(70°C, 80°C or 90°C) and 6 different total nitrate salt amounts (0.25 g, 0.5 g, 1 

g, 1.5 g, 2 g or 5 g) were prepared and examined in terms of total and 

homogeneous solubility. It was found that high level of stirring temperature 

decreased the observable viscosity of the solutions drastically as expected 

which made the solutions stirred at temperatures higher than 30°C viable for 

PVP electrospinning and temperatures higher than 80°C viable for PVA 

electrospinning. Additionally, both PVP concentrations as well as different 

ethanol/water concentrations ranging from pure ethanol (100/0 v/v) to pure 

water (0/100 v/v) and PVA concentrations up to 10 wt.% with salt content 

between up to 2 g were resulted in fully dissolved homogeneous solutions. 

 

4.1.2. Electrospinning of WE43 Magnesium Alloy-Like Compounds 

The electrospinning performance of the prepared solutions was examined 

visibly in terms of both initiation and continuity of spinning (Table 4.2 and 4.3). 

Additionally, the electrospinning instrument parameters such as applied voltage, 

solution feeding rate and feeder-collector distance, were optimized between 15-

30 kV (with 1 kV intervals), 5-15 µl/min (with 0.5 µl/min intervals) and 10-20 cm 

(with 1 cm intervals), respectively, along with the solution parameters for 

continuous stable jet forming. 

 

All the electrospinning solutions, except the ones prepared with 0/100, 5/95 and 

100/0 (v/v) ethanol/water, were found to be spinnable. It is concluded that 

ethanol addition less than 10% volume was not enough to increase the viscosity 

of the water-based solution for initiation of an electrospinning jet, even at 

voltages as high as 30 kV. On the other hand, pure ethanol caused the exact 

opposite behavior, increasing the viscosity too high for the electrostatic force to 

exert the solution out of the feeding tip and stretch the jet to the collector. 
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Table 4.2. Optimization of solution parameters for electrospinning with PVP. 

Set 

# 

Ethanol/Water 

(v/v) 

Temperature 

(°C) 

PVP 

Concentration 

(wt.%) 

Initiation/Continuity 

1 0/100 

30 
2.5 NO/NO 

5 NO/NO 

50 
2.5 NO/NO 

5 NO/NO 

90 
2.5 NO/NO 

5 NO/NO 

2 5/95 

30 
2.5 NO/NO 

5 NO/NO 

50 
2.5 NO/NO 

5 NO/NO 

90 
2.5 NO/NO 

5 NO/NO 

3 10/90 

30 
2.5 YES/NO 

5 YES/NO 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 

4 15/85 

30 
2.5 YES/NO 

5 YES/NO 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 
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Set 

# 

Ethanol/Water 

(v/v) 

Temperature 

(°C) 

PVP 

Concentration 

(wt.%) 

Initiation/Continuity 

5 20/80 

30 
2.5 YES/NO 

5 YES/NO 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 

6 25/75 

30 
2.5 YES/NO 

5 YES/YES 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 

7 30/70 

30 
2.5 YES/NO 

5 YES/NO 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 

8 35/65 

30 
2.5 YES/NO 

5 YES/NO 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 
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Set 

# 

Ethanol/Water 

(v/v) 

Temperature 

(°C) 

PVP 

Concentration 

(wt.%) 

Initiation/Continuity 

9 40/60 

30 
2.5 YES/NO 

5 YES/NO 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 

10 45/55 

30 
2.5 YES/NO 

5 YES/NO 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 

11 50/50 

30 
2.5 YES/NO 

5 YES/NO 

50 
2.5 YES/NO 

5 YES/NO 

90 
2.5 YES/NO 

5 YES/NO 

12 100/0 

30 
2.5 NO/NO 

5 NO/NO 

50 
2.5 NO/NO 

5 NO/NO 

90 
2.5 NO/NO 

5 NO/NO 

 

Vongsetskul et. al. showed that as the ethanol percentage increases, the 

conductivity of the PVP solution decreases to a minimum whereas the water 

percentage near 100% caused the lowest viscosity possible in ethanol/water 
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based PVP solution [135]. Ethanol concentration higher than 50% increases the 

viscosity significantly, reaching maximum viscosity at 75% ethanol in the 

ethanol-water solvent system for PVP while reducing the conductivity of the 

solution exponentially. Therefore, solvents up to 50% ethanol concentration 

were tried for electrospinning. Between 10% and 50% ethanol addition to the 

solvent, provided spinnable solutions for all stirring temperatures and both PVP 

concentrations. However, all of these solutions, except the solution prepared 

with 25/75 (v/v) ethanol/water at 30°C with 5 wt.% PVP, failed to sustain a 

continuous electrospinning jet in order to collect a usable amount of scaffold 

thickness. Because the solvent at this level of concentration (25/75 v/v 

ethanol/water) has the most optimum moderate level of conductivity as well as 

viscosity in ethanol-water solvent system, which are neither too high to prevent 

jet formation or cause electrospraying instead nor too low to initiate the Taylor 

cone and/or sustain it in long term. Therefore, this solution was successfully and 

continuously electrospun by feeding 5 µl/min under 30 kV from a distance of 12-

15 cm. By using this optimized solution and instrument parameters, all of the 

samples used for the following studies were prepared with 10 ml of the solution 

to achieve samples with same dimensions. 

 

All the electrospinning solutions, except the ones prepared with 15 wt.% PVA, 

were found to be spinnable. In the literature high PVA concentrations were 

known to be spinnable [140]. However, it has been observed that the nitrate salt 

addition increase the conductivity and/or charge of the PVA solution for initiation 

of an electrospinning jet, even at voltages as high as 30 kV. On the other hand, 

10 wt.% PVA, when combined with the nitrate salts, become adequate enough 

for the electrostatic force to exert the solution out of the feeding tip and stretch 

the jet to the collector. However, it has been found that this solution is still highly 

charged to maintain continuous jet formation once it started. 

 

Conductivity or charge of a solution affecting the spinnability is a widely known 

behavior for electrospinning technique, and both high and low amounts can 

either prevent the solution from continuity or hinder the process completely [64]. 

Therefore, it is concluded that the PVA concentrations of 10 wt.% or higher are 

not suitable for electrospinning when combined with nitrate salts. 
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PVA requires high temperatures to be dissolved in water-nitrate solution, and as 

the temperature increases the viscosity of the final solution increases 

accordingly. However, solutions prepared at 70°C out of 3 temperatures 

experimented was found to have adequate viscosity to initiate jet formation but 

not enough to maintain continuity in spinning process. Therefore, it is concluded 

that at least 80°C is required for a PVA-nitrate-water solution system. 

 

Table 4.3. Optimization of solution parameters for electrospinning with PVA. 

Set 

# 

PVA 

Concentration 

Temperature 

(°C) 

Salt Content 

(g) 
Initiation/Continuity 

1 
0,25 g (2,5 

wt.%) 

70 

0.25 YES/NO 

0.5 YES/NO 

1 YES/NO 

1.5 YES/NO 

2 YES/NO 

5 YES/NO 

80 

0.25 YES/YES 

0.5 YES/YES 

1 YES/YES 

1.5 YES/YES 

2 YES/YES 

5 YES/YES 

90 

0.25 YES/YES 

0.5 YES/YES 

1 YES/YES 

1.5 YES/YES 

2 YES/YES 

5 YES/YES 
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Set 

# 

PVA 

Concentration 

Temperature 

(°C) 

Salt Content 

(g) 
Initiation/Continuity 

2 0,5 g (5 wt.%) 

70 

0.25 YES/NO 

0.5 YES/NO 

1 YES/NO 

1.5 YES/NO 

2 YES/NO 

5 YES/NO 

80 

0.25 YES/YES 

0.5 YES/YES 

1 YES/YES 

1.5 YES/YES 

2 YES/YES 

5 YES/YES 

90 

0.25 YES/YES 

0.5 YES/YES 

1 YES/YES 

1.5 YES/YES 

2 YES/YES 

5 YES/YES 

3 1 g (10 wt.%) 70 

0.25 YES/NO 

0.5 YES/NO 

1 YES/NO 

1.5 YES/NO 

2 YES/NO 

5 YES/NO 
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Set 

# 

PVA 

Concentration 

Temperature 

(°C) 

Salt Content 

(g) 
Initiation/Continuity 

80 

0.25 YES/NO 

0.5 YES/NO 

1 YES/NO 

1.5 YES/NO 

2 YES/NO 

5 YES/NO 

90 

0.25 YES/NO 

0.5 YES/NO 

1 YES/NO 

1.5 YES/NO 

2 YES/NO 

5 YES/NO 

4 1.5 g (15 wt.%) 

70 

0.25 NO/NO 

0.5 NO/NO 

1 NO/NO 

1.5 NO/NO 

2 NO/NO 

5 NO/NO 

80 

0.25 NO/NO 

0.5 NO/NO 

1 NO/NO 

1.5 NO/NO 

2 NO/NO 

5 NO/NO 

90 

0.25 NO/NO 

0.5 NO/NO 

1 NO/NO 

1.5 NO/NO 

2 NO/NO 

5 NO/NO 
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Finally, solutions with PVA concentration 2.5 or 5 wt.% prepared at 80°C or 

90°C containing 0.25-5 g of nitrate salts were found to be optimum for both jet 

initiation and continuous spinning. Therefore, this solution was successfully and 

continuously electrospun by feeding 5 µl/min under 30 kV from a distance of 12-

15 cm. By using this optimized solution and instrument parameters, all of the 

samples used for the following studies were prepared with 10 ml of the solution 

to achieve samples with same dimensions. 

 

4.1.3. Calcination of Electrospun Alloy-Like Compound 

The nitrates of metals have high affinity for water [280]. Therefore, heating 

decomposes the nitrates into oxides of the metal, which is the key route 

adopted in this study to obtain alloy-like compound of the metallic alloy from the 

nitrate salts. In order to achieve the decomposition of the electrospun polymer-

metal nitrate structure, a calcination step was applied to the samples 

electrospun with optimized parameters in the previous section. The temperature 

and the duration of the calcination process were determined by means of 

thermal analysis. The candidate sample prepared with PVP-metal nitrates and 

electrospun with optimized parameters as well as single electrospun PVP 

without the metal nitrate salts and metal nitrate salts dissolved without PVP with 

the optimum solvent and dried under vacuum were subjected to DTA/TG 

analysis in order to obtain decomposition, crystallization and other possible 

significant thermal behaviors. The temperature of the calcination was 

determined according to the comparison between the thermal plots of these 

three analyses and the duration of the calcination was determined by theoretical 

calculation proposed by Zivkovic and Dobovisek [276]. 

 

4.1.3.1. Differential Thermal Analysis and Thermogravimetry 

The DTA/TG plots of the PVP electrospun without metal nitrate salts, metal 

nitrate salts prepared without PVP and the PVP-metal nitrates electrospun 

together were given in Figure 4.1. A sharp exothermic peak at 326°C (P3) and a 

corresponding 35% drop in weight were observed in DTA and TG plots of PVP, 

respectively. This corresponded to the decomposition of PVP, which starts 

around 350°C according to the multiple studies in the literature [286, 287]. On 
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the other hand, alloy salts prepared independent from PVP, showed multiple 

peaks at 100°C (P1), 180°C (P2), 425°C (P4) and 455°C (P5). The P1 peak 

was where residual water vaporized from the nitrate salts. The P2 peak at 

180°C was believed to be where the decomposition of nitrates started. 

 

 

Figure 4.1. (a) DTA and (b) TG plots of PVP electrospun without metal nitrate 

salts, metal nitrate salts prepared without PVP and the electrospun 

PVP-metal nitrates sample. 

 

Paulik et. al. investigated the decomposition behavior of Mg(NO3)2.6H2O and 

found that the hexahydrate left the structure starting from the boiling point of 

water until the temperatures as high as 300-320°C reached. At that point, the 

nitrate became waterfree Mg(NO3)2 which started to decompose into the oxide 

form of magnesium, MgO. The decomposition was terminated between 420°C 
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and 480°C when the 85-90% of the initial weight decomposed and only MgO left 

[288]. Both DTA and TG plots of alloy salts followed similar pattern in this study 

(Figure 4.1), and given the fact that almost 94% of the composition contains 

magnesium nitrate, it can be concluded that metal nitrates in the sample 

became anhydrous between 100-300°C reaching a peak at 180°C (P2), and 

decomposed further into oxides between 320-480°C (P4 and P5). Additionally, 

the thermal plots of combined PVP and metal salts revealed a wide medium 

strength peak followed by a strong sharp peak (Figure 4.1). The wide peak was 

observed starting from 100°C, reaching its peak at around 330-340°C and 

continued until the temperature reached 430-450°C. Two primary weight losses 

were recorded during this period, which were responsible for 15% and an 

additional 50% weight loss of the sample at 100°C and 330-340°C, respectively. 

This clearly was in accordance with the findings for both single PVP and metal 

salts, and the single wide peak was the sum of PVP decomposition as well as 

hydrous and nitrate decompositions of metals into oxides. On the other hand, 

the strong sharp peak at 530°C (P6) was believed to represent the merging of 

the decomposed metal oxides, which thought to form a new crystallographic 

structure with an empirical formula, MgaYbNdcZrdOx, and therefore manifested 

itself as an exothermic peak. As a result of these findings, the key temperatures 

for calcination of the electrospun samples prepared with PVP were determined 

as 325°C, 425°C, 455°C and 530°C. 

 

Additionally, DTA/TG plots of the PVA electrospun without metal nitrate salts 

and the PVA-metal nitrates electrospun together were given in Figure 4.2. A 

sharp endothermic peak at ~500°C, starting around 230°C and ending around 

580°C (P1) and a corresponding ~85-90% drop in weight were observed in DTA 

and TG plots of PVA, respectively. This represented the pyrolysis of PVA 

according to the multiple studies in the literature [289, 290]. However, the 

pyrolysis process of PVA presented itself at ~230°C (P3) when combined with 

nitrate salts, according to the DTA/TG plot of electrospun PVA-metal nitrates 

sample, in which the precipitation of β'/β'' phases and β1 phase as well as β1 → 

β(stable) transformation occurred at 140-180°C (P2), 310°C (P4) and 350°C 

(P4), respectively. The decomposition of metal nitrates into oxides as well as 

merging of these oxides into empirical MgaYbNdcZrdOx, however, occurred 
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between 430-500°C (P5) and 500-510°C (P6), which is relatively consistent with 

the findings of metal nitrate salts and PVP combined salts (P4, P5 and P6 

peaks of Figure 4.2). As a result of these findings, the key temperatures for 

calcination of electrospun samples prepared with PVA were determined as 

230°C, 390°C, 465°C, 500°C and 505°C. 

 

 

Figure 4.2. (a) DTA and (b) TG plots of PVA electrospun without metal nitrate 

salts, and the electrospun PVA-metal nitrates sample. 

 

As a result of the determined key temperatures from DTA plots of PVP, PVA, 

metal nitrate salts as well as electrospun samples prepared with PVP or PVA 

and the corresponding area values obtained from the determined DTA peaks, 

log [ln (S / S-St) / t] vs 1/T graphs for PVP peak at 325°C, for peaks of metal 

salts at 425°C and 455°C, for peak of combined PVP-salts at 530°C, for PVA 
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peak at 500°C and for peaks of combined PVA-salts at 230°C, 390°C, 465°C, 

and 505°C were plotted (Figure 4.3 and 4.4). The slopes and the y-axis 

intersections of the straight lines on each graph gave the activation energy and 

the pre-exponential factor of the reactions occurred on each peak, and the time 

required to complete those reactions at 99.99% were calculated with Eq. (4) 

(Table 4.4 and 4.5). 
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Figure 4.3. Riemann fitting and the corresponding log [ln (S / S-St) / t] vs 1/T 

plots of DTA peaks used for calculations of (a) PVP peak at 

325°C, (b) peaks of metal nitrate salts at 425°C and 455°C and (c) 

peak of combined PVP+salts at 530°C. 

 

Table 4.4. Estimated activation energies, pre-exponential factors and reaction 

durations of different peaks obtained from samples prepared with 

PVP. 

Plot 
Temperature 

(°C) 

Activation 

Energy 

(J/mol) 

Pre-

exponential 

Factor (s-1) 

Duration 

(s) 

Duration 

(h) 

PVP 325 41.95 0.00121 28601.79 7.94 

Metal salts 
425 1335.70 0.00474 9165.12 2.55 

455 272.85 0.00499 7242.55 2.01 

Combined 530 935.66 0.00139 24932.18 6.93 

 

According to the significant temperatures obtained from DTA/TG plots (Figure 

4.1) and the estimated corresponding reaction durations given in the Table 4.4, 

the designated heat treatment for the samples prepared with PVP was 

generated as 8 h at 325°C, 2.5 h at 425°C, 2 h at 455°C and 7 h at 530°C, 
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consecutively. Since the durations are based on mathematical estimations, all 

of the durations were also tried as ±1 h considering the possibility of a certain 

error margin. 
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Figure 4.4. Riemann fitting and the corresponding log [ln (S / S-St) / t] vs 1/T 

plots of DTA peaks for single PVA at (a) 500°C and for PVA+salts 

combined at (b) 230°C, (c) 390°C, (d) 465°C and (e) 505°C. 

 

Table 4.5. Estimated activation energies, pre-exponential factors and reaction 

durations of different peaks obtained from the samples prepared with 

PVA. 

Peak 
Temperature 

(°C) 

Activation 

Energy 

(J/mol) 

Pre-

exponential 

Factor (s-1) 

Duration 

(s) 

Duration 

(h) 

PVA 500 68.74 0.00012 287533.38 79.87 

Combined 

230 359.20 0.00175 21408.18 5.95 

390 55.62 0.00116 30085.41 8.36 

465 55.47 0.00195 17830.39 4.95 

505 255.69 0.00096 36456.48 10.13 

 

Similar to the samples prepared with PVP, the designated heat treatment for the 

samples prepared with PVA was generated as 6 h at 230°C, 8.5 h at 390°C, 5 h 

at 465°C, 80 h at 500°C and 10 h at 505°C, consecutively, according to the 

temperatures obtained from DTA/TG plots (Figure 4.2) and the estimated 
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corresponding reaction durations given in the Table 4.5. All of these durations 

were also tried as ±1 h considering the possibility of a certain error margin. 

 

4.2. Characterizations 

4.2.1. Scanning Electron Microscopy and Energy-Dispersive X-Ray 
Spectroscopy 

The SEM images of the samples prepared with PVP (not given here) and PVA 

(Figure 4.5.a) obtained showed successful electrospinning of the solutions 

prepared. The structures of both consisted of a fibrous network with 

interconnected porosity. However, after the designated heat treatment for PVP, 

it was found that PVP was only pyrolysed partially at the end and the most of 

the fibers lost their structural integrity before the nitrate salts were decomposed 

to oxides and merged together to form the alloy-like compound with fibrous 

structure. On the other hand, the designated heat treatment generated for the 

samples prepared with PVA was proved to be successful in maintaining the 

fibrous network during the calcination process (Figure 4.5.b). It was assumed 

that, these results were the consequence of the difference in the temperature 

and the durations of polymer peaks (325°C for PVP and 500°C for PVA). 

According to the thermal analysis, the temperature of PVP peak was found to 

be before the decomposition and the merging of the nitrate salts where the 

similar peak for PVA was started early and ended at almost at the same 

temperature where the merging was assumed to occur. As a result, PVP was 

decomposed before salts were decomposed into oxides and merged together 

which was failed because of the loss of structural integrity of the fibers. On the 

contrary, since PVA started decomposing early in the temperature scale and 

assumed to continue for nearly 200°C up until the decomposition and the 

merging of nitrate salts ended, polymer was still continued to be present in the 

fibers, providing structural support during the nitrate salt reactions and merging, 

therefore maintaining the fibrous structure until it finally completely decomposed 

after more than 80 h. The EDX analysis showed that the composition of the 

obtained fibrous structure consisted of primarily oxygen and magnesium where 

the rest was yttrium, neodymium and zirconium as expected (Figure 4.5.c). 

Since it was expected for nitrates to decompose into oxides after the calcination 

process, it was plausible to have almost ~68% (at.%) oxygen present in the 
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structure which was believed to be because of the oxides of the four 

components of the alloy. Also because the majority of the mimicked alloy is 

magnesium, the obtained compound was primarily MgO since the magnesium 

content was measured around ~28.5% (at.%). The EDX results showed that 

samples electrospun with PVA and calcinated with the designated heat 

treatment regime proved that it is possible to obtain a fibrous alloy-like 

compound with an empirical formula of MgaYbNdcZrdOx which consists of 

merged oxides of the four components and therefore mimics the WE43 

magnesium alloy. 

 

 

Figure 4.5. SEM images of the samples prepared with PVA (a) after 

electrospinning, (b) after the designed heat treatment 

(Magnifications: x5000), and (c) EDX analysis of the heat treated 

sample. 

 

4.2.2. X-Ray Photoelectron Spectroscopy 

In this study, the chemical composition and the structure of the fabricated mats 

are crucial. The novel approach used to fabricate an alloy-like compound 

consists of different stages for the material content, in which polymer, metallic 

salts, alloy-like compound or a combination of these can be present at certain 

points of the entire process. However, the success of the process and the 

resulting desired structure depend on these contents to be in a certain order to 

continue with the determined course of experiments. One of the 

characterization methods utilized to keep track of the structural changes 

throughout the study is XPS. This method provides binding energy data of the 

bonds present in a structure which helps to interpret the contents of a material. 

Even though it is generally preferred for polymers, it can be applied to different 
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kinds of materials such as metals, as well. Therefore, XPS analyses were 

conducted for three different structures of this study; (i) electrospun PVA mats 

(without metallic nitrate salts), (ii) electrospun PVA containing metallic nitrate 

salts (mats pre-treatment) and (iii) electrospun WE43 alloy-like compound mats 

(post-heat treatment). The reason for choosing these three structures was to 

determine whether the initial electrospun structure as well as the structure after 

the heat treatment contains the necessary contents (PVA, metallic nitrate salts 

and/or metallic compound). The resulting plots were given in Figure 4.6. 
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Figure 4.6. XPS plots of (a) electrospun single PVA mat, (b) electrospun mat 

containing PVA and metallic nitrate salts (pre-treatment mat), (c) 

electrospun WE43 alloy-like compound (post-treatment mat) 

 

Figure 4.6.a shows that the single-PVA was successfully electrospun with the 

given parameters. The peaks at 285 eV and 530 eV correspond to the C1s and 

O1s, respectively, which was expected from a polymeric structure. The shifts 

and the composition of these peaks are similar to those reported in the literature 

for PVA [291]. Figure 4.6.b, on the other hand, represents the metallic nitrate 

salts electrospun with PVA to obtain fibrous structure. However, since this 

structure is in pre-treatment stage, majority of the structure still contains PVA. 

Therefore C1s and O1s peaks are still present with high composition. However, 

because the structure now contains metallic nitrates, the plot shows peaks 

around 53 eV and 158 eV which respectively correspond to magnesium (Mg2p), 

the majority of the nitrate salts, and yttrium (Y3d), the nitrate salt with the 

second high amount present. The Mg2p and Y3d peaks, among other few 

peaks that represent WE43, can be found in the XPS data of other studies 

conducted by Ascencio et. al. [292], Ardelean et. al. [293] and Jin et. al. [294], 

confirming the findings of this study. The final plot in Figure 4.6.c shows the 

binding energies found in WE43 alloy-like compound obtained after heat 

treatment of the metallic nitrate salts electrospun with PVA. As it can be seen 
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from the figure, C1s peak almost disappeared to an undetectable composition 

(less than 0.1%) which means the polymer content was successfully removed 

during the heat treatment process. The other peaks around 50 eV, 89 eV, 305 

eV and 386 eV that correspond to Mg2p, Mg2s, Mg KLL and Mg KLL of the 

magnesium content as well as peaks around 163 eV, 246 eV and 351 eV that 

represent Y3d of yttrium, Nd4p of neodymium and Zr3p of zirconium content, 

respectively, were found in the structure confirming the successful fabrication of 

the WE43 alloy-like compound by using the designated novel approach [292–

294]. Finally, the peak with the highest composition were found to be O1s which 

represents the oxides in the structure such as MgO, YO, NdO and ZrO since 

the structure fabricated was planned to be an alloy-like compound containing 

oxides of the alloy targeted. 

 

4.2.3. X-Ray Diffraction 

Similar to XPS which analyzes the material structure based on the binding 

energies of the components, XRD can be also utilized to investigate material 

structures. The main difference is that XRD determine the crystallographic 

structures based on the diffraction of the x-rays. This method is generally used 

for metallic materials (compound or alloy) which are most of the time in 

crystalline form, rather than amorphous like the majority of the polymers. 

However, it can be used for polymers in such way that it can differentiate the 

crystalline structure from amorphous or semi-crystalline structures, like in this 

study. As mentioned in the previous section, it is crucial to determine the 

structural stages of the material developed during the fabrication process. Since 

the initial electrospun structure consists of polymer as well as metallic nitrate 

salts, the mats are expected to have mostly amorphous and/or semi-crystalline 

structure present. However, as the heat treatment concludes, the structure of 

the electrospun mats is expected to shift to a crystalline state because of the 

alloy-like compound formed and the polymer is pyrolysed. Therefore, XRD 

analyses were also conducted to the same three structures obtained along the 

fabrication process; (i) electrospun PVA mats (without metallic nitrate salts), (ii) 

electrospun PVA containing metallic nitrate salts (mats pre-treatment) and (iii) 

electrospun WE43 alloy-like compound mats (post-heat treatment). The 

resulting plots were given in Figure 4.7. 
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Figure 4.7. XRD plots of (a) electrospun single PVA mat, (b) electrospun mat 

containing PVA and metallic nitrate salts (pre-treatment mat), (c) 

electrospun WE43 alloy-like compound (post-treatment mat) 
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In Figure 4.7.a, an XRD curve of semi-crystalline solid can be seen. The wide 

peak starting from around 20° (2θ) represents (101) plane of PVA which 

confirms the presence of the partial crystallinity of semi-crystalline PVA in the 

structure which is a result of intermolecular as well as intramolecular hydrogen 

bonding between polymer chains [295]. On the other hand, when the metallic 

alloy salts added to the electrospinning solution, the resulting electrospun mats 

showed an additional peak around 40° (2θ) (Figure 4.7.b) which is normally 

found in magnesium alloys or compounds as a representation of magnesium 

element, α-Mg or magnesium oxide (MgO) [267, 270]. Therefore, in addition to 

XPS analysis, the XRD analysis of this sample proved that the metallic nitrate 

salts were successfully incorporated into the electrospun fibers of the PVA. 

Finally, after the heat treatment process, the wide peak around 20° (2θ) 

disappeared as expected when the polymer content is removed, and sharp 

peaks at 36°, 38°, 42°, 62°, 74° and 78° (2θ) became present (Figure 4.7.c). 

The diffraction peaks at 38°, 74° and 78° (2θ) corresponds to Mg as α-Mg 

where the peak at 42° (2θ) represents Mg as magnesium oxide (MgO) [267, 

270]. Additionally, according to Ascencio et. al [292], Kubasek et. al. [264] and 

Kang et. al. [296], the diffraction peak at 36° (2θ) is a result of Mg-Nd as 

Mg12Nd and/or Mg41Nd5 where the diffraction peak at 62° (2θ) is related to Mg-Y 

as Mg24Y5 and/or Mg14Nd2Y (β-phase) as reported by the same studies as well 

as Asqardoust et. al. [273]. It can be seen from the results that after the heat 

treatment, the metallic nitrate salts transformed into different intermetallic 

compounds of Mg-Y or Mg-Nd in addition to the majority of phases such as α-

Mg and MgO. These compounds and phases are distinctive confirmation of a 

successful WE43 alloy-like compound fabrication, according to the literature. 

Therefore, it is concluded that, with the designated heat treatment regime in this 

study, it is possible to develop a metallic alloy-like compound in WE43 alloy 

family by using metallic nitrate salts as precursor and electrospinning as the 

main fabrication method. 

 

4.2.4. Wettability 

The wettability of any tissue scaffold developed is important since the cells favor 

hydrophilic surfaces with approximately 50° contact angle value which is the 

contact angle value of commercial TCPS Petri dishes [297]. Therefore, it is 
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crucial to identify the wettability of a scaffold in terms of contact angle, so that it 

gives preliminary idea of how well the scaffold will perform in cell culture 

studies. 

 

The contact angle values measured from three calcinated samples (Figure 4.8) 

were found to be 60.49°, 58.85° and 57.97°. Therefore, the average contact 

angle of a calcinated sample was 59.10° ± 1.28. In our previous studies, an 

average contact angle between 45° and 80° for a scaffold were found to be 

highly favorable for cell attachment and proliferation [53, 99, 298–300]. The 

fibrous and/or rough nature of a scaffold also widely known to increase the 

biocompatibility performance against the anchorage dependent animal cells due 

to providing high number of attachment points similar in natural extracellular 

matrix [301, 302]. The contact angle values obtained in this study met the 

requirement of being both similar to the commercial TCPS containers used 

widely in tissue culture experiments and in the suggested range of proposed 

contact angle values. Therefore, it is concluded that the combination of the 

fibrous structure as well as the wettability and the rough surface nature of the 

fibers in the developed samples were expected to provide good performance in 

terms of biocompatibility. 

 

 

Figure 4.8. Contact angle measurements obtained from three samples; (a) 

60.49°, (b) 58.85°, and (c) 57.97°. 

 

4.2.5. In Vitro Degradation 

The in vitro degradation of a tissue scaffold is preferred to be at a certain rate 

that matches the new tissue forming during the healing process since the 

scaffold must provide sufficient structural support throughout the entire healing 

course but should also be replaced as the new tissue formed [303]. In case of 

peripheral nerve injuries, the degradation rate should at least be in conjunction 

with the healing rate of 2 mm per month so that the scaffold can keep the 
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protection, permeability and support necessary for nerve regeneration. In this 

thesis study, the developed alloy-like compound mats were tested against PBS 

and lysozyme containing degradation test solution for 6 months. The 

magnesium alloys studied and/or used for stent applications showed 

problematic degradation rates, not suitable for viable usage [304]. However, the 

environment for stent applications is highly different from most of the other 

locations in the body, since there is a significant amount of flow (blood). This 

creates a dynamic and more eroding degradation behavior that resulted in poor 

performance for magnesium alloys in terms of long term support, even though 

the excellent biocompatibility [305]. On the other hand, in this thesis study, the 

environment is significantly different since there is no major flow of any kind 

around the peripheral nerves. Therefore, the degradation behavior was more 

static than stent applications, which is found to be in favor of the magnesium 

alloy mimicked in this thesis. The 30 day interval results showed that the 

prepared samples were resilient against fast degradation (Figure 4.9). The first 

two months of degradation process resulted in only ~5% weight loss for each 

month (~5.21% for 30 days, ~5.34% for 60 days) in which the sample still had a 

significant portion (89.45%) of its starting structure. The subsequent months 

showed slight increases in degradation (~6.83%, ~6.95%, ~7.47% and ~7.26% 

for 90, 120, 150 and 180 days, respectively) resulting in remaining total weight 

of ~60.94% of its starting structure. As expected from an artificially developed 

alloy-like compound used in a static environment, the samples showed 

significantly lower degradation rate over six months unlike a similar alloy used 

for stent applications. These results were particularly promising for the 

developed samples since the low rate of degradation means longer support can 

be provided during the nerve regeneration process. However, it should also be 

noted that this low degradation rate should be adjusted in terms of sample size 

for shorter nerve injuries or injuries that can heal less than 6 months. Because, 

a few studies in the literature showed that alloys containing high amount of 

magnesium such as WE43 can affect the genetic expression of the nerve cells 

and/or nerve reconfiguration [215, 306]. Therefore a support material remaining 

still more than 50% intact even after the regeneration may require additional 

surgical intervention to remove the support material from the wound site to 

prevent any possible negative effect. It was concluded that the samples 
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prepared in this thesis can be a good candidate for nerve regeneration 

applications in terms of biodegradability, and it is also possible (and highly 

suggested) to adjust the degradation rate in terms of sample size for a more 

suitable and accurate support rate. 

 

 

Figure 4.9. In vitro degradation of calcinated fibrous samples for 6 months 

period. 

 

4.2.6. Permeability Assays 

The humidity of a wound site is an important part of a healing process. There 

are few guidelines of how much humidity should maintained for different types 

of wounds, however there is almost no information on how a nerve injury site 

should maintain its inner humidity for a better regeneration performance. In this 

thesis study, the developed samples were tested for water vapor transmission 

rate in order to obtain a possible relationship between the level of inter fiber 

porosity of the samples and the humidity permeability which later will be linked 

to the biocompatibility performance conducted at the end of the study. In the 

literature, at least a humidity permeation rate of 2500-5000 g/m2.day is 

suggested for an open wound by different studies in order to prevent risk of 

wound site dehydration [208, 307, 308]. In this study, the average WVTR of the 
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prepared samples was found to be 5316 ± 49 g/m2.day from at least 6 samples 

tested. This amount of dehydration rate was slightly higher than those 

suggested for an open wound; however, since a nerve injury site is a more 

enclosed space than an open wound, the internal pressure on the wound site 

border is a lot less than an open space which lowers the chance of vapor 

evaporation from the injury site. Therefore, it is concluded that the WVTR of the 

prepared samples was well within the acceptable range. 

 

On the contrary of humidity permeation, nutrients, trophic factors and waste 

transmissions are required to be as high as possible in order to improve the 

nerve regeneration success over the course of the healing process. Lysozyme 

and BSA are both used widely in the literature for testing of permeability, as an 

acceptable representation of nutrient, trophic factor and waste transfer. 

Lysozyme and BSA, having MW around 14 and 65 kDa, respectively, are 

usually utilized in these studies in which at least 20% lysozyme (around 0.3-0.5 

OD) and 10% BSA (around 1-1.2 OD) permeation is acceptable in the first 24 h 

[309, 310]. The optical densities obtained from the prepared samples at the end 

of 24 h and 48 h were found to be 0.47±0.01 and 1.09±0.02 for lysozyme and 

0.61±0.02 and 1.13±0.01 for BSA. These results showed that the permeability 

of the prepared samples were well within the acceptable range and the 

permeation of lysozyme was found to be easier compared to BSA since the 

increase in permeation was higher at the end of 48 h. Chang et. al. [311] and 

Wang et. al. [312] were found similar results for PLGA and chitosan based 

nerve guidance conduits developed in their respective studies. Therefore, it is 

concluded that the developed samples were suitable for nerve regeneration 

applications in terms of solid molecule permeation required for the nerve 

healing process. 

 

4.2.7. Absorption and Swelling 

The fluid absorption capacity of a tissue scaffold is a representation of how the 

supporting material keeps the humid environment during the regeneration 

process. The scaffolds are also responsible for the transport of several 

constituents of the bodily fluids in the injury site, depending on the injury type. In 

nerve regeneration process, several nutrients and neurotrophic factors are 
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present at the injury site which require scaffold to allow transport easily and 

maintain at a certain concentration throughout the process. Therefore a certain 

level of fluid absorption capacity is crucial for a scaffold to be viable for a nerve 

regeneration application. However, a scaffold that is considered for a possible 

candidate should also be resilient to significant volume changes along with the 

fluid absorption. In nerve regeneration process, the volume changes can be 

highly undesired since it is crucial to keep both nerve endings in communication 

with each other in order to prevent Walleran degeneration. It is possible for a 

swelling scaffold to change its volume towards the injured nerve gap which can 

significantly hinder the axon endings to grow to each other. Therefore, an ideal 

nerve tissue scaffold should have a certain level of absorption capacity without 

showing any significant swelling in the injured site. 

 

In this thesis study, the absorption capacity of the developed sample was found 

to be 71.23%±2.67. Due to the interconnected network of fibrous structure 

obtained at the end of the fabrication as well as mild hydrophilicity of this 

structure provided a fairly good water uptake ability for the developed nerve 

scaffold. The absorption capacity over at least 60% is usually an acceptable 

limit for a scaffold to be viable to retain the humid environment required for 

tissue regeneration, therefore the developed sample in this study was accepted 

as suitable. 

 

Additionally, the developed samples showed 1.05%±0.19 swelling after 24 h of 

incubation and less than 1% shrinkage after being dried for 12 h. It was found 

that because of the alloy-like nature, the developed sample was highly resistant 

to any volume changes even if its relatively high water absorption capacity. In 

our previous studies as well as several literature studies, similar behavior can 

be found for fibrous networks [99, 298, 313, 314]. Because of their high surface 

area to volume ratio and high porosity, electrospun structures can absorb 

significant level of fluids depending on the material used. In this thesis, the 

developed structure had similar high surface area and porosity due to its large 

pores and fibrous network combined with an alloy-like base material which 

resulted in the obtained high absorption and low swelling/shrinkage values. 

Therefore it is concluded that the developed samples were safe to use in nerve 
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regeneration processes without facing any significant problems in terms of 

retaining humid environment and size changes throughout the healing. 

 

4.3. In Vitro Cell Culture Studies 

In this thesis study, the biocompatibility of fibrous WE43 alloy-like compound 

scaffolds fabricated with optimized electrospinning parameters and calcinated 

with controlled temperature-time parameters was determined with standard cell 

culture assays and imagings using commercial L929 ATCC CCL-1 mouse 

fibroblast cell line. L929 cells are one of the standard cell types recommended 

by ASTM for cytotoxicity analyses of scaffold materials [315] and are also 

widely utilized for evaluation of tissue scaffolds for nerve tissue engineering 

applications [316–320]. 

 

The primary aim of this thesis was to investigate the possibility of adapting 

electrospinning technique, a widely known fiber fabrication method, for a 

metallic alloy in order to fabricate a scaffold structure that meets the primary 

requirements of a nerve guidance conduit such as fibrous network, 

interconnected porosity, suitable degradation, water absorption and swelling 

capacity as well as fundamental biocompatibility. Therefore, in studies like this, 

the preliminary in vitro biocompatibility assessments were preferred to be 

conducted with low cost, easily cultured cell lines such as L929. Because, the 

fibroblast cells are the most common cell type of animal connective tissue found 

in almost every location of the body, and any type of potential scaffold 

candidate material should be tested for biocompatibility primarily with this type 

of cell before any further assessment. Any potential candidate that fails to be 

biocompatible with or shows toxicity to this type of cell, will unlikely show 

compatibility to a more specific and complex cell type such as nerve cells. As a 

result, the biocompatibility studies of the developed samples were conducted 

with L929 fibroblast cells in this thesis. 

 

The scope of these studies was consisted of initial early stage cell attachment, 

cell viability and yield as well as visual imagings in which standard cell culture 

assays were utilized, and the results were presented with discussions in the 

following sections. 
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4.3.1. Cell Attachment 

A good biocompatibility and a subsequent effective regeneration usually depend 

on the initial early stage cell attachment performance of the candidate material. 

It is the first stage of the cell-material interactions in which the cells needs 

structural support the most. Animal tissue cells are defined as anchorage 

dependent cells which mean the cells require a surface to attach before they 

can reproduce. The mechanism behind this lies in the surface proteins such as 

integrins and receptors such as growth factor receptors. They basically regulate 

mechanisms such as cell division, proliferation, growth or programmed death 

(apoptosis) through surface properties in which these mechanisms became 

favorable when the surface attachment unfold the folded surface proteins and 

expose receptors for growth factors [321]. Therefore, it is crucial for an animal 

tissue cell to attach to a surface as soon as possible in order to continue their 

normal life cycle. Several studies in the literature show that the initial cell 

attachment performance significantly affects the consequent short term and/or 

long term biocompatibility as well as the resulting regeneration performance [99, 

322, 323]. Since these cell types are highly dependent to anchorage points, a 

high surface area is often favorable. The electrospinning technique provides 

significantly high surface areas through a fibrous interconnected network which 

is basically the same as the natural biological systems do through the ECM. 

This is the main reason for investigating the possibility of adopting this 

technique to a metallic alloy as the primary aim of this thesis study. 

 

The early stage attachment performance of the developed samples was 

assessed for 3 h at 30 min intervals under standard culture environment. Since 

the developed samples are novel in terms of both base material as well as 

adoption of the technique used to fabricate that material, commercial tissue 

culture Petri dishes that are widely and effectively used for cell culture were 

selected for comparison and used as blank. The cells were attached to the 

sample surface at almost 50% of their initial seeding concentration within the 

first hour of the culture (Figure 4.10). In the following hour, more cells were 

found to attach to the sample surface at a steady rate up until the cell 

concentration attached reached to 80-85% of the initial concentration. The final 

hour of the attachment study showed a decline at the attachment rate where 
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only 10% more of the cells attached before the developed sample reached what 

was concluded to be as its performance limit. On the other hand, the blank 

TCPS used as comparison showed steady attachment rate through the 3 h 

period where it finally reached 80-85% attachment concentration of the initial 

seeding. The results were obtained as expected since it is a known fact that the 

wettability and the surface topography are two key factors that can improve the 

cell attachment and the developed samples were found to have wettability 

similar to TCPS as well as fibrous structure similar to natural ECM. On the other 

hand, the slightly better performance of the developed samples compared to 

TCPS was because of the difference in the surface/bulk topography. TCPS 

Petri dishes are commercially used high efficient culture dishes with a straight 

non-porous surface which can only allow the cells to grow as monolayer or in 

2D. However, in contrast to TCPS dishes, the developed samples had both 

uneven/irregular surface topography as well as interconnected fibrous/porous 

3D bulk structure which can allow the cells to attach also between fibers and/or 

into the pores at the same time interval. This resulted in the observed 

performance difference and showed that the developed scaffold can be a viable 

candidate of tissue biocompatibility. 

 

 

Figure 4.10. 3 h cell attachment performance of developed samples in 

compared to blank TCPS Petri dishes at 30 min intervals. 
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4.3.2. Cell Viability and Cell Yield 

The next stage of a viable biocompatibility performance is the ability of the 

candidate material keeping the attached cells alive and functional over a certain 

amount of time depending on the cell type. In this time frame, the performance 

of the candidate material is measured in terms of toxicity or cell viability. One of 

the most common used methods for toxicity/viability assessment is MTT assay. 

MTT or 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide is a 

yellow colored dye that is metabolized by the mitochondria of cells and the 

metabolites occurred after this process are formazan crystals that has purple 

color and insoluble in water. The main idea behind this assay is to observe the 

amount of tetrazolium dye converted into formazan crystals by optical means. 

Because this process can only be conducted by live cells and therefore the 

amount strongly depends on the number of live cells. By measuring the intensity 

of the resulting purple colored solution, it is possible to predict the viability of the 

cell at any time necessary [324]. 

 

In this thesis, an electrospun WE43 alloy-like compound has been developed 

and tested for biocompatibility performance. Similar to the initial early stage 

attachment performance assessment, the developed samples were also tested 

for viability in compared to the commercial tissue culture Petri dishes used 

widely for routine cell culture studies. The MTT viability results presented in 

Figure 4.11 showed that both the developed samples and the TCPS provided a 

steady inclining viability for L929 fibroblast cells on the course of 7 days. The 

developed samples also showed a slightly better performance compared to 

TCPS starting from the beginning of the culture period. This result was 

expected since, in the first stage of biocompatibility assessments, it was found 

that the developed samples performed better in providing early stage 

attachment for the fibroblast cells. It is proposed by several studies in the 

literature that the initial attachment can greatly influence the subsequent cell 

viability and proliferation, because of early initiation of metabolic activity [325, 

326]. Therefore, the fibrous/porous structure, the 3D uneven surface and the 

suitable wettability of the developed samples in this thesis were not only 

effective for the initial stage but also increase the potential of the candidate 

material on the course of fibroblast cell life-cycle. The steady increase in 
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viability also confirmed that the developed candidate material have no toxicity to 

the cells. TCPS Petri dishes were performed as expected, providing good 

viability and showing no toxicity, however, as a result of their flat, non-porous 

surface, their potential of supporting cell culture is limited to commercial or 

laboratory scale cultivation. On the other hand, the developed sample 

performed better than TCPS Petri dishes, even though the difference was 

slightly but noticeable, therefore, it can be concluded that the developed 

samples can provide adequate biocompatibility and support which made them 

suitable for a proper candidate material for further and more advanced cell 

studies. 

 

 

 

Figure 4.11. (a) 7-day viability performance and (b) final cell yield on the 7th 

day, for both developed samples and commercial TCPS Petri 

dishes. 
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4.3.3. Visual Assessments 

The morphology of the cells cultured for biocompatibility studies is also as 

important as the metabolic activity of those cells. Every animal tissue cell has a 

certain characteristic structure, especially after a certain time passed in the 

culture. For instance, fibroblast cells used in this thesis has a spindle like shape 

obtained by the cell a couple of days after the initial attachment. When the 

fibroblast cells obtain this characteristic morphology, it represents that the cells 

are being cultured in a suitable, safe and supporting environment. Therefore, it 

is crucial to observe a culture visually, especially after a certain amount of days 

passed without any toxic effect encountered.  

 

The visual inspection of the cells cultured in this thesis was conducted with two 

different imaging methods. The confocal laser scanning microscopy is an optical 

microscopy technique used along with biological marking, in which the certain 

portion of cells were marked with light sensitive biological agents, called stains, 

in order to observe the health and structure of those portions. The other method 

used in this study was scanning electron microscopy, in which it is possible to 

obtain visual depth of field from the cultured samples in order to inspect 3D 

morphologies. In CLSM, it is possible to inspect biological portions and their 

viability which are not possible with SEM whereas in SEM it is possible to 

observe the cell structure in 3D which is not possible with CLSM since it obtains 

visuals in 2D, section by section from the samples examined. Therefore, both 

microscopy techniques were utilized for visual assessment of samples cultured 

with cells in this thesis. Figure 4.12 and 4.13 shows CLSM and SEM images 

obtained from the samples, respectively, cultured with L929 fibroblast cells at 

the end of the 4th and the 7th day. 

 

Confocal images showed that a significant number of cells has been attached 

and proliferated on the sample, even on day 4 of the culture. Since DRAQ5 

stains nuclei of live cells, it can be seen from the images that cells proliferated 

on the sample had high viability on the 4th day and remain viable until the end of 

the culture on the 7th day. Also, the AF-488 stained actin filaments showed that 

the cells attached strongly on to the surface of the developed sample and even 

on the 4th day, they began to show the characteristic spindle-like morphology. 
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Finally, on the 7th day, most of the cells seemed to fully achieve their expected 

morphologies, with several actin filaments extended to different directions. 

 

 

Figure 4.12. CLSM images of the developed samples on (a) day 4 (x20) and 

(b) day 7 (x20). 

 

Similar results were also obtained from the visual inspection conducted with 

SEM. The images from day 7 showed several clustered cells proliferated on the 

surface. On the 7th day, almost the entire surface of the sample was covered 

leaving only small portions of fibers visible underneath. The characteristic 

spindle-like structure of the fibroblast cells was visible more distinctively with 

SEM images, and therefore consistent with the CLSM images obtained. 

 

 

Figure 4.13. SEM images of the developed samples on day 7, at (a) x250 and 

(b) x2500 magnifications. 
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These results clearly indicated that the developed samples were not only 

biocompatible for showing no detectable toxicity, but also had a very good 

performance in supporting the cells to reach their healthy active phases. 

Therefore, it can be concluded that the developed samples has sufficient ability 

to support cultured fibroblast cells in terms of structure, which could made them 

suitable for further research on scaffolds for more complex cell/tissue types 

such as nerve conduits. 
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5. CONCLUSIONS 

 

In this thesis study, electrospun, fibrous/porous alloy-like compound mimicking 

the commercial WE43 magnesium alloy was fabricated as a possible candidate 

for nerve tissue engineering applications. The candidate material was fabricated 

with an easy to use, versatile fiber fabrication technique called electrospinning, 

instead of traditional metal alloy fabrication methods. In the scope of this thesis, 

the possibility of adapting the electrospinning technique for alloy-like compound 

fabrication, the design of a proper calcination regime for the electrospun 

samples as well as the optimization of both these two major fabrication steps 

were investigated in detail. The characterization of the samples obtained at the 

end of fabrication, was also investigated in terms of physical and chemical 

properties as well as biocompatibility performance using SEM, EDX, XRD, XPS, 

contact angle, permeability, degradation and absorption/swelling measurements 

as well as cell attachment, cell viability and visual morphology assessments, 

and the results were presented and discussed extensively in the previous 

section. 

 

Adapting the electrospinning technique to a metal alloy/alloy-like compound 

fabrication requires a solution or any soluble raw forms of alloy components in 

order to work. In order to obtain a precursor solution for the commercial WE43 

magnesium alloy with a composition of 93.6% Mg, 4% Y, 2.25% Nd and 0.15% 

Zr, water soluble nitrates of alloy components Mg(NO3)2.6H2O, Y(NO3)3.6H2O, 

Nd(NO3)3.6H2O and ZrO(NO3)2.xH2O were used at the corresponding amounts. 

The nitrates were found to be easily soluble after 24 h with the given amounts at 

30°C stirring temperature and 400 rpm stirring rate, up to 5 g of total nitrate 

amount. 

 

The aqueous nitrate solutions were found to have viscosity not sufficient for 

stable and continuous electrospinning. Therefore, two different polymers, PVP 

(MW ≈ 1.3 x 106) and PVA (MW ≈ 8.5-12.4 x 105) were separately tried in order 

to increase the viscosity of the nitrate solution to a more suitable level for 

electrospinning. The optimization of the electrospinning solution parameters 
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was carried out in terms of nitrate and polymer concentration, solvent 

concentration, stirring temperature and stirring rate. The solutions prepared with 

PVP were tried with nitrate amount between 0.25 to 5 g, PVP concentration at 

2.5 or 5 wt.%, ethanol/water solvent concentrations changing from 0/100 to 

100/0 (v/v), stirring temperatures at room temperature, 30°C, 50°C or 90°C, and 

stirring rate between 200 and 700 rpm. On the other hand, the solutions 

prepared with PVA were tried with nitrate amounts at 0.25 g, 0.5 g, 1 g, 1.5 g, 2 

g or 5 g, PVA concentration at 2.5, 5, 10 or 15 wt.%, stirring temperature at 

70°C, 80°C or 90°C, and stirring rate between 200 rpm. It was found that stirring 

temperatures higher than 30°C and 80°C were viable for PVP and PVA, 

respectively where both PVP concentrations and all solvent concentrations 

ranging from pure ethanol (100/0 v/v) to pure water (0/100 v/v) as well as PVA 

concentrations up to 10 wt.% and nitrate amount up to 2 g were found as other 

viable parameters for both types of electrospinning solutions. 

 

The optimization of the electrospinning process parameters was carried out in 

terms of applied voltage, solution feeding rate and syringe-collector distance. 

The voltage applied to the solutions was optimized between 15-30 kV with 1 kV 

intervals. The solution feeding rate, on the other hand, was optimized between 

5-15 µl/min with 0.5 µl/min intervals. Finally the distance between the feeding 

syringe and the fiber collector was optimized between 10-20 cm with 1 cm 

intervals. The process parameter optimizations were carried out along with the 

preliminary electrospinning solution parameter optimizations in order to achieve 

electrospinning in terms of jet initiation and spinning continuity.  

 

All solutions prepared with PVP, except the ones prepared with 0/100, 5/95 and 

100/0 (v/v) ethanol/water, were found to be capable of initiating a spinning jet. 

However, only the solution prepared with 25/75 (v/v) ethanol/water at 30°C with 

5 wt.% PVP was managed to keep spinning continuity until the fed solution 

depleted. This solution was successfully and continuously electrospun at 5 

µl/min feeding rate under 30 kV from a distance of 12-15 cm. On the other 

hand, all solutions prepared with PVA, except the ones prepared with 15 wt.% 

PVA, were found to be capable of initiating a spinning jet. However, PVA 

solutions prepared at less than 80°C were found to fail at providing jet 
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continuity. Therefore, solutions with PVA concentration 2.5 or 5 wt.% prepared 

at 80°C or 90°C containing 0.25-5 g of nitrate salts were found to be optimum 

for both jet initiation and continuous spinning. These solutions were successfully 

and continuously electrospun at 5 µl/min feeding rate under 30 kV from a 

distance of 12-15 cm. 

 

Following the successful fabrication of fibrous/porous structure of the 

polymer/nitrate raw components by using electrospinning, the obtained 

structures were subjected to heat treatment in order to remove polymer and 

calcinate the remaining nitrated into oxide compound that mimic the alloy. The 

heat treatment required for calcination was designed individually based on the 

type of solution prepared. The temperatures required were determined 

according to the thermal analyses conducted to the electrospun samples, 

polymer and nitrates separately. Based on the conducted thermal analyses, the 

key temperatures were determined as 325°C, 425°C, 455°C, 530°C and 230°C, 

390°C, 465°C, 500°C, 505°C for calcination of the electrospun samples 

prepared with PVP and PVA, respectively. 

 

The duration for which the determined temperatures were subjected to the 

electrospun samples were calculated theoretically based on the mathematical 

reaction kinetics assumptions proposed in the literature. According to key 

temperatures obtained, areas under each of these temperature peaks were 

estimated with Riemann sums approach from the corresponding thermal 

analyses plots. Based on these area data, log [ln (S / S-St) / t] vs 1/T graphs for 

PVP peak at 325°C, for peaks of metal salts at 425°C and 455°C, for peak of 

combined PVP-salts at 530°C, for PVA peak at 500°C and for peaks of 

combined PVA-salts at 230°C, 390°C, 465°C, and 505°C were plotted, and the 

slopes and the y-axis intersections of the straight lines on each graph gave the 

activation energy and the pre-exponential factor of the reactions occurred on 

each peak, and the time required to complete those reactions at 99.99% were 

calculated. Based on these calculations, the designated heat treatment for the 

samples prepared with PVP was found as 8 h at 325°C, 2.5 h at 425°C, 2 h at 

455°C and 7 h at 530°C, and the designated heat treatment for the samples 

prepared with PVA was found as 6 h at 230°C, 8.5 h at 390°C, 5 h at 465°C, 80 



91 

h at 500°C and 10 h at 505°C. 

 

After the fabrication with electrospinning and the calcination with the designed 

heat treatment regime, the prepared samples were subjected to a series of 

characterizations in which the physical and the chemical properties as well as 

the biocompatibility performance were assessed. 

 

According to the SEM imaging, both of the samples prepared with PVP and 

PVA were successfully electrospun into a fibrous/porous mat. However, the 

SEM imaging conducted after the calcination showed that it is not possible to 

maintain the fibrous/porous structure for the samples prepared with PVP. The 

samples prepared with PVA, on the other hand, were still intact after the 

calcination. It was assumed that because the decomposition of PVP was 

occurred much earlier than the nitrate salts, compared to the decomposition of 

PVA which was found to be completed at higher temperatures, PVP failed to 

keep the fibers intact as their content calcinated to the alloy-like compound. 

Therefore, it is concluded that the alloy-like compound that mimicked WE43 

alloy can only be successfully prepared with the polymer, PVA, with the 

composition and the optimized electrospinning and calcination parameters. 

 

The EDX elemental analysis conducted to the sample successfully calcinated 

as a fibrous/porous structure showed the fiber composition mainly consisted of 

oxygen and magnesium where the rest was yttrium, neodymium and zirconium 

as expected. The high content of oxygen pointed out that the resulted structure 

was an alloy-like compound, containing the oxides of the four components of 

the alloy. These results confirmed the conclusion that it is possible to obtain a 

fibrous alloy-like compound with an empirical formula of MgaYbNdcZrdOx which 

consists of merged oxides of the four components and therefore mimics the 

WE43 magnesium alloy. 

 

In this thesis, the XPS and the XRD analyses were also conducted in order to 

monitor the different stages for the material content, in which polymer, metallic 

salts, alloy-like compound or a combination of these can be present at certain 

points of the entire process. Therefore, both analyses were conducted for three 
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different structures of this study; (i) electrospun PVA mats (without metallic 

nitrate salts), (ii) electrospun PVA containing metallic nitrate salts (mats pre-

treatment) and (iii) electrospun WE43 alloy-like compound mats (post-heat 

treatment). The XPS results showed that PVA was successfully electrospun 

with the given parameters as peaks at 285 eV and 530 eV corresponding to the 

C1s and O1s of the polymer structure were present as two major peaks. On the 

other hand, pre-treatment samples showed additional peaks around 53 eV and 

158 eV which respectively correspond to magnesium (Mg2p) and yttrium (Y3d), 

the two major nitrate salts used to prepare the samples, indicating the 

successful integration of nitrate salts into the fibers. The XPS data of the 

calcinated samples showed disappearance of the C1s peak since the polymer 

was thought to be completely decomposed, and other peaks around 50 eV, 89 

eV, 305 eV and 386 eV that correspond to Mg2p, Mg2s, Mg KLL and Mg KLL of 

the magnesium content as well as peaks around 163 eV, 246 eV and 351 eV 

that represent Y3d of yttrium, Nd4p of neodymium and Zr3p of zirconium 

content, respectively, where highest peak was O1s, representing the oxides 

formed at the end of the calcination. The XRD analyses showed almost exact 

findings as XPS in terms of crystallographic diffraction data. The wide peak 

around 20° (2θ) representing the polymer on an XRD analysis, an additional 

wide peak around 40° (2θ) representing magnesium element, α-Mg or 

magnesium oxide (MgO), both of which disappeared after the calcination, and 

sharp peaks emerging after the calcination at 36°, 38°, 42°, 62°, 74° and 78° 

(2θ) representing Mg as α-Mg, Mg as magnesium oxide (MgO), Mg12Nd and/or 

Mg41Nd5, Mg24Y5 and/or Mg14Nd2Y (β-phase) were the findings of XRD 

analyses. These results were also showed that PVA was successfully 

electrospun, the nitrate salts were successfully incorporated into the fibers and 

the calcination process was successfully created an alloy-like compound, 

containing the oxides of the four components of the mimicked WE43 alloy. 

 

The further physical assessments showed that the developed samples had an 

average contact angle of 59.10° ± 1.28, average water vapor transmission rate 

of 5316 ± 49 g/m2.day and average absorption capacity of 71.23%±2.67. The 

developed samples also showed 1.05%±0.19 swelling after 24 h of incubation 

and less than 1% shrinkage after being dried for 12 h; showed adequate 
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permeability for lysozyme and BSA; and was resilient against fast degradation, 

losing around ~5.21%, ~5.34%, ~6.83%, ~6.95%, ~7.47% and ~7.26% of its 

weight for 30, 60, 90, 120, 150 and 180 days, respectively and remaining at 

~60.94% of its starting structure even after 6 months. All of these results 

showed that the developed samples were significantly suitable for a nerve 

tissue engineering application with these physical properties being within the 

required/acceptable range. 

 

In the final stage of this thesis, the developed and assessed samples were 

investigated for a proper biocompatibility performance. The samples were 

cultured with L929 fibroblast cells under the standard culture conditions and 

assessed in terms of early stage cell attachment and the consequent cell 

viability as well as imagings conducted together with these assessments. The 

attachment assessment showed that the cells highly favored the surface of the 

developed electrospun fibrous/porous samples, reaching 50% attachment rate 

within the first hour and more than 90% attachment within 3 h. The viability 

assessment conducted by using standard MTT assay showed that the structure 

and the material of the developed samples were not only effective for the initial 

attachment of the cells but also potentially a good support on the course of 

fibroblast cell life-cycle without showing any kind of toxicity that hindered the cell 

activity. The visual inspection of the samples cultured for 4 and 7 days by using 

CLSM and SEM imagings was also confirmed the previous biocompatibility 

assessments and showed that the developed samples provided a healthy 

environment for the cells to proliferate, remain viable and reach their 

characteristic spindle-like morphology for 7 days. 

 

The results obtained in this thesis, showed that it is possible to fabricate an 

alloy-like compound that mimics the commercial WE43 magnesium alloy by 

using electrospinning technique and a carefully designed heat treatment regime 

for calcination. The results also showed that nitrate salts of the alloy 

components can be used to prepare the electrospinning solution, PVA was a 

suitable polymer in increasing the viscosity, and most of the electrospinning 

solution parameters can be adjusted in order to obtain a continuously spinnable 

solution. It is also found that the theoretical reaction kinetics assumptions 
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adopted for calculating the calcination durations were viable for a material 

containing nitrate salts of WE43 alloy components and PVA. Based on the 

physical and chemical properties obtained and the subsequent biocompatibility 

performance assessments conducted, it can be concluded that a fibrous/porous 

morphology aimed in this thesis study for fabrication of an alloy-like compound 

material, and the developed compound which mimicked WE43 alloy were 

clearly a correct approach and a suitable choice in creating tissue engineering 

scaffolds, which was also confirmed with a wide variety of studies about similar 

structures found in the literature. 
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