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ABSTRACT 

 

The main goal of this PhD work was the development and evaluation of novel nerve guide 

conduits based on biocompatible and biodegradable polymers for regenerative medicine, 

namely peripheral nerve regeneration. 

The injury of the peripheral nerves are a quite common, especially in the young male 

population due to accidental traumatic events. The degree of injury may vary, being the 

most severe cases associated with permanent disability. Since the last century, new 

strategies to improve peripheral nerve regeneration after injury have been studied. The first 

technique proposed and still nowadays showing the best results is the use of nerve 

autograph. Nevertheless, this technique is associated to some disadvantages, which include 

the need of two surgeries and site morbidity. In this sense, nerve guide conduits, which 

consist in hollow tubes that are sutured to both nerve ends have been proposed as 

alternative. These conduits should guide the newly formed axons to the opposite nerve 

stump while providing a suitable environment for the enhancement of axon regeneration. 

Among several materials tested for the preparation of these devices, polymers have 

presented the most promising results. However, a device, which could reproduce results 

comparable to nerve autograph with suitable degradation ratio in vivo remains to be 

developed. 

In an attempt to overcome these limitations, the present work involved the use of the 

polysaccharide dextran as core material in the preparation of nerve guide conduits. The 

choice of this polymer relies on its well stablished biocompatibility and biodegradability. 

In addition, dextran is frequently reported for biomedical applications, being approved by 

the US Food and Drug Administration (FDA). 

The initial work undertaken aimed to modify the chemical structure of dextran by the 

incorporation of double bonds in its chains, for further crosslinking. In this sense, dextrans 

with different molecular weights were modified with two different monomers, Glycidyl 

methacrylate (GMA) and 2-Isocyanatoethyl methacrylate (IEMA). Circular transparent 

membranes were prepared by ultraviolet (UV)-photocrosslinking and the physico-chemical 

characteristics of the resulting products were evaluated. After the washing and drying 

stages, the final membranes presented a fragile structure. For this reason, a poly (ε-
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caprolactone) (PCL) macromonomer modified with IEMA was added to the membrane 

formulations. As a result, the flexibility of the membranes increased considerably. 

Additionally, the incorporation of PCL_IEMA did not affect the thermal-mechanical 

properties. On the other hand, the swelling capacity and in vitro degradation ratio 

decreased. 

The work continued with the evaluation of the cytotoxicity of the most promising 

membranes, using human dental pulp stem cells (hDPSCs). The intracellular concentration 

of the calcium ion was also measured after the cell viability test. All membranes were 

considered suitable substrates for cell adhesion and proliferation based on their morphology 

and healthy calcium ion concentration, suggesting the absence of any apoptosis process. 

Considering the promising results obtained, the next step focused on the evaluation of the 

extension of immune response due to implantation of the membranes in rats dorsum. After 

15 days of implantation, membranes prepared with dextran modified with GMA and PCL 

derivative caused an immune response that was classified as “non-irritant”, by the scoring 

system of the standard ISO 10-998-6. 

After the relevant results obtained for the prepared materials in a membrane shape, the next 

step of the work was to achieve the tube conformation. In this regard, molds composed by 

a quartz tube with an internal 316L stainless steel rod, and with different dimensions were 

prepared. In order to tailor the final dimensions of the prepared tubes, shrinkage studies 

were conducted. The formulation, which presented the final dimensions more similar to the 

commercial product Neurolac®, was then chosen for the further characterization. The 

structures revealed to be very compact, showing no porosity. For this reason, in order to 

enhance permeability, D-mannitol was added to the formulations, as porogenic agent, to 

create voids in the structure of the tubes. The obtained pores presented a mean size in the 

range between 10-20μm. Posteriorly, the physico-chemical properties of the normal tube 

and porous tube were evaluated. With the incorporation of D-mannitol, the swelling 

capacity of the tubes decreased, which may be related to a lower crosslinking density. 

Moreover, for the porous structure, the in vitro degradation ratio increased, as expected, 

since the contact surface area also increases. Furthermore, after six months under in vitro 

hydrolytic tests, both tube structures were able to maintain their structural integrity. The 

mechanical properties of the tubes were evaluated by performing tensile tests, which 

revealed that both tubes have the ability to support tension and elongation forces slightly 
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higher than the ones reported for the rat sciatic nerve. It is noteworthy to state that the tubes 

also were able to resist to preliminary suture tests without visible fragmentation. 

Finally, nerve guide conduits were tested in the rat sciatic nerve after a neurotmesis injury, 

for 20 weeks. The functional evaluation results showed that the recovery percentage of 

motor function is similar for both tubes. In what concerns the sensorial function, the rat 

group, which received the porous tube revealed higher percentage of recovery. In this sense, 

porosity seems to induce a positive effect on nerve regeneration. 

To sum up, this PhD work allowed the validation of dextran as core material for the 

preparation of nerve guide conduits for peripheral nerve regeneration. The obtained 

materials present a set of characteristics and properties, which may be relevant for the 

regeneration process. Furthermore, the fine-tuning of these properties can be easily 

achieved by changing the formulations used to prepare the tubes. 
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RESUMO 

 

O principal objetivo deste trabalho de doutoramento consistiu no desenvolvimento e 

avaliação de novos tubos guia preparados a partir polímeros biocompatíveis e 

biodegradáveis, com aplicação em medicina regenerativa, nomeadamente regeneração de 

nervos do sistema nervoso periférico. 

As lesões de nervo periférico são bastante comuns, sendo que as principais causas de 

incidência desta patologia estão associadas à população jovem masculina, por ocorrência 

de eventos traumáticos acidentais. A severidade destas lesões varia bastante, no entanto, 

nos casos mais graves, pode mesmo resultar em incapacidade nervosa permanente. Por este 

motivo, ao longo do último século têm sido estudadas novas formas de melhorar a 

regeneração de nervo periférico após uma lesão. A utilização da técnica do autoenxerto 

revelou ser apresenta resultados mais satisfatórios, provando melhorar a qualidade do nervo 

regenerado. Contudo, esta técnica implica o recurso a duas cirurgias. Na perspetiva de 

evitar esta desvantagem, surge o conceito de tubo guia que consiste num tubo oco cuja 

principal função é fornecer um meio adequado à regeneração do novo nervo guiando o seu 

crescimento até à extremidade oposta. Nos últimos anos vários materiais têm sido utilizados 

na preparação destes dispositivos, sendo os materiais poliméricos aqueles que melhores 

resultados produziram. Porém, ainda não foi desenvolvida uma solução comparável à 

técnica de autoenxerto com um tempo de degradação in vivo que acompanhe o crescimento 

do nervo. 

No sentido de dar resposta a estas limitações, este trabalho envolve a utilização do 

polissacarídeo dextrano para a preparação de tubos guia. Este polímero foi escolhido como 

material base devido à sua biocompatibilidade e biodegradabilidade. Com efeito, o 

dextrano é recorrentemente reportado para aplicações biomédicas, sendo aprovado pela 

“US Food and Drug Administration” (FDA).  

Numa fase inicial do trabalho pretendeu-se modificar a estrutura química do dextrano, 

através da incorporação de ligações duplas nas suas cadeias, para posterior reticulação. 

Assim, dextrano de pesos moleculares diferentes foi modificado com dois monómeros 

diferentes, metacrilato de glicidilo (GMA) e metacrilato de 2-isocianoetilo (IEMA). 

Seguidamente, membranas circulares transparentes foram preparadas através da reticulação 
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das cadeias dos materiais preparados, por radiação ultravioleta (UV). As suas 

características físico-químicas foram posteriormente avaliadas. Devido à fragilidade 

demonstrada por estas membranas, foi adicionado às formulações iniciais um macro 

monómero de base poli (ε-caprolactona) (PCL) modificado com IEMA. Como resultado, 

as membranas preparadas com dextrano modificado juntamente com o co monómero 

revelaram maior flexibilidade comparativamente às membranas previamente preparadas. 

Com a incorporação deste macro monómero verificou-se uma diminuição na capacidade 

de inchaço e da velocidade de degradação in vitro, não prejudicando, contudo, as 

propriedades térmo-mecânicas das membranas.  

O trabalho prosseguiu com a avaliação da citotoxicidade das membranas que apresentaram 

propriedades mais apropriadas para a aplicação em questão, com recurso a células da polpa 

dentária humana (hDPSC). A concentração do ião cálcio intracelular foi medida para atestar 

a viabilidade celular das células aderidas às membranas. Todas as membranas mostraram 

ser substratos apropriados para a adesão e proliferação celular, sugerindo a ausência de 

início do processo apoptótico. Seguidamente foi avaliada a extensão da reação imunológica 

provocada pela implantação subcutânea destas membranas no dorso de ratos. Neste caso, 

as membranas preparadas com dextrano modificado com GMA, e com a adição de PCL 

modificado com IEMA provocaram uma resposta imunológica, ao fim de 15 dias, que foi 

classificada de “não irritante”, através do sistema de pontuação proposto pela norma ISO 

10-998-6. 

Face aos resultados relevantes, a etapa seguinte do trabalho consistiu na preparação de um 

tubo, utilizando as melhoras formulações de membranas. Neste sentido, foi preparado um 

molde de quartzo com uma vara de aço inoxidável 316L por forma a criar tubos ocos. Os 

moldes foram preparados com vista à obtenção de dimensões finais semelhantes às do 

produto comercial Neurolac®. Foram conduzidos estudos para avaliar o encolhimento das 

estruturas tubulares, permitindo assim a escolha da formulação mais adequada. Através de 

microscopia electrónica de varrimento (SEM) foi possível avaliação a superfície dos tubos, 

que se revelou ser bastante compacta. Neste sentido, foi adicionado D-Mannitol como 

agente porogénico, de modo que aumentar a permeabilidade dos tubos, por meio de indução 

de porosidade. Com recurso a esta técnica foi possível obter porosidade com tamanho 

médio compreendido entre 10-20µm. Posteriormente foi feito um estudo comparativo das 

propriedades físico-químicas do tubo sem porosidade e com porosidade. Com a introdução 
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do D-mannitol, a capacidade de inchamento dos tubos diminuiu, o que pode denotar uma 

estrutura com menor densidade de reticulação. No entanto, com a porosidade, a velocidade 

de degradação dos tubos aumentou, como seria de esperar, visto que a superfície de 

contacto com o meio também é superior. Contudo, ao fim de seis meses, em solução de 

PBS os dois tubos mantiveram a sua integridade estrutural. As propriedades mecânicas 

destes tubos foram também avaliadas através de ensaios de tração uniaxial. Estes testes 

revelaram que os tubos têm capacidade de resistir a forças de tensão e elongação 

ligeiramente superiores às do nervo ciático de rato. De notar que estes tubos revelaram ser 

resistentes a testes preliminares de perfuração com sutura, sem fragmentação visível. 

Finalmente, os tubos guia foram testados em nervos ciáticos de ratos, após uma lesão de 

neurotmese induzida. Ao longo de 20 semanas os resultados da avaliação funcional do 

nervo lesionado mostram que em termos de função motora, a recuperação é semelhante 

para o tubo não poroso e para o tubo poroso. No que concerne a função sensorial, o grupo 

de ratos que recebeu o tubo poroso mostrou maior índice de recuperação. Assim, a 

porosidade aparenta ter um efeito positivo na regeneração do nervo. 

Este trabalho permitiu validar o dextrano como material base para a preparação de tubos-

guia para a regeneração de nervo periférico. Os materiais obtidos apresentam um conjunto 

de características e propriedades relevantes para o processo regenerativo. Com efeito, estas 

podem ainda ser facilmente adaptadas através da alteração das formulações utilizadas para 

preparar os tubos.  
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THESIS OUTLINE 

 

The main goal of this PhD work was the preparation, development and evaluation of novel 

biocompatible and biodegradable nerve guide conduits for peripheral nerve regeneration.  

The adopted approach relies on the use of dextran as core material due to its excellent 

biocompatibility characteristics. Dextran derivatives were photocrosslinked in a tube shape 

originating a material with suitable mechanical properties. The PhD thesis is organized in 

six chapters: 

 

- Chapter 1 presents an overview on the nervous system and its divisions, with special 

attention to peripheral nervous system. The nerve degeneration after lesion and 

regeneration process are also described. Furthermore, a state of the art concerning 

the techniques used for enhancement of peripheral nerve regeneration are also 

described, with special focus on the nerve guide conduits prepared with polymeric 

materials. 

- Chapter 2 describes the chemical modifications performed in dextran and PCL 

structure and the main physico-chemical characteristics of the resulting materials. 

In addition, the preparation and characterization of membranes using several 

formulations of these materials by UV-photocrosslinking was carried out. The 

influence of the ratio of precursors on the final properties of the membranes is 

discussed. 

- Chapter 3 presents the in vitro essays performed in the membranes that showed the 

most promising characteristics. The subsequent part of this chapter is dedicated to 

the description and discussion of the results obtained by preliminary in vivo tests, 

consisting on the implantation of the membranes in the subcutaneous tissue of rats. 

- Chapter 4 discusses the fabrication of tubes starting using the best formulations 

developed in chapter 3. Different tubes were prepared with different molds until the 

desired dimensions are achieved. The influence of the porogenic agent addition in 

the final properties of the tubes were evaluated. 
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- Chapter 5 reports the in vivo tests performed using a neurotmesis of the sciatic nerve 

model in rats. The regeneration of the nerve was assessed through the evaluation of 

the mobility of the rats.   

- Chapter 6 presents the most relevant conclusions from this PhD research, along with 

further recommendations on future work. 
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MOTIVATION AND OBJECTIVES 

 

Peripheral nerve injuries may cause severe impairment in the quality of life of patients since 

it can cause a permanent disability. Usually, young adults compose the population where a 

major incidence of this problem can be observed. This fact derives from the most common 

causes of this problem, which are related to industrial accidents, motor vehicle accidents, 

tumor damage, side effects of neurosurgery and even viral infections. It is also important 

to refer that 60% of the patients that suffer from peripheral nerve injury have also traumatic 

brain injury. In this sense, the degeneration and regeneration of the nerve processes have 

been subject of study over the past century.  

The peripheral nerve system has the ability to regenerate by itself. However, the recovery 

of nerve function is often suboptimal, especially in the cases of motor nerves. For this 

reason, it is well established that the regeneration process may benefit from surgical 

intervention. For small gaps, (<10mm) direct repair, consisting in the suturing of both nerve 

stumps, revealed to be sufficient for achieving satisfying results. On the other hand, for 

longer gaps, this technique may cause extensive tension between the nerve stumps, which 

may jeopardize the regeneration process. In these cases, nerve autograph and allograph 

were proposed as standard technique to connect nerve stumps. Nevertheless, the application 

of these techniques has many disadvantages and limitations including among others, site 

morbidity and need of immunosuppression treatments.  

To overcome these limitations, the tubulization technique has been developed. The concept 

behind this technique relies on the use of a hollow tube (nerve guide conduit), which could 

be sutured to both nerve stumps. This tube should provide a guide path for newly grown 

axons reestablishing the nerve connection more efficiently.  

Several materials have been proposed for the preparation of such biomedical devices. Due 

to the possibility of tailoring their properties, polymeric materials have received special 

attention. However, limitations concerning the degradation ratio, release of acidic 

degradation products and ability to maintain the structural integrity due to unsuitable 

mechanical properties are still observed. In an attempt to overcome these limitations, recent 

approaches report the combination of natural and synthetic polymers with stem cells and 

growth factors. Yet, an economic solution with the ability to regenerate larger gaps with 

suitable degradation ratio and mechanical properties was still not reported. 
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In this sense, this PhD work looks towards the development of novel biocompatible and 

biodegradable dextran based hollow tubes prepared by a UV-photocrosslinking technique 

that could be suitable for regenerative medicine applications, namely, peripheral nerve 

regeneration. 
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1.1 ABSTRACT 

Since the end of the XIX century, experiments concerning peripheral nerve regeneration 

have been reported. The need to implement an effective surgical procedure in terms of 

functional recovery resulted in the appearance of several approaches to solve this problem. 

Nerve autograft was the first studied approach and is still considered the “gold standard”. 

Since autografts require donor harvesting, other strategies involving the use of natural 

materials have been studied. Nevertheless, the results were not very encouraging and 

attention has moved towards the use of nerve conduits made from polymers, whose 

properties can be easily tailor made. Also, the polymer based nerve conduits can be easily 

processed in a variety of shapes and forms. Some of these materials are already approved 

by Food and Drug Administration (FDA). Very recently, polymers with electro conductive 

properties have been subject of intensive study in this field since it is believed that such 

properties have a positive influence in the regeneration of the new axons. This chapter 

intends to give a global view of the mechanisms involved in peripheral nerve regeneration 

and the main strategies used to recover motor and sensorial function of injured nerves. 

 

1.2 INTRODUCTION 

Peripheral nerve injuries represent a common disability around the world.1 Indeed, annually 

more than one million people suffer from this kind of injury, being 300,000 of these cases 

only in Europe.2  

Injuries in the peripheral nervous system can result from working accidents, motor vehicle 

accidents, tumor damage, side effects of neurosurgery and even viral infections.1,3 For this 

reason, the development of suitable methods to properly regenerate these injuries is 

mandatory and represents a worldwide social need. 

For the last 100 years, examples of degeneration and regeneration of the nervous system 

have been described in literature.4 However, during the first 40 years of investigation, the 

regeneration process was not completely known. During that period, nerve autografts and 

allografts were the standard techniques used to treat the transected nerves. Unfortunately, 

these techniques present several disadvantages, being the worst ones related to high 

morbidity and the need of immunosuppression treatments. Since the peripheral nervous 

system has the ability of regeneration, new approaches using nerve guide tubes, also known 
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as nerve guide conduits (NGC), have been studied. A NGC can be defined as a tube that is 

sutured or fixed to the two stumps of the injured nerve and provides an adequate 

environment for the nerve regeneration.  

Nowadays, it is well established that nerve conduits have a key role in guiding axon 

migration, maintaining the nerve growth factors in the space between distal and proximal 

stumps, and preventing the wound healing space from being invaded by scar tissue and 

cells that could compromise the nerve recovery process.5 

Nerve conduits made of several kinds of materials have been tested throughout the years. 

Among such materials, natural and synthetic polymers have been the most used and several 

nerve conduits based polymers are already commercially available.  

 

 

1.3 NERVOUS SYSTEM 

The nervous system controls the fast activities of the body as contraction of the skeletal 

muscles, contraction of the smooth muscles of the internal organs, secretion of exocrine 

and endocrine glands, visceral events and even secretion of some endocrine glandules.6 It 

receives literally millions of signals sent from the different sensorial organs and then 

integrates them, in order to determine the proper answer that should be given by the body. 

Structurally, the nervous system is divided in two parts: central nervous system (CNS) 

which is composed by the brain and spinal cord, and the peripheral nervous system (PNS) 

composed by cranial, spinal, and autonomic nerves that connect to the CNS.7,8 The main 

function of the PNS is to establish the connection between the CNS and the environment. 

CNS and PNS are composed by two types of cells: neurons or nerve cells and supporting 

cells, which are called neuroglia, or simply, glia.9 The main function of the neurons is 

related to electrical signaling, while glia cells are involved in the development of the adult 

brain.9 The glial cells of the CNS are astrocytes, microglia, and oligodendrocytes10. In the 

case of PNS, its glial cells are known as Schwann cells.11 
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1.3.1 Neuron 

The functional unit cell of the nervous system is called neuron, as aforementioned, and it 

is estimated that an adult has around 100 billion of these cells. Briefly, the main function 

of the neuron is to transmit nervous pulses, which are modifications of electric or chemical 

energy.  

Neurons are composed by three components: cell body or soma, dendrites and axon, which 

are represented in Figure 1.1. 

 

Figure 1.1 Structure of a typical neuron. The direction of the impulse is represented by 

the curve arrows. (adapted)12 

 

Inside of the cell body there is the cellular nucleus that contains all the genetic material of 

the cell. The cell body also present extensions called dendrites. Their function is to receive 

chemical messages from other neurons and transmit them to the cell body. Finally, the axon, 

that usually represents the longer extension that comes from the cell body, transmits an 

electro-chemical signal to other neurons. This signal is going to be converted into a 

chemical message at the end of the axon and then travel to the next neuron. The direction 
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of the transmitted signals is always made from the dendrite to the axon and never from the 

axon to the dendrite. Some axons are also covered by a myelin sheath, which provides a 

faster transmittance of the signals.7  

According to their function, neurons can be classified in three different categories: sensory, 

motor and interneurons. The sensory neurons are responsible for collecting stimuli from 

the exterior and transmit them to the spinal cord and brain. The motor neurons transmit the 

information from the central nervous system to muscle cells in order to answer to the 

previous stimuli. The interneurons are the ones that interpret the stimuli collected by 

sensory neurons and elaborate a proper reaction to be transmitted to motor neurons.7 

 

 

1.4 PERIPHERAL NERVOUS SYSTEM 

In PNS, the neuron cell bodies accumulate forming structures called ganglia. On the other 

hand, the axons derived from those cell bodies are organized differently. Firstly, some 

neuron axons are surrounded by the glial cells of PNS, known as Schwann cells.9 These 

cells are responsible for the formation of a structure based on concentric layers around the 

axons, named myelin sheath (Figure 1.1). The function of this layer is to increase the speed 

of propagation of an impulse along the axon.13 Also, it prevents the electrical current to 

leave the axon. The segments of myelin sheath are called internodes. In turn, the connection 

points between internodes are called nodes of Ranvier.14  

The system formed by the axon, myelin sheath and the surround Schwann cells is called a 

nerve fiber.  

 

1.4.1 Structure of the Peripheric Nerve 

Apart from the myelin sheath and Schwann cells, nerve fibers are surrounded by more 

layers of tissue. Together, all these tissues form a structure which is called nerve. Figure 

1.2 presents the structure of a nerve. 
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Figure 1.2 Structure of a nerve.15 (Adapted) 

 

As observed on Figure 1.2, the endoneurium is the tissue that surrounds the nerve fiber. 

This tissue is formed by Type III collagen and fibroblasts.16  

Then, nerve fibers gather in different dimensions, number and pattern forming groups 

(fascicles). These fascicles are delimited by the perineurium, a fibroblasts based layer, 

which functions as a protective diffusion barrier against the passage of macromolecules.17 

All these structures, including blood vessels, are finally hold by an external fibrous layer 

called epineurium. This tissue wraps all nerve and is constituted by Type I collagen and 

fibroblasts.18 

 

 

1.4.2 Peripheric Nerve Classification 

Based on their function, peripheric nerves can be classified as sensory (afferent) and motor 

(efferent). Briefly, sensory nerves transport information from the environment and internal 

organs towards the brain and spinal cord.19 In turn, the motor nerves transport the 

information from the brain and spinal cord towards the related organs and muscles. 

Furthermore, there are mixed nerves which contain both types of nerve fibers.16 
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1.4.3 Peripheric Nerve Degeneration and Regeneration 

After an injury, axons derived by CNS and from peripheral PNS have different behavior. 

The regeneration of CNS system is much more limited than the PNS and can affect 

functions such as cognition, memory, voluntary movement and language.8 This fact is 

related to the nature of the axons of these systems, because while the axons from PNS can 

re-extend and re-innervate its extremities, a lesion to the CNS results in the formation of 

extensive scar tissue at the lesion site inhibiting the regeneration.20,21  

After a peripheral nerve injury, a series of cellular and molecular events occurring in the 

distal portion of the injured nerve are triggered.22 These events are called Wallerian 

degeneration, and were described, for the first time, by August Waller in 1850.23  

Briefly, the myelin sheath is degraded and several axon ends are sealed which results in the 

disintegration of neurofilaments and microtubes, being the regeneration process 

activated.24,25 Also, the metabolism of proteins is altered resulting in the increasing of 

production of regenerative materials while the production of neurotransmitters decreases. 

After 48 hours, the myelin sheath is reduced to a short segment. In the following days, 

macrophages and monocytes are recruited to the site of the injury to begin the removal of 

myelin and axon debris by phagocytosis. During these processes, Schwann cell 

proliferation is stimulated. These cells start forming structures with a tube shape, bands of 

Büngner, in order to provide guidance for axon regeneration. SCs produce extracellular 

matrix molecules and neurotrophic factors that have a positive influence in the sprouting 

of new axons from the proximal portion of injured nerves. These new axons usually arise 

at the terminal nodes of Ranvier and the remyelination process also performed by SCs 

starts.24,25 Although the regeneration of PNS axons, fully recovery of the function is very 

unusual and unsatisfactory, especially for large gaps. 

 

1.4.4 Classification of PNS injuries 

As aforementioned, when an injury of the peripheral nervous system occurs, a sequence of 

events called Wallerian degeneration is triggered leading to a sequence of events towards 

nerve regeneration. Although peripheral nervous system (PNS) axons can be fully 

regenerated, the recovery of the function is very unusual and unsatisfactory, especially for 

large gaps. Due to this fact, microsurgical techniques were introduced by Millesi in the 

1960s in order to improve the healing of this kind of injuries.26 The first attempts consisted 
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on simply suture the nerve stumps (neurorhaphy). However, excessive tension between the 

two stumps can be harmful27, leading to unsatisfactory results, as functional recovery could 

not be achieved. Therefore, a total understanding of the nerve topography of motor and 

sensory neurons as well as the type of injuries and their consequences was urgently 

needed.28 

It is also important to stress that some factors as the elapsed time, patient age, associated 

soft tissue or vascular injuries and proximity of the lesion to distal targets directly influence 

the recovery and regeneration of a nerve injury.29 

Currently, to classify PNS injuries there are two different models: Seddon and 

Sunderland.30,31 The description of each approach is described in Table 1.1. 

  

Table 1.1 Classification of PNS injuries by Seddon and Sunderland (adapted)1,28,30,31 

 

In the most severe cases, as shown in Table 1.1, surgery is needed for the reconstruction of 

the nerve. Many approaches have appeared, being nerve autographing the most popular. 

Briefly, nerve autographing consists in harvesting a nerve segment from another site in the 

body to gather the stumps of the injured nerve. However, nerve autographing presents 

several disadvantages such as tissue availability, differences in tissue size and structure, 

and donor site morbidity.32 In order to overcome these disadvantages, the NGC approach 

has started to be used.  

Seddon 

classification 

Sunderland 

classification 
Pathology Prognosis 

Neurapraxia First degree No axon loss Spontaneous recovery time between 

hours up to a few months 

Axonotmesis Second degree Axon loss Spontaneous recovery can be achieved 

without surgery depending on the 

distance to muscle 

Third degree 2nd degree + 

Disruption of the endoneurial 

tubes 

Spontaneous recovery is poor due to 

axonal misdirection. Surgical 

intervention may be required 

Fourth degree 3rd degree + 

Disruption of the perineurium 

Spontaneous recovery is worse than 

3rd degree. Surgery is more often 

required. 

Neurotmesis Fifth degree Entire nerve disruption. 

Connective tissue components 

of the nerve severed. 

Recovery depends on surgical 

intervention 
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1.5 IDEAL NERVE GUIDE CONDUIT PROPERTIES 

In 1882, a NGC was successfully tested for the first time in a dog nerve gap with 30mm, 

bridged by a hollow bone tube.33 Since then, many attempts to produce the ideal NGC have 

been reported and some of them were used in clinical trials in humans. The concept behind 

the NGC is to create a tubular structure that could bridge the two sections of the previously 

injured axon, providing guidance for the new axons and protect them from the scarred tissue 

that is formed within just a few days.34 The main aim of this strategy is to increase the 

probability of axon regeneration as well as their length and growth speed. Nowadays, it is 

believed that NGC should be capable of providing mechanical support for the new fibers, 

guide the regenerated axons from the proximal to distal nerve stump, avoid scarred tissue 

infiltration and behave like a channel that allows the diffusion of neurotropic and 

neurotrophic factors secreted by the nerve stumps.35 Basically, these structures should 

provide an adequate microenvironment for nerve regeneration. Figure 1.3 represents the 

steps that occur when regeneration of a nerve includes a tube guide. 

 

Figure 1.3 Nerve regeneration within a hollow NGC. Reproduced with permission.36 

Copyright 2012, The Royal Society. 
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Among the advantages of these 3D structures, in comparison to the old method of suturing 

the two stumps, is the possibility of stressing the reduction in neuroma, scar formation and 

collateral sprouting of the new axons.36 Furthermore, as the neurotrophic factors secreted 

by the stumps become trapped inside the conduit, an accumulation occurs resulting in a 

higher concentration of such molecules that favor nerve regeneration. Their ability to 

provide a pathway for the new fibers to achieve the distal stump makes them a suitable 

choice for the regeneration of the nerve and recovery of its functionality. 

Regarding the main properties that these devices must have, the most important are: 

biocompatibility, biodegradability, permeability, biomechanical properties, surface 

properties, custom dimension and interaction with neurotrophic factors.37-40 

The biocompatibility of NGC is evaluated considering three aspects: blood compatibility, 

histocompatibility and mechanical compatibility. The first one requires that blood should 

not undergo hemolysis or damage of its components that could result in coagulation and 

formation of thrombus, when in contact with the NGC. The second aspect demands that no 

toxic side effects should arise from the device that could contaminate surrounding tissue. 

The last one concerns the mechanical properties of the NGC that should match the same 

properties of nerve tissue.41  

As referred above, NGC should provide a pathway for nerve regeneration, resist to tear 

from sutures and provide a mechanically stable architecture for the new tissue.42 Therefore, 

it should remain intact during the first stages of regeneration. The degradation should start 

after some time, depending on the size and type of injury, in a very slow way with no 

swelling, constriction and foreign body response.24  

The NGC should be semi-permeable to allow the diffusion of nutrients, oxygen, growth 

factors to the inside of the tube and, at the same time, it should allow the exclusion of waste 

products to the outside of the tube.36,43,44 Some researchers assume that the material used 

has to be permeable to a molecular weight of up to 50kDa.36 Other aspects that have to be 

considered are both the diffusion of inflammatory cells to the inside of the tube, that has to 

be avoided, and the diffusion of growth factors to the outside of the tube. Since the 

permeability of the material is directly related to the porosity, it is reported that ideally the 

pore size should be between 5-30µm, with preferred values in the range of 10-20µm.45 With 

pores smaller than 5µm, cells and new tissue are unable to cross, and above 30µm the 
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material is too permeable to inflammatory cells, which may compromise nerve 

regeneration.41 It is important to mention that some of the fluid inside the tube should 

diffuse to the outside, in order to avoid a pressure increase inside the conduit due to fluid 

retention.  

Since the main function of the NGC is to provide a pathway for nerve regeneration, it has 

to present proper biomechanical properties for this application.46 NGC should be smooth 

and flexible to avoid new fiber compression, but at the same time, it is also required some 

stiffness as the conduit has to be resistant to bending without the risk of collapsing with 

shape loss.38,43 Nevertheless, a conduit that is too stiff can easily cause distortion and a too 

flexible one can fail to support regeneration.24 Due to these facts, the fine balance between 

these two properties is required. The Young modulus of NGC should also be similar to 

those of the nerves, in order to ensure the necessary resistance to the common in vivo 

physiological loads (65-155N for ulnar and 73-220N for median nerves).24 These properties 

are mostly dependent on the chosen material, dimensions, thickness, diameter of the lumen 

and lumen fibers, as will be described in the following sections.  

The surface properties of the tubes need to be evaluated, since during the formation of the 

new tissue, this will interact with the surface of the conduit. A longitudinal texture has been 

reported as ideal to help the alignment of the Schwann cells.47 As nerve gaps differ in size 

and neurons have different diameters and sizes, the length and lumen dimensions of a NGC 

should be easily adjustable to the specific nerve type to be recovered.  

Another approach that has been used in the design of NGC is the incorporation of luminal 

fillers, either growth factors or accessory cells, in the tube as a means of improving the 

efficiency of reconstruction for both small and large gaps. Table 1.2 shows the most 

common growth factors and their functions in nerve regeneration. 
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Table 1.2 Most common growth factors used in nerve guide conduits.34,45,48 

Growth Factor Function 

Nerve growth factor 

(NGF) 

Involved in the survival of the sensory nerve cell bodies 

and outgrowth of their neurites. 

Glial Growth factor 

(GGF) 

Induces Schwann cell motility and proliferation. Helps 

improving the survival of motor/sensory neurons. 

Fibroblast growth factor 

(FGF) 

Stimulates mitogenesis which increases cell growth and 

regeneration. 

Glial cell-derived 

neurotrophic factor 

(GDNF) 

Improve motor/sensory neuron survival, neurite 

outgrowth and schwann cell migration. 

Neurotrophin - 3 Restoration of sensory/motor conduction velocity 

 

Schwann cells also represent an attractive class of luminal fillers due to their key role in 

the nerve regeneration process. Nevertheless, other accessory cells like bone-marrow 

stromal cells, ectomesenchymal stem cells and fibroblasts can be used to enhance the nerve 

regeneration process.25 The incorporation of these cells and growth factors in nerve guide 

conduits can be performed in different ways, namely: (i) use of a matrix for the delivery of 

growth factors or accessory cells. This matrix will provide support and guidance for 

regenerating axons, control the release of growth factors avoiding an enzymatic breakdown 

and growth of supportive cells. However, these growth factors and/or accessory cells are 

incorporated in a hydrogel that can be too dense enabling cell growth.; (ii) use of an affinity-

based system for the delivery of growth factors or accessory cells; (iii) impregnating the 

NGC wall with accessory cells or growth factors via crosslinking or immobilization 

(diffusion-based systems). By crosslinking the growth factors, there is no need to use 

hydrogels, but not all crosslinking preparations are biodegradable. Crosslinking of different 

types of growth factors is also possible; (iv) direct culturing of accessory cells on the NGC 

wall which results in empty lumens not compromising the growth of new axons. 

Unfortunately, the absence of supportive cells at the surface of the lumen can be a 

disadvantage; (v) using microspheres to delivery growth factors or accessory cells to the 

NGC lumen providing multiple unit dosage but there are many limitations in what concerns 

the microencapsulation technology and growth factor stability. Other strategies involve the 

use of genetically modified cells which arises safety issues due to viral vectors or the 
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application of mechanical devices that allow the delivery of multiple proteins 

simultaneously. However, non-biodegradable systems imply further surgical 

removal.25,49,50 

Also, there are some technical requirements that should be taken into account when 

preparing a NGC. It should be able to be sutured onto the nerve stumps and it should be 

able to bear surgical handling. NGC should exhibit a long-term storage and has to be 

sterilizable, as all medical devices that are created for implantation purposes.51 Also, to 

facilitate its implantation, transparent NGC are preferred. 

 

1.6 PERIPHERAL NERVE REGENERATION: STRATEGIES 

In the search for an efficient method to bridge nerve gaps with success, a vast portfolio of 

materials and different approaches has been proposed. In this section, the most common 

ones, as well as their advantages and disadvantages are going to be discussed. 

 

1.6.1 Nerve Autograft 

For the last 50 years, nerve autograft has been considered the “gold standard” for bridging 

nerve gaps.36 Autografting was reported for the first time between 1870 and 1900, and 

Millesi was the first researcher demonstrating the benefits of this technique using animal 

studies.43 The technique consists in harvesting a nerve from another site of the body, which 

is then used to connect the two nerve stumps and align the fibers to allow functional 

recovery of the injured nerve. The most common nerve used in this approach is the sural 

nerve, taken from the back outer ankle.28,43 The factors that affect the choice of the most 

suitable nerve to harvest is related to the location of the nerve to be repaired, size and 

diameter of the nerve gap and associated donor-site morbidity.29 

The use of nerve autografts bring some advantages because they act like immunogenically 

inert scaffolds that have the ability to provide the appropriate neurotrophic factors and 

Schwann cells.29,43,52 However, this technique also has many disadvantages, such as: donor 

site morbidity due to harvesting; donor site mismatch; limited supply; requirement of a 

second surgery; possibility of painful neuroma formation and scarring; and loss of function, 
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especially in injuries of the motor nerves.36,38,43,52,53 Additionally, the use of nerve 

autografts is limited to nerve gaps with lengths of approximately 5 cm. 

 

1.6.2 Nerve Allograft 

The use of nerve allografts in the regeneration of nerves was reported for the first time in 

1885, by Albert Einige. This technique consists of harvesting the missing nerve material 

from humans cadavers, followed by the implantation and suture to the injured nerve.54 

Nowadays, allografts are mostly used for segmental nerve injuries.28 They can be used 

fresh, or pretreated by techniques such as freezing, freeze-drying, freeze-thawing, pre-

degeneration and chemical treatments with or without immunosuppressants.52 

The choice of using a nerve allograft always comes after some limitation (e.g., length) of 

nerve autografts. One of the advantages of using these materials is related to the fact that 

there is an abundant supply of donor nerves.29   

However, many disadvantages are also associated to this technique, being the most 

important the occurrence of an undesirable immune response, and the need for systemic 

immunosuppression to prevent rejection and potential immunogenicity.55 At the same time, 

the patient is really prone to infections, disease transmission risk and in the most severe 

cases, even tumor formation.28 Immunosuppression can be avoided when nerve allografts 

are decellularised.56 A commercial product with these characteristics has already been 

commercialized under the tradename of AxoGen®. This device acts as a scaffold whose 

structure is provided by the extracellular matrix.28 

FDA approved a commercial product called Avance®, made of cadaveric material, which 

does not need immunosuppression.51 This material has all the advantages associated with 

the nerve allografts, and allows the choice of the type of nerve needed. However, over time, 

immunosuppression may be required.51 

Due to the problems listed above concerning nerve autografts and allografts, new 

alternatives using different materials need to be investigated. Natural materials, 

biopolymers and synthetic polymers have been used to produce NGC and tested in order to 

enhance nerve regeneration. The following sections describe the materials that have been 

used, their structure, formulations and clinical trials results. 
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1.6.3 Natural Materials 

Blood Vessels 

Blood vessels, such as arteries and veins, have been used to bridge nerve gaps since the 

first years of the 19th century. The use of arteries was first reported in 1891 with good 

results, but the lack of suitable donor vessels made this technique fall into unpopularity and 

its clinical implementation has never occurred.56  

Veins began being used in 1909, and since then many experiments were carried out. One 

of the most interesting conclusions was that the application of veins as NGC was more 

successful when nerve slices were used to seed its lumen.56 This interposition was 

considered a practical and reliable procedure for nerve gaps between 2 and 4.5 cm.56  

One of the main advantages in using veins is that they are extremely abundant and induce 

less donor-site morbidity.52 However, the possibility of collapsing due to their thin walls, 

turn veins a non-recommended tissue for gap bridging.57 

 

Muscle 

Skeletal muscle in nerve repair applications was first reported in 1940.58 Studies 

demonstrated that fresh and denatured conduits made from muscle could lead to 

regeneration of nervous tissue. One of the main advantages of its use is the fact that it has 

extracellular matrix components and longitudinally oriented basal lamina. These factors are 

extremely useful for enhancing nerve regeneration as this microenvironment helps to 

promote cell adhesion.52 Also, it can be noted that there are numerous donor sites from 

which muscle tissue can be harvested.56 However, this fact represents a disadvantage 

because a harvesting procedure has to be performed. Moreover, using muscle has its risks, 

as some nerve fibers may grow out of the muscle tissue while the regeneration process is 

occurring.56 

 

Tendon 

Tendon from rat tail has already been used for nerve regeneration. In the most known 

experiment, a 10 mm nerve gap was bridged.59 As the rat tail tendon has extracellular matrix 

components and also a longitudinal arrangement of collagen, it constitutes a good path for 

cells to adhere to during nerve regeneration.56 In terms of morphometric and functional 
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evaluation, the results obtained by autografting are quite similar to muscle graft. Unlimited 

source of graft material, as well as limited loss of function, are the main advantages of these 

tissues for nerve bridging.52 

Reports concerning the use of natural materials in nerve regeneration are summarized in 

Table 1.3. 

 Table 1.3 Summary of the natural materials used in NGC, and main results obtained. 

Year Material Nerve Gap (mm) Animal Results Ref 

1982 Vein Sciatic 10 Rat 
Conduction restored after 4 months 

of surgery 
60 

1984 Vein Sciatic 25 Rat 
Satisfactory results with minimal 

scar tissue formation 
61 

1986 Artery Peroneal 5 Rat Growth of a minority of axons 62 

1986 Muscle Sciatic 40 
Rat and 

Rabbit 
Satisfactory limb function recovery 63 

1986 Vein Femoral 14 and 2 Rabbit 

Smaller gap had better 

remyelination comparing with the 

longer one 

64 

1988 Vein Sciatic 5 Rat 

Nerve vein graft conduction 

velocity similar to autogenous 

nerve graft 

65 

1989 Vein Peroneal 10 Rat 
Vein graft showed similar pattern 

of nerve regeneration as nerve graft 
66 

1992 Aortic Tibial 10 Rat 
Preferential growth toward the 

distal nerve was observed 
67 

1992 Muscle Peroneal 50 Rat 
Muscle graft did not lead to reliable 

recovery 
68 

1993 Vein Sciatic 10 Rat 

Compared with polyethylene nerve 

conduit, vein graft showed 

accelerated rate of nerve 

regeneration and earlier 

myelination. 

69 

1994 Vein Sciatic 10 Rat Small regenerated axons 70 

2007 
Muscle+

Vein 
Median 10 Dog 

Fresh and predegenerated skeletal 

muscle present similar results after 

1 month regarding to integrity 

71 
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1.6.4 Natural polymers 

Following nerve allografts, natural polymers were seen as reliable alternative materials to 

construct nerve autografts.44 The most common naturally-derived polymers used in nerve 

regeneration are collagen, chitosan and alginate. 

 

Collagen 

Collagen is a structural protein of connective tissues in humans and animals and the major 

component of extracellular matrix (Figure 1.4). 

 

 

Figure 1.4 Chemical structure of collagen type I. (A) secondary left handed helix and 

tertiary right handed triple-helix structure, (B) primary amino acid sequence.72  

 

Due to this fact, it has been used in implants as wound dressings and artificial skin.24 It is 

a natural biodegradable material with high biocompatibility, low antigenicity, which is 

known to promote neurite outgrowth, nerve regeneration and helps to maintain biological 

functions of the cells.24,44,73,74 

This material has been used as NGC since 1990s, adopting different forms. These include 

fibers inserted inside the conduit’s lumen to function as fillers and hydrogel formulations 

to deliver cells, drugs or growth factors.24 

Some studies have also shown that collagen filaments incorporated in NGC made with 

biodegradable materials, help to guide the new nerve fibers as they improve permeability 

and surface area exposed to the surrounding tissue.73 

As collagen is a natural polymer, it presents poor mechanical strength, high water uptake 

and fast degradation, which are undesirable characteristics in nerve regeneration. Indeed, 



Chapter 1 

 

19 

 

the structural integrity is compromised and the swelling can compress the new nerve tissue 

as it is growing.44 To overcome such disadvantages, some techniques, like solution casting 

and freeze-drying, are being performed to achieve the required mechanical strength and 

high porosity (70-90%).44 The mechanical strength can also be improved by crosslinking 

collagen between amine groups, which provides structural stability to the NGC.2 Among 

the techniques used for preparation of collagen nerve conduits, the most reported ones 

include injection molding and dip-coating, extrusion, electrospinning, freeze drying 

followed by lyophilization and crosslinking due to microwave radiation.2,42 Table 1.4 

presents some of the works where collagen was used as NGC. 

 

Table 1.4 NGC made with collagen submitted to in vivo tests. 

Year Material Nerve Gap (mm) Animal Results Ref 

1983 Collagen Radial 8 Cat Reinnervation of sensory structures 75 

1990 
Collagen-

PGA 
Peroneal 0.5 Rat 

Axonal regeneration equal to sutured 

autografts 
76 

1991 Collagen Sciatic 4 Rat 
Nerve regeneration similar to nerve 

autograft 
77 

2009 Collagen Peroneal 10 Rat 
Regeneration of motor axons with no 

noticeable foreign body reaction 
73 

2010 Collagen Peroneal 30 Dog 
Functional recovery of the regenerated 

nerve 
78 

2013 Collagen Median 10-20 Human 
8 in 9 patients achieved functional 

recovery 
79 

2013 Collagen Digital ≤ 26 Human 
Useful to span digital nerve defects up 

to 2.6 cm 
80 

2014 

Collagen-

Collagen 

fibers 

Sciatic --- Rat 
Nerve regeneration similar to nerve 

autograft 
74 

2014 Collagen Sciatic 10 Rat 
Study of the influence of the conduit 

diameter for motor recovery. 
81 

2016 Collagen Sciatic 20 Rat 
Functional recovery similar to 

autograft but thinner myelin sheaths. 
82 

2016 
Silk fibroin 

/Collagen 
Sciatic 10 Rat 

When seeded with SCs, similar results 

to autograft 
83 

2017 Collagen Sciatic 15 Rat 
Regeneration of myelinated fibers 

after 8 weeks 
84 
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Chitosan 

Chitosan (Figure 1.5) is a cationic biopolymer obtained from the alkaline deacetylation of 

chitin, which is the most abundant natural polymer after cellulose.2,85 

 

 

Figure 1.5 Chitosan structure. 

 

Over the years, chitosan has been widely used in several biomedical applications,86-91 

mainly because of its promising intrinsic properties. Among them, it is possible to mention: 

biocompatibility,53,91,92 biodegradability,85,91 low toxicity and non-immunogenicity,85,91,92 

low cost and large availability.91,92 

Very recently, chitosan started to be used in the fabrication of NGC for peripheral nerve 

regeneration, with some success.90 The good results obtained might be due to the favorable 

interaction of chitosan with biological environments, namely the promotion of cell 

attachment, adhesion, differentiation, and survival, ability to create a good pathway for 

neurite outgrowth and ability to inhibit the scarred tissue formation.53,91,93 

Unfortunately, some structural properties of this biopolymer are not suitable for the 

construction of NGC, being its mechanical strength being the most critical issue. As it 

presents low mechanical strength under physiological conditions, the capability to maintain 

a certain structure, needed to guide the new fibers, is seriously compromised.87,89,91 To 

compensate the lack of mechanical strength, chitosan is subjected to a crosslinking reaction 

with, for instance, genipin94. This formulation was already tested in many biomedical 

applications such as drug carriers and in the encapsulation of biological products and living 

cells.94 The addition of chitin powder to chitosan solution has also been tested to increase 

mechanical strength.95 

Along with mechanical strength, porosity is also a property which has to be optimized94 

and is related to the fabrication procedure of the material to be implanted. The most 
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common techniques used are cast molding, and knitting techniques combined with 

lyophilization.53,91,95 

Table 1.5 presents some studies regarding the use of chitosan in nerve regeneration, as well 

as their main results, performed since the middle 2000s. 

 

Table 1.5 Chitosan membranes and NGC tested for nerve regeneration in vivo. 

Year Material Nerve Gap(mm) Animal Resultados Ref 

2004 
Chitosan-chitin 

powder 
Sciatic 8 Rat 

Compatible with the surround 

tissue in vivo 
95 

2005 
Chitosan-

neurosteroids 
Facial 10 Rabbit 

Regeneration of the nerve fibers. 

Faster regeneration when using 

the neurosteroids in vivo 

96 

2005 
Chitosan-

Filaments of PGA 
Sciatic 30 Dog 

Restoration of nerve continuity 

and functional recovery. 
53 

2009 Chitosan-GDNF Sciatic 10 Rat 
Axon area and myelination higher 

than chitosan tube (control) 
85 

2010 

Cross-linked 

carboxymethyl 

chitosan 

Sciatic 10 Rat 

Myelin sheath similar to nerve 

autografts and higher fiber density 

compared to chitosan tube 

86 

2013 

Chitosan with 

varying degrees 

of acetylation 

Sciatic 10 Rat 
Poor mechanical properties and 

low stability 
89 

2013 

Collagen-

Chitosan with 

RGD 

Sciatic 15 Rat 

Faster regeneration with RGD 

compared with collagen-chitosan 

tubes 

97 

2015 Chitosan Phrenic 15 Dog 
Functional recovery was not 

totally achieved 
98 

2016 
Chitosan/NVR 

with SCs 
Sciatic 15 Rat 

Axonal growth was impaired by 

NVP with SCs 
99 

2016 Chitosan Sciatic 10 Rat Similar results to autograft 100 

2017 

Chitosan+ 

simvastatin/ 

Pluronic F-127 

hydrogel 

Sciatic 10 Rat 

Improvements in functional 

recovery and myelin sheath 

thickness after ten weeks 

101 
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Poly(3-hydroxy butyrate) (PHB) and Poly(3-hydroxybutyrate-co-hydroxyvalerate) 

(PHBV) 

Poly-3-hydroxbutyrate (PHB) is a bio-absorbable polymeric material that is synthesized by 

microorganisms as an energy-storage medium.102 It can be produced from fermentation 

followed by solvent extraction from bacterial cultures and carbon substrates.103 In vivo, it 

degrades by hydrolytic and enzymatic action.104 Its copolymer with 3-hydroxyvalerate, 

poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBV), is more flexible and easier to 

process when compared with PHB. PHB is usually molded into a sheet made with aligned 

fibers. At the end of the 1990’s, the first attempts in using this material for peripheral nerve 

regeneration were reported showing effect on helping regeneration of axons.105 PHB is non-

antigenic and presents good tensile strength, but its degradation lasts at least 24 to 30 

months until all polymer is resorbed.103 A comparative study between the performance of 

PHB with epineural suturing was carried out in the median and/or ulnar nerve at the 

wrist/forearm level. The results suggested better recovery with PHB than with epineural 

suturing.102 The effect of blending PHB and PHBV has also been studied. After the 

blending, scaffolds were obtained by electrospinning. Satisfactory results were observed 

for Schwann cells proliferation, which increased with the addition of collagen to the 

scaffold.106 More recently, Biazar et al. performed studies using PHBV as the unique 

material for the preparation of nerve guide tubes, achieving interesting results in what 

concerns mechanical properties. Also, as the nerve guide was micro patterned, 

improvement in adhesion of Schwann cells was observed.107 Later, the same group, 

crosslinked PHBV with gelatin, and the resulting material showed improved cellular 

adhesion in comparison with PHBV alone. The tube was used to bridge a gap with 30mm 

in the sciatic nerve of a rat. After four months, restoration of the nerve and myelated nerve 

fibers were observed.107  

Recently a study has been reported where PHBV was crosslinked with laminin, proving 

that cell adhesion on its surface was improved compared with the neat PHBV.108 

Furthermore, the incorporation of chitosan in a nanofibrous PHBV conduit was studied 

concerning its ability to promote cell proliferation. Crosslinked structures presented better 

results in comparison with the blend based structures.109 Different formulations of 

PHBV/collagen blends were also used in the prepared of nerve conduits using the 

electrospinning technique. Blends with 50:50% of both materials showed higher cell 

proliferation, in comparison with other formulations, revealing a cell elongated 
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morphology with bipolar neurite extensions favorable to nerve regeneration.110 All these 

results show that PHBV is a promising material for peripheral nerve regeneration due to 

good mechanical properties, cellular interaction, and also the possibility to control the 

degradation rate of its constructs. 

 

Alginate 

Alginate is a linear polysaccharide copolymer of (1-4)-linked β-D-mannuronic acid (M) 

and α-L-guluronic acid (G), extracted from brown seaweed.4 It is biocompatible, 

biodegradable, sterilizable without degradation, and, very importantly, its physical and 

rheological properties can be easily modified by varying the monomers (G and M) ratio 

and molecular weight of the polymer chain.4,111 Since the past decade, the interest in 

alginate for biomedical applications has increased significantly due to its good cell 

compatibility.112 Alginate based hydrogels have been used as covers for diabetes treatment 

and hemophilia, detoxification, transplanted pancreas or liver cells, and as bridging 

materials for both spinal cord and nerve repair.4,113 In what concerns the nerve regeneration, 

the compatibility of this biopolymer with Schwann cells, neurotrophic factors and stem 

cells is a very interesting and the most decisive characteristic.4,113,114 

 In peripheral nerve regeneration, alginate is not reported as main component of nerve guide 

tubes. Instead, is it usually used as a gel, which is inserted in the conduit lumen to guide 

the new nerve fibers. However, it is reported in literature that the regeneration of nerve 

tissue requires that some amount of gel has to degrade, in order to open space in the 

lumen.114 This gel usually results from the crosslinking of alginate with calcium ions.114 

The gel degradation starts with the diffusion on the calcium ions from alginate, allowing 

the slow loss of crosslinking of the alginate gel. The resulting products are immunologically 

inert and are not digested by mammalian cells.113 

Alginate gels have been tested both in vitro and in vivo for peripheral nerve regeneration 

purposes, but contradictory results were obtained. In vitro tests showed a negative influence 

of alginate on cell proliferation. Unexpectedly, in vivo tests showed the opposite. A sciatic 

nerve gap with 7 mm in rats and a sciatic nerve gap with 50 mm in cats were successfully 

bridged with alginate foams, leading to promising results.24 Because of this paradox, and 

due to ethical issues, alginates are not widely used materials for peripheral nerve 

regeneration. More recently, the attempt to crosslink alginate with chitosan has been 
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reported, and interesting results were achieved.112 In another approach, Shahriani et al 

tested a high-purity alginate scaffold for spinal cord repair in rats.115 After 14 days, the 

scaffolds revealed a degradation ratio not compatible with the regeneration of the axons.115 

 

 

Other Natural polymers 

Other materials such as hyaluronic acid, natural silk, silk fibroin and keratin have also been 

tested, but not as intensively as the former ones. These materials lack some important 

properties, namely mechanical stability. Consequently, the only way to use them is by 

chemical modifications via crosslinking or by incorporation in other natural or synthetic 

polymers.24 

 

 

1.6.5 Synthetic polymers 

During the last years, enormous efforts have been made to create NGC based on synthetic 

polymers. Typically, these materials can be classified as non-degradable and degradable. 

 

Non-biodegradable synthetic polymers 

While trying natural polymers, researchers also focused their interest on non-biodegradable 

polymeric materials to be used in nerve regeneration due to their superior mechanical 

properties. Good results were achieved for small gaps, but in many cases the conduits had 

to be removed due to immunologic response. The next topic presents the most used non-

degradable polymeric materials for nerve regeneration purposes and also the new trends in 

using these materials. 

 

Silicone 

Since 1960s, silicone has been studied as material for NGC in peripheral nerve 

regeneration. It was one of the first synthetic materials to be used in these applications due 

to its elastic properties and inertness.24 It is non-biodegradable and non- permeable to large 

molecules.  
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The first researcher to present a successful case of recovery from an injury using silicone 

was Merle.116 Some years later, Chen, doped silicone tubes with laminin, collagen and 

fibronectin gels, concluding that better results than the non-doped silicone tube can be 

achieved.117 Lundborg, in turn, concluded that silicone tubes gave better regeneration 

results in gaps smaller than 5mm.118-121 This result was confirmed after another study where 

a 8mm gap in the peroneal nerve of the rat was bridged with a silicone tube showing the 

presence of new axons, although some of them not myelinated.122 However, many works 

in rats also reported the formation of scarred tissue, compression of the new axons or even 

no regeneration at all.123-125 

Moreover, researchers also refer that in some patients, silicone tubes had to be removed 

because of loss of nerve function due to irritation at the implantation site. As this material 

is non-biodegradable, a chronic inflammation associated to excessive scarred tissue 

formation can occur during time, in some cases, after one week.39 Contradictory results 

have been more recently reported in histomorphometrical and immunohistochemical 

assessments, which supported that no excess of scarred tissue was formed and axons can 

regenerate within a silicone tube.126 Ikeguchi et al. treated the inner surface of a silicone 

tube with negative-charged carbon ions, claiming that axonal regeneration was 

improved.127 Unfortunately, none of these recent works gives further information 

concerning the consequences that this type of conduits could evoke a long time after 

implantation. 

 

Expanded poly(tetrafluorethylene) (ePTFE) 

ePTFE was discovered in the 1970s and it’s chemically identical to PTFE but, after 

processing, it presents small pores. This porous structure cannot be obtained without the 

use of soluble fillers, foaming agents or other chemical additives.128 

It is used to make lightweight, waterproof and breathable fabrics, micro-porous 

membranes, microwave carriers, industrial sealants and high-tensile fabrics and cords and 

medical tubes and implants.128 

For peripheral nerve regeneration, a product made from ePTFE is commercialized under 

the tradename of Gore-Tex®. The main conclusions taken from in vivo trials in humans 

were that small gaps in the lower arm (15-40mm) were successfully bridged, but longer 
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defects (till 60mm) could not recover and useful reinnervation was only verified in 13,3% 

from a population of 43 patients.43 

In another trial, Gore-Tex® was used in seven patients with nerve defects (<3 mm) in the 

inferior alveolar nerve, and only two of them revealed some return of sensation.128 Also, 

this product causes an excess of scarred tissue formation, compression of the new fibers 

and severe immunologic responses from the host body. Nowadays, and for these reasons, 

these materials are lacking the interest from the medical field. 

 

Polypyrrole (Ppy) 

Ppy is a conductive polymer which is commonly used in advanced materials such as 

sensors, solar cells, water treatment materials, among others.129 It has been object of interest 

for peripheral nerve regeneration in recent years due to the positive responses induced in 

cells by electric stimulation.130,131 Among the many advantages of using this material there 

is the fact that it can support cell adhesion and has a good biocompatibility and no evidence 

of toxicity.132 In 1997 was the first time that neurite outgrowth from PC12 cells in contact 

with a film of Ppy was reported, proving that conductive polymers could be useful for nerve 

regeneration applications.133 After these findings, researchers have tried to incorporate new 

features to Ppy based NGC, such as the incorporation of adhesive cells. Also, changing the 

topography of these materials help the regeneration of new axons due to guidance 

providence.134 Unfortunately, the use of Ppy brings some disadvantages, namely those 

related with its slow degradation rate and poor solubility.135 For that reason, Ppy has been 

incorporated in composite materials as a way to overcome its drawbacks. Using emulsion 

polymerization, Xu et al. prepared Ppy/PDLLA conductive composites and it was found 

that the materials were able to support neurite regrowth in a similar way to that of 

autologous grafting.135 More recently, nerve guide tubes based on PVA/Ppy were also 

studied. The tubes were prepared using a casting technique and molded in a silicone tube. 

A satisfactory number of regenerated nerve fibers was achieved although better results were 

obtained by a conduit based on PVA loaded with multi-wall carbon nanotubes (MWCNT) 

seeded with Mesenchymal stem cells (MSCs).136 In conclusion, conductive polymers have 

demonstrated to be promising materials for peripheral nerve regeneration, when blended 

with other polymers with more desirable solubility, mechanical and degradation properties. 
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Biodegradable synthetic polymers 

Due to the problems caused by non-biodegradable polymers, their biodegradable 

counterparts started to be more popular for peripheral nerve regeneration. These materials 

have the ability to fully degrade in vivo which leads to a new approach for this application: 

by the end of the regeneration, the conduit should be gone completely and with that avoid 

immune response from the body. Many biodegradable materials were tested, but in this 

section only poly(glycolic acid) (PGA), poly(lactic acid-co-glycolic acid) (PLGA), poly(ε-

caprolactone) (PCL), and poly(DL-lactic acid –co-ɛ-caprolactone) (P(DLLA-co-CL)) will 

be presented, as they are those with more clinical trials and with FDA approved products. 

 

PGA 

PGA is an aliphatic polyester known in the biomedical field as a suture material for wound 

closure. It has been used for a long time in this application because it can be absorbed by 

the human body within 90 days after implantation, through an hydrolysis mechanism.137 

Due to its good biological properties, the interest in producing NGC from this material has 

increased substantially. 

PGA was first used as a NGC in 1990, by Mackinnon and Dellon, and the results were 

similar to those obtained from nerve autografting.138 

Although several works report good results, others refer that PGA alone has a too fast 

degradation rate, which can be undesirable for larger nerve gaps. Another problem concerns 

the technique used to fabricate the conduit. When extrusion was used, the surface of PGA 

conduits presented poor quality.56 Moreover, while it degrades, the products that are 

released have an acidic nature, leading to the decrease of the pH at the site of implantation 

that can trigger the immune response. 

A new approach was then adopted and involved the use of PGA, not as the core material 

of the nerve conduit, but as filler.139 The promising results led researchers to conclude that 

PGA is a good material for nerve regeneration, especially when combined with other 

materials, of which, chitosan and collagen are examples.140-143 
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PLGA 

PLGA is an aliphatic copolyester made from glycolic and lactic acid that has FDA approval 

and has been used as a suture material throughout the years (Polyglactin 10®).144 Different 

ratios of the two monomers allow the tailoring of the polymer properties (e.g., 

thermomechanical, wettability, swelling and degradation), which is an advantage of PLGA 

over PGA.144 The ability to manipulate the degradation ratio, which allows tailoring the 

material for different types and sizes of nerve gaps, turns PLGA a very attractive material 

for peripheral nerve regeneration. 

PLGA is biodegradable, and releases acidic products during degradation, which presents 

the deleterious effect described above. 

In NGC production, PLGA has been tested as the core material of the conduit and also in 

combination with others (e.g., collagen). When used alone, in order to turn it permeable 

and with an adequate porosity, some approaches have been tested, namely the addition of 

a porogenic agent.145 and preparation of hollow fiber membranes using a phase-inversion 

process.146 In both works, interesting mechanical properties and degradation profiles were 

achieved. In a more recent study, a PLGA based catheter was prepared.147 This catheter 

comprises an outer tube, which has a scaffold inside. This scaffold has many tube shaped 

structures in order to correctly guide the new nerve fibers. The outside tube provides the 

mechanical support required for nerve regeneration. As a result, fibroblast growth was 

facilitated across the inner scaffold and also the outer structure showed good capacity to 

overcome compression.147 PLGA had also been electrospun and then coated with a 

conductive polymer, Ppy. An in vitro assessment with PC12 rat cells showed the formation 

of longer neuritis compared with the control.148 In another approach, PLGA conduits were 

coated with nanosilver to benefit from silver’s antimicrobial effect which resulted in an 

increase of infection resistance of the conduit.149 A combination of electrospun PCL with 

nanospheric PLGA was also tested with PC12 rat cells, revealing long and guided neuritis 

due to the alignment provided by the scaffold.150 

Neurotrophic factors, as well as Schwann cells, have also been incorporated in PLGA 

matrices leading to good results, but only in small gaps. Nevertheless, PLGA does not 

represent an universal solution for peripheral nerve regeneration in general, as only some 

specific cases can be treated with this polymer. Table 1.6 shows the main conclusions of 

the works reported in literature that used this polymer in nerve regeneration. 
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Table 1.6 PLGA based NGCs tested in vivo. 

Year Material Nerve 
Gap 

(mm) 
Animal Results Ref 

2004 
PLGA(85:15)+ 

Schwann cells 
sciatic 10 Rat 

Ultrasonic stimulation has a positive 

effect on seeded Schwann cells within 

PLGA conduit 

151 

2006 
PLGA(75:25)+ 

collagen 
peroneal 15 Rabbit 

PLGA-coated collagen tube showed 

better regeneration comparing to vein 

grafts 

144 

2006 PLGA(85:15) sciatic 10 Rat 
Asymmetric structure enhance the 

removal of drained waste 
150 

2007 

PLGA 

(90:10; 50:50)+ 

Schwann cells 

sciatic 10 Rat 

Directional permeability has a positive 

effect in nerve regeneration through 

PLGA conduits 

5 

2007 PLGA (90:10) sciatic 10 Rat 
Axon regeneration similar to 

Neurolac® 
152 

2008 
PLGA/Pluronic 

F127 
sciatic 10 Rat 

Regeneration achieved due to good 

mechanical properties, permeability 

and prevention of scar tissue invasion. 

153 

2010 
PLGA/ 

Chitosan+CNTF 
tibial 25 Dog 

Favorable conduit for Schwann cell 

migration and axonal regeneration 
154 

2017 
PLGA+ 

SDS/SCs 
Sciatic 12 Rat 

Functional improvements after 12 

weeks of implantation 
155 

2017 

PLGA pre-

coated with 

NECL1 

Sciatic 15 Rat 
Enhanced functional recovery 

comparing with the control (PLGA) 
156 

 

PCL and P(DLLA-co-CL) 

PCL is a bioresorbable, hydrophobic and semi-crystalline polyester.157 Its tailorable 

degradation and mechanical properties, along with its good compatibility, have made this 

polymer very attractive to the biomedical field since the 1970s. During this time, it was 

used in various drug delivery systems, but as its degradation rate was slow, other resorbable 

polymers as PGA and poly(D,L-lactide) (PDLA) were preferred.158 However, since the 

2000s, as tissue engineering arose, PCLs has been extensively tested both in vitro and in 

vivo revealing good results in terms of biocompatibility. As a result, FDA approved its use 

in tissue engineering applications.159 

For peripheral nerve regeneration, this polymer, like other bioabsorbable polymers, has 

been tested in conduits alone mixed with other polymers and seeded with both cells and 

nerve growth factors. Improvement of the motor function of the sciatic nerve was achieved 
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with a PCL conduit seeded with MSCs.160 In a study of the topography of the surface and 

mechanical properties, NGC based on PCL-PVA were prepared by solvent casting.38 The 

presence of a grooved improves mechanical properties of the material, approaching to the 

ones of the healthy nerve. Another study evaluated the effect of encapsulated neurotrophic 

factor derived from glial cell (GDNF) embedded in a nerve conduit made with PCL.161 The 

bioactivity of GDNF was confirmed and also the sterilization technique proved to be 

suitable for this material, as it did not alter its structure or porosity percentage. More 

recently, works including the use of peptides as RGD with PCL based surfaces have also 

been reported, and promising results were obtained.162 Table 1.7 shows the main 

conclusions of the works reported in literature that used this polymer in nerve regeneration. 

 

Table 1.7 Recent PCL NGCs tested in vivo. 

Year Material Nerve 
Gap 

(mm) 
Animal Results Ref 

2012 PCL+MSCs sciatic 3 rat 
Gastrocnemius muscle was restored 

while motor function was improved. 
160 

2013 
PCL/Pluronic 

F127 
sciatic 10 rat 

The double stimulation of nerve 

growth factor (NGF) and low-

intensity pulse ultrasound (US) were 

more effective in nerve regeneration 

than single stimulation. 

163 

2014 

PCL/gelatin+ 

stem cells 

(SHED) 

Sciatic 10 Rat 
Improved nerve regrowth across the 

SHED seeded conduit. 
164 

2014 PCL/gelatin Sciatic 5 Rat 

Electrospun PCL is more suitable for 

in vivo implantation than 

PCL/gelatin due to poor histology 

and electrophysiology. 

165 

2014 
PCL+Schwann 

cells 
Sciatic 14 Rat 

Electrospun bilayered seeded 

conduits improve the sprouting of 

nerve fibers and motor recovery. 

166 

2016 PCL Sciatic 10 Rat 
Successful nerve growth after 14 

weeks of implantation 
167 

2017 
PCL+agarose 

scaffold 
Sciatic 10 Rat 

SCs adhesion and robust axon 

ingress into the tube  
168 

P(DLLA-co-CL) is a polyester made from D,L-lactic acid and ɛ-caprolactone that has 

attracted the interest of the researchers for peripheral nerve regeneration. It should be 
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mentioned that problems derived from its degradation in vivo lead to less damage of the 

surrounding tissue, in comparison with materials as PGA or PLGA. This fact is related with 

the slower degradation ratio of P(DLLA-co-CL), which results in a dilatory release of 

degradation products, avoiding higher concentrations of the resulting acidic products. Due 

to its degradation rate, the local pH is not so negatively affected as verified for PGA or 

PLGA.152 

Moreover, compared with the other biodegradable materials, P(DLLA-co-CL) is more 

hydrophobic, which can lead to higher degradation times, extending the life time of the 

conduit in the body. Moreover, in some cases, even after the nerve is regenerated and 

functional activity is restored, there still small fragments of the nerve conduits standing by 

the new nerve.51 FDA gave approval to a commercial product made from this copolyester 

known as Neurolac®. This conduit has a diameter of 1.5-10 mm and length of 3 cm. In 

terms of degradation, it only degrades completely after 16 months.51 

 

1.7 FDA APPROVED DEVICES FOR PERIPHERAL NERVE REGENERATION 

As aforementioned, the preparation of a device able to improve the recovery ratios after 

peripheral nerve injury still remains a clinical challenge. After mid-1980s, some devices 

received FDA approval, which include devices made of natural and synthetic polymers. 

These devices can be in a nerve conduit structure or in a wrap structure and are presented 

in the Table 1.8 and Table 1.9.51 
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Table 1.8 Available FDA approved nerve guide devices (adapted).51 

FDA 

clearance date 

Product name Material 
Degradation 

(months) 
Diameter Length 

22nd March, 

1999/1995 

Neurotube® PGA 3 2.3-8 mm 2-4 cm 

22nd June, 

2001 

NeuraGen® Type I collagen 36-48 1.5-7 mm 2-3 cm 

21st 

September, 

2001 

NeuroflexTM Type I collagen 4-8 2-6 mm 2.5 cm 

21st 

September, 

2001 

NeuroMatrixTM Type I collagen 4-8 2-6 mm 2.5 cm 

15th May, 

2003 

AxoGuardTM 

Nerve Connector 

Porcine small 

intestinal 

submucosa 

(SIS) 

3 1.5-7 mm 10 mm 

10th October, 

2003/ 4th May, 

2005 

Neurolac® 
P(DLLA-co-

CL) 
16 

1.5-10 

mm 
3 cm 

5th August, 

2010 

SaluTunnelTM 

Nerve 

ProtectorTM 

Polyvinyl 

alcohol (PVA) 

Non-

absorbable 
2-10 mm 6.35 cm 

 

 

The majority of devices approved are based on Type I Collagen. Nevertheless, limitations 

concerning their degradation ratio need to be considered. On the other hand, Neurolac® 

presents a degradation ratio that seems to match the regeneration of the nerve. However, 

its structure is highly compact, showing no porosity, which may jeopardize the regeneration 

process. 
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Table 1.9 Available FDA approved absorbable nerve cuff/protectant wrap devices. 

FDA clearance 

date 
Product name Material Degradation Diameter Length 

24th November, 

2000/2001 
SalubridgeTM 

Polyvinyl 

alcohol 

(PVA) 

Non-

absorbable 
2-10 mm 6.35 cm 

15th May, 2003 
AxoGuardTM 

Nerve Protector 
Porcine SIS 3 months 2- 10 mm 2-4 cm 

16th July, 2004 NeuraWrapTM 
Type I 

Collagen 
36-48 months 3-10 mm 2-4 cm 

14th July, 2006 NeuroMendTM 
Type I 

Collagen 
4-8 months 4-12 mm 

2.5-5 

cm 

 

Unfortunately, despite the offer of approved devices, none of them has all the 

characteristics that would be desired for achieving better results, as they present limited 

repair for gaps longer than 30 mm.73 

 

1.8 OUTLOOK AND CONCLUSIONS 

Peripheral nerve injury is a serious problem affecting millions of people all around the 

world, with consequences that can lead to irreversible disability. The preparation of a 

device able to improve the recovery ratios after peripheral nerve injury still remains a 

clinical challenge. Some devices based on natural and synthetic polymers have already 

received the approval of FDA and are commercially available. It is believed that the trend 

of peripheral nerve regeneration is to create devices, which can be adapted to different gap 

lengths and degradation rates. Also, the inclusion of exogenous cells to enhance the 

recovery of the nerve has received considerable interest in the last years showing promising 

results. 

The use of non-biodegradable materials in this application, as mentioned in this chapter, 

can be seen as a disadvantage as the material may constrict the new nerve fibers and a 

second surgical intervention may be needed for its removal.  
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To sum up, in the authors’ opinion, polymeric materials seem to be a reliable solution to 

prepare such nerve conduits, since their properties can be easily modulated and also allow 

the easy incorporation of nerve growth factors and accessory cells, which play an important 

role in successful regeneration of the injured nerve. 
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2.1 ABSTRACT 

For the past years, many studies have been conducted proposing new materials for the 

preparation of scaffolds to improve peripheral nerve regeneration. Despite this fact, nerve 

autograph is still considered to be the “gold standard” nowadays. The goal of this work is 

prepare a suitable alternative to autograph, using dextran based materials. For this purpose, 

dextran, a biocompatible and biodegradable polysaccharide, was modified with glycidyl 

methacrylate (GMA) and with 2-isocyanoethymethacrylate (IEMA) aiming to prepare 

transparent membranes via a photocrosslinking process.1,2 Additionally, poly(ɛ-

caprolactone) (PCL) was modified with 2-isocyanoethymethacrylate (IEMA) to tailor the 

final flexibility of the dextran based membranes. The thermal properties of the membranes 

prepared using different formulations were characterized by TGA, DSC and DMTA 

techniques. The results show that the membranes are thermally stable up to temperatures 

around 300ºC. Moreover, Tg values decrease with the increase content of the added 

PCL_IEMA. The swelling capacity and degradation ratio were also evaluated. The former 

showed values between 50-200%. In what concerns to hydrolytic degradation in vitro, the 

membranes proved to be able to maintain their structural integrity for more than 30 days, 

losing only around 8-12% of their mass. 

These results show that the envisaged membranes fulfill a list of important requirements, 

particularly transparency and low degradability, to be used as materials for nerve 

regeneration. 

 

2.2 INTRODUCTION 

Nowadays, peripheral nerve injury is considered to be a common health problem in the 

world, being the number of new patients close to 300.000 only in Europe.3 This condition 

is quite worrying as it can result in severe loss of quality of life.4 

Direct neurorrhaphy was the first technique to be proposed for the cases in which 

spontaneous regeneration was not sufficient for the recovery of nerve function. 

Unfortunately, for gaps longer than 5mm, the tension created by the direct suturing of the 

nerve stumps can be excessive jeopardizing the recovery process.5,6 For this reason, nerve 

autographs were proposed to bridge longer nerve gaps.7,8 However, several disadvantages 

arise from this procedure, being site morbidity one of the most significant. To circumvent 
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the aforementioned issues, studies have been conducted to propose feasible strategies that 

allow the nerve reinnervation. 

Biomedical devices, as scaffolds, have been receiving important attention. These devices 

should provide a proper environment for the growing of new axons and reach the distal 

nerve stump.  

In this context, polymeric membranes were considered to be candidates as they can be 

wrapped and sutured to both ends of the injured nerve. Natural and synthetic polymers have 

been used with this approach. 

In what concerns natural polymers, chitosan is one of the most studied, being already been 

proposed as base material for the preparation of membranes.9,10 Some studies regarding the 

use of chitosan based membranes demonstrated their ability to promote cell adhesion, 

proliferation and differentiation.11,12 Additionally, the bridge of the two nerve stumps with 

nerve fiber regeneration and functional recovery was also reported.11 In fact, hybrid 

chitosan membranes used to bridge a rat sciatic after crushing, revealed enhanced axon 

number and myelin thickness affecting positively the recovery of the functionality of the 

nerve.13 

Regarding synthetic polymers, membranes prepared with polycaprolactone (PCL), 

polyurethane (PU) and poly(dimethylsiloxane) (PDMS) have been studied and tested in 

vitro with encouraging results.14 Also, published studies show that poly(DL-lactide-ɛ-

caprolactone) (PLA-co-CL) membranes promote the differentiation of human 

mesenquimal stem cells into neuroglial-like cells.15 These membranes were also tested in a 

neurotmesis of the rat sciatic nerve model, during a period of time of 20 weeks showing 

promising results specially regarding the recovery of motor function.15 

Nevertheless, the major disadvantages concerning the use of both natural and synthetic 

polymers are the fragility during suturing and inappropriate in vivo degradation rate. 

Some membranes or wraps using natural and synthetic polymers were already approved by 

FDA and are available under the commercial name of: SalubridgeTM (poly(vinyl alcohol) 

(PVA)); AxoGuardTM Nerve Protector (Porcine small intestine submucosa (SIS)); 

NeuraWrapTM (Type I Collagen) and NeuroMendTM (Type I Collagen).16  

Despite the extensive studies, none of the listed materials present a performance 

comparable to those obtained with nerve autograft. The main disadvantages are related to 

the degradation rate in vitro, which can be too long (48 months for NeuraWrapTM), or too 

fast (8 months for NeuroMendTM and AxoGuardTM).16 Also, for the non resorbable product 
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SalubridgeTM, high compression and tension in the suture lines are the major 

disadvantages.16  

The present work intends to prepare dextran based materials as potential candidates for 

peripheral nerve regeneration.  

Dextran is a polysaccharide well known as a biocompatible material.17,18 It is already used 

in many biomedical applications such as drug delivery systems and wound dressings.19-25 

This polymer is also biodegradable and its degradation products are non-toxic. The 

degradation occurs through the action of the dextranase enzyme in organs such as liver, 

spleen, kidneys and colon.26 However, albeit its interesting advantages, dextran presents 

poor mechanical properties,27,28 and hence its modification is often needed.27,29,30 

In this work, dextran was modified with incorporation of double bonds by its reaction with 

glycidyl methacrylate (GMA) or 2-isocyanatoethyl methacrylate (IEMA). Membranes 

using methacrylated dextrans were prepared, and in order to fine tune their properties a co-

macromonomer, PCL dimethacrylate, was added to the formulation. The PCL 

dimethacrylate was obtained from the reaction of PCL with hydroxyl terminal groups with 

IEMA (PCL-IEMA). Transparent membranes were obtained upon the photocrosslinking 

reaction of the modified dextran with the PCL dimethacrylate, in the presence of Irgacure 

2959® as the photoinitiator. Photocrosslinking technique brings advantages since there is 

no need of high temperatures (70-80ºC in the case of thermal polymerization), which avoids 

the occurance of undesirable side reactions that could alter the final structure of the 

polymer.31,32 In addition, this technique requires small quantities of photoinitiator.31 The 

photoinitiator - Irgacure 2959®, is a safe product presenting biocompatibility in the 

presence of different cell lines.33  

The membranes were characterized regarding their thermal stability, thermomechanical 

properties, swelling capacity and in vitro hydrolytic degradation behavior. 

 

2.3 EXPERIMENTAL SECTION 

 

2.3.1 Materials 

Dextran (Mw=70000 g/mol and Mw=200000 g/mol) and phosphate buffered saline (PBS) 

tablets were purchased from Sigma Aldrich (St. Louis, Missouri, USA). Glycidyl 

methacrylate (GMA) was purchased from Acros Organics (Geel, Belgium). 4-
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Dimethylaminopyridine (DMAP), 2-Isocyanatoethyl methacrylate (IEMA) were acquired 

from TCI Europe (Zwijndrecht, Bélgica) and dimethyl sulfoxide (DMSO) was purchased 

from Fisher Scientific (Hampton, New Hampshire, EUA). Dibutyltin dilaurate was 

obtained from Fluka (St. Louis, Missouri, USA). Tetrahydrofuran (THF) was obtained 

from VWR (Radnor, Pensilvânia, EUA) and n-hexane was obtained from José Manuel 

Gomes dos Santos, Lda (Odivelas, Portugal). Poly(ɛ-caprolactone)-diol (PCL-diol Capa 

TM2054; Mw=550 g/mol) was a gift from Perstorp(Warrington, UK). Irgacure 2959® was 

gently supplied by Ciba Specialty Chemicals (Basel, Switzerland). D2O and DMSO-d6 

were acquired from Euriso-Top (Saint-Aubin, France). Sodium azide was purchased from 

Panreac (Barcelona, Spain). 

 

2.3.2 Synthesis and Procedures 

Modification of Dextran with GMA 

The modification of low molecular weight dextran (70.000 g/mol) (P_LMW) and high 

molecular weight dextran (200,000 g/mol) (P_HMW) with GMA (Figure 2.1) was adapted 

from elsewhere.34 First, 2.5g (1.54×10-2 mol) of dextran were dissolved in 22.5mL of 

DMSO in a round bottom flask. The flask was immersed in a water bath at 30ºC. After the 

complete solubilization of dextran, 0.5g (4.09×10-3 mol) of DMAP was dissolved in the 

solution and 2.05mL (1.54×10-2 mol) of GMA was added. The reaction proceeded for 8h 

or 24h, under nitrogen atmosphere. After this time, to neutralize the solution, 0.33mL of 

HCl 37% (w/w) was added. The product of the reaction was then dialyzed against water. 

The product was freeze dried, leading to a sponge-like product. Four products were 

synthesized: P_LMW_GMA8 corresponding to 8h of reaction; P_LMW_GMA24 referring 

to 24h of reaction; P_HMW_GMA8 (8h reaction) and P_HMW_GMA24 (24h reaction).  
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Figure 2.1 Scheme of the reaction between dextran and GMA. 

 

Modification of Dextran with IEMA 

The modification of low molecular weight dextran (P_LMW) and dextran of high 

molecular weight (P_HMW) with IEMA (Figure 2.2) was adapted from elsewhere.35 

Briefly, 2.5g (3.57×10-5 and 1.25×10-5 mol) of dextran were dissolved in 22.5mL of DMSO 

by stirring in a round bottom flask, under nitrogen atmosphere. The vessel was placed in a 

water bath at 60ºC. After the dextran dissolution, 6.54mL (0.0463 mol) of IEMA were 

added. The reaction was allowed to proceed during 24h. The product of the reaction was 

recovered from precipitation in distilled water, followed by drying under vacuum, at 40 ºC, 

until constant weight (yield=80%, ≈ 2 g). 
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Figure 2.2 Schematic representation of dextran modification with IEMA. 

 

Modification of PCL-diol with IEMA 

The modification of PCL-diol with IEMA (Figure 2.3) was adapted from elsewhere.36 In a 

round bottom flask placed in a water bath at 40ºC, 2.2g (4 mmol) of PCL-diol was dissolved 

in 30mL of THF, under nitrogen atmosphere. After PCL-diol solubilization, 1.27g (8.2 

mmol) of IEMA and 150 mg dibutyltin dilaurate (3 drops) were added to the reaction 

mixture. The reaction was allowed to proceed for 24h. The product was recovered by 

precipitation in n-hexane and dried under vacuum, until constant weight, at room 

temperature (yield=90%, ≈2 g). The scheme of the reaction is presented in Figure 2.3. 

 

 

Figure 2.3 Schematic representation of the modification of PCL with IEMA. 
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Preparation of the Membranes  

Modified dextran and/or PCL-dimethacrylate were dissolved in 2mL of DMSO, according 

to Table 2.1. After the dissolution of the components, a biocompatible photoinitiator 

Irgacure 2959® was added in a concentration of 0.1/ w/v (1.11x10-2 mmol).37,38 The solution 

was then placed in a Petri dish and left to photocrosslink in a UV chamber (Model BS-02, 

from Dr. Gröbel, UV-Electronik GmbH), with light with a wavelength of 280 nm, for 2 

hours, to yield transparent membranes. The membranes were then washed with distilled 

water during 7 days. After the washing process, the membranes were cut in circles with a 

diameter of 1cm and dried under vacuum, at room temperature, in a desiccator.  

Table 2.1 Amounts of modified dextran and PCL-IEMA used in the preparation of the 

membranes. 

Designation Modified dextran PCL-IEMA 

M_LMW_GMA8(0.5)_PCL(0) 0.5g P_LMW_GMA8 -------- 

M_LMW_GMA8(0.2)_PCL(0.2) 0.2g P_LMW_GMA8 0.2g 

M_LMW_GMA8(0.1)_PCL(0.3) 0.1g P_LMW_GMA8 0.3g 

M_LMW_GMA24(0.2)_PCL(2) 0.2g P_LMW_GMA24 0.2g 

M_LMW_GMA24(0.1)_PCL(0.3) 0.1g P_LMW_GMA24 0.3g 

M_HMW_GMA8(0.5)_PCL(0) 0.5g P_HMW_GMA8 -------- 

M_HMW_GMA8(0.2)_PCL(0.2) 0.2g P_HMW_GMA8 0.2g 

M_HMW_GMA8(0.1)_PCL(0.3) 0.1g P_HMW_GMA8 0.3g 

M_HMW_GMA24(0.2)_PCL(0.2) 0.2g P_HMW_GMA24 0.2g 

M_HMW_GMA24(0.1)_PCL(0.3) 0.1g P_HMW_GMA24 0.3g 

M_LMW_IEMA(0.5)_PCL(0) 0.5g P_LMW_IEMA -------- 

M_LMW_IEMA(0.2)_PCL(0.2) 0.2g P_LMW_IEMA 0.2g 

M_LMW_IEMA(0.1)_PCL(0.3) 0.1g P_LMW_IEMA 0.3g 
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2.3.3 Characterization Techniques 

Chemical Structure Identification 

FTIR spectra were obtained using a Jasco FT/IR-4200 spectrometer with ATR mode, at 

room temperature. Data were collected in the range 4000-500 cm-1 with 4 cm-1 spectral 

resolution and 64 accumulations. 

The 1H NMR spectra were obtained at 25ºC on a Bruker Avance III 400MH spectrometer 

using a triple detection TIX 5mm probe. For dextran and modification products, the solvent 

used was D2O and specific conditions were used, as described elsewhere.34 Briefly, a pulse 

angle of 87.7º was used with a relaxation delay of 30s. The water signal at 4.8 ppm was 

eliminated by solvent suppression with decoupling. The decoupling power was adjusted to 

a level at which the intensity of the anomeric proton signal was not affected. For PCL-diol 

and PCL-dimethacrylate, the solvent used was DMSO-d6. TMS was used as the internal 

standard. 

 

Thermogravimetric Analysis 

The thermal stability of the materials was evaluated by thermogravimetric analysis (TGA) 

using a TA Instruments Q500 equipment. The range of temperatures between 25ºC and 

600ºC was used. The heating rate of 10ºC.min-1 and the analysis was performed under 

nitrogen atmosphere. 

 

Differential Scanning Calorimetry and Dynamic Mechanical Thermal Analysis 

The thermal behavior of the materials before degradation was evaluated by Differential 

Scanning Calorimetry (DSC). The equipment used is a TA Instruments Q100, equipped 

with a RSC90 cooling unit. The modified dextran and the membranes were first heated 

from 25ºC to 250ºC, followed by a cooling cycle from 250 ºC to -80ºC in order to eliminate 

their thermal history. The samples were then submitted to a second heating cycle from -80 

ºC to 250 ºC. 
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In the case of PCL-diol and PCL-IEMA, the first heating cycle was performed from 25ºC 

to 150 ºC, followed by a cooling cycle until -80 ºC. The second heating cycle was 

performed from -80ºC to 150 ºC. 

The heating rate was 10 ºC.min-1 and the analysis was done under N2 atmosphere (50 

mL.min-1). The mass of the samples was between 7 mg and 9 mg were used. 

 

The Dynamic Mechanical Thermal Analysis (DMTA) of the samples was conducted in a 

Tritec2000DMA. The samples were placed in stainless steel material pockets and analyzed 

in single cantilever mode. The tests were carried out in a temperature range from -150ºC to 

300ºC, with a heating rate of 10ºC.min-1, in multifrequency mode. The Tg was determined 

from the peak of tan δ curve, at 1Hz. 

 

Swelling Capacity 

The swelling capacity of circular membranes with 1cm diameter was measured in PBS 

(pH=7.4, 0.01M). Dried samples with a known dried weight were immersed in 5mL of 

PBS, at 37ºC, until a swelling equilibrium was achieved. At predetermined times, the 

samples were taken out from the PBS, and the surface water gently blotted by filter paper. 

The swollen samples were then weighted and the swelling capacity was calculated using 

the equation 2.1 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%) =
𝑊𝑠−𝑊𝑑

𝑊𝑑
× 100                 eq 2.1 

Where 𝑊𝑠 is the weight of the swollen samples and 𝑊𝑑 is the weight of the dried samples 

before the immersion in PBS. The measurements were conducted in triplicate. 

 

In vitro hydrolytic degradation 

In vitro hydrolytic degradation tests were performed in PBS (pH=7.4, 0.01M). Dried 

circular membranes with 1cm diameter and with known weight were immersed in PBS, at 

37ºC, during 30 days. At predetermined times, the membranes were removed from PBS, 
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rinsed with distilled water and dried. The drying process was accomplished in two phases: 

first, the samples were dried under vacuum at room temperature for a week, and then dried 

at 50ºC until the stabilization of their weight. The estimation of the degree of degradation 

was made through the calculation of the weight loss after incubation, according to the 

equation 2.2 

𝑊𝑒𝑖𝑔ℎ𝑡 𝐿𝑜𝑠𝑠 (%) =
𝑊0−𝑊𝑡

𝑊0
× 100                eq. 2.2 

Where 𝑊0 is the initial weight of the dry sample before being immersed and 𝑊𝑡 is the 

weight of the dry sample after being immersed in PBS and dried. The measurements were 

conducted in triplicate. 

 

2.4 RESULTS AND DISCUSSION 

As mentioned before, the aim of this work was the development of dextran based materials 

to be further tested in peripheral nerve regeneration process. In order to improve 

mechanical properties, the dextran was modified with double bonds, which were 

photocrosslinked to yield transparent membranes. In addition to the modified dextran, a 

PCL based macromonomer (PCL-IEMA) was added to formulation, in different amounts, 

in order to tune some of the properties of the membranes (e.g., balance between 

hydrophobic and hydrophilic character, swelling capacity, in vitro hydrolytic degradation, 

thermomechanical properties). PCL was chosen as core material of the co-macromonomer 

because it has been extensively used in applications in the biomedical field.39 Besides the 

amount of macromonomer, the influence of the dextran molecular weight, the influence of 

the hydroxyl groups of dextran, the influence of the monomer used to perform the 

modification (ether bond, in the case of GMA or urethane bond, in the case of IEMA), and 

the influence of dextran’s degree of modification in the final properties of the membranes 

were also assessed. 

This section is divided in two parts: the first part describes the synthesis and 

characterization of the precursors of the membranes (modified dextran and PCL-IEMA) 

and the second part is devoted to the preparation and characterization of the membranes. 
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2.4.1 Synthesis of the precursors and their chemical structure identification 

Modification of Dextran with GMA and IEMA  

In order to introduce unsaturations in the dextran backbone GMA and IEMA monomers 

were incorporated into dextran structure. As the degree of substitution may depend on the 

reaction time two derivatives were prepared one with 8 h of reaction and the other with 24 

h reaction. For dextran modification with IEMA only the 24 h reaction was tested.  

Figure 2.4 presents the FTIR spectra of pristine dextran and dextran after being modified 

with GMA or IEMA. 

 

 

Figure 2.4 FTIR spectra of dextran and respective products of modification. 

  

In the dextran spectrum it is possible to identify the typical bands found in this 

polysacharide, namely the stretching vibration of -OH groups (a) which can be observed at 

3300cm-1.40 At 2910cm-1 it is possible to observe the bands corresponding to the stretching 

vibration of both CH and CH2 groups (b and c, respectively).41,42 Between 1000-1100cm-1, 

there are the bands corresponding to the stretching vibration of ether linkages43 (d) and at 
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914cm-1 it is the band ascribed to the vibration of the α-glycosidic bond (e).44 At 1636cm-

1, it is possible to observe the band that corresponds to the bending of bound water (f).45 

Regarding the spectra of the products of modification of dextran with GMA 

(P_LMW_GMA8 and P_LMW_GMA24), it is possible to observe some differences in 

relation to the spectra of pristine dextran. A new band at ca. 1710cm-1 (g) corresponds to 

the stretching vibration of the carbonyl group of the ester linkage (present in GMA).34 The 

bending vibration of the methacrylate group can be seen in both spectra at 813cm-1 (h).34 

The stretching vibration of the double bond can be seen at 1650 cm-1 (k). 

In what concerns the modification of dextran with IEMA, it is possible to observe the 

appearance of a set of new bands, namely at ca. 3352cm-1, which corresponds to the 

stretching vibration of the -NH bond (i). The band at ca. 1531cm-1 is ascribed to the 

stretching and bending vibrations of C-N and N-H linkages (j).35 At 812cm-1 is present band 

that corresponds to the bending of CH3 (h), at ca. 1710 cm-1 (g) corresponds to the 

stretching vibration of the carbonyl group present in the urethane linkage and at 1650 cm-1 

(k) there is the stretching vibration of the C=C bonds. 

The FTIR spectra obtained for the modifications of P_HMW are similar to those of the 

modifications of P_LMW, and are presented in Figure A.1. 

 

The products of modification of P_LMW were also analysed by 1H NMR spectroscopy. 

Figure 2.5 presents the spectra of pristine dextran and dextran modified with GMA for 24h 

(P_LMW_GMA24). The spectrum of the product of modification of dextran with GMA 

for 8h (P_LMW_GMA8) are in Figure A.2. The spectrum of P_HMW, P_HMW_GMA8 

and P_HMW_GMA24 are shown in Figure A.3. 
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Figure 2.5 1H NMR spectra of P_LMW and P_LMW_GMA24 (in brackets are indicated 

the values of the relative integrals used in DS calculation). 

 

In the 1H NMR spectrum of P_LMW in D2O, it can be observed the typical peaks of dextran 

polymer, which are the multiplet peaks in the range from 4.0ppm and 3.3ppm and the 

anomeric proton peak that is visible at around 5.3 ppm(a’).34 

The spectrum of P_LMW_GMA24 shows additional ressonances at ca. 6.1 and 5.7 ppm 

(k), ascribed to the protons of the double bonds, and at ca. 1.9 ppm (j), corresponding to 

the protons of the –CH3 group belonging to the methacrylate group. The percentage of 

modification of dextran was calculated from the relation between the integrals values of the 

signals corresponding to dextran and to the double bond of GMA. The calculation of the 

degree of modification of dextran was carried out using Equation A.1. As expected, the 

P_LMW_GMA8 present a lower degree of substitution (average 31-34%) compared with 

the P_LMW_GMA24 (average 44-48%).  

In what concerns the modification of P_LMW with IEMA, the 1H NMR spectrum is 

presented in Figure 2.6. The spectrum of the modification of P_HMW with IEMA is 

showed in Figure A.4. 
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Figure 2.6 1H NMR spectra of P_LMW and P_LMW_IEMA (in brackets are indicated the 

values of the integrals of the peaks). 

 

Although the use of a different solvent (DMSO-d6), the spectrum of pristine dextran 

presents the characteristic peaks discussed above. At 4.7 ppm, it is possible to see the peak 

of the anomeric proton.46 The other signals at this zone 4.5-5.0 corresponds to the hydrogen 

of OH groups.47 The multiplet (ca. 3.7-3.0 ppm) is divided into 2 multiplets corresponding 

to the protons of the glycosidic ring. 

Relatively to the spectrum of P_LMW_IEMA signals relatively to double bonds is clearly 

visible at 5.6 and 6.1ppm. At ca. 7.3 ppm appears a new peak which corresponds to the 

proton of the NH group, belonging to the urethane linkage. At 1.8 ppm the signal 

corresponds to the hydrogens of methyl group. This peak and the multiple peaks of the 

glucopyranosyl ring are also present in the spectrum of the P_LMW_GMA. 

Similarly, to P_LMW_GMA, the percentage of modification of P_LMW_IEMA was 

determined from the relation between the integrals values of the peaks corresponding to 
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dextran and to IEMA. The calculated modification percentage was ca. 45-50% for 

P_LMW_IEMA, and ca. 50-55% for P_HMW_IEMA. 

 

Modification of PCL with IEMA  

PCL-diol was modified with IEMA (Figure 2.7) in order to prepare a PCL-dimethacrylate 

that was used as co-macromonomer in the formulation of the membranes. Figure 2.7 

presents the FT-IR spectra of neat PCL-diol and PCL modified with IEMA (PCL-IEMA). 

 

 

Figure 2.7 FTIR spectra of PCL-diol and PCL_IEMA. 

 

In the PCL-diol spectrum, it is possible to identify the following bands: (a) 3340cm-1, 

corresponding to the vibration of –OH groups, (b) 2940cm-1 and 2865cm-1, corresponding 

to asymmetric and symmetric stretching of CH2, respectively. The peak at (c) 1730cm-1 is 

ascribed to the stretching vibration of the –C=O group of the ester linkage.48,49 

In the spectrum of PCL_IEMA, it is possible to identify the characteristic bands of the 

urethane linkage, confirming the successful modification of the PCL-diol structure. The 

first of these bands is at (d) 1720cm-1, corresponding to the stretching vibration of the 

carbonyl group of the ester from PCL-diol, which is overlapped with the carbonyl group 

belonging to the urethane linkage. Then, at (e) 1630cm-1 is ascribed to the stretching 

vibration of the C=C group. Furthermore, at (f) 1566cm-1 the bands corresponding to the 
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bending vibration of N-H and stretching vibration of C-N groups can also be observed.50 

Additionally, it is noted the disappearance of the broad band corresponding to the –OH 

groups, and the appearance of a more sharp band characteristic of the stretching vibration 

of the –NH group. At (g) 817cm-1 appears the band corresponding to the bending vibration 

of the double bonds of methacrylate group. The strong band characteristic of isocyanate 

group (2270cm-1) is not visible. This indicates that all the isocyanate groups were consumed 

during the modification.36  

 

The 1H NMR spectra of PCL-diol (Mw=550) and PCL-IEMA are presented in Figure 2.8. 

 

 

Figure 2.8 1H NMR spectra of PCL diol and PCL_IEMA. 

  
The 1H NMR spectrum of PCL-diol presents the typical resonances of PCL.51,52 In the case 

of PCL_IEMA’s 1H NMR spectrum, it is shown clearly the resonance corresponding to the 

–NH group (m) of the urethane linkage, at 7.2-7.4 ppm. It is also possible to identify the 

peaks corresponding to the protons of the double bonds (l), at 5.6 and 6.1 ppm, and the 

peaks of the protons of the –CH3 groups (k), at 1.8 ppm. Moreover, it is possible to see that 
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the resonances corresponding to the protons of the terminal groups in PCL-diol (j) 

disappeared in the spectrum of PCL_IEMA. 

 

2.4.2 Thermal Properties of the precursors 

Thermal properties of dextran and respective products of modification 

The thermal stability of dextran and products of modification was evaluated by TGA, in a 

temperature range from 25 to 600ºC, under nitrogen atmosphere. The thermoanalytical 

curves are shown in Figure 2.9. 

 

Figure 2.9 Thermoanalytical curves of dextran, P_LMW_GMA and P_LMW_IEMA: a) 

TG, and b) DTG. 

 

The thermoanalytical curve of dextran presents two stages of weight loss. For dextran 

modified with GMA and IEMA, three stages of weight loss can be identified. The first stage 

of weight loss, between 25 to 150ºC, is common to all samples, can be attributed to the loss 

of residual moisture.53 The second stage of decomposition, between 270-370ºC, refers to 

the degradation of the polysaccharide dextran chains.54 This stage of weight loss is also 

present in all curves. The additional stages of weight loss observed for P_LMW_GMA8, 

P_LMW_GMA24 and P_LMW_IEMA can be ascribed to the degradation of the modified 
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part of dextran. In the case of the modifications with GMA, the temperature at which 

appears the third of weight loss is still in the range of the decomposition of pristine dextran 

(270ºC-370ºC). These data suggest that the thermal stability of dextran is not affected by 

the modification with GMA. On the other hand, for the modification with IEMA, the 

decomposition stages are more distinguished. The mass loss observed at 400-600ºC could 

be ascribed to decomposition of the urethane groups but also to the decomposition of 

allophanates, carbodiimides, isocyanurates, ureas and biuret that can be formed as side 

reaction of the isocyanite groups.55,56 Those reactions can occur during the reaction between 

dextran and IEMA, or during the product precipitation in water.55 Furthermore, the 

decomposition of P_LMW_IEMA originates 8% of residual char that may came from the 

complex pattern of decomposition.56 This may justify the difference in the mass at the final 

of the test between both pristine and modified dextran (around 8% of mass). The 

thermoanalytical curves of the products of modification of P_HMW present similar profiles 

and can be found in Figure A.5. 

The relevant temperatures obtained from the thermoanalytical curves are summarized in 

Table 2.2. 

 

Table 2.2 Characteristic temperatures obtained by TGA. 

 Ton (ºC) T5% (ºC) T10% (ºC) Tp,1 (ºC) Tp,2 (ºC) 

P_LMW 300.80 297.85 302.93 316.68 ---- 

P_LMW_GMA8 313.74 304.82 313.90 328.08 393.87 

P_LMW_GMA24 314.90 299.26 313.31 328.64 387.63 

P_LMW_IEMA 298.96 280.55 301.67 325.19 417.35 

P_HMW 297.44 295.20 299.38 312.94 ---- 

P_HMW_GMA8 310.54 303.69 311.06 324.67 400.11 

P_HMW_GM24 314.13 305.25 314.92 328.64 387.63 

P_HMW_IEMA 308.34 301.42 312.76 328.08 412.02 

Ton: Temperature of onset; T5%: Temperature to which corresponds 5% of weight loss; T10%: 

Temperature to which corresponds 10% of weight loss; Tp: peak temperature. 
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The temperatures presented in Table 2.2 allow concluding that all materials are thermally 

stable until temperatures around 300 ºC. Regarding the values of Ton, T5% and T10%, all 

samples present similar values, indicating that the modifications carried out did not have 

any deleterious effect in the thermal stability of the materials. 

The thermal events of dextran and modified dextran below the degradation temperature 

were studied by DSC and DMTA. The heat flow curves are presented in Figure 2.10. 

 

Figure 2.10 Heat flow curves of dextran and modified dextran. 

 

In the heat flow curves of the materials under study the only thermal event that can be 

identified is the Tg, indicating that these materials, as expected, are totally amorphous 

(Table 2.3). As reported in the literature, the Tg value of unmodified dextran is ca. 220ºC.57 

In the case of P_LMW_IEMA and P_HMW_IEMA (Figure A.6), it was not possible to 

identify the Tg. 
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The DMTA traces in multifrequency of pristine dextran (P_HMW) are presented in Figure 

2.11.  

        

Figure 2.11 DMTA traces of P_HMW. 

 

DMTA traces of dextran show a peak at ≈ 260ºC. This peak can be attributed to a Tα 

transition, which refers to the glass transition (Tg) of the material and can be seen for both 

frequencies, with a slight deviation. This confirms the presence of a Tg as it is known to be 

a frequency dependent process.58 

DMTA analysis was also performed for modified dextran. However, the traces obtained for 

P_LMW_IEMA were not clear and well defined. Consequently, two consecutive runs were 

conducted in an attempt to remove residual water and solvent. Figure 2.12 shows the 

DMTA traces of P_LMW_IEMA for both runs. 
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Figure 2.12 DMTA traces (run1 and run2) of P_LMW_IEMA. 

 

The DMTA traces of the first run reveal the main thermal event between 100-200ºC. The 

second run of the same sample reveals a similar thermal event at around 200ºC. Since both 

events are dependent on the frequency, they correspond to the Tg ion of the material. 

However, in the first run, this transition occurs for a lower temperature, due to the presence 

of water that can provide a plasticizing effect of the structure. Consequently, during the 

second run, the absence of water turns this transition to a higher temperature. For this 

reason, in the following discussion, for the samples of P_LMW_IEMA only the second run 

traces will be considered.  

DMTA traces of pristine dextran and modified dextrans are presented in Figuren 2.13.  

 

Figure 2.13 DMTA traces of dextran and modified dextrans. 
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DMTA traces show that all precursors have a peak corresponding to the Tg, which is in the 

same region of the pristine dextran. No relevant reduction of the Tg was observed after 

modification. This can be confirmed in the multifrequency DMTA traces shown in Figure 

A.7. Table 2.3 summarizes the Tg values of the samples determined both by DSC and 

DMTA.  

Table 2.3 Tg values of dextran and modified dextran evaluated by DSC and DMTA. 

 Tg DSC (ºC) Tg DMTA (ºC) 

P_LMW 223.44 256.6 

P_LMW_GMA8 217.85 240.2 

P_LMW_GMA24 217.7 219.9 

P_LMW_IEMA ---- 205.6 

P_HMW 223.86 261.2 

P_HMW_GMA8 219.62 230.6 

P_HMW_GMA24 217.43 226.7 

P_HMW_IEMA ---- 220.6 

 

The differences observed in the values of Tg for the different techniques are due to the 

differences on the principles used to determine the Tg.
59 Nevertheless, the same trend in 

terms of Tg values is observed in both DSC and DMTA 

 The modified dextran, with GMA or IEMA, presented lower Tg when compared with 

pristine dextran. A plausible reason would be the increase of the free volume between the 

polysaccharide chains.60 The dextran modified with IEMA (P_LMW_IEMA and 

P_HMW_IEMA) has a lower Tg when compared with the dextran modified with GMA 

(P_LMW_GMA and P_HMW_GMA). 
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Thermal Properties of PCL and respective product of modification 

The thermogravimetric analysis of PCL and PCL_IEMA was performed between 25-

600ºC, under nitrogen atmosphere. The thermoanalytical curves are shown in Figure 2.14. 

 

Figure 2.14 Thermoanalytical curves of PCL and PCL_IEMA: a) TG, and b) DTG. 

 

The decomposition of PCL-diol occurs in two stages. This can be due to the early 

degradation of smaller chains present within the PCL-diol matrix. In what concerns 

PCL_IEMA, it presents also two main stages of weight loss. The first stage (345-350ºC) 

can be attributed to the decomposition of the urethane bonds, followed by a second stage 

(378-443ºC) attributed to the degradation of the ester bonds.61 Also, it can be confirmed, 

that the sample are free of unreacted IEMA, as there is no peak near its boiling point, 

211ºC.36 The characteristic temperatures obtained by this technique are presented in Table 

2.4. 

Table 2.4 Characteristic temperatures obtained by TGA.  

 Ton (ºC) T5% (ºC) T10% (ºC) Tp,1 (ºC) Tp,2 (ºC) Tp,3 (ºC) 

PCL  180.57 185.18 206.75 ---- 215.77 380.26 

PCL_IEMA 310.59 291.19 310.28 25-50 348.49 400.11 

Ton: Temperature of onset; T5%: Temperature to which corresponds 5% of weight loss; T10%: 

Temperature to which corresponds 10% of weight loss; Tp: peak temperature. 
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The thermal stability of PCL increases substancially upon the modification with IEMA. 

The explanation of this behavour may be based on the different terminal groups of the 

polymer chains. Foremost, PCL-diol has two OH terminal groups while PCL_IEMA does 

not. The degradation of PCL-diol starts from the degradation of these terminal OH groups 

which, in turn, hydrolyze the polyester chains.62 Consequently, carboxylic acid and new 

terminal OH groups are generated 61,62 Furthermore, the increase of COOH and OH groups 

have an enhancement effect on the hydrolysis rate of PCL-diol. As the polymer degradation 

proceeds, some chains can degrade to a point where their mass is so low that its volatization 

occurs.63 This can be observed in the DTG curve of PCL-diol as a peak appears at 200ºC, 

and continues to increase until 340ºC. After surpassing this temperature, all chains start to 

degrade, reaching to another peak around 360ºC. On the other hand, in the structure of 

PCL_IEMA, since there are no OH terminal groups, the degradation of the polymer starts 

with the degradation of the urethane bonds (T=345-350ºC). Therefore, the structure of 

PCL_IEMA presents higher thermal stability when compared with PCL-diol. 

 

PCL-diol and PCL_IEMA thermal events were studied by DSC and DMTA. The heat flux 

curves obtained by DSC and thermograms obtained by DMTA are presented in Figure 2.15. 

 

Figure 2.15 (a) Heat flow curves of PCL-diol, (b) Heat flow curves of PCL-IEMA, and (c) 

DMTA traces of PCL-diol and PCL-IEMA. 
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The heat flow curves of PCL-diol show one thermal event at -41.0ºC, which corresponds 

to its glass Tg. Moreover, two other thermal events are present that correspond to the 

melting (Tm) of the material (-9.0ºC and 7.5ºC) and, in the cooling cycle, to a crystallization 

(Tc) (-28.6ºC). This fact confirms that PCL-diol is a semi-crystalline polymer.64 Upon the 

modification with IEMA, PCL-diol loses its structural order, leading to an amorphous 

material. In addition, a small decrease in the Tg value is observed (-42.9ºC). The inclusion 

of IEMA in the PCL-diol structure contributes to an augment in the free volume between 

the backbone polymeric chains, justifying the observed decrease in the Tg. 

 

2.4.3 Preparation and Characterization of the Membranes  

The different precursors were used to prepare membranes by using a photocrosslinking 

technique. For comparison purposes, blank membranes (prepared only with modified 

dextran) and membranes with different ratios of modified dextran and PCL_IEMA, were 

prepared. 

For the blank membranes 0.5g of modified dextran was used. In this case, this amount was 

found to be the suitable since it was possible to prepare membranes that maintained their 

structural integrity upon the drying process. For the case of the membranes containing both 

modified dextran and PCL_IEMA, the use of 0.5 g of each precursors in the formulation 

showed to be unsuitable since very thick membranes were obtained. In this sense, the total 

amount of precursors was reduced for 0.4 g and the membranes presented a thickness 

similar to the blank membranes (approximately 0.33-0.38 mm). 

However, for precursor P_LMW_GMA24 (higher modification degree), it was not possible 

to prepare blank membranes as they were not able to maintain their structural integrity 

during the drying step. For this reason, with this precursor, only formulations including 

PCL_IEMA were characterized. 

Unfortunately, it was not possible to prepare membranes using the precursor 

P_HMW_IEMA due to solubility problems with the amount of DMSO used. For this 

reason, for the modification of dextran with IEMA, only the precursor P_LMW_IEMA was 

used to prepare membranes.  
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The time of photocrosslinking required was evaluated, being the optimal expose to 

radiation approximately 2h. Also, the distance to UV light was established to be between 

22-23 cm. Figure 2.16 presents the membranes after photocrosslinking and after the drying 

stage. 

 

Figure 2.16 Final aspect of prepared membranes: a) after photocrosslinking; b) after drying 

stage. 

 

Thermal Properties of the membranes 

The thermogravimetric analysis of the membranes was performed in a range of 

temperatures from 25ºC to 600ºC. The thermoanalytical curves obtained by this technique 

are presented in Figure 2.16, 2.17 and 2.18. 
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Figure 2.17 Thermogravimetric curves of membranes prepared with P_LMW_GMA8: 

a)M_LMW_GMA8(0.5)_PCL(0); b)M_LMW_GMA8(0.2)_PCL(2); 

c)M_LMW_GMA8(0.1)_PCL(0.3). 

 

The thermogravimetric analysis of the P_LMW_GMA8 based membranes show clearly 

two stages of weight loss, despite their different compositions. 
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Figure 2.18 Thermogravimetric curves of membranes prepared with P_LMW_GMA24: a) 

M_LMW_GMA24(0.2)_PCL(2); b) M_LMW_GMA24(0.1)_PCL(0.3). 

 

Similarly, to the weight loss profile observed in Figure 2.17, P_LMW_GMA24 based 

membranes present two well defined stages of weight loss. Furthermore, a resemblance in 

the range of the peak temperatures is also observed. 
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Figure 2.19 Thermogravimetric curves of membranes prepared with P_LMW_IEMA: a) 

M_LMW_IEMA(0.5)_PCL(0); b)M_LMW_IEMA(0.2)_PCL(2); c) 

M_LMW_IEMA(0.1)_PCL(0.3). 

 

The thermogravimetric curves observed in figure 2.19, despite the slightly different profile 

comparing to the P_LMW_GMA8/24 based membranes, shows similar weight loss peaks, 

in the same range of temperatures. The first stage of degradation can be attributed to the 

degradation of unmodified dextran, which has no crosslinking points, whereas the second 

stage can be ascribed to the degradation of the tridimensional network.65,66 

The membranes prepared with high molecular weight dextran (P_HMW) have similar 

weight loss profiles and their thermoanalytical curves are presented in Figure A.8.  

Table 2.5 summarizes the temperatures of interest taken from the thermogravimetric 

curves. 
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Table 2.5 Characteristic temperatures obtained by TGA. Ton: Temperature of onset; T5%: 

Temperature to which corresponds 5% of weight loss; T10%: Temperature to which 

corresponds 10% of weight loss; Tp: peak temperature 

 

All membranes were found to be thermally stable until temperatures of ca. 300ºC. Also, 

the different membranes present similar characteristic temperatures, specially the 

membranes prepared with GMA modified dextran regardless the molecular weight and 

different degrees of modification used. In what concerns, the membranes prepared with 

only modified dextran, M_LMW_GMA8(0.5)_PCL(0) and 

 
Ton 

(ºC) 

T5% 

(ºC) 

T10% 

(ºC) 
Tp,1 (ºC) 

Tp,2 

(ºC) 

M_LMW_GMA8(0.5)_PCL(0) 300.0 296.9 305.4 313.3 415.8 

M_LMW_GMA8(0.2)_PCL(2) 317.2 312.2 323.0 335.5 416.6 

M_LMW_GMA8(0.1)_PCL(0.3) 324.4 314.5 327.5 345.7 420.5 

M_LMW_GMA24(0.2)_PCL(2) 317.1 307.7 321.3 336.0 411.5 

M_LMW_GMA24(0.1)_PCL(0.3) 320.1 310.5 325.8 346.2 406.4 

M_LMW_IEMA(0.5)_PCL(0) 279.1 283.3 290.6 
292.3 

(312.8)* 
423.9 

M_LMW_IEMA(0.2)_PCL(0.2) 310.3 307.7 319.0 329.8 418.3 

M_LMW_IEMA(0.1)_PCL(0.3) 322.5 316.2 331.5 348.5 420.0 

M_HMW_GMA8(0.5)_PCL(0) 299.9 295.8 304.3 313.3 414.3 

M_HMW_GMA8(0.2)_PCL(0.2) 318.3 311.1 321.3 334.9 416.0 

M_HMW_GMA8(0.1)_PCL(0.3) 321.1 312.2 326.9 347.4 417.7 

M_HMW_GMA24(0.2)_PCL(0.2) 312.6 304.8 317.3 331.5 404.6 

M_HMW_GMA24(0.1)_PCL(0.3) 319.1 312.2 325.8 347.4 412.0 
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M_LMW_IEMA(0.5)_PCL(0), the thermal stability is higher when compared with the 

corresponding precursors, which is explained by their crosslinked structure.67  

On the other hand, with the introduction of PCL_IEMA in the formulations, thermal 

stability increases, suggesting that PCL_IEMA has a positive influence on thermal stability. 

The membranes with higher content (0.3 g) of PCL_IEMA are consistently more stable 

compared with the ones with lower content (0.2 g). This behavior may be ascribed to the 

increasing crosslinking of a the final materials.68 

 

The Tg of membranes was evaluated by DMTA. Figure 2.20, 2.21 and 2.22 presents the 

DMTA traces of the membranes prepared with P_LMW. The DMTA traces of the 

membranes prepared with the P_HMW are presented in Figure A.9. Generally, it was 

observed that the DMTA traces of the membranes presents signals with higher uncertainty 

compared with the DMTA of the precursors. However, the analysis carried out with a 

different frequency allows us to detect the Tg of the materials.  
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Figure 2.20 DMTA traces of the membranes prepared with P_LMW_GMA8: 

a)M_LMW_GMA8(0.5)_PCL(0); b)M_LMW_GMA8(0.2)_PCL(0.2); 

c)M_LMW_GMA8(0.1)_PCL(0.3). The arrows indicate the peak corresponding to the Tg 

of the membranes. 

 

The glass transition for M_LMW_GMA8(0.5)_PCL(0) is higher than the precursor, as 

expected, due to the establishment of a crosslinked network. The presence of PCL_IEMA 

originates membranes with a glass transition that is located between the values of the 

precursors meaning that after crosslinking, the polymeric chains with some degree of 

freedom show a mobility higher that of PCL_IEMA but less than M_LMW_GMA8(0.5). 

DMTA traces of membranes prepared with P_LMW_GMA8 reveal a decrease in their Tg 

with the increasing content of PCL_IEMA.  

In the DMTA trace of M_LMW_GMA8(0.5)_PCL(0), two transitions can be observed. 

The first one is non-frequency dependent and might correspond to the evaporation of 

residual solvent (DMSO). In fact, a closer look to the thermogravimetric curves of this 
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membrane (see Figure 2.17) shows an initial weight loss (100ºC-200ºC), suggesting the 

presence of residual DMSO. The present of remaining solvent in membranes although not 

desired, does not interfere with biological media as cells. For this reason, for low 

concentrations of DMSO, it is not toxic.69 

The second transition is sensitive to frequency, and corresponds to the Tg of the material 

(259.9ºC). As expected, this value is higher than the one obtained for the precursor. 

M_LMW_GMA8(0.2)_PCL(2) presents not only a shoulder between 90-100ºC, but also a 

broad peak sensitive to frequency. These peaks corresponds to the Tg of the membranes. 

The Tg value decreased significantly (from 259.9ºC to 94.3ºC) when compared with 

M_LMW_GMA8(0.5)_PCL(0). It seems that the PCL-IEMA acted as a plasticizer 

contributing to a decrease in the value of the Tg. In turn, in the DMTA curve of 

M_LMW_GMA8(0.1)_PCL(0.3), a main peak corresponding to the Tg is observed at 

17.3ºC. For this membrane the Tg value is lower than that observed for 

M_LMW_GMA8(0.1)_PCL(0.3), due to the use of a higher amount of PCL-IEMA in the 

formulation of the membranes. This results consubstantiates the fact PCL-IEMA acts as a 

plasticizer of the membranes. It should be pointed out that for 

M_LMW_GMA8(0.2)_PCL(0.2) and M_LMW_GMA8(0.1)_PCL(0.3), a single Tg peak is 

observed, indicating that the two components of the membrane are miscible. 

 

Figure 2.21 plots the DMTA traces obtained for the membranes prepared with 

P_LMW_GMA24. 
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Figure 2.21 DMTA traces of the membranes prepared with P_LMW_GMA24: 

a)M_LMW_GMA8(0.2)_PCL(0.2); b)M_LMW_GMA8(0.1)_PCL(0.3). The arrows 

indicate the peak corresponding to the Tg of the membranes. 

 

The Tg of both membranes prepared with P_LMW_GMA24 are located between the Tg of 

the two precursors. Similarly, to what was observed for P_LMW_GMA8, with the 

increased content of PCL_IEMA in the membranes’ formulation, a decrease of the Tg is 

verified. This fact was already expected since the only different between the precursors of 

these membranes is the degree of modification of dextran. 
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Figure 2.22 DMTA traces of the membranes prepared with P_LMW_IEMA: 

a)M_LMW_IEMA(0.5)_PCL(0); b)M_LMW_IEMA(0.2)_PCL(0.2); 

c)M_LMW_IEMA(0.1)_PCL(0.3). 

 

Membranes prepared with P_LMW_IEMA also present a decrease in their Tg with the 

increase of content of PCL_IEMA. However, this decrease is not so pronounced, especially 

for M_LMW_IEMA(0.2)_PCL(0.2). In addition, as expected, 

M_LMW_IEMA(0.5)_PCL(0) presents higher Tg than the precursor. 

Regarding M_LMW_IEMA(0.5)_PCL(0), two peaks can be distinguished in the tan δ 

curve. The first peak is non-frequency dependent and might correspond to the evaporation 

of residual DMSO, the second peak, in turn, is sensitive to frequency and is ascribed to the 

Tg of the material. The Tg value (221.4ºC) is higher than the Tg (73.7ºC) obtained for 

P_LMW_IEMA, most probably due to the crosslinked nature of the membrane. Both 

P_LMW_IEMA(0.2)_PCL(0.2) and M_LMW_IEMA(0.1)_PCL(0.3) present broad, but 

defined Tg peaks (129.8ºC and 51.9ºC). The Tg values of these membranes are lower than 
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that obtained for M_LMW_IEMA(0.5)_PCL(0), due to the inclusion of PCL_IEMA. As 

already observed for the P_LMW_GMA membranes, PCL-IEMA acts as a plasticizer, 

decreasing the values of Tg. 

 

DMTA traces of most of the membranes present a “shoulder” at ca. -100ºC - -90ºC. This 

peak corresponds to a secondary relaxation due absorbed water.23 It is quite common to 

appear in hydrophilic polymers due to their affinity with water. When this peak is very 

pronounced, it can be said that this specific water has a sort of plasticizing effect, which 

results in more conformational freedom of polymer chains.70  

Table 2.6 presents the Tg values of the membranes under study. 

 

Table 2.6 Tg values of prepared membranes, obtained by DMTA. 

 Tg DMTA ºC 

M_LMW_GMA8(0.5)_PCL(0) 259.9 

M_LMW_GMA8(0.2)_PCL(2) 94.3 

M_LMW_GMA8(0.1)_PCL(0.3) 17.3 

M_LMW_GMA24(0.2)_PCL(2) 79.8 

M_LMW_GMA24(0.1)_PCL(0.3) 12.8 

M_LMW_IEMA(0.5)_PCL(0) 221.4 

M_LMW_IEMA(0.2)_PCL(0.2) 130.4 

M_LMW_IEMA(0.1)_PCL(0.3) 58.0 

M_HMW_GMA8(0.5)_PCL(0) 262.2 

M_HMW_GMA8(0.2)_PCL(0.2) 21.7 

M_HMW_GMA8(0.1)_PCL(0.3) 12.0 

M_HMW_GMA24(0.2)_PCL(0.2) 69.3 

M_HMW_GMA24(0.1)_PCL(0.3) -8.8 
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The DMTA traces obtained for the membranes prepared with P_HMW_GMA present the 

same tendency observed for the membranes prepared with P_LMW_GMA. 

 

2.4.4 Swelling Capacity of membranes 

The swelling capacity of the membranes was evaluated in PBS (pH=7.4), at 37ºC. This 

parameter is extremely important when the final application of the materials involve their 

implantation in vivo, requiring dimensional stability. Knowing the swelling capacity of the 

materials is possible to predict changes in the final dimensions caused by water uptake, 

which is crucial for the mold design. 

Figure 2.23 presents the data of swelling capacity vs time for the membranes under study. 
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Figure 2.23 Swelling Capacity of membranes prepared with: a) P_LMW_GMA8; b) 

P_LMW_GMA24; c) P_HMW_GMA8; d) P_HMW_GMA24; e) P_LMW_IEMA. 
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The results show that all membranes stabilized their swelling capacity after approximately 

2-3 hours. Dextran with different molecular weights, and modified with the same monomer 

show similar behavior.  

 

Dextran is well known for its high affinity with water, which results in high swelling 

capacity ratios (400%).57
 This is in agreement with the results obtained for the membranes 

prepared only with modified dextran (M_LMW_GMA8(0.5)_PCL(0), 

M_HMW_GMA8(0.5)_PCL(0), M_LMW_IEMA8(0.5)_PCL(0)), which present the 

higher swelling capacity ratios (between 190-212%).  

In turn, PCL is known for its hydrophobicity, which means that this material has low 

affinity with water. As a consequence, has low swelling capacity. Due to these facts, it was 

expected that membranes which had modified PCL in their composition suffered a decrease 

in their swelling capacity. It was verified that with the increase of the hydrophobic 

PCL_IEMA content in the formulation of the membranes, the swelling capacity decreases 

(from ca. 200% to 100-50% approximately).  

The membranes M_LMW_IEMA(0.2)_PCL(0.2) and M_LMW_IEMA(0.1)_PCL(0.3) 

have a lower swelling capacity than those prepared with dextran modified with GMA. This 

might indicate that these membranes have higher crosslinking, hindering the water 

penetration.71 In fact, looking at the values of Tg (Table 2.6) of the above mentioned 

membranes it is possible to see that those obtained from the P_LMW_IEMA have higher 

Tg, which is indicative of a more closely packed network. 

For the final application of this work, it is important that membranes have the ability to 

swell as it affects positively the cell attachment and growth.72 However, swelling capacity 

values around 200% hinders the prediction of the final dimension of the membrane. For 

this reason, membranes containing PCL_IEMA with low swelling in their structure are 

considered to be more suitable for the final application of this work.  

Swelling capacity also helps in the prediction of the final dimension that membranes will 

have in vivo, which is very important to avoid future nerve constriction. In this study, the 

diameter and thickness of the membranes were measured before and after the swelling 

capacity evaluation. The percentages of increase of dimensions are presented in table 2.7. 
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Table 2.7 Percentage of dimension increase after swelling capacity tests. 

 Dimension increase after swelling 

Membrane Diameter (%) Thickness (%) 

M_GMA8(0.5)_PCL(0) 71.1 27.2 

M_GMA8(0.2)_PCL(0.2) 12.7 19.4 

M_GMA8(0.1)_PCL(0.3) 10.6 2.9 

M_GMA24(0.2)_PCL(0.2) 25.6 13.2 

M_GMA24(0.1)_PCL(0.3) 10.5 4.0 

M_IEMA(0.5)_PCL(0) 42.5 104.8 

M_IEMA(0.2)_PCL(0.2) 16.7 31.7 

M_IEMA(0.1)_PCL(0.3) 8.8 3.75 

 

As expected, the membranes with higher contents of PCL_IEMA (0.3), which presented 

lower swelling capacity, also have lower dimension increase after swelling. To avoid nerve 

constriction, the most important measure is the thickness of the membrane. For this reason, 

for the desired application, M_GMA8(0.1)_PCL(0.3), M_GMA24(0.1)_PCL(0.3) and 

M_IEMA(0.1)_PCL(0.3) are the most appropriate membranes due to their low thickness 

increase ( ca. 3-4%). 

 

2.4.5 In vitro hydrolytic degradation of membranes  

The in vitro hydrolytic degradation of the membranes under simulated physiological 

conditions (PBS, pH=7.4, 37ºC) was studied. The weight loss profiles are presented in 

Figure 2.24. 
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Figure 2.24 Weight loss vs time profiles of the membranes prepared with: a) 

P_LMW_GMA8; b) P_LMW_GMA24; c) P_HMW_GMA8; d) P_HMW_GMA24; e) 

P_LMW_IEMA. 
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The degradation profiles of membranes prepared with dextran modified with GMA are 

quite similar with a slightly lower weight loss for the ones prepared with P_HMW_GMA8 

and P_HMW_GMA24. This can be explained by the fact that the higher the molecular 

weight, the slower is the degradation rate, as polymer chains are longer, and the structure 

is denser. Regarding the membranes prepared from P_LMW_GMA8 or P_HMW_GMA8, 

it is possible to observe that those prepared only from modified dextran and those with the 

highest values of swelling capacity have the highest weight loss values (9-13%, after 30 

days). This fact could be attributed to more easy penetration of the medium in the 

crosslinked network. Upon the incorporation of PCL_IEMA, a decrease in the weight loss 

is observed. The hydrophobic nature of PCL_IEMA does not allow the degradation 

medium to easily penetrate in the crosslinked network, leading to a decrease in the weight 

loss values. 

Concerning the membranes prepared with P_LMW_IEMA, it is observed that their weight 

loss profile is quite similar. It was expected that M_LMW_IEMA(0.5)_PCL(0) had loss 

more weight than M_LMW_IEMA(0.2)_PCL(0.2) or M_LMW_IEMA(0.1)_PCL(0.3), as 

its swelling degree is higher although the fact that that in certain measurements, a very high 

standard deviation was observed.  

Nevertheless, all the membranes showed interesting weight loss profiles for the desired 

application (between 10-20%).73 After 30 days of immersion in the degradation medium, 

all of them maintained their structural integrity, which is a very important characteristic. 

 

2.5 CONCLUSIONS 

The aim of this part of the work was to prepare and characterize dextran based membranes 

prepared by a photocrosslinking process. The membranes were prepared using 

formulations of methacrylated dextran and a PCL acrylated macromonomer, using 

Irgacure®2959 as the photoinitiator. The membranes were transparent and their thermal-

mechanical properties showed to be dependent on the ratio of the precursors in the 

formulations, and on the molecular weight of dextran. With the increase of the content of 

PCL_IEMA, the swelling capacity of the membranes decreased, as expected due to the 

hydrophobic character of PCL. Furthermore, membranes with higher contents of 

PCL_IEMA presented lower percentage of dimension increase after swelling tests.  
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In vitro hydrolytic degradation tests show that during 30 days, the membranes lose around 

8-12% of their total mass. In addition, membranes are able to maintain their structural 

integrity during this period of time. 

In conclusion, the new dextran-based membranes prepared in this work showed promising 

results for the use in peripheral nerve regeneration. For this reason, they can be considered 

good candidates to be tested in vitro, in order to evaluate their interaction with biological 

material. 
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3.1 ABSTRACT 

The peripheral nerve system has the ability to self-regenerate after nerve injury.1 In this sense, 

studies have been carried out in order to evaluate the regeneration process within a closed 

environment provided by a nerve guide conduit.2  

The aim of this part of the work was to evaluate the cytocompatibility of the dextran-based 

membranes by measuring in vitro viability of cells in contact with these previously prepared 

biomaterials. In addition, the membranes showing the most promising results were 

subcutaneously implanted in rats’ dorsum, to assess the extension of the host inflammatory 

response in order to evaluate the biocompatibility using ISO 10998-6 score. 

The cell viability essays show that, in general, all the membranes are adequate substrates for 

cell growth and proliferation. From the dextran-based membranes tested, the ones with the co-

macromonomer PCL_IEMA in their formulation revealed the best results. 

M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2) and M_GMA(0.1)_PCL(0.3) samples were 

tested in an animal model. According to the ISO 10993-6:2016 classification, after 15 days 

M_GMA(0.5)_PCL(0) was considered to be “slight-irritant”. Moreover, 

M_GMA(0.2)_PCL(0.2) and M_GMA(0.1)_PCL(0.3) were classified as “non-irritant”. 

Histological analysis were also conducted in main tissue organs, showing no signs of fibrosis 

or necrosis in order to ensure that the by-products resulting from absorption of these materials 

were not systemic toxic and do not accumulate in the main organs. Modified dextran-based 

membranes can be considered promising candidates for the preparation of medical devices 

involved in peripheral nerve regeneration / reconstruction. 

 

3.2 INTRODUCTION 

Despite the intrinsic nature of peripheral nerves to regenerate by themselves3, functional 

recovery is often poor, leading to drastic changes in the life quality of patients.4,5 In the cases 

where the injury involves substantial tissue loss, nerve autograph is still the most common 

technique used, despite the disadvantages associated to this procedure.6,7 To overcome these 

limitations, different techniques, including the use of polymeric materials to build structures 

(nerve tube-guides for example), which could support the growth of newly formed axons and 

support glial cells involved in the regeneration process, have been studied. 
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Among the classes of polymeric materials reported, namely natural and synthetic, the first ones 

have shown the most promising results.8 In this sense, dextran, a bacterially derived 

polysaccharide, which is biocompatible and biodegradable in physiological environment, arises 

as a good candidate for the preparation of devices suitable for this application.9,10 Moreover, 

this natural polymer has been widely used in the biomedical field, as core material of surgical 

adhesives11 and hydrogels9 for tissue regeneration purpose. 

Since the aim of the preparation of materials for peripheral nerve regeneration enhancement, 

the material characterization upon implantation needs to be assessed.12 Before the use of animal 

models, in vitro tests should be performed to evaluate the cytocompatibility, allowing the 

evaluation of the interaction between the biomaterial and cell lines. 13 In this regard, Human 

mesenchymal stem cells (hMSCs) from the Wharton’s jelly umbilical cord have been used for 

this propose. These cells are considered to be very interesting for research and therapeutic 

applications due to their high capacity for self-renewal, multi-lineage differentiation and 

growth factors production.14 Additionally, their collection is easy15 and they can be 

cryogenically stored and finally expanded for therapeutic purposes.16 More recently, Human 

dental pulp stem cells (hDPSCs) have been also used in these studies, due to their feasibility 

and biological properties.17 These cells are considered to be also highly proliferative which 

increased its use for the scaffolds seeding in regenerative medicine.18  

In what concerns to the study of the biocompatibility of a material in in vivo models, a common 

approach for preliminary studies is the subcutaneous implantation of the material in rats. This 

approach has been reported for several medical devices used in peripheral nerve and bone 

regeneration to evaluate the extent of host inflammatory response and the occurrence of 

revascularization.19-22 In addition, from histological analysis of tissues and organs it is possible 

to evaluate if the material and the by-products resulting from the absorption of these materials 

are accumulated in the main organs and have a systemic negative effect. 

This part of the work corresponds to the evaluation of the in vitro and in vivo performance of 

dextran-based membranes. These membranes were prepared with dextran modified with two 

different monomers: glycidyl methacrylate (GMA) or 2-isocyanoethylmethacrylate (IEMA) 

following a photocrosslinking step (see Chapter 2). In addition, to enhance flexibility, a poly(ɛ-

caprolactone) (PCL) based co-macromonomer was added to the formulations. The cell viability 

/ apoptosis essay was assessed using an in vitro model based on hDPSCs. After this test, the 

intracellular ionic calcium concentration ([Ca2+]i) of the adherent cells was measured by an 
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epifluorescence technique to evaluate if cells were viable or initiating the apoptosis process. 

After this initial screening, membrane samples were implanted subcutaneously in rats’ dorsum. 

The inflammatory response / cell counting on the site of implantation was assessed and 

compared with a control rat with no biomaterial implanted. The histological analysis of tissue 

surrounding the implants and from organs was also performed. The results obtained correspond 

to healthy tissue with no signs of fibrosis or necrosis.  

 

3.3 EXPERIMENTAL SECTION 

 

3.3.1 Materials 

Dextran (Mw=70000 g/mol) was purchased from Sigma Aldrich (St. Louis, Missouri, USA). 

Glycidyl methacrylate (GMA) was purchased from Acros Organics (Geel, Belgium). 4-

Dimethylaminopyridine (DMAP), 2-Isocyanatoethyl methacrylate (IEMA) were acquired from 

TCI Europe (Zwijndrecht, Bélgica) and dimethyl sulfoxide (DMSO) was purchased from 

Fisher Scientific (Hampton, New Hampshire, EUA). Dibutyltin dilaurate was obtained from 

Fluka (St. Louis, Missouri, USA). Tetrahydrofuran (THF) was obtained from VWR (Radnor, 

Pensilvânia, EUA) and n-hexane was obtained from José Manuel Gomes dos Santos, Lda 

(Odivelas, Portugal). Poly(ɛ-caprolactone)-diol (PCL-diol Capa TM2054; Mw=550 g/mol) was 

a gift from Perstorp (Warrington, UK). Irgacure 2959® was gently supplied by Ciba Specialty 

Chemicals (Basel, Switzerland). D2O and DMSO-d6 were acquired from Euriso-Top (Saint-

Aubin, France). Sodium azide was purchased from Panreac (Barcelona, Spain). Human Dental 

Pulp stem cells (DPSCs) were obtained from AllCells, LLC (Cat. DP0037F, Lot No. 

DPSC090411-01). MEM α, GlutaMAX™ Supplement, no nucleosides, Streptomycin, 

Amphotericin B and HEPES Buffer solution were purchased from Gibco, with catalog’s 

number of 32561029, 15140122, 15290026 and 15630122, respectively. Also, Phosphate 

buffer solution (PBS) was obtained from Gibco, Life Technologies. Fetal Bovine Serum (FBS) 

was acquired from BI, Biological Industries (BI LTD, Certified FBS, ref#04-400-1A). Presto 

Blue cell viability reagent was purchased from Invitrogen (A13262).  
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3.3.2 Procedures and Methods 

Preparation of Membranes 

The preparation of the membranes was already described in section 2.3.2 of Chapter 2.  

Table 3.1 resumes the composition and nomenclature of the membranes used in this Chapter. 

Table 3.1 Composition of the membranes[1] . 

Membranes Composition 

Designation Modified dextran PCL-IEMA 

M_GMA(0.5)_PCL(0) 0.5g P_LMW_GMA8* -------- 

M_GMA(0.2)_PCL(0.2) 0.2g P_LMW_GMA24** 0.2g 

M_GMA(0.1)_PCL(0.3) 0.1g P_LMW_GMA24 0.3g 

M_IEMA(0.5)_PCL(0) 0.5g P_LMW_IEMA -------- 

M_IEMA(0.2)_PCL(0.2) 0.2g P_LMW_IEMA 0.2g 

M_IEMA(0.1)_PCL(0.3) 0.1g P_LMW_IEMA 0.3g 

* 8 - corresponds to 8h – time of reaction between dextran and GMA 
** 24 – corresponds to 24h - time of reaction between dextran and GMA  

 

In vitro validation – Cell viability assessment 

Sample preparation  

All membranes were sterilized by UV irradiation of 3 sets of 30 minute periods. 

 

 

 

                                                           
[1] Since only P_LMW was used in this chapter, the nomenclature of membranes was shortened. However, as can 

be observed in Table 3.1, the formulations used remain as previously reported in Chapter 2. 
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Cell culture and maintenance  

DPSCs were maintained in MEM α, GlutaMAX™ supplement, no nucleosides, supplemented 

with 10% (v/v) FBS, 100 IU/mL penicillin, 0.1 mg/mL streptomycin, 2.05 µg/mL amphotericin 

B and 10mM HEPES buffer solution. FBS is heat inactivated, sterile-filtered, and according to 

the manufacturer information, presents hemoglobin in a concentration ≤25 mg/dL, and ≤10 

EU/mL endotoxin. All cells were maintained at 37ºC and 95% humidified atmosphere with 5% 

CO2, environment. 

 

Presto Blue® Cell Viability Protocol  

The Presto Blue® assay is a commercially available, ready-to-use, water-soluble preparation. 

Cell viability assessment is based on a cell permeable resarzurin-based solution that functions 

as a cell viability indicator by using the reducing power of living cells to quantitatively measure 

the proliferation of cells. 

M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2), M_GMA(0.1)_PCL(0.3), 

M_IEMA(0.5)_PCL(0), M_IEMA(0.2)_PCL(0.2) and M_IEMA(0.1)_PCL(0.3) implants were 

fixed to each well in a 24-well cell culture plate, and relevant controls were prepared with the 

fixation agent alone and implants without cells. Implants were seeded at 4x104 cells/well 

density. Cells were left adhering in 0.5 mL of complete culture medium overnight. 

At every time point [24 hours (1 day), 72 hours (3 days), 120 hours (5 days) and 168 hours (7 

days)] culture medium was removed from each well and fresh complete medium was added to 

each well, with 10% (v/v) of 10x Presto Blue® cell viability reagent. 

Cells were incubated for 1 hour at 37ºC, 5% CO2, changes in cell viability were detected by 

absorption spectroscopy in a Thermo Scientific Multiskan FC. Supernatant was collected and 

transferred to a 96-well plate and absorbance was read at 570 nm and 595 nm. After, cells were 

washed with PBS to remove any Presto Blue® residues and fresh culture medium is reset to 

each well. Presto Blue® excitation wavelength is 570 nm, and emission is at 595 nm. For each 

well, the absorbance at 595 nm (normalization wavelength) was subtracted to the absorbance 

at 570 nm (experimental result). Corrected absorbance is obtained by the subtraction of average 

of the control wells to each experimental well. 
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Cell viability assessment statistical analysis  

Statistical analysis was performed using the GraphPad Prism version 6.00 for Mac OS X, 

GraphPad Software, La Jolla California USA. The experiments were performed in 

quadruplicates and the results were presented as Mean ± Standard Deviation (SD). Analysis 

was performed by one-way ANOVA test followed by Tukey multiple comparisons test. 

Differences were considered statistically significant at P≤0.05. Results significance are 

presented through the symbol (*). Significance results are also indicated according to P values 

with one, two, three or four of the symbols (*) corresponding to 0.01<p 0.05, 0.001<p 0.01, 

0.0001<p 0.001 e p 0.0001, respectively. 

 

Epifluorescence technique 

[Ca2+]i was measured in Fura-2-AM-loaded cells by using dual wavelength spectrofluorometry 

as previously described23. 

 

Ca2+ indicator Fura-2/AM loading  

DPSCs cells (cultured on and around the following membranes: M_GMA(0.5)_PCL(0), 

M_GMA(0.2)_PCL(0.2), M_GMA(0.1)_PCL(0.3), M_IEMA(0.5)_PCL(0), 

M_IEMA(0.2)_PCL(0.2), M_IEMA(0.1)_PCL(0.3), were loaded with Ca2+ indicator by 

incubation in 2.5 mM fura-2 acetoxymethyl ester (Fura-2-AM, Molecular Probes) and 0.03% 

pluronic (Molecular Probe) in a Ringer solution with the following composition: 121 mM NaCl, 

5.4 mM KCl, 9 mM D-glucose, 1.5 mM MgCl2, 1.8 mM CaCl2, 6 mM NaHCO3, and 25 mM 

HEPES, with a pH of 7.4; at 37◦C in darkness for 120 minutes. 

 

Measurement of intracellular Ca2+ in DPSCs  

After loading Fura-2-AM, DPSCs cells were washed in Ringer Solution (121 mM NaCl, 5.4 

mM KCl, 9 mM D-glucose, 1.5 mM MgCl2, 1.8 mM CaCl2, 6 mM NaHCO3, and 25 mM 

HEPES, with a pH 7.4). The wells that presented adhering hDPCSs cells on 

M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2), M_GMA(0.1)_PCL(0.3), 

M_IEMA(0.5)_PCL(0), M_IEMA(0.2)_PCL(0.2) and M_IEMA(0.1)_PCL(0.3) were 

transferred to a glass chamber containing 100 μl of the Ringer Solution. The chamber was 

placed in a well on the stage of an epifluorescence microscope (Zeiss, Germany). Fluorescence 
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measurements were performed in each individual cell. The emitted fluorescence intensities at 

510 nm were acquired by computer software, which registered the number of photons emitted 

per second, during 30 s for each 340 nm and 380 nm excitation wavelengths. The [Ca2+]i was 

estimated from the equation proposed by Grynkiewiez.24 For determination background 

fluorescence, cells were incubated in 2.5 mM 4-br-A23186 (Molecular Probe) and 10 mM 

MnCl2 in 100 μl of Ringer solution at room temperature in darkness for 10 minutes. The [Ca2+]i 

measurements considered for these results were the ones which background signal was inferior 

to 20% of the total emitted fluorescence. 

All data were presented as mean ± SEM, where N is the number of cells where the [Ca2+]i was 

measured by the epifluorescence technique. All statistical tests were Student’s t test.25 The 

given P values correspond to errors of the second kind (P <0.05). For each experimental 

condition M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2), M_GMA(0.1)_PCL(0.3), 

M_IEMA(0.5)_PCL(0), M_IEMA(0.2)_PCL(0.2) and M_IEMA(0.1)_PCL(0.3), 25 DPSCs 

cells were analyzed. 

 

In vivo biocompatibility studies of implantable devices in subcutaneous tissue [ISO 10993-

6:2016]  

Surgical Procedure 

Implants of M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2) and M_GMA(0.1)_PCL(0.3) 

were tested in adult male Sasco Sprague-Dawley rats (Charles River, Barcelona, Spain) 

weighing 250-300 g. All animals were housed in a temperature and humidity controlled room 

with 12-12 hours light/dark cycles, two animals per cage and are allowed normal cage activities 

under standard laboratory conditions. The animals were fed with standard chow and water ad 

libitum. For the biomaterial implantation, anesthesia was administered intraperitoneally 

Xylazine/Ketamin (Rompun®/Imalgène 1000®; 1,25mg/ 9mg per 100 g b.w., intraperitoneally), 

and the skin prepared for surgical access. Up to three 15-20 mm long linear incisions were 

made paired along the dorsum. After blunt dissection towards the ventral aspect of the body, a 

portion of biomaterial was implanted subcutaneously. Skin and subcutaneous tissues were 

sutured, and animals recovered and returned to their housing groups. At 3, 7 and 15 days after 

surgery, after deep anesthesia, the rats were then euthanized, by lethal intra-cardiac injection 

(Eutasil® 200 mg/ml, 200 mg/kg b.w.). Skin and subcutaneous tissues from the implant area 

were collected and fixed in with 4% -formaldehyde. All the animal testing procedures were in 
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conformity with the Directive 2010/63/EU of the European Parliament and the Portuguese DL 

113/2013. All the procedures are approved by the ICBAS-UP Animal Welfare Organism of the 

Ethics Committee and by the Veterinary Authorities of Portugal (DGAV). Humane end points 

will be followed in accordance to the OECD Guidelines (2000). 

 

Histological evaluation 

Samples were routinely processed for histopathological analysis, and 3μm-thin sequential 

sections were stained with hematoxylin-Eosin (H&E) for accurate evaluation using a Nikon 

microscope (Nikon Eclipse E600) equipped with ×2, ×4, ×10 and ×40 objectives and coupled 

with a photo camera (Nikon Digital Sight DS-5M) equipped with a lens (Nikon PLAN UW 

2X/0.06). Preparations were assessed for inflammatory infiltrate, fibrosis, angiogenesis and/or 

necrosis surrounding the implants according to the annex E from ISO-10993-6 by experienced 

veterinary pathologist. 

The ISO-10998-6 standard focus on the identification and grading of the inflammatory cells 

populations surrounding the implanted biomaterial, as well as evaluating concurrent events, 

such as the presence of giant cells, necrosis, fibrosis, and local vascularization. Individual 

scores are attributed to each parameter according to the ISO’s proposed system. The scoring 

system proposed is presented in Table 3.2 and Table 3.3. 

 

Table 3.2 Key parameters and scoring system used for the histological evaluation system – cell 

type/response. 

Cell type/response Score 

 0 1 2 3 4 

Polymorphonuclear 

cells 

0 Rare, 1-5/phf* 5-10/phf* Heavy infiltrate Packed 

Lymphocytes 0 Rare, 1-5/phf* 5-10/phf* Heavy infiltrate Packed 

Plasma cells 0 Rare, 1-5/phf* 5-10/phf* Heavy infiltrate Packed 

Macrophages 0 Rare, 1-5/phf* 5-10/phf* Heavy infiltrate Packed 

Giant cells 0 Rare, 1-2/phf* 3-5/phf* Heavy infiltrate Sheets 

Necrosis 0 Minimal Mild Moderate Severe 

*phf – per high powered (400x) field. 
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Table 3.3 Key parameters and scoring system used for the histological evaluation system – 

response. 

Response Score 

 0 1 2 3 4 

Neovascularisation 0 

Minimal 

capillary 

proliferation, 

focal, 1-3buds 

Groups of 

4-7 

capillaries, 

with 

supporting 

fibroblastic 

structures 

Broad band of 

capillaries with 

supporting 

structures 

Extensive 

band of 

capillaries 

with 

supporting 

fibroblastic 

structures 

Fibrosis 0 Narrow band 
Moderately 

thick bands 
Thick band 

Extensive 

band 

Fatty infiltrate 0 

Minimal 

amount of fat 

associated 

with fibrosis 

Several 

layers of fat 

and fibrosis 

Elongated and 

broad 

accumulation of 

fat cells about 

the implant site 

Extensive fat 

completely 

surrounding 

the implant 

 

This system enables the semi-quantitative classification of the implants as “non-irritant” (score 

0,0 up to 2,9), “slight irritant” (score 3,0 up to 8,9), “moderate irritant” (score 9,0 up to 15,0) 

or “severe irritant” (score> 15). 

 

Statistical Analysis 

Statistical analysis was performed using the GraphPad Prism version 6.00 for Mac OS X, 

GraphPad Software, La Jolla California USA. The experiments were performed in 

quadruplicates and the results were presented as Mean ± Standard Error Mean (SEM). Analysis 

was performed by one-way ANOVA test followed by Tukey multiple comparisons test. 

Differences were considered statistically significant at P≤0.05. Results significance are 

presented as compared to sham through the symbol (*). Significance results are also indicated 

according to P values with one, two, three or four of the symbols (*) corresponding to 0.01<p 

0.05, 0.001<p 0.01, 0.0001<p 0.001 e p 0.0001, respectively. 
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3.3.3 Morphological characterization by Scanning Electron Microscopy 

Scanning electron micrographies (SEM) of the surface and transversal cut of the prepared tubes 

were obtained using a JOEL XL30 equipment, with Energy Dispersive Spectometry system 

(EDS) from EDAX. The observations were conducted with a beam acceleration voltage of 

10kV.  

Sample Preparation: After the in vitro assessment, all samples were kept in a plate with 24 

wells. The samples were then rinsed three times with 1mL of phosphate buffer solution (PBS). 

After complete removal of PBS, 1mL of a solution of glutaraldehyde 5% (v/v) was inserted 

into the wells. This solution was kept in contact with the samples for 15 minutes. During this 

time, the aldehyde groups of the solution bonded with the amine groups of the proteins, 

establishing crosslinking points, which helped in the maintenance of the cytoskeletal of the 

cells during the dehydration process. After this process, the samples were washed one time with 

1mL of the PBS solution. For the dehydration process, four solutions with different 

concentrations of ethanol were prepared. The first solution had a concentration of 25% of 

ethanol, the second had 50%, followed by the third with 75% and finally, the last one, was 

100% ethanol. To begin the dehydration process, the 1mL of the first ethanol solution was 

added to each well and kept for 10 minutes. Then, this solution was removed and the next 

solution (50% concentration) was added and kept in the well for the same time as the first one. 

This process was performed consecutively until the last solution (100%) was finally removed 

from the well. Posteriorly, the samples were completely dried. Since the samples are non-

conductive, they were coated with a thin layer of gold, using the sputtering technique. The 

equipment used was from Edwards EXC 120 with a Huttinger PFG 1500 DC power source. 

Samples were coated for 1min with P=0.11kW, V=1000V and I=1.83A. After this stage, the 

samples were ready for the study with SEM. 
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3.4 RESULTS AND DISCUSSION 

According to the results reported in the previous chapter, the differences in structural 

characteristics between membranes prepared with P_LMW and P_HMW were not significant. 

In this sense, in the present work, the membranes tested (Table 3.1) were all prepared based on 

P_LMW.  

Regarding the membranes prepared with dextran modified with GMA (Table 3.1), two different 

precursors were used: P_LMW_GMA8 and P_LMW_GMA24. The difference between these 

two precursors is the degree of substitution (DS) of dextran, which is higher for 

P_LMW_GMA24.  

 

3.4.1 Cytocompatibility assessment 

The studies of cell viability were performed in the following membranes: 

M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2), M_GMA(0.1)_PCL(0.3), 

M_IEMA(0.5)_PCL(0), M_IEMA(0.2)_PCL(0.2), and M_IEMA(0.1)_PCL(0.3), during 24 

hours (1 day), 72 hours (3 days), 120 hours (5 days) and 168 hours (7 days) time points. Table 

3.4 presents the absorbance values obtained by Presto Blue® viability assay.  

 

Table 3.4 Absorbance assessed by Presto Blue® viability assay of hMSCs seeded in membranes 

for up to 7 days.  

Results presented as Mean ± SD. Ct stands for to the Control, which corresponds to the well filled 

only with the culture media. Ct SG stands for Control with super glue (fixation agent), which 

corresponds to a well with super glue on it, immersed in culture media. 

 

Sample Day 1 Day 3 Day 5 Day 7 

Ct 0.1876 ± 0.0129 0.3304 ± 0.0096 0.6234 ± 0.0256 0.4563 ± 0.0134 

Ct SG 0.1639 ± 0.0047 0.3654 ± 0.0539 0.6293 ± 0.0065 0.4341 ± 0.0107 

M_GMA(0.5)_PCL(0) 0.0959 ± 0.0142 0.2874 ± 0.0338 0.4594 ± 0.0681 0.3656 ± 0.0566 

M_GMA(0.2)_PCL(0.2) 0.0846 ± 0.0058 0.3024 ± 0.0031 0.4669 ± 0.0097 0.3824 ± 0.0162 

M_GMA(0.1)_PCL(0.3) 0.1129 ± 0.0052 0.2900 ± 0.0207 0.5629 ± 0.0208 0.4428 ± 0.0239 

M_IEMA(0.5)_PCL(0) 0.0806 ± 0.0059 0.2337 ± 0.0071 0.3638 ± 0.0178 0.2559 ± 0.0110 

M_IEMA(0.2)_PCL(0.2) 0.1202 ± 0.0034 0.3905 ± 0.0200 0.5486 ± 0.0291 0.4849 ± 0.0085 

M_IEMA(0.1)_PCL(0.3) 0.1371 ± 0.0028 0.4045 ± 0.0077 0.5897 ± 0.0222 0.4875 ± 0.0283 
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Results show that fixation agent used to fix the membranes to the cell culture plate does not 

significantly affect cell adhesion and cell metabolism as compared to the control at any time 

point. This can be observed by the similarity of absorbance values obtained for the control (Ct) 

with the values obtained for the control with the fixation agent (Ct SG).  

Presto Blue® is a resazurin-based solution, which is cell permeable. When in contact with cells, 

the viable ones have the ability to metabolize this reagent, which results into a change of color 

from blue to red. After this modification, the reagent becomes highly fluorescent. This color 

change can be detected using absorbance (technique used in this work) or fluorescence. With 

the information given by this technique, it is not possible to know how many cells adhere to a 

substrate, or even the percentage of surface covered. However, before measuring, both wells 

and samples are washed in order to assure that the signals measured are referred to the adherent 

cells. Additionally, the absorbance of the well itself (595 nm – normalization wavelength) is 

also subtracted to the final signal (570 nm – experimental result). Considering these procedures, 

it is considered that higher absorbance values are related to higher number of cells adhered to 

the surface. 

It is noteworthy the fact that cell adhesion to the membranes upon seeding is significantly 

inferior to the control and to the fixation agent control. This may be due to the adjustment of 

cells to the architecture of the membranes that are bend and not flat, which can hinder the 

process of cell adhesion.  

In general M_IEMA(0.2)_PCL(0.2) and M_IEMA(0.1)_PCL(0.3) membranes showed 

enhanced cell adhesion, viability and metabolic rates at all time points, and especially after 3 

days incubation. In fact, the absorbance is significantly superior to the control. At later 

incubation time (at 5 and 7 days) M_GMA(0.1)_PCL(0.3) membranes follow 

M_IEMA(0.2)_PCL(0.2) and M_IEMA(0.1)_PCL(0.3) performances and show improved cell 

viability and metabolic activity as compared to the control. The significance of the results of 

absorbance obtained (Table 3.4) is shown in Figure 3.1.  
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Groups Ct Ct SG
M_GMA(0.5)

_PCL(0)

M_GMA(0.2)

_PCL(0.2)

M_GMA(0.1)

_PCL(0.3)

M_GMA(0.5)

_PCL(0)

M_IEMA(0.2)

_PCL(0.2)

M_IEMA(0.1)

_PCL(0.3)

Ct

Ct SG *

M_GMA(0.5)

_PCL(0) **** ****

M_GMA(0.2)

_PCL(0.2) **** **** ns

M_GMA(0.1)

_PCL(0.3) **** **** ** ****

M_IEMA(0.5)

_PCL(0) **** **** * * ****

M_IEMA(0.2)

_PCL(0.2) **** **** ** **** * ****

M_GMA(0.1)

_PCL(0.3) **** **** *** **** **** **** ****

Groups Ct Ct SG
M_GMA(0.5)

_PCL(0)

M_GMA(0.2)

_PCL(0.2)

M_GMA(0.1)

_PCL(0.3)

M_GMA(0.5)

_PCL(0)

M_IEMA(0.2)

_PCL(0.2)

M_IEMA(0.1)

_PCL(0.3)

Ct

Ct SG ns

M_GMA(0.5)

_PCL(0) ns ns

M_GMA(0.2)

_PCL(0.2) ** ns ns

M_GMA(0.1)

_PCL(0.3) * ** ns ns

M_IEMA(0.5)

_PCL(0) **** ** ** **** **

M_IEMA(0.2)

_PCL(0.2) *** ns **** **** **** ****

M_GMA(0.1)

_PCL(0.3) **** ns **** **** **** **** ns

Groups Ct Ct SG
M_GMA(0.5)

_PCL(0)

M_GMA(0.2)

_PCL(0.2)

M_GMA(0.1)

_PCL(0.3)

M_GMA(0.5)

_PCL(0)

M_IEMA(0.2)

_PCL(0.2)

M_IEMA(0.1)

_PCL(0.3)

Ct

Ct SG ns

M_GMA(0.5)

_PCL(0) *** ***

M_GMA(0.2)

_PCL(0.2) **** **** ns

M_GMA(0.1)

_PCL(0.3) * *** ns ***

M_IEMA(0.5)

_PCL(0) **** **** ** **** ***

M_IEMA(0.2)

_PCL(0.2) * *** ns ** ns ****

M_GMA(0.1)

_PCL(0.3) ns * * **** * **** *

Day 5

Day 1

Day 3
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Figure 3.1 Absorbance assessed by Presto Blue® viability assay of hMSCs seeded in 

membranes. Results presented as Mean ± SD. Aborbance Results (Table 3.4) significance is 

represented with the symbol (*), indicated according to P values with one, and two (*) 

corresponding to 0.01<p 0.05, 0.001<p 0.01, respectively. 

 

It is important to address the swelling capacity of the M_GMA(0.1)_PCL(0.3), 

M_IEMA(0.2)_PCL(0.2) and M_IEMA(0.1)_PCL(0.3) membranes. As mentioned in the 

previous chapter, these membranes have the lowest swelling capacity, which may correspond 

to higher crosslinking density. These structural facts, along with the presence of PCL_IEMA, 

seem to be beneficial for the viability of hDPSCs.  

The membrane that showed consistently lower cell adhesion and cell viability rates at all time 

points was M_IEMA(0.5)_PCL(0). Figure 3.2 plots the correlated absorbance obtained for the 

tested membranes. 

 

 

Groups Ct Ct SG
M_GMA(0.5)

_PCL(0)

M_GMA(0.2)

_PCL(0.2)

M_GMA(0.1)

_PCL(0.3)

M_GMA(0.5)

_PCL(0)

M_IEMA(0.2)

_PCL(0.2)

M_IEMA(0.1)

_PCL(0.3)

Ct

Ct SG ns

M_GMA(0.5)

_PCL(0) ** ns

M_GMA(0.2)

_PCL(0.2) *** ** ns

M_GMA(0.1)

_PCL(0.3) ns ns ns **

M_IEMA(0.5)

_PCL(0) **** **** * **** ****

M_IEMA(0.2)

_PCL(0.2) ** *** ** **** * ****

M_GMA(0.1)

_PCL(0.3) ns *** * *** **** **** ns

Day 7
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Figure 3.2 Absorbance assessed by Presto Blue® viability assay of hMSCs seeded in 

M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2), M_GMA(0.1)_PCL(0.3), 

M_IEMA(0.5)_PCL(0), M_IEMA(0.2)_PCL(0.2) and M_IEMA(0.1)_PCL(0.3) membranes 

for up to 7 days 

 

At 5 days incubation, it was reached the maximum absorbance and cell metabolic activity 

measure. This is due to the fact that cells reached their confluency between 5 and 7 days period 

leading to an arrest on cell metabolic activity due to the lack of available surface space. 

 

It is important to address that the macroscopic differences, resistance and friability of the 

membranes were different upon hydration. For instance, M_IEMA(0.5)_PCL(0), 

M_IEMA(0.2)_PCL(0.2), and M_IEMA(0.1)_PCL(0.3) membranes in general were rigid, with 

low pliability and glassier like. Yet, M_GMA(0.2)_PCL(0.2), and M_GMA(0.1)_PCL(0.3) 

membranes were flexible and with adequate resistance upon handling. Nevertheless, 

M_GMA(0.5)_PCL(0), although flexible was very friable and brittle when hydrated and 

manipulated. This behavior is in agreement with the discussion of the previous chapter. 
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3.4.2 Measurement of intracellular Ca2+ in hDPSCs 

The ionic intracellular calcium is involved in several intracellular events, such as neurite 

outgrowth and differentiation.26-28 Furthermore, deregulations in the mechanisms that control 

the concentration of intracellular calcium ions, can interfere with the normal homeostasis of 

cells, leading to cellular changes.29 Also, if the calcium concentration reaches values above 105 

nM, it can result in cell death.30  

To correlate the hDPSCs ability to expand and survival capacity in the presence of the 

developed implants, the [Ca2+]i of undifferentiated DPSCs was determined by the 

epifluorescence technique using the Fura-2AM probe. Fura-2, a pentacarboxylate calcium 

indicator, is commonly used to measure the intracellular calcium concentrations. However, 

Fura-2 cannot cross lipid bilayer membranes and therefore is not cell permeant. To overcome 

this limitation, cells are incubated in the acetoxymethyl (AM) ester form of Fura-2 (Fura-2-

AM), which is uncharged and hydrophobic. During incubation, Fura-2-AM can successfully 

cross cell membranes. Then, inside of the cell, the AM group is hydrolyzed and removed by 

esterase enzymes, regenerating the Fura-2 indicator.  

In this study, [Ca2+]i was measured by an epifluorescence technique, using the Fura-2-AM 

probe in non-differentiated DPSCs cells, after 7 days of cell culture in presence of the 

M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2), M_GMA(0.1)_PCL(0.3), 

M_IEMA(0.5)_PCL(0), M_IEMA(0.2)_PCL(0.2) and M_IEMA(0.1)_PCL(0.3) membranes. 

The values of [Ca2+]i were obtained from cells that did not begin the apoptosis process after 7 

days in culture. Table 3.5 shows the measured [Ca2+]i values. 
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Table 3.5 [Ca2+]i values measured by the epifluorescence technique. Results are presented as 

mean and standard error of the mean (SEM). N corresponds to the number of DPSCs cells 

analyzed per experimental well. All statistical tests were Student’s t test. The P values given 

correspond to errors of the second kind (P <0.05). 

Membranes [Ca2+]i in nM 

M_GMA(0.5)_PCL(0) 53,9±3,8 (N=25) 

M_GMA(0.2)_PCL(0.2) 51,3±6,4 (N=25) 

M_GMA(0.1)_PCL(0.3) 46,4±2,3 (N=25) 

M_IEMA(0.5)_PCL(0) 69,2±7,5 (N=25) 

M_IEMA(0.2)_PCL(0.2) 42,1±3,2 (N=25) 

M_IEMA(0.1)_PCL(0.3) 43,2±4,1 (N=25) 

 

The membranes proved to be adequate to be used as scaffold associated with DPSCs, since the 

[Ca2+]i values are in the range of the normal intracellular concentration for viable mammals 

cells (between 40-70nM ) after 7 days of in vitro culture in the presence of the tested membranes 

(Table 3.1). Additionally, during this analysis, it was possible to see that the undifferentiated 

hDPSCs cultured in the presence of M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2), 

M_GMA(0.1)_PCL(0.3), M_IEMA(0.5)_PCL(0), M_IEMA(0.2)_PCL(0.2) and 

M_IEMA(0.1)_PCL(0.3) membranes reached 70-90% confluence and exhibited a normal star-

like shape with a flat morphology in culture. According to these results, it is possible to 

conclude that the membranes are a viable substrate for undifferentiated hDPSCs adhesion, and 

multiplication. Also, since the results obtained correspond to normal values, it can be concluded 

that the fixation agent (super glue) used to fix the tested membranes to the well is not toxic for 

hDPSCs.  

 

3.4.3 Morphology of membranes’ surface after cell viability tests  

The morphology of the samples after the cell viability tests were assessed by SEM. Before the 

scanning, all samples were immersed in a glutaraldehyde solution and then dried with ethanol. 

Following this methodology, it was possible to maintain the structure of cells during the drying 
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stage. Then, samples were coated with a thin layer of gold to allow the observation through 

SEM. The images obtained are presented in Figure 3.3. 

 

Figure 3.3 Surface SEM images of: a) M_GMA(0.5)_PCL(0), b) M_GMA(0.2)_PCL(0.2), c) 

M_GMA(0.1)_PCL(0.3), d) M_IEMA(0.5)_PCL(0), e) M_IEMA(0.2)_PCL(0.2), f) 

M_GMA(0.1)_PCL(0.3). Scale bar of a), e) and f) = 10µm. Scale bar of b), c) and d) = 100µm. 

 

SEM images show the adhesion of the cells on the surface of the studied membranes. In general, 

all cells presented a flat morphology, with a well spread cytoplasm on the surfaces, exhibiting 

a star-like shape. In addition, the nucleus of the cells is well defined. This is indicative of the 

presence of healthy cells.31 However, for a) M_GMA(0.5)_PCL(0), the cell body of the cell 

represented seems to be detaching from the surface. This may be related with some changes in 

the cell metabolism, which may result in deficient adhesion to the surface and posterior 

detachment. 

 

Accordingly, to the cell viability and measurement of [Ca2+]i results, all samples can be 

considered good substrates for cell adhesion and proliferation. The results obtained for samples 

with PCL_IEMA stood out, leading to the conclusion that this co-macromonomer has a positive 

effect in the whole performance of the membranes in vitro.  
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3.4.4 In vivo biocompatibility studied of implantable devices in subcutaneous tissue [ISO 

10993-6:2016] 

The validation of the produced biomaterials regarding their biological interactions with host 

organisms, in vivo biocompatibility was assessed accordingly the ISO 10993-6:2016 

guidelines. 

Following in vivo biological validation of the produced biomaterials, we meant to relate the 

interaction of the obtained biomaterials in subcutaneous tissue, proceeded by histological 

analysis, to comply with applicable normative requirements for the ‘Biological evaluation of 

medical devices’ of the ISO 10993-6:2016 (ISO 10993-6:2016 Part 6: Tests for local effects 

after implantation). Using the proposed protocols, it is possible to obtain data concerning 

biocompatibility, inflammatory reaction to the biomaterial, biomaterial biodegradation and 

fibrosis. 32 

Taking into consideration all membranes evaluated that are suitable for in vivo testing, the most 

promising ones, in what concerns structural properties, are M_GMA(0.5)_PCL(0), 

M_GMA(0.2)_PCL(0.2) and M_GMA(0.1)_PCL(0.3). The P_LMW_IEMA based membranes 

presented a stiffer behavior, which would require more effort for their animal implantation. For 

that reason, they were not tested. 

Upon euthanasia, observation of the dorsum presented no abnormalities, with the 

incision/suture area presenting expected healing progress, with no observable differences from 

the Sham incision. Figure 3.4 shows the incisions at the implantation day, and after 15 days. 

 

 

Figure 3.4 Dorsum incisions at a) implantation day; and b) after 15 days. 

 



Chapter 3 

128 
 

Exposed subcutaneous tissue presented smooth, with no visible signs of hemorrhage or 

inflammation. In all groups, implants were involved by a thin, transparent capsule of 

subcutaneous tissue (Figure 3.5). 

 

 

Figure 3.5 Subcutaneous tissue with implants, at day 15. 

 

Microscopically, at 3 days after implantation, a mixed cellular infiltrate was observed in all 

groups. However, at this time point, a predominance of mononuclear inflammatory cells, such 

as macrophages and lymphocytes, was present in both sham (control - incision without 

implant), M_GMA(0.5)_PCL(0), M_GMA(0.2)_PCL(0.2), M_GMA(0.1)_PCL(0.3) samples. 

Minimal necrosis events were observable in all groups (Sham: 0,139; M_GMA(0.5)_PCL(0): 

0,563; M_GMA(0.2)_PCL(0.2): 0,389, and M_GMA(0.1)_PCL(0.3): 0,045 mean score out of 

a maximum 4 score). Regarding fibrosis, all groups, including Sham, scored under 1.4 out of 4 

mean scores (Table 3.2 and 3.3). 
 
At 7 days implantation, an acute inflammatory response is still detectable with continuing 

dominance of mononuclear cells. Necrosis findings decrease significantly in almost all samples 

and sham, except for M_GMA(0.1)_PCL(0.3) membranes, in which values reach 0.450, out of 

4 mean scores. Regarding fibrosis, all samples and sham maintain the scores of the 3 days group 

analysis. 

After 15 days implantation, an expected decrease in polymorphonuclear leukocytes was 

observed in almost all groups except M_GMA(0.5)_PCL(0) membranes. In addition, a 

moderate chronic response mainly constituted by lymphocytic aggregates is still detectable in 

all groups tested. At this time, no necrosis is observed in M_GMA(0.5)_PCL(0) and 

M_GMA(0.1)_PCL(0.3) samples (0.00 mean scores), although M_GMA(0.2)_PCL(0.2) reveal 

residual necrosis score values (0.059), lower than the observed in sham (0.091). 
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Fibrosis remained under 1.9 with in all groups. A slight increase in vascularization was 

observed in M_GMA(0.1)_PCL(0.3), and a slight decrease was recorded for 

M_GMA(0.5)_PCL(0). 
 
Globally, ISO 10998-6 scores attributed are presented in Table 3.4 and plotted in Figure 3.6. 

The detailed cell count after 3, 7 and 15 days can be found in Table B.1. 

 

Table 3.6 Global histological scores of subcutaneous implantation of M_GMA(0.5)_PCL(0), 

M_GMA(0.2)_PCL(0.2) and M_GMA(0.1)_PCL(0.3) membranes. Individual results 

presented in MEAN ± SEM; global scores presented in absolute values. 

 

 SHAM M_GMA(0.5)_PCL(0) M_GMA(0.2)_PCL(0.2) M_GMA(0.1)_PCL(0.3) 

3 

days 

17.694±0.813 21.875±0.826 20.278±0.685 19.136±0.817 

SCORE 4.181 2.583 1.442 

7 

days 

19.650±0.809 23.321±0.522 22.458±0.780 24.400±0.913 

SCORE 3.671 2.808 4.750 

15 

days 

20.030±0.751 23.733±0.696 21.147±0.619 20.400±1.087 

SCORE 3.703 1.117 0 (0.370) 

 

 

According to the standard guidelines, at 3 and 15 days M_GMA(0.5)_PCL(0) samples scored 

as “slight irritant”, and at 7 days, both M_GMA(0.5)_PCL(0) and M_GMA(0.1)_PCL(0.3) 

scored as “slight irritant”. All other samples scored as “non irritant”. 
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Figure 3.6 Histological scores of subcutaneous implantation of M_GMA(0.5)_PCL(0), 

M_GMA(0.2)_PCL(0.2) and M_GMA(0.1)_PCL(0.3) membranes. 

 

The calculated scores show that membranes with PCL_IEMA are considered to be “non 

irritant”. This result is very promising since ideally, after implantation, the biomaterial should 

not induce a severe immune response, which increase the probability of rejection. Figure 3.7 

presents the histological analysis of the subcutaneous implantations of the membranes. 
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Figure 3.7 Histological analysis of subcutaneous implantation of membranes. Samples were 

stained with hematoxylin-Eosin (H&E) for accurate evaluation using a Nikon microscope 

(Nikon Eclipse E600) equipped with ×2, ×4, ×10 and ×40 objectives and coupled with a photo 

camera (Nikon Digital Sight DS-5M) equipped with a lens (Nikon PLAN UW 2X/0.06). 

 

According to these results, the tested samples are suitable for implantation. To reinforce this 

claim, systemic effects were evaluated in all the animals tested through necropsy examination. 

Thorough microscopic analysis was performed for several organs after 15 days of implantation. 

 Figure 3.7 presents the histological analysis of tissue derived from liver, pancreas, heart, spleen 

and lung. 
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Figure 3.8 Histological analysis of the tissue of the following organs: a) liver; b) pancreas; c) 

Heart; d) Spleen and e) Lung. Tissues were stained with hematoxylin-Eosin (H&E) for accurate 

evaluation using a Nikon microscope (Nikon Eclipse E600) equipped with ×2, ×4, ×10 and ×40 

objectives and coupled with a photo camera (Nikon Digital Sight DS-5M) equipped with a lens 

(Nikon PLAN UW 2X/0.06). 

 

In resemblance to the results obtained for the tissue around the implant, the tissues images 

presented in Figure 3.8 maintained their normal cellular architecture. The internal organs 

presented their normal topography, relation and morphological features without any signs of 

necrosis, congestion, or abnormal accumulations. 

These facts lead to the conclusion that not only the materials do not trigger a severe immune 

response, but also, their degradation products do not interfere with the homeostasis of the 

principal organs tissues. 
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3.5 CONCLUSIONS 

The object of this work was to study the in vitro and in vivo behavior of dextran-based 

membranes. The cell viability and cytocompatibility assessment was performed during 7 days. 

After this time, cells achieved their confluency, leading to a decrease in its activity due to the 

lack of available surface. The membranes M_GMA(0.1)_PCL(0.3), M_IEMA(0.2)_PCL(0.2) 

and M_IEMA(0.1)_PCL(0.3) showed the higher cell viability and metabolic rates after 7 days 

of incubation. In order to reinforce these results, the [Ca2+]i was measured by an epifluorescense 

technique using the Fura-2AM probe. The obtained values confirm the presence of viable cells 

not entering in apoptosis. The subcutaneous implants in rats were carried out for 15 days with 

evaluation of cell count and biological reaction after 3, 7, ad 15 days. Upon the end of the test 

M_GMA(0.5)_PCL(0) showed a cell count which corresponds to a score of 3.703, leading to 

the classification of “slight irritant”. Nevertheless, even better results were achieved with 

membranes M_GMA(0.2)_PCL(0.2) and M_GMA(0.1)_PCL(0.3) which obtained scores 

corresponding to the classification of “non-irritant”. Additionally, histological analysis was 

conducted in the tissue surrounding the implants and tissue from different organs revealing no 

signs of inflammation, fibrosis or necrosis in any sample.  

This work confirms that these materials are good candidates for the preparation of medical 

devices for peripheral nerve regeneration / reconstruction. 
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4.1 ABSTRACT 

In the cases where natural end-to-end regeneration of injured nerves is not feasible due to 

the gap length a surgery is needed in order to correct the lesion by creating conditions to 

promote the growth or join of the two nerve ends. Although, nerve autograph presents 

several important issues (e.g site morbidity), it stills considered the “gold standard” 

treatment for these cases.1 As alternative, polymeric nerve guide tubes have been proposed 

for bridging longer gaps. In this work, hollow tubes using dextran based materials were 

prepared and characterized. A PCL based co-macromonomer was added to the formulations 

to tailor the properties of the tubes. The tubes were obtained by photocrosslinking under 

UV light using quartz molds. 

The morphology of both inner and outer surfaces of the tubes was studied through SEM. 

The images obtained revealed a relatively smooth surface, suggesting a highly compact 

structure. The permeability of the tubes was varied using D-mannitol as porogenic agent 

during photocrosslinking.  

Swelling capacity tests revealed percentages of swelling in a range between 40-60% 

without visible constriction of the inner diameter of the tubes. In vitro hydrolytic 

degradation tests carried out in phosphate buffered saline solution (PBS, pH=7.4), at 37 ºC, 

showed that after six months the tubes maintain their structural integrity.  

Tensile strength tests showed that materials present a visco-elastic behavior. The elongation 

at break was around 60% for maximum loads between 2.2-2.4N. The ability to handle 

suturing was proved since no cracks appeared once the tube was perforated by the suture 

needle. 

The tubes presented a set of characteristics in what concerns swelling capacity, degradation 

rate and suture handling, which suggest that they could be considered interesting materials 

to be used in peripheral nerve regeneration. 

 

 

4.2 INTRODUCTION 

Peripheral nerve injuries are quite common in Europe and can be a consequence of 

industrial or motor vehicle accidents, tumor damage, neurosurgery side effects, among 

other causes.2 Although the peripheral nerve system has the ability to regenerate by itself 

without external aid, often this process is incomplete. Consequently, both motor and 
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sensory nerves cannot fully recover their function, which may result in permanent 

disability.3 To improve this process of regeneration, many alternatives have been studied. 

Nevertheless, the nerve autograph is still nowadays, the gold standard because it presents 

the most promising results for larger gaps (>10cm).4,5 However, this technique presents 

important disadvantages as site morbidity and the need of extra surgeries. In order to 

circumvent these issues artificial conduits or nerve guides based on polymeric materials 

have been proposed.6 

With respect to synthetic polymers, both non-biodegradable and biodegradable materials 

have been used. The main problem associated to non-biodegradable polymers is the 

difficulty in clearance of the material by the body even when the nerve is fully recovered, 

increasing the possibility of nerve compression during the regeneration process7. This fact 

leads to need of a second surgery to remove the material due to excess of scar tissue.8 For 

this reason biodegradable polymers as poly (glycolic acid) (PGA), poly (lactic-co-glycolic 

acid) (PLGA), poly (ε-caprolactone) (PCL) and poly (DL-lactide-co-caprolactone) 

(P(DLLA-co-CL)) are preferred due to natural elimination by the body. However, since the 

majority are polyesters, their degradation led to the acidification of the surrounding 

tissues.9,10 In the case of PCL and its conjugates, another difficulty concerns its very slow 

degradability rate in biological conditions.11,12 

Natural polymers such as collagen13,14, chitosan15-19, alginate20,21, poly(3-hydroxybutyrate) 

(PHB)6,22 and poly(2-hydroxybutyrate-co-hydroxyvalerate) (PHBV)23,24 have good 

biocompatibility but poor mechanical properties, which have driven researchers to find 

strategies to overcome this issue2, such as: combination with synthetic polymers14,19,23 and 

creation of crosslinked materials.15,16 As an example, chitosan is frequently combined with 

synthetic polymers as PLA.19 The nerve conduits prepared were biodegradable, permeable 

and provided a suitable mechanical support for nerve regeneration. However, the observed 

axon regeneration was inferior to the autograph approach.19 

FDA has approved several products mostly made of collagen and PCL. The most used ones 

are nerve conduits as NeuraGen® made of Collagen Type I and Neurolac® composed by 

P(DLLA-co-CL). Unfortunately, their use is limited to nerve gaps between 18-20mm.25 

Also, their degradation ratios are not appropriate being too fast, in the case of the collagen 

based materials (4-8 months), or too slow in the case of Neurolac® (16 months).26 Due to 

the aforementioned limitations, their global performance is considered satisfactory but stills 

inferior compared with the nerve autographs.26  
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Dextran is a biocompatible material approved by FDA, which is already used as core 

material of several biomedical formulations as hydrogels and nanoparticles for drug 

delivery27-31.  

To the best of our knowledge, this is the first study involving the preparation of dextran-

based nerve guide conduits/tubes. In this work, nerve guide tubes were prepared using 

dextran based formulations with the addition of a PCL based co-macromonomer in order 

to tailor the final properties of the tube. The morphology of the inner and outer surfaces of 

the tubes was assessed by scanning electron microscopy (SEM). The swelling capacity and 

hydrolytic degradation ratio were also determined. The mechanical properties were 

evaluated after tensile strength tests.  

 

4.3 EXPERIMENTAL SECTION 

 

4.3.1 Materials 

Dextran (Mw=70000 g/mol), D-mannitol, 1-vinyl-2-pyrrolidinone (NVP), lysozyme and 

PBS tablets were purchased from Sigma Aldrich (St. Louis, Missouri, USA). Glycidyl 

methacrylate (GMA) and triethylamine (TEA), was purchased from Acros Organics (Geel, 

Belgium). 4-Dimethylaminopyridine (DMAP), 2-Isocyanatoethyl Methacrylate (IEMA) 

were acquired from TCI Europe (Zwijndrecht, Belgium) and dimethyl sulfoxide (DMSO) 

from Fisher Scientific (Hampton, New Hampshire, USA). Dibutyltin dilaurate was 

purchased from Fluka (St. Louis, Missouri, USA). Tetrahydrofuran (THF) was obtained 

from VWR (Radnor, Pennsylvania, USA) and n-hexane was obtained from José Manuel 

Gomes dos Santos, Lda (Odivelas, Portugal). Poly(ɛ-caprolactone) diol (CapaTM 2054; 

Mw=550 g/mol) was kindly offered by Perstorp (Warrington, UK). Irgacure 2959® was 

gently supplied by Ciba Specialty Chemicals (Basel, Switzerland). Sodium azide was 

purchased from Panreac (Barcelona, Spain).  
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4.3.2 Preparation of the tubes 

The synthesis procedures and characterization of the precursors that were used in 

formulations for the preparation of the tubes, were already described in Sections 2.3.2, 2.4.1 

and 2.4.2 of the Chapter 2 of this thesis. 

Dextran modified with GMA and PCL-dimethacrylate were dissolved in DMSO, using the 

formulations presented in Table 4.1. After the complete dissolution of the precursors, the 

photoinitiator Irgacure 2959® (0.5% w/w relatively to the amount of modified dextran and 

PCL-dimethacrylate which corresponds to 0.0025g) was added. Also, in some 

formulations, besides Irgacure 2959®, triethylamine (TEA) and N-Vinylpyrrolidone (NVP) 

(in catalytic amounts) were also added aiming to reduce the photocrosslinking time.32  

For the formulations showing most promising results, D-mannitol was added to the mixture 

in order to create porous within the structure. The amounts tested were 20%, 35% and 

50%wt of the tube formulation which translates in 0.08, 0.14 and 0.2g of material. D-

Mannitol was added to the formulation after the solubilization of the precursors, followed 

by the addition of Irgacure 2959. The solution was placed into a mold composed of a quartz 

tube with a stainless steel rod inside. In order to achieve the same dimensions as commercial 

product Neurolac® (innerD=2.5mm; outerD=1.5mm), two quartz tubes (6 and 7mm 

outerD) combined with two different stainless steel rods (1.5 and 2.5mm diameter) were 

tested. The solutions were placed between the quartz tube and the stainless steel rod. A 

scheme of the mold is presented in Figure 4.1.  

 

 

Figure 4.1 Mold used for tube preparation. 

 



Chapter 4 

145 

 

The mold with solutions was left to photocrosslink in a UV chamber (Model BS-02, from 

Dr. Gröbel, UV-Electronik GmbH, with a wavelength of 280 nm), for 20 minutes. After 

that time, the material was demolded and left in absorbent paper for 2 days to eliminate the 

excess DMSO. Then, tubes were washed with Milli-Q water in order to remove the DMSO. 

In the case of the formulations with D-mannitol, after the polymerization, the resulting 

tubes were immersed in distilled water and left in an oven at 37ºC for 3 days, to remove D-

mannitol. Then, these tubes were washed with Milli-Q water for 7 days. 

The tubes were dried under vacuum, at 40ºC. After the drying process, segments of tubes 

with 1cm were cut for characterization.  
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Table 4.1 Formulation for the preparation of tubes. 

Designation Modified Dextran PCL_IEMA DMSO TEA/NVP D-Mann 

T_GMA24(0.2)_PCL(0.2) 
0.2g 

P_LMW_GMA24 
0.2g 2mL ---- ---- 

T_GMA24(0.2)_PCL(0.2)_2 
0.2g 

P_LMW_GMA24 
0.2g 2mL �  ---- 

T_GMA24(0.2)_PCL(0.2)_3 
0.2g 

P_LMW_GMA24 
0.2g 1mL ---- ---- 

T_GMA24(0.2)_PCL(0.2)_4 
0.2g 

P_LMW_GMA24 
0.2g 1mL �  ---- 

T_GMA8(0.2)_PCL(0.2) 
0.2g 

P_LMW_GMA8 
0.2g 2mL ---- ---- 

T_GMA8(0.2)_PCL(0.2)_2 
0.2g 

P_LMW_GMA8 
0.2g 2mL �  ---- 

T_GMA8(0.2)_PCL(0.2)_3 
0.2g 

P_LMW_GMA8 
0.2g 1mL ---- ---- 

T_GMA8(0.2)_PCL(0.2)_4 
0.2g 

P_LMW_GMA8 
0.2g 1mL �  ---- 

T_GMA24(0.1)_PCL(0.3) 
0.1g 

P_LMW_GMA24 
0.3g 2mL ---- ---- 

T_GMA24(0.1)_PCL(0.3)_2 
0.1g 

P_LMW_GMA24 
0.3g 2mL �  ---- 

T_GMA24(0.1)_PCL(0.3)_3 
0.1g 

P_LMW_GMA24 
0.3g 1mL ---- ---- 

T_GMA24(0.1)_PCL(0.3)_4 
0.1g 

P_LMW_GMA24 
0.3g 1mL �  ---- 

T_GMA8(0.1)_PCL(0.3) 
0.1g 

P_LMW_GMA8 
0.3g 2mL ---- ---- 

T_GMA8(0.1)_PCL(0.3)_M20 
0.1g 

P_LMW_GMA8 
0.3g 2mL ---- 0.08g 

T_GMA8(0.1)_PCL(0.3)_M35 
0.1g 

P_LMW_GMA8 
0.3g 2mL ---- 0.14g 

T_GMA8(0.1)_PCL(0.3)_M50 
0.1g 

P_LMW_GMA8 
0.3g 2mL ---- 0.20g 

T_GMA8(0.1)_PCL(0.3)_2 
0.1g 

P_LMW_GMA8 
0.3g 2mL �  ---- 

T_GMA8(0.1)_PCL(0.3)_3 
0.1g 

P_LMW_GMA8 
0.3g 1mL ---- ---- 

T_GMA8(0.1)_PCL(0.3)_4 
0.1g 

P_LMW_GMA8 
0.3g 1mL �  ---- 

 

4.3.3 Characterization Techniques 

Shrinkage Studies 

The differences between the dimensions of the tubes in the dry and wet state were evaluated 

through the percentage of shrinkage. The dimensions evaluated were the length of the tube 



Chapter 4 

147 

 

and both inner and outer diameter. The equation used to calculate this parameter is 

presented in equation 4.1. 

                    %	�ℎ����	
� =

��	�������������	���������


��	���������
× 100                     eq 4.1 

The dry dimension is related to the measurements done after drying the tubes under vacuum 

and wet dimension is the measurement done after water wash. 

 

Scanning Electron Microscopy 

Scanning electron microcopies of the surface and transversal cut of the prepared tubes were 

obtained using a JOEL XL30 equipment, with Energy Dispersive Spectrometry system 

(EDS) from EDAX. The observations were conducted with a beam acceleration voltage of 

10kV. All samples were coated with a thin layer of gold, using the sputtering technique. 

Samples were coated for 60 seconds with the help of an EDWARDS EXC 120 sputtering 

equipment, with a power source Huttinger PFG 1500 DC. The sputtering conditions were: 

P=0,11KW; V=1000V and I=1,83 A.  

 

Swelling Capacity 

The swelling capacity of tubes (L x ID x OD: 10 mm x 1.5 mm x 2.5 mm) was measured 

in PBS (pH=7.4), at 37 ºC. Dried samples with a known dried weight were immersed in 

5mL of PBS until the swelling equilibrium was achieved. At predetermined times, the 

samples were taken out from the PBS, and the surface water gently blotted using a filter 

paper. The swollen samples were then weighted and the swelling capacity was calculated 

using the equation 4.2 

�������
	�	 	!�"#	(%) =

&�
'


'
× 100                 eq 4.2 

Where (� is the weight of the swollen samples and (� is the weight of the dried samples 

before the immersion in PBS. The measurements were conducted in triplicate. 
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In vitro hydrolytic degradation  

In vitro hydrolytic degradation tests were performed in PBS (pH=7.4, 0.01M) with 2%wt 

of sodium azide. Dried tubes with 1cm length, 1.50mm inner diameter and 2.50mm outer 

diameter with known weight were immersed in the PBS solution, at 37ºC, during 30 days. 

At predetermined times, the tubes were removed from PBS and rinsed three times with 

distilled water. Then, the tubes were dried in two step process: first the samples were dried 

under vacuum at room temperature for a week, and then dried at 50ºC until the stabilization 

of their weight. 

 The degree of degradation was calculated according to the equation 4.3 

(��
ℎ"	)*++	(%) =

,�
-


,
× 100                             eq 4.3 

Where (. is the initial weight of the dry sample before immersion, and (� is the dry sample 

weight after incubation for t days. The measurements were carried out in triplicate. 

 

Tensile tests 

All tubes used in the tensile tests were hydrated in PBS (pH=7.4, 0.01M) overnight to reach 

the maximum swelling capacity, in an attempt to mimic biologic conditions. The equipment 

used was the Autograph AG-X from Shimadzu with a maximum load of 5kN. The tests 

were performed at three different displacement rates (0.03, 0.08, 0.15mm/s). The tests were 

stopped when the force achieved the value of 1N. For the rupture test, a test speed of 

0.08mm/s (5mm/min) was used33. The length of the section tested was 2.5mm. Data 

collection and analysis was performed in Trapezium X software. 

 

Preliminary Suture Test 

The ability of the tubes to be sutured without cracking was evaluated using a 7/0 

monofilament nylon. Each tube was left to hydrate for 1 hour in PBS (pH=7.4, 0.01M). 

After that time, the tube was successively punctured to mimic the suture with the nerve.  
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4.4 RESULTS AND DISCUSSION 

Taking into consideration the results of swelling capacity, in vitro and in vivo degradation 

and performance, obtained in Chapter 2 and Chapter 3 of the present work, the following 

materials were considered for the tube preparation: M_LMW_GMA8(0.2)_PCL(0.2); 

M_LMW_GMA24(0.2)_PCL(0.2); M_LMW_GMA8(0.1)_PCL(0.3) and 

M_LMW_GMA24(0.1)_PCL(0.3). During this work, some modifications and 

optimizations were made to the previously described formulations. In addition, new 

materials were used to achieve the tube conformation during the photocrosslinking. The 

next subsections intend to describe these changes. 

Formulations 

The precursors used for the preparation of the tubes were P_LMW_GMA8 and 

P_LMW_GMA24. Briefly, the only difference between them is the degree of substitution 

(DS) which is around 31-34% for P_LMW_GMA8 and 44-48% for P_LMW_GMA24. 

PCL was modified with IEMA and added as a co-macromonomer, as previously reported. 

Based on previously results, Irgacure 2959® was used as photoinitiatior. In certain 

experiments (table 4.1), catalytic amounts of TEA and NVP were added.  

The porosity and permeability of tubes for this application are particular important.34 A 

permeable tube can allow the exchange of nutrients, which have a positive effect on nerve 

regrowth.35 For this reason, D-mannitol was used as porogenic agent due to previously 

reported promising results of the addition of this compound in the case of hydrogels for 

stem cell differentiation.36  

Materials used in the mold for photocrosslinking 

Since the radiation used was UV light, quartz was used for the external tube material, to 

enhance the penetration of the radiation. With this type of material it is possible to reach, 

the complete polymerization of the formulation in 20 min compared with 2 hours if glass 

molds are used. 

To create a lumen inside the tubes, a stainless steel rod was added to the mold. This material 

was chosen based on its ability to avoid the formation of passive layers on its surface and 

consequent oxidation. Furthermore, to facilitate the demolding process after crosslinking, 
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the rod was polished using four different sandpapers (200, 800, 1200 and 2000). With this 

process, the surface of the rod became smoother and with a horizontal line pattern. Figure 

4.2 illustrates the final mold. 

 

Figure 4.2 Mold used for tube conformation: Stainless steel rod inside of a quartz tube. 

 

Purification of the samples 

After completing the crosslinking stage, samples were demolded from the quartz tube. 

Then, they were put in water to remove the DMSO of the structure. Nevertheless, once the 

tubes were immersed in water, cracks started to appear on their surface. After several 

attempts to avoid this problem, we concluded that it may be the sudden solvent change 

(DMSO to water) that was responsible for the appearance of the cracks. Hence tubes were 

first left to rest in absorbent paper for 2 days to allow DMSO to get out from structure and 

then start the contact with water to complete eliminate the DMSO. After that procedure, no 

more cracks were observed, with the exception of some formulations based on 

P_LMW_GMA24. This phenomenon may be attributed to quick migration of DMSO from 

the structure of the tube.  
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4.4.1 Optimization of the dimensions of the tubes 

It is reported that the dimensions of the commercial product Neurolac® are ideal for the 

implantation on the rat sciatic nerve.37 This arises from the fact that Neurolac® has been 

successfully used in in vivo models presenting no limitations concerning dimensions.37 

Also, this product is FDA approved and commercially available, being the only reported 

disadvantages related to the degradability. For this reason, in this work, the prepared tubes 

had the same dimensions as Neurolac® (1.5 mm for inner diameter with a wall thickness of 

1mm in the dry state). Due to hydrophilic nature of dextran relevant changes of dimensions 

between the dry state and wet state could be observed. These variations were studied for 

tubes using different formulations. 

Two quartz tubes, with inner diameter of 4mm and 5mm were tested with two stainless 

steel rods with diameter of 1.5mm and 2.5mm, respectively. A scheme of the combined 

components of the molds tested in presented in Figure 4.3. 

 

Figure 4.3 Scheme of the view from the top of molds used with the dimensions of the 

components.  

Several attempts with changes in reaction parameters such as kind of photoinitiator, type 

and time of irradiation, inner mold material and relative dimensions of the mold 

components were performed. The best results were obtained for the quartz tube with 5mm 

of inner diameter with a 2.5mm diameter stainless-steel rod. 

The shrinkage percentages were obtained through the difference between the value of the 

measure obtained in wet state and dry state for tubes prepared (Table 4.1) with the 2.5 mm 

rod (Table 4.2).  
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Table 4.2 Shrinkage percentage of the prepared tubes with the mold with a 2.5 mm rod 

where L refers to length, ID is related to inner diameter and OD is outer diameter. 

 Wet tube (mm) Dry tube (mm) Shrinkage (%) 

Designation L ID OD L ID OD L ID OD 

T_GMA24(0.2)_PCL(0.2) 65.0 2.5 5.0 35.0 1.0 2.6 46.2 60.0 48.0 

T_GMA24(0.2)_PCL(0.2)_2 48.0 2.5 5.0 29.0 1.3 2.8 39.6 47.2 44.6 

T_GMA24(0.2)_PCL(0.2)_3 22.0 2.5 5.0 15.0 1.1 2.7 31.8 58.0 46.2 

T_GMA24(0.2)_PCL(0.2)_4 26.0 2.5 5.0 16.0 1.1 2.7 38.5 55.2 45.4 

T_GMA8(0.2)_PCL(0.2) 63.0 2.5 5.0 35.0 1.1 2.6 44.4 56.0 47.4 

T_GMA8(0.2)_PCL(0.2)_2 64.0 2.5 5.0 37.0 1.2 2.8 42.2 53.2 45.0 

T_GMA8(0.2)_PCL(0.2)_3 33.0 2.5 5.0 20.0 1.2 3.1 39.4 51.2 38.4 

T_GMA8(0.2)_PCL(0.2)_4 68.0 2.5 5.0 45.0 1.4 3.2 33.8 46.0 35.6 

T_GMA24(0.1)_PCL(0.3) 52.0 2.5 5.0 28.0 1.1 2.6 46.2 56.4 47.4 

T_GMA24(0.1)_PCL(0.3)_2 64.0 2.5 5.0 16.0 1.1 2.7 75.0 54.4 46.8 

T_GMA24(0.1)_PCL(0.3)_3 60.0 2.5 5.0 38.0 1.3 3.1 36.7 48.4 38.2 

T_GMA24(0.1)_PCL(0.3)_4 74.0 2.5 5.0 50.0 1.4 3.2 32.4 44.8 36.0 

T_GMA8(0.1)_PCL(0.3) 70.0 2.5 5.0 36.0 1.4 2.6 48.6 44.4 48.8 

T_GMA8(0.1)_PCL(0.3)_2 82.5 2.5 5.0 45.0 1.12 2.6 45.5 54.0 47.8 

T_GMA8(0.1)_PCL(0.3)_3 78.0 2.5 5.0 50.0 1.3 3.1 35.9 46.4 39.0 

T_GMA8(0.1)_PCL(0.3)_4 55.0 2.5 5.0 36.0 1.4 3.2 34.6 44.4 37.0 

For composition of formulation, see table 4.1 

It was concluded that the tubes with closer dimensions to expected ones (ID=1.5mm; 

OD=2.5 mm in the dry state) were T_GMA8(0.1)_PCL(0.3) and 

T_GMA8(0.1)_PCL(0.3)_2. These tubes present shrinkage percentages around 50%. Both 

tubes were quite similar with no visual cracking. Moreover, in comparison with the tubes 
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resulting from the other formulations, these two proved to be much more flexible and are 

more transparent. It is also worth to note that the demolding process of these tubes was also 

smoother and easier. 

As indicated in Table 4.1, the only difference between these two formulations is the 

incorporation of the TEA/NVP system. In literature, it is reported that TEA (a co-initiator) 

is typically combined with NVP in order to accelerate the polymerization process.38 Also, 

some studies show promising results using this system with visible light, for scaffolds with 

peptides and in contact with cells.32,39 In our case, no changes in the polymerization time 

or quality of final products were observed. Subsequently, the tube chosen for being 

characterized was T_GMA8(0.1)_PCL(0.3). Figure 4.4 presents a photo of the tube. 

 

 

Figure 4.4 Tube T_GMA8(0.1)_PCL(0.3). 

  

In the following sections, only the characterization of T_GMA8(0.1)_PCL(0.3) will be 

presented due to the aforementioned reasons. D-mannitol was only added to this mixture. 
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4.4.2 Morphology of the tubes 

The microstructure of the prepared tubes with formulation T_GMA8(0.1)_PCL(0.3) was 

evaluated with scanning electron microscopy (Figure 4.5).  

 

Figure 4.5 Micrograph of the surface of the tube T_GMA8(0.1)_PCL(0.3). Magnification 

954x(right) and 1879x (left). 

 

The micrographies presented in Figure 4.5 suggest that the outer surface of 

T_GMA8(0.1)_PCL(0.3) is smooth showing no pores or small cracks along the structure. 

Besides, in the micrograph of the left, with higher magnification, it can be observed that 

the pattern of the surface is quite regular. Therefore, the surfaces can be considered to be 

compact with no accentuated roughness. In order to get porous surfaces D-mannitol was 

incorporated into formulation of T_GMA8(0.1)_PCL(0.3) in different amounts (20%, 35% 

and 50% w). Figure 4.6 presents the micrographs obtained for the corresponding tubes. 
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Figure 4.6 Micrographs of T_GMA8(0.1)_PCL(0.3) with different amounts (% wt) of D-

Mannitol. 

The micrographies presented in Figure 4.6 clearly reveal that the only formulation where it 

is possible to observe the existence of pores is the one with 50% wt D-mannitol. The size 

of these pores varies between 20-100µm. However, pores do not seem to cross the tube 

section, as desired. Nevertheless, these pores could be preferential sites of degradation, 

which can enhance the permeability of the tube over time. With the increase of 

permeability, nutrients and oxygen may be exchanged between the lumen of the tube and 

the media. Thus, the drainage of nerve wound exudates will be also facilitated. 

In order to evaluate the performance of another porogenic agent, sodium chloride and 

sodium carbonate were also tested. The first one was impossible to solubilize in the 

mixture, and therefore, it was not possible to prepare tubes. Regarding sodium carbonate, 

the amount used was 35% wt. The quantity of 20%wt was not tested because, in the case 

of D-mannitol, no pores were observed. In addition, it was not possible to prepare the 

formulation with 50% wt of sodium carbonate because it was not possible to achieve 

complete solubilization. The micrographs obtained are shown in Figure 4.7. 
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Figure 4.7 Micrographs obtained for T_GMA8(0.1)_PCL(0.3) with 35% wt of sodium 

carbonate. 

 

The micrograph of the outer surface of the tube suggests that the structure has higher 

porosity, in comparison to the result obtained with D-Mannitol. However, the pore size 

measured is around 10-20µm, which can be too small for the exchange of compounds from 

the inside of the tube towards the outside. Moreover, the inner surface seems to be more 

compact than the outer surface. This could indicate that pores are mostly located in the 

outer surface of the tube. This fact is confirmed by the transversal cut where it is possible 

to observe that the pores are mostly situated in the outer surface, and gradually disappear 

towards the inner surface.  

As mentioned before, the porosity and permeability of tubes for peripheral nerve 

regeneration, although controversial, are quite important. It is reported that permeable tubes 

allow the exchange of nutrients and oxygen, allow the drainage of the tube and also, allow 

the vascularization inside the tube.40 All these factors have shown to have an important role 

on the enhancement of nerve regeneration.40 Yet, bigger pores may allow the infiltration of 

fibrous tissue, which could jeopardize the regeneration process.35 In our work, it would be 

desirable to have interconnective pores which crossed the tube structure. Unfortunately, 

with both porogenic agents, it was not possible to achieve that kind pores. For D-mannitol, 

some pores in the structure can be seen, most of them with sizes between 10-30µm, which 

are reported to be preferential as they not allow the infiltration of fibrous tissue. On the 

contrary, for sodium carbonate, the structure presents many pores that are not evenly 

distributed over the structure. This may be due to the position in which the tube is 

constructed. The tubes were crosslinked horizontally, and therefore, a higher amount of 

sodium carbonate may have deposit in the side that was faced down during the 

polymerization. Therefore, the presence of pores starts to decrease from that side to the top 
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of the tube. Due to this inconsistency, the tube with 50% wt of D-mannitol was considered 

to be more appropriate for the final application.  

From this point of the work, the tubes that will be characterized in further studies are 

T_GMA8(0.1)_PCL(0.3) and T_GMA8(0.1)_PCL(0.3) with 50% wt of D-Mannitol, which 

will receive the designation of T_GMA8(0.1)_PCL(0.3)_M50. 

In order to measure the degree of porosity of T_GMA8(0.1)_PCL(0.3)_M50 and compare 

with T_GMA8(0.1)_PCL(0.3), mercury porosimetry was performed. Both tubes were 

subject to 3 independent experiments. The plots obtained by this technique are presented 

in Figure C1. 

The degree of porosity calculated for the porous tube was almost the same (ca. 3%) as the 

value obtained for the normal tube (approximately 2-3% degree of porosity). However, 

SEM micrographs show clearly that T_GMA8(0.1)_PCL(0.3) has no pores, in contrast with 

the porous tube. The reason for these values may be in the fact that before measurements, 

all tubes had to be dried. During this stage, the pore structure could have collapsed, resulting 

in a denser structure than the original one. Since no conclusions were taken from this 

technique, it was not possible to quantity the degree of porosity of 

T_GMA8(0.1)_PCL(0.3)_M(50). 

 

4.4.3 Swelling Capacity of the tubes 

Swelling capacity of both T_GMA8(0.1)_PCL(0.3) and T_GMA8(0.1)_PCL(0.3)_M50 

was evaluated in PBS (pH=7.4), at 37ºC. The evaluation of the swelling capacity of the 

tubes is critical for using these materials in regenerative medicine. If significant changes in 

the dimensions of the tube occur, nerve constriction could occur, which have a negative 

effect on the regeneration process. Figure 4.8 presents the results of swelling capacity of 

T_GMA8(0.1)_PCL(0.3) and T_GMA8(0.1)_PCL(0.3)_M50. 
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Figure 4.8 Swelling Capacity of the tube T_GMA8(0.1)_PCL(0.3) and 

T_GMA8(0.1)_PCL(0.3)_M50. 

 

The results show that the swelling capacity of the tubes stabilizes approximately after 4-5 

hours of immersion. T_GMA8(0.1)_PCL(0.3) presents a swelling capacity around 40%, 

while the value obtained for T_GMA8(0.1)_PCL(0.3)_M50 is ca. 60%. This difference 

was expected since it is known that porous structures have more ability to swell in 

comparison with more compact structures.41 Since the degree of porosity of the porous tube 

could not be assessed, the difference in the swelling capacity may not be only attributed to 

the presence of pores. One of the parameters that directly influence the swelling capacity 

is the crosslinking density.42,43 Furthermore, the use of a porogenic agent could affect the 

crosslinking process, leading to a different crosslinked structure, which results in a structure 

with more free space between chains.36 With the increase of free space, the ability to swell 

of the final material also increases. The combination of these two facts may have influenced 

the swelling capacity of the tubes.  

 

On the other hand, T_GMA8(0.1)_PCL(0.3) presents lower swelling capacity (40%) when 

compared with the previous membranes prepared in Chapter2 (over 50% for 

M_GMA8(0.1)_PCL(0.3) formulation). This result can indicate that the conformation of 

the materials has influence in their interaction with the surrounded media.44 

In order to evaluate the influence of the immersion on PBS would have in the final inner 

diameter of the tubes, pictures were taken after this experiment, in dark light. Figure 4.9 

shows the pictures taken before and after swelling capacity measurements. 
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Figure 4.9 Dark light images of T_GMA8(0.1)_PCL(0.3)_M50: a) before swelling; b) after 

swelling. Scale bar: 1.0 mm. 

In the dark light images is clear that the dimension of the inner diameter of tube is not 

compromised after swelling equilibrium is achieved. Likewise, the inner diameter 

increases, which will be useful for implantation purposes. An ideal swelling capacity value 

for these kind of biomedical devices is not defined. In turn, it is reported that swelling 

should be limited, in order to avoid nerve constriction. 45,46 In our case, since the lumen 

does not compress, this result is very relevant. 

 

 

4.4.4 In Vitro hydrolytic degradation of tubes 

The in vitro hydrolytic degradation of the tubes, under simulated physiological conditions 

(PBS, pH=7.4, 37ºC) was studied. Figure 4.10 presents the weight loss profiles of the tubes. 
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Figure 4.10 Weight Loss of T_GMA8(0.1)_PCL(0.3) and T_GMA8(0.1)_PCL(0.3)_M50. 

 

Figure 4.10 shows that after 180 days, it is possible to see that T_GMA8(0.1)_PCL(0.3) 

lost around 16% of its mass, and T_GMA8(0.1)_PCL(0.3)_M50 lost around 13%. Both 

profiles indicate that both tubes can degrade consecutively with no significant alterations 

on the degradation rates until 100 days. After that, a different profile is observed, showing 

T_GMA8(0.1)_PCL(0.3)_M50 higher degradation. These results are in agreement with the 

previous values obtained for swelling capacity.47,48,49 In this case, since swelling capacity 

measurements indicated that T_GMA8(0.1)_PCL(0.3)_M50 had a less crosslinking 

structure, it was expected that it would have a faster degradation rate in comparison with 

T_GMA8(0.1)_PCL(0.3). Additionally, the existence of pores facilitates the degradation 

of the tube, since they represent preferential sites of degradation. 

This is an excellent indicator since for the final application, tubes should degrade along 

with the regeneration of the nerve. With a smoother process, the possibility of rejection by 

the body decreases.50 

 

4.4.5 Mechanical tests 

The mechanical properties of T_GMA8(0.1)_PCL(0.3) and 

T_GMA8(0.1)_PCL(0.3)_M50 were assessed by tensile strength evaluation.  

Both tubes were left to swell overnight before tests. The mechanical tests were carried out 

at three stretching rates, until a maximum load of 1N. Ultimate tensile strength, elongation 
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at break and calculation of Young Modulus were made for 0.08mm/s stretching rate until 

tube fracture. These results are shown in Figure 4.11. 

 

 

Figure 4.11 Stress-strain behavior of a) T_GMA8(0.1)_PCL(0.3); and b) 

T_GMA8(0.1)_PCL(0.3)_M50 with three different test speed. 

  

Figure 4.11 shows that with the increase of the rate of the applied load, both tubes display 

a variation of the Young’s modulus. This behavior was already expected since it is reported 

in literature that this parameter is dependent of the test speed.51 This dependency arises 

from the fact that the deformation of a polymer, during a tensile test, is controlled by the 

entanglements of the network chains.52 For higher rates, the network has less time to 

reorganize their uncrosslinked segments, which will result in higher resistance to 

deformation that is translated in higher Young modulus’ values. On the other hand, for 

lower test speed, the chains have more time to reorganize the network before entering in 

the plastic domain. Additionally, a polymers’ deformation is affected by the energy 

expended during plastic deformation, which is mostly dissipated as heat.53 Regarding 

higher speeds, this influence is even more accentuated due to its association with adiabatic 

drawing.54 This means that concerning these conditions, the dissipation of heat is lower 

compared with lower speeds, which, in contrary, are associated with isotherm drawing.54 

Hence, for higher speeds, as the energy is not so effectively dissipated, there is the need of 

higher load to achieve the same strain rates verified for lower speeds. Consequently, with 

the decrease of test speeds, polymers present a more elastic behavior, leading to lower 

Young modulus values. 
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To evaluate the fracture behavior of the tubes, the tensile tests were performed with a 

loading rate of 0.08 mm/s. The tests were only interrupted by the fracture of the tube. The 

results obtained are shown in Figure 4.12. 

 

 

Figure 4.12 Stress-strain behavior until fracture at 0.08 mm/s of a) 

T_GMA8(0.1)_PCL(0.3); and b) T_GMA8(0.1)_PCL(0.3)_M50.  

 

The stress-strain curve of both tubes shown that regarding the elongation at break, they 

present values higher than 60%. Moreover, the maximum stress that both tubes can handle 

before fracture is quite similar, being their values between 0.64-0.67MPa. Table 4.3 

presents the values calculated for both tubes. 

 

Table 4.3 Calculated mechanical properties of T_GMA8(0.1)_PCL(0.3) and 

T_GMA8(0.1)_PCL(0.3)_M50 

 
Ultimate tensile 

strength (MPa) 

Elongation at 

break (%) 

T_GMA8(0.1)_PCL(0.3) 0.64 ± 0.14 63.36 ± 1.38 

T_GMA8(0.1)_PCL(0.3)_M50 0.65 ± 0.07 65.74 ± 4.35 

 

Table 4.3 shows that in what concerns the values at fracture, both tubes present very similar 

results. Actually, the results of elongation at break are very close to the one reported in 

literature, for an intact human nerve (≈ 61%).46 The ultimate tensile strength obtained, in 
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turn, is lower than the reported for the same nerve.46 However, the human nerve values 

were obtained in a test with a displacement rate of 0.05mm/s, which means that these values 

should be evaluated critically. These results are promising since high elongation at break 

helps the tube to withstand the mechanical forces from adjacent muscles.15  

For T_GMA8(0.1)_PCL(0.3)_M50, in the middle of the plastic domain curve, there is a 

zone where the curve does not increase consistently, which means that for achieving that 

for specific elongation, less stress was needed. This might be related to some relaxation of 

the tube, where the polymer network could rearrange its chains in order to absorb the stress 

more efficiently. 

On the other hand, for very lower stress values (until 2% elongation) the tubes present 

distinct behaviors (Figure 4.13). In what concerns the porous tube (b), an initial slope 

corresponding to an apparent elastic phase can be observed followed by the beginning of 

the plastic domain. From the non porous tube (a) it is not possible to identify a clear elastic 

zone. For this reason, and in order to evaluate the tensile stress and the Young modulus, 

the derivative of the corresponding curves was also calculated (Figure 4.13).  

 

Figure 4.13 Stress/strain curves and respective derivatives of a) T_GMA8(0.1)_PCL(0.3); 

and b) T_GMA8(0.1)_PCL(0.3)_M50. 

 

In the case of T_GMA8(0.1)_PCL(0.3)_M50, the linear elastic region is easily identified 

by the constant values of the derivative. For T_GMA8(0.1)_PCL(0.3), the derivative do 

not show constant values and hence it is not possible to clearly identify the corresponding 

elastic domain. For this analysis it will be important consider that the tubes were analyzed 
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in their hydrated forms which could give to materials singular characteristics due to the 

plastifying effect of the water molecules. These results are derived from several replications 

and not from a single experiment. When the stress is applied, there are no chains to unroll, 

which causes the early break of them, with the cleavage of the bonds that have less bond 

energy. For this reason, it would be expected that both tubes presented similar elastic 

domains profiles. However, the porous tube clearly presents a region, which corresponds 

to elastic deformation. The higher elastic region of T_GMA8(0.1)_PCL(0.3)_M50 may be 

related to its less crosslinked structure, discussed in the previous section (4.4.5 Swelling 

Capacity). 

For this reason, only for the porous tube, the Young Modulus was calculated with the 

derivative method. The non-porous material present a small region at the beginning of the 

stress-strain curve (marked in Figure 4.13 a)), that could be considered to have elastic 

behavior and 2 point were considered for the calculation the Young Modulus using the 

secant approximation. For comparison purposes, same points were considered for the 

porous material. The two points selected correspond to 0.11% and 0.17% of elongation, for 

both tubes. Table 4.4 present the values of Young modulus calculated with both methods.  

 

Table 4.4 Calculated Young Modulus of T_GMA8(0.1)_PCL(0.3) and 

T_GMA8(0.1)_PCL(0.3)_M50 with the derivative method and secant method. 

 Young Modulus (MPa) 

 Derivative Method Secant Method 

T_GMA8(0.1)_PCL(0.3) ------ 0.12 ± 0.10 

T_GMA8(0.1)_PCL(0.3)_M50 0.14 ± 0.05 0.13 ± 0.05 

 

With the method of secant, it was possible to calculate and compare the Young modulus of 

both tubes. The values obtained are quite similar, which suggests that, in this case, the 

presence of porosity does not affect the mechanical properties of the tubes. 
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In the context of the application of these tubes, it is important that the mechanical properties 

of the nerve guide conduit does not overmatch the nerve.55 Generally, it is difficult to 

compare the values of the tensile strength tests obtained from the literature. This problem 

arises from the fact that there are no conventions or ISO Norms, for testing small cylinders 

with an open lumen. In our study, the observed values for the Young modulus are 

significantly lower than the ones reported in the literature for human tibial nerve (15.87MPa 

for a measure rate of 0.05mm/s).56 Furthermore, in the literature, there are already some 

studies concerning tubes prepared with crosslinked chitosan where it was possible to obtain 

Young Modulus’ values between 3-16MPa showing promising results when tested in 

vitro.15,57 Although the calculated Young Modulus (table 4.4) are lower than the cited 

references in literature, it is also important to analyze the maximal loading which a nerve 

can handle. It is known that a rat sciatic nerve only supports 5-30% strain before starting to 

break.58 Additionally, the nerve can only handle a maximal load between 1-2N with 

0.05mm/s rate.58 In our work, both tubes presented values of maximum loading between 

2.2-2.4N for a dispersion rate of 0.08mm/s, which means that it could provide good 

protection for the growing nerve. Therefore, these results are very promising since the load 

values match the one obtained for the nerve. 

 

Another structural aspect that is very important for peripheral nerve regeneration is the 

ability of the tubes, to handle suturing.55,59,60 Since during implantation the tubes are sutured 

to both nerve stumps it is extremely important that they can bear the handling and 

suturing.61
 
61 For this reason, it is desirable that the tube not break or crack. Furthermore, 

during the recovery time, they should be flexible enough to accommodate the movements 

of the patient. To address this parameter, both tubes were sutured with a needle to verify if 

they would resist to the perforation. Figure 4.14 shows the sutured tube. 
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Figure 4.14 Suturing tests performed in tube. 

 

As it can be observed in Figure 4.14, the wet tubes were sutured longitudinally and in both 

extremities. No cracks were visible in any perforation made. The needle trespassed easily 

the tube walls showing the easiness of the process. For this reason, it can be assumed that 

these tubes have the proper ability to handle suturing. This means that both tubes are very 

promising for implantation in vivo. 

 

4.5 CONCLUSIONS 

The aim of this work was to prepare dextran-based nerve guide tubes, which could be 

applied in peripheral nerve regeneration. This goal was successful achieved and transparent 

tubes were characterized giving promising results. The tubes were projected to have the 

same dimensions as the commercial product Neurolac®. Due to shrinkage during the tube 

fabrication, different sizes of mold were studied and also different formulations for the 

materials were tested. In order to create pores in the tube structure, D-mannitol was used 

as porogenic agent and added to the formulation T_GMA8(0.1)_PCL(0.3). These pores can 

be preferential sites of degradation, which can be good for increasing permeability of the 

tube. SEM micrographies showed that most of the pores are in a size range suitable for this 

application. In what concerns to swelling capacity, both, porous and non-porous tubes, 

showed values under 60%, being the non-porous tube only 40%. This is a very promising 

result in what concerns the behavior on the tube once it is implanted. With the help of dark 

light microscopy images, it could be seen that the inner diameter of the tubes was never 

compromised during swelling, which avoid any constriction of nerves during application. 
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Regarding degradation rates of tubes, the hydrolytic study revealed that after 180 days, the 

tubes still maintain their structural integrity and only lost between 12-16% of their initial 

weight.  

Mechanical tests revealed that the Young modulus is influenced by the stretching rate. 

Besides, both tubes present a visco-elastic behavior, showing an elastic domain for the 

initial loads, from where it was possible to calculate the Young modulus. Although the 

values obtained are significantly lower than the ones reported in literature, both tubes can 

handle the maximum loads described for the rat sciatic nerve. Furthermore, it was proved 

that the prepared tubes can handle suturing without cracking or breaking, which is an 

important characteristic for implantation processes. Based on the results obtained by the 

present characterization, it is possible to state that these tubes can be considered good 

candidates for the implantation in vivo, to bridge a nerve sciatic gap. 
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5.1 ABSTRACT 

Peripheral nerve injury can result in the discontinuity of axons and consequent 

denervation.1 As a result, nerve loses its function, which can result in posterior muscle 

weakness, and deficient sensorial function (sense of anesthesia).2 Therefore, 

reconstruction of peripheral nerves after injury by means of tube-guides has been 

extensively studied.3 The use of polymeric tube-guides is one of the approaches 

presenting the most promising results and allowing the addition of cellular systems and 

growth factors. 

This study intends to evaluate the in vivo performance of previously prepared dextran-

based tube-guides in a sciatic nerve neurotmesis model in rats. Two types of nerve tube-

guides were implanted being the only difference between them, the structure porosity. 

The evaluation testes were carried out for 20 weeks after the neurotmesis injury and nerve 

reconstruction surgery, with functional measurements taken at different time points. 

Twelve animals were divided into two groups. The Group 1 received the normal tube - 

T_GMA(0.1)_PCL(0.3), while Group 2 received T_GMA(0.1)_PCL(0.3)_M50 tube. In 

what concerns functional recovery, Extensor Postural Thrust (EPT), Withdrawal Latency 

Reflex (WLR) and Static Sciatic index (SSI) were measured and evaluated. The results 

obtained for EPT and WRL showed no significant difference between the animals which 

received the two tubes (P<0.05). However, the results obtained for 

T_GMA(0.1)_PCL(0.3)_M50 indicated higher functional and sensorial recovery. In 

addition, the results obtained are very close to the ones reported in literature for the 

commercial product Neurolac®.4 Regarding the SSI, the differences between the results 

obtained from both nerve tube-guides were statistically different (P>0.05), with Group 2 

presenting the closer results to a healthy behavior. This work suggests that the use of the 

prepared dextran-based nerve tube-guides have a positive effect on the regeneration of 

the peripheral nerve, after a neurotmesis injury. 
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5.2 INTRODUCTION 

Tubulization techniques have been proposed as good alternatives to enhance nerve 

regeneration after injury. The scope of this technique relies on the use of a hollow tube, 

which is sutured to both nerve ends to guide the newly formed axons from distal to 

proximal stump. Biocompatible polymeric materials, due to their characteristics, have 

been used for the preparation of this particular type of medical device. Since the final 

application implies in vivo implantation, there is the need of finding appropriate animal 

models, which deliver outputs that can be correlated in order to evaluate the 

morphological, and above all, the functional recovery of the nerve. In this sense, 

recovering process after neurotmesis (complete physiological and anatomical transection 

of a nerve5) of the rat sciatic nerve is one of the most common models used. The main 

reasons supporting this preference are related to its easiness and the fact that it is relatively 

well studied by several reports in literature.6 In addition, by studying the sciatic nerve, 

the recovery of motor and sensory function can be assessed at the same time, since it has 

both functions.7,8 Although the rat is the most common animal used, other animal models 

as dog9-13 and rabbit14,15 sciatic nerve are also reported. The length of the nerve gap can 

be variable, but in general, the most studied length is 10 mm, which is already considered 

to be unsuitable for direct repair considering the rat model.  

As aforementioned, polymeric materials are being used for the preparation of nerve guide 

tubes. In this sense, natural polymers and biodegradable synthetic polymers single used 

or combined, have shown the most promising results. Relatively to natural polymers, the 

most reported ones are collagen and chitosan. In a comparative study of the performance 

of a collagen tube and a silicone tube in a neurotmesis of the rat sciatic nerve, the first 

one revealed enhanced axonal regeneration, Schwann cell association and 

revascularization.16 Collagen is often combined with synthetic polymers in order to 

overcome its limitations regarding the lack of mechanical properties. In a case report, a 

30-year old woman received a PGA-collagen based nerve guide tube for the bridging of 

a lingual nerve.17 After one year, the sensory function was successfully achieved.17 FDA 

approved a collagen tube-guide named NeuraGen®, which is already available 

commercially. In a study regarding 126 patients, NeuraGen® was used to bridge nerve 

gaps revealing a percentage of sensory recovery in a range between 35-45%.18 The main 

disadvantages associated to this product are the high degradation time (36-48 months) 

and their use are limited to nerve gaps no longer than 2-3cm.19 Regarding chitosan, 
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progesterone impregnated chitosan tube-guides have been studied in the bridging of a 5 

mm sciatic nerve gap in rats.20 The results showed that after 180 days, the recovered 

kinematic function was comparable to healthy animals.20 In another study, chitosan was 

combined with silk fibroin for the preparation of nerve guide tubes to bridge a 10mm gap 

of rat sciatic nerve.21 At the end of the experiment, restoration of nerve continuity was 

observed.21 Chitosan is also generally combined with other materials, namely alginate22 

and poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBV)23, among others, for the 

preparation of devices for peripheral nerve regeneration. 

Among the reported synthetic polymers, the most tested in in vivo trials are poly(glycolic 

acid) (PGA), poly(lactic acid-co-glycolic acid) (PLGA), and poly(ε-caprolactone) (PCL). 

Very often, these polymers are added to formulations with natural polymers in order to 

combine the best properties of both materials. The bridging of an 80mm gap in the left 

peroneal nerve in dogs was conducted with PGA-collagen based nerve guide tubes 

achieving interesting results. After 6 months of implantation, no marked difficulty was 

found in the gait movement.24 However, after 12 months, the new nerve fibers were still 

smaller and covered by thinner myelin sheaths in comparison with normal nerves.24 

Similar nerve guide tubes were also tested in 10 patients for the recovery of digital nerves, 

revealing improved recovery of the sensorial function in comparison with end-to-end 

repair.25 Another human study involving 136 patients which received PGA tubes had 

similar results showing better sensorial outcome than direct repair of the nerve.26 

The use of PLGA for the preparation of nerve guide conduits tests in vivo is also quite 

common. In a report of PLGA tube-guides seeded with olfactory ensheathing cells, for 

the bridging of a 15mm gap in rat sciatic nerve showed, after 6 weeks, improvement of 

the nerve conduction velocity.27 PLGA tubes were also compared with commercial 

product Neurolac® in a neurotmesis of the sciatic nerve model during 20 weeks. Results 

showed no significant differences between the number of regenerated nerve fibers 

between the materials, indicating that both materials are comparable.4 PLGA/PCL nerve 

tube-guides prepared by electrospinning technique were also tested in a neurotmesis of 

the sciatic nerve model allowing the establishment of the neuronal function.28 

Despite of the slow degradation rate of PCL, this polymer has also been reported for this 

application. A comparative study between a PCL nerve tube-guides with a PCL-collagen 

tube was conducted in a 10mm buccal nerve defect in rats. The results show that the 

incorporation of collagen improved neurite extension.29 In another approach, PCL was 

combined with PEG and tested in a 10mm defect gap, revealing enhanced regeneration 
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behavior in comparison with a single PCL tube.30 Additionally, Food and Drug 

Administration (FDA) approved a PCL copolymer based nerve guide conduit (P(DLLA-

co-CL)), which has the commercial name of Neurolac®. Despite the extensive studies, 

synthetic polymers present limitations in what concerns their biodegradability ratio. For 

this reason, the combination of synthetic and natural polymers is a promising approach in 

which the final product could benefit from the advantages that both types of materials 

bring. 

The present study aims to evaluate the in vivo performance of dextran-based nerve tube-

guides, previously prepared. The in vivo assessment was conducted through a neurotmesis 

injury induced in the sciatic nerve of rats, with a gap length of approximately 10mm. 

Functional recovery was evaluated by means of Extensor Postural Thrust (EPT), 

Withdrawal Reflex Latency (WRL) and Static Sciatic Index (SSI).  

 

5.3 EXPERIMENTAL SECTION 

 

5.3.1 Materials 

Dextran (Mw=70000 g/mol) and D-Mannitol were purchased from Sigma Aldrich (St. 

Louis, Missouri, USA). Glycidyl methacrylate (GMA) was purchased from Acros 

Organics (Geel, Belgium). 4-Dimethylaminopyridine (DMAP), 2-Isocyanatoethyl 

Methacrylate (IEMA) were acquired from TCI Europe (Zwijndrecht, Bélgica) and 

dimethyl sulfoxide (DMSO) from Fisher Scientific (Hampton, New Hampshire, USA). 

Dibutyltin dilaurate was purchased from Fluka (St. Louis, Missouri, USA). 

Tetrahydrofuran (THF) was obtained from VWR (Radnor, Pennsylvania, USA) and n-

hexane was obtained from José Manuel Gomes dos Santos, Lda (Odivelas, Portugal). 

Poly(ɛ-caprolactone) diol (CapaTM 2054; Mw=550 g/mol) was kindly offered by Perstorp 

(Warrington, UK). Irgacure 2959® was gently supplied by Ciba Specialty Chemicals 

(Basel, Switzerland). Adult male Sasco Sprague Dawley rats (twelve) were supplied by 

Charles River Laboratories (Barcelona, Spain). Animal cages (Makrolon type 4) were 

purchased from Tecniplast (VA, Italy). 
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5.3.2 Preparation of the nerve tube-guides 

The preparation of the tubes was already described in section 4.3.2 of Chapter 4.  

Table 5.1 resumes the composition and nomenclature of the tubes used in this Chapter. 

 

Table 5.1 Composition of the tubes. 

Tubes Composition 

Designation Modified dextran PCL-IEMA D-Mannitol 

T_GMA(0.1)_PCL(0.3) 
0.1g 

P_LMW_GMA8* 
0.3g ------ 

T_GMA(0.1)_PCL(0.3)_M50 
0.1g 

P_LMW_GMA8* 
0.3g 0.2g 

*8 - corresponds to 8h – time of reaction between dextran and GMA 

 

5.3.3 Surgical Procedure 

Adult male Sasco Sprague Dawley rats, weighting 300-350g, were divided into two 

groups of six animals each. The first group (Group 1) received T_GMA(0.1)_PCL(0.3) 

guide tube, while the second group (Group 2) received the T_GMA(0.1)_PCL(0.3)_M50. 

All animals were housed in a temperature- and humidity-controlled room with 12-12h 

light/dark cycles, two animals per cage. Normal cage activities were allowed, under 

standard laboratory conditions. The animals were fed with standard chow and water ad 

libitum. Pain and discomfort were minimized by taken the adequate measures taking in 

consideration human endpoints for animal suffering and distress. Before entering the 

experience, animals were housed for two weeks. 

For surgery, rats were placed prone under sterile conditions. The skin from the clipped 

lateral right thigh was scrubbed with antiseptic solution, in a routine fashion. Surgeries 

were conducted under an M-650 operating microscope (Leica Microsystems, Wetzlar, 

Germany). The anesthesia used was constituted by ketamine 9mg/100g; xylazine 

1.25mg/100g; atropine 0.025mg/100 body weight, and was applied intramuscularly. 

Under the effect of anesthesia, a skin incision extending from the greater trochanter to the 
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midhalf distally was made. Then, a muscle-splitting incision was performed to expose the 

sciatic nerve of the animal. After the immobilization, with the help of straight 

microsurgical scissors, a transection (neurotmesis) was induced. The nerve was injured 

immediately above the terminal nerve ramification. In both groups, the proximal and 

distal stumps were inserted 3 mm into the nerve guide tubes (T_GMA(0.1)_PCL(0.3) and 

T_GMA(0.1)_PCL(0.3)_M50), and held in place with two epineural sutures using 7/0 

monofilament nylon. The nerve gap between the two stumps was 10 mm. Figure 5.1. 

illustrates the nerve tube-guides sutured to both nerve stumps. 

 

 

Figure 5.1 Surgical procedure: a) rat sciatic nerve; b) rat sciatic nerve sutured to the 

prepared nerve guide conduit. 

 

The opposite leg and sciatic nerve were left intact in both groups, and were considered to 

be the control for normal nerves. A deterrent substance was applied to the right foot of 

the animals, in order to prevent autotomy.31,32 All procedures were conducted with the 

approval of the Veterinary Authorities of Portugal in accordance with the European 

Communities Council Directive of November 1986 (86/609/EEC). 

 

5.3.4 Functional Assessment 

The individual body weight of each animal was determined using a digital balance. All 

measurements were taken prior to each functional analysis evaluation. The arithmetic 

mean of the weight of each animal in each week was considered for the descriptive 
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statistics. All animals were tested during a period of 20 weeks. Measurements were taken 

every 2 weeks since week 1 until the last week (week 20). 

 

Evaluation of motor performance  

The motor performance was assessed by the conduction of Extensor Postural Thrust 

(EPT).33,34 For the registration of the EPT test results, the body of the rat, with the 

exception of the hind limbs, is wrapped in a surgical towel. The animal is then supported 

and lowered by the operator towards the platform of a digital balance. With the 

approximation to the platform, the animal is allowed to establish visual contact with the 

platform. Then the animal will anticipate the contact with the platform by extending the 

hind limb. This contact is made by the distal metatarsus and digits. The weight (force), in 

grams, applied to the digital platform balance (model TM 560; Gibertini, Milan, Italy) 

was recorded for both experimental (EEPT) and normal (NEPT) members. Measurements 

were repeated three times, and the value considered is the mean average between them. 

The EEPT and NEPT were integrated in equation eq 5.1., to obtain the percentage of 

functional deficit, as reported by Koka et al.35 Figure 5.2 illustrates the EPT test. 

 

%�����	��	
�
� = 
��������

��� × 100      eq. 5.1 

 

 

Figure 5.2 Extensor Postural Thrust (EPT) test.4 
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Evaluation of the nociceptive function  

The nociceptive function was assessed by the evaluation of the withdrawal Reflex 

Latency (WRL). The nociceptive withdrawal reflex (WRL) was evaluated by the hotplate 

test modified as described by Masters et al.36 The animal is wrapped in a surgical towel 

above its waist. Then, it is positioned to stand with the affected hind paw on a hot plate 

at 56ºC (model 35-D, IITC Life Science Instruments, Woodland Hill, CA). WRL is 

defined as the time elapsed from the onset of hotplate contact to withdrawal of the hind 

paw. This period of time is measured with a stopwatch. Normal rats withdraw their paws 

from the hotplate within 4.3s or less.37 The limbs subjected to the experiment were tested 

three times, with an interval of 2 min between consecutive tests to prevent sensitization. 

The final result is presented as the average of those three measurements.38,39 If the 

withdrawal of the paw did not occur after 12s, the heat stimuli was removed, and the test 

interrupt, to prevent tissue damage. In these cases, the animal was assigned the maximal 

WRL of 12s. Figure 5.3 represents the WRL test. 

 

 

Figure 5.3 Withdrawal Reflex Latency (WRL) test.4 

 

Sciatic functional index and static sciatic index 

Sciatic functional index (SFI) is measured by testing the animals in a confined walkway 

(42cm long and 8.2cm wide), with white paper placed on the floor a dark shelter in the 

end, as previously described.4 Figure 5.4 illustrates the walkway corridor. 
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Figure 5.4 Walkway corridor used for the SFI tests.40 

 

Briefly, the hind paws of the animals were pressed down onto a finger paint soaked 

sponge not toxic and appropriate to these measurements. Then, they were allowed to walk 

along the corridor to mark their footprints on the paper. Since this procedure is not simple, 

often, many walks were needed in order to obtain a clear mark. The walking tracks were 

recorded postoperatively at week 1, 3, 5, 7, 9, 14, 16, 18 and finally 20. The measurements 

taken to the footprints were: (i) the print length (PL) which is the distance from the heel 

to the third toe; (ii) the toe spread (TS), corresponding to the distance from the first toe to 

the fifth; and (iii) the intermediary toe spread (ITS), referent to the distance from the 

second to the fourth toe. Figure 5.5 presents a scheme of the measurements taken.  
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Figure 5.5 Scheme of the footprint measurements. 

 

In the static sciatic index (SSI), the same measurements to the footprints were taken with 

the exception of the print length. For this test, the measurements were acquired just by 

the standing of the animals, and not during a walk. All footprints were obtained at least 

during four occasional rest periods. For both SFI and SSI, all measurements were taken 

from both normal (N) and experimental (E) sides. Four steps were analyzed per animal 

and their prints were chosen based on their clarity. The mean distances of the three 

different measurements taken were used to calculate the following factors: 

���	������		�����	����� = ����
��

�� 								eq. 5.2 

 

����� ��
���	���	������		�����	������ = �!���
!��

!�� 									eq. 5.3 

 

"�
��	#��$�ℎ		�����	�"&�� = ��'�
�'

�' 										eq. 5.4 

Where capital letter N stands for normal, and E to experimental. 

All measurements were taken from both dynamic and static analysis. 
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Then the SFI was calculated with the following equation, as previously described41: 

 

��� = −38.3 ,��'�
�'
�' - + 109.5 ,����
��
�� - + 13.3 ,�!��
!�
!� - − 8.8								eq. 5.5 

SSI is calculated using the static factors only, not considering the PLF.42 The following 

equation was used for its calculation43: 

��� = �108.44 × ���� + �31.85 × ����� − 5.49									eq. 5.6 

For both SFI and SS, an index score of 0 is considered normal while and index of -100 is 

translated into total impairment. In the cases where the footprints were not measurable, it 

was attributed an index score of -100.44 In each walking track, a single observer analyzed 

three footprints. The average of measurements was used in SFI calculations. 

 

5.3.5 Statistical Analysis 

Statistical analysis was performed using the GraphPad Prism version 6.00 for Mac OS X, 

GraphPad Software, La Jolla California USA. All data were presented as mean value. The 

statistical analysis of the weight of the animals was assessed by Student’s t test.45,46 The 

given P values correspond to errors of the second kind (P<0.05).45 For the functional 

assessment tests, differences were statistically evaluated by performing two-way analysis 

of variance (ANOVA)47,48 test, using a mixed model taking into consideration the time 

and the different biomaterials tested. Pair wise comparisons between groups were 

conducted by post hoc Tukey HSD49,50. Differences were considered statistically 

significant at P≤0.05.  

 

5.4 RESULTS AND DISCUSSION 

Prior to the first analysis, one of the rats died (G2/R3), which is common in experiments 

using living animals. Therefore, this fact may not be correlated to the implantation of the 

prepared medical device. For this reason, Group 1 (with T_GMA(0.1)_PCL(0.3)), 

includes six animals, while Group 2 (with T_GMA(0.1)_PCL(0.3)_M50), has a 

population of five animals.  
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5.4.1 Body Weight Measurement 

Table 5.2 shows the weight of the animals at each time point and the calculated mean 

value. 

Table 5.2 Weight measurements taken after each time point. 

 Weight (g) 

 Week 

Group/Rat 1 3 5 7 9 14 16 18 20 

G1/R1 396 425 435 465 495 505 563 580 538 

G1/R2 385 430 440 425 458 538 517 528 536 

G1/R3 413 475 495 543 547 597 620 630 630 

G1/R4 374 405 391 446 460 450 530 535 534 

G1/R5 352 395 410 433 454 487 512 534 543 

G1/R6 340 405 422 452 478 524 560 560 508 

G2/R1 356 395 420 424 450 482 502 408 512 

G2/R2 381 416 433 447 465 502 526 535 546 

G2/R4 363 390 400 423 445 500 537 527 535 

G2/R5 341 432 401 454 475 505 512 545 550 

G2/R6 331 360 368 377 390 417 430 440 498 

Mean value 366.55 411.64 419.55 444.45 465.18 500.64 528.09 529.27 539.09 

 

Table 5.2 shows that the weight of all animals increase during the time of the experiment. 

Figure 5.6 plots the mean weight and standard deviation (SD) values of each group, over 

the 20 weeks of follow-up. 
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Figure 5.6 Mean animal weight values and standard deviation, for each time point during 

the experiment. 

The weight measured for Group 1 is consistently higher than the measurements taken for 

Group 2. In order to understand if these results represent a tendency, linear regression 

was traced for both experimental groups. Figure 5.7 presents the linear regression of the 

mean values taken. 

 

Figure 5.7 Linear regression of the weight mean values at each time point: a) Group 1; 

b) Group 2; c) All animals. 
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The linear regression confirms that the mean weight of the animals increases over time. 

Student’s t-test was performed to compare both biomaterials. It is accepted the null 

hypothesis of t-test since the p-value (0.234) is higher than 0.05 (P>0.05). Thus, there are 

no statistically significant differences in the weight of the animals that received different 

nerve guide tubes, although, on average, the animals from Group 1 had a higher final 

weight. This may be a consequence in the decrease in movement by the animals 

subsequent to the nerve injury.  

 

5.4.2 Motor performance 

The extensor postural test (EPT) provides a quantitative measurement of functional 

recovery.35 It aims to analyze the motor recovery of the nerve/limb by recording the 

weight applied by the limb on a digital scale. The percentages of motor deficit, calculated 

with eq. 5.1, are presented in Table 5.3. 

Table 5.3 Percentage of motor deficit obtained for all animals of both Group 1 and Group 

2. All values are presented as mean value. 

 Motor Deficit (%) 

 Week 

Group/Rat 1 3 5 7 9 14 16 18 20 

G1/R1 73 94 91 50 8 67 93 70 63 

G1/R2 78 89 68 84 51 66 -9 28 68 

G1/R3 66 94 81 88 15 75 76 43 77 

G1/R4 72 86 78 77 62 67 80 41 65 

G1/R5 79 83 63 61 15 76 67 43 62 

G1/R6 54 97 48 97 17 25 69 45 60 

Mean value 70 90 71 76 28 62 63 45 66 

G2/R1 90 98 41 65 35 80 55 69 71 

G2/R2 77 88 90 85 48 60 68 69 49 

G2/R4 72 94 86 92 50 62 70 77 77 

G2/R5 88 91 77 90 46 71 61 57 63 

G2/R6 85 92 83 26 59 44 -8 88 57 

Mean value 82 92 75 72 48 63 49 72 63 
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The results obtained present higher dispersion, which was expected, due to the fact that 

the tests are performed for living animals and, despite of the efforts in order to maintain 

the test conditions, animals’ daily behavior may vary.  

At week-1 and week-3 post surgery, the percentage of motor deficit obtained were higher 

in comparison to the values obtained for the next weeks. These results were expected 

since during these period after neurotmesis, a Wallerian degeneration occurs, which is 

fundamental for the prior regenerative process. During the subsequent weeks, the 

percentage of motor deficit decreases, which indicates that the nerve is regenerating over 

time. However, this decrease is not linear. In order to understand if these values have the 

tendency to decrease over time, linear regression was traced for both groups. (Figure 5.8) 

 

Figure 5.8 Linear regression of the percentage of motor deficit: a) Group 1; b) Group 2. 

The results as presented as mean value. 

Despite the oscillating values resulting from the difficulty in ensuring equal movements 

of the animals during limb extension, linear regression traces show a general tendency 

for a decrease in the percentage of motor deficit value in both groups. Thus, an 

improvement in the percentage of motor recovery over the weeks is observed. Statistical 

analysis shown that there are no significant differences between the results obtained for 

Group 1 in comparison with Group 2 (P>0.05). Therefore, the type of tube-guide 

implanted did not influence, significantly, the recovery of motor function. However, two 

way ANOVA showed significant differences over time. Post hoc analysis of all results 

show that after week 9 post implantation, the decrease in the percentage of motor deficit 

begins to be significantly different (P<0.0001). This might indicate that the regeneration 

of the nerve was faster and more efficient after this time point. 
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EPT measurements of commercial product Neurolac®, taken in similar conditions to this 

work, has been reported.4 After 20 weeks, the mean value obtained for the percentage of 

motor deficit was 53%.4 This means that 47% of motor function recovery was fulfilled. 

In the present work, the nerve guide tube which presented the most close value to 

Neurolac® was T_GMA(0.1)_PCL(0.3)_M50 (Group 2), achieving 63% of motor deficit 

after 20 weeks and subsequently, 37% of motor function recovery. Although there are no 

statistical difference, the results suggest that porous structure of the tube may have a 

positive effect in the recovery of the motor function. 

 

5.4.3 Nociceptive function 

The nociceptive information (relative to the sensorial perception of pain) is carried to the 

central nervous system from several neurological pathways. It is evaluated through the 

withdrawal reflex, obtained with the use of painful stimuli. In this work, this stimuli was 

achieved by thermal stimulation. In this sense, the withdrawal reflex latency (WRL) is 

defined as the time elapsed (in seconds) from the onset of hotplate contact to withdrawal 

of the hind paw. The measurements taken to each animal are presented in Table 5.4. 
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Table 5.4 WRL values obtained for all animals at each time point. Values are presented 

as mean value. 

 WRL (s) 

 Week 

Group/Rat 1 3 5 7 9 14 16 18 20 

G1/R1 12.00 9.33 10.00 2.67 12.00 11.00 6.67 6.33 9.67 

G1/R2 12.00 10.33 11.67 4.00 2.67 7.33 5.67 5.67 9.33 

G1/R3 12.00 8.00 9.00 8.00 6.00 6.67 9.33 5.00 9.33 

G1/R4 12.00 12.00 11.33 10.67 11.33 12.00 7.33 8.00 9.33 

G1/R5 12.00 9.33 3.00 4.33 9.00 12.00 9.33 3.33 6.00 

G1/R6 12.00 12.00 9.67 4.33 12.00 10.33 7.33 6.67 3.67 

Mean value 12.00 10.17 9.11 5.67 8.83 9.89 7.61 5.83 7.89 

G2/R1 12.00 8.33 12.00 9.00 2.33 10.67 5.33 9.33 6.00 

G2/R2 12.00 10.33 11.00 11.33 2.67 12.00 10.00 2.00 5.67 

G2/R4 12.00 8.00 5.00 12.00 8.33 3.33 6.00 6.67 5.67 

G2/R5 12.00 7.67 7.00 8.00 7.00 12.00 8.67 8.67 5.00 

G2/R6 12.00 12.00 10.67 4.00 5.67 10.33 4.33 2.00 3.67 

Mean value 12.00 9.27 9.13 8.87 5.20 9.67 6.87 5.73 5.20 

 

At week-1 post-surgery, none of the animals were able to respond to the heat stimuli 

within the time established. To protect animals from burning, after 12s, the tests were 

interrupted. In the subsequent time points, the WRL values oscillate, which was expected. 

At week-20, although mean values are never below the value considered normal for a rat 

with nerve integrity (4.3s or less)51,52, for Group 2 the obtained value was very close to 

normal (5.20s). On the other hand, Group 1 present a mean value of 7.89s after 20 weeks, 

which suggests that for this group, the recovery of sensorial function was less efficient. 

Linear regression traces of both groups are presented in Figure 5.9. 
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Figure 5.9 Linear regression of WRL mean values at each time point: a) Group 1; b) 

Group 2. All values obtained are presented as mean value. 

The linear regression lines demonstrate a tendency of decrease of WRL over time. This 

means that an improvement in the sensorial function was observed. Despite the oscillating 

values, at week-20 all animals took less time to respond to the stimuli, in comparison with 

the first time point. Two way ANOVA statistical analysis showed no statistically 

significant differences in the WRL values of the animals that received different 

biomaterials (P>0.05). Regarding the differences over time, Post hoc analysis revealed 

that significant differences started to appear after 7 weeks for Group 1, and after 9 weeks 

for Group 2.  

Although there are no statistical significance in the difference between both groups, on 

average, the animals that received T_GMA(0.1)_PCL(0.3)_M50 (Group 2) present lower 

WRL values, suggesting superior sensory recovery over Group 1. Similarly, to what was 

verified for motor recovery, the presence of pores seems to enhance the function recovery 

of the regenerated nerve. Reported experiments on commercial product Neurolac®, show 

fully sensorial recovery after 20 weeks, based on the WRL value.4 In this work, rats of 

Group 2 almost achieved that WRL mean value, presenting the most promising results 

since they are closer to the healthy ones. 

 

5.4.4 Sciatic functional index (SFI) and static sciatic index (SSI) 

In order to evaluate the degree of functional recovery during gait movement, a SFI was 

developed in which an evaluation of the animal´s footprint is performed with three 

parameters: print length (PL), intermediate toe spread (ITS), and toe spread (TS). 
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However, for the experimental member it was very difficult to obtain clear footprints 

during gait movement. In addition, the PL value may vary considerably depending on the 

gait velocity, which difficult its analysis. For those reasons, for the experimental member, 

the Static sciatic index (SSI) was recorded instead of the sciatic functional index, since it 

provided more clear and reliable results. Therefore, only the SSI could be calculated for 

both members allowing the comparison of the obtained results. Both normal and 

experimental (injured) members were evaluated. Whenever possible, the footprint 

measurements were taken during gait movement. The calculated SSI (eq. 5.6) is presented 

in table 5.5. 

 

Table 5.5 SSI values obtained for all animals at each time point. Values are presented 

as mean value. 

 SSI 

 Week 

Group/Rat 1 3 5 7 9 14 16 18 20 

G1/R1 -58.93 -61.59 -0.26 -41.62 -61.43 -22.51 -70.60 -65.16 -78.23 

G1/R2 -50.76 -35.25 -50.99 -62.16 -37.18 -43.82 -55.33 -34.95 40.23 

G1/R3 -54.92 -47.09 -61.29 -64.37 -76.49 -59.12 -37.98 -38.51 -61.69 

G1/R4 -52.30 -66.81 -88.45 -35.54 -63.40 -27.56 -17.71 -19.04 -44.29 

G1/R5 -58.06 -63.66 -52.28 -9.83 -45.20 -16.13 -62.73 -55.33 -50.39 

G1/R6 -24.62 -- -- -- -- -- -- -- -- 

Mean value -49.93 -54.88 -50.65 -42.70 -56.74 -33.83 -48.87 -42.60 -38.87 

G2/R1 -31.80 -63.99 7.74 -29.05 -43.81 -19.47 -62.84 -43.41 -34.14 

G2/R2 -44.70 -47.65 -51.16 -55.73 -35.28 -30.30 -51.65 21.25 7.00 

G2/R4 -21.74 -58.42 -60.81 -50.09 -58.34 -45.16 -44.45 -46.49 -4.75 

G2/R5 -14.06 -41.95 5.35 -37.15 -44.76 -14.10 -53.91 -9.33 -44.59 

G2/R6 -34.28 -79.86 -23.28 -28.94 -31.44 -57.78 -22.76 -30.19 13.73 

Mean value -29.31 -58.38 -24.43 -40.19 -42.73 -33.36 -47.12 -21.63 -12.55 
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It is possible to observe that the average of SSI at each time point is always higher for 

Group 2. Since these values are closer to the normal value (0), this group was the one 

achieving the best results. The worst results for both groups were obtained for week-3 

after surgery. Here, the SSI values are quite similar, surpassing -50. After this week, the 

SSI values start to increase, although not consistently. This means that after this time, the 

footprints of both experimental and normal sides left by animals started to be more 

similar, meaning that functional recovery was being accomplished. However, SSI values 

are very oscillating, which difficult their analysis. For this reason, a linear regression was 

traced for both Groups in order to understand if there is a tendency in the values. The 

linear regression is plotted in Figure 5.10. 

 

Figure 5.10 Linear regression of SSI mean values at each time point: a) Group 1; b) 

Group 2. All values obtained are presented as mean value. 

 

Linear regression traces show that for both groups there are a tendency for the mean 

values of SSI to increase over time. This means that functional recovery was consistently 

achieved. Also, animals that received both nerve guide conduits show superior SSI at the 

end of the experiment comparing with the first week after surgery. Contrary to what was 

verified in the previous functional analysis measurements, two way ANOVA statistical 

analysis showed that there are significant statistical differences between the SSI values 

of the animals that received different biomaterials (P= 0.0108, P<0.05). This means that 

the porosity of the T_GMA(0.1)_PCL(0.3) material seems to be beneficial for the 

recovery of the animal as their experimental footprints became more similar to normal 

footprints. In addition, regarding the differences over time, Post hoc analysis revealed 

that the main difference concerning the time, in the footprint for Group 2, occurred at 
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week-20 after surgery (P<0.05). No significant differences were found over time for 

Group 1.  

Unfortunately, it was not possible to find SSI values for commercial Neurolac® in the 

literature. However, in comparison with other nerve tube-guides prepared with 

PLGA33,53, tested in similar conditions, the results obtained for 

T_GMA(0.1)_PCL(0.3)_M50 stood as the reported values are sited around -30. In this 

work, after 20 weeks post-surgery, the obtained mean SSI value is ca. -12, which is quite 

close to the normal value (0). This means that T_GMA(0.1)_PCL(0.3)_M50 enhanced 

functional recovery of the experimental hind paws as animals were able to produce 

footprints closer to normal. 

 

5.5 CONCLUSIONS 

The main goal of this work was to study the in vivo performance of dextran-based nerve 

conduits in a sciatic nerve neurotmesis model in rats. Two nerve guide conduits were 

tested, being the only structural difference between them, the existence of porosity. 

Twelve animals were divided into two groups and each group received a different nerve 

guide tube-guide. Group 1 received the normal T_GMA(0.1)_PCL(0.3) and Group 2 

received T_GMA(0.1)_PCL(0.3)_M50. The tests were performed for a 20 weeks of 

follow up. The evolution of the weight of animals was assessed at each time point of the 

follow-up period. All animals presented an increase of their weight, which can be related 

to the loss of movements. The functional analysis assessed by EPT tests showed no 

significant differences between different groups meaning that the materials have the same 

performance. Despite of this fact, T_GMA(0.1)_PCL(0.3)_M50 showed superior 

percentage of motor recovery. Concerning the nociceptive function, the WRL results 

revealed no statistical difference between the two experimental groups. Nevertheless, 

Group 2 presented a mean WRL value of ca. 5 s, which is close to the normal value 

(around 4.3 s), suggesting that it has a better sensory recovery than Group 1.  

The major differences between the two groups were seen in the SSI tests. Animals that 

received T_GMA(0.1)_PCL(0.3)_M50 presented SSI values, after 20 weeks, of -12, 

which is close to the normal value (0). This means that the footprints of the experimental 

and normal paw left by these animals are quite similar. This can be correlated with 

functional recovery. The score obtained (-12) are quite superior to other values obtained 
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for PLGA tubes, reported in literature (around -30). The inclusion of porosity in the tubes 

structure seem to have a positive effect on the nerve regeneration.  

Further investigation might be conducted to study in detail the benefits of porosity in the 

recovery of the nerve in the prepared materials. Moreover, the prepared materials 

presented very promising results for their use in the preparation of medical devices for 

regenerative medicine, more specifically, peripheral nerve regeneration. 
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6.1 CONCLUSIONS 

Since last century, peripheral nerve degeneration and regeneration have been extensively 

studied. The demand of new strategies to enhance the nerve regeneration and avoid 

permanent disability increased in the last decades. The tubulization approach has been by 

far, the one presenting best results more comparable to nerve autogragh. In this sense, 

polymeric materials have been proposed as good materials for the preparation of tubular 

devices for this application, due to the possibility of structure manipulation and easily 

tailoring their final properties. Among the materials studied, dextran, a biocompatible 

polysaccharide already used in several biomedical devices and approved by FDA, has never 

been proposed as core material of nerve guide conduits. 

In this work, novel dextran based nerve guide tubes were prepared by a photocrosslinking 

technique, proving to be good alternatives to commercial products. 

Dextrans with different molecular weights were modified with GMA (with different 

degrees of substitution) and IEMA, in order to introduce double bonds in its network. A 

PCL derivative with terminal double bonds was also prepared. Different formulations were 

prepared varying the content of these three components. Photocrosslinking using 

Irgacure2959® with different reaction conditions were carried out. The final formulations 

were conformed into a membrane shape and then characterized for their thermal-

mechanical properties. The relation between swelling capacity with PCL_IEMA content in 

the formulations, was established. In vitro hydrolytic degradation ratio revealed that 

PCL_IEMA retards the degradation ratio of the membranes over time. Additionally, 

membranes were able to maintain their structural integrity during the test (Chapter 2). 

Taking into consideration the results obtained in Chapter 2, cytotoxicity tests were 

conducted membranes using human dental pulp stem cells (hDPSCs) for 7 days (Chapter 

3). After this period, membranes with PCL_IEMA showed the highest cell viability and 

metabolic rates. Intracellular concentration of calcium ions of adherent cells was measured 

revealing that all membranes constitute a suitable substrate for these cells (Chapter 3). 

Chapter 3 describes the study of membranes implantation in mice. Evaluation of cell count 

and biological reaction revealed that M_GMA(0.2)_PCL(0.2) and M_GMA(0.1)_PCL(0.3) 

received a score that corresponds to the classification of “non-irritant”. Histological 

analysis performed in different organs after the implantation time showed no signs of 
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inflammation, fibrosis or necrosis. The in vitro and in vivo preliminary tests reinforced that 

the modified dextran originate membranes that were appropriate for regenerative medicine. 

In Chapter 4, the conformation into tube shape was successfully achieved. Shrinkage 

studies were related to dextran structure and final tube dimensions were similar to the 

commercial product Neurolac®. To enhance the permeability of the tube, D-Mannitol was 

added as porogenic agent, creating pores with a size range between 10-20μm. Swelling 

capacity of tubes were lower than the values obtained for the membranes. Dark light 

imaging revealed that swelling do not change tube inner diameter a very important result 

taking into account a possible nerve constriction. In vitro hydrolytic degradation showed 

that after 180 days all tubes were able to maintain their structural integrity, with mass loss 

values in a range between 12-16%. The mechanical properties of the tubes were also 

evaluated, revealing that tubes are able to sustain the tension and elongation that a healthy 

nerve can support. In addition, both tubes can handle suturing without cracking. 

 

Finally, tubes prepared and characterized in Chapter 4, were used in a nerve sciatic nerve 

neurotmesis model (Chapter 5). The in vivo tests were performed for 20 weeks. Two groups 

of 6 rats were divided and each group received the non porous tube (Group 1) and the 

porous tube (Group 2). After this time, functional analysis was assessed by EPT, WRL and 

SSI. These tests revealed that concerning motor deficit, both groups had similar results 

showing 40% of recovery. Group 2 revealed better sensory recovery than Group 1, 

supported by the WRL tests. Furthermore, SSI tests showed that footprints acquired for 

Group 2 present a score value close to the healthy one. This means that porosity may have 

a positive influence in the regeneration of the nerve. The results obtained by the in vivo 

tests suggest that these devices can be used in regenerative medicine, namely, peripheral 

nerve regeneration. 

 

To sum up, this PhD work allowed the development of novel dextran based hollow tubes, 

which are biocompatible, biodegradable and non toxic for living tissues. The obtained 

results showed that these materials can have a positive influence in the enhancement in the 

regeneration process of an injured nerve. 
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6.2 FUTURE WORK 

The results presented in this PhD thesis constitute a new approach in the preparation of 

biomedical devices for regenerative medicine, namely, peripheral nerve regeneration. 

Among several possibilities to enhance the final performance of the prepared devices, the 

following topics are considered to be of particular relevance:  

 

- To continue the optimization of the base formulations will be of interest (e.g., 

ratios and degree of modification of the co-macromonomer PCL_IEMA) in 

order to enhance the final mechanical properties and fine tune the degradation 

ratio of the nerve guide conduits.  

 

- To continue the optimization of the porosity of the nerve guide tubes by the use 

of new porogenic agents, in order to be able to tailor and enhance the final 

permeability of the nerve guide conduit. Furthermore, it would be interesting to 

test the performance of nerve guide conduits with different degrees of porosity 

with variation of the pore size. 

 

- To evaluate the ability of nerve regeneration involved cells (e.g. Schwann Cells, 

neurotrophic factors) to adhere and proliferate on the surface of the prepared 

nerve guide conduits, in order to enhance the regeneration process. 

 

- To evaluate the performance of the nerve guide conduits in a neurotmesis model 

with kinematic and morphological analysis.  
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ANNEX A 

Supporting information for: 

Chapter 2: Preparation of novel dextran based membranes for application 

in regenerative medicine 
 

 

 

Figure A.1 FTIR spectra of high molecular weight dextran and respective products of 

modification. 
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Figure A.2 
1H NMR spectra of P_LMW and P_LMW_GMA8. 
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Figure A.3 
1H NMR spectra of P_HMW, P_HMW_GMA8 and P_HMW_GMA24. 
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Equation A.1 Equation for the calculation of the degree of substitution of GMA. 
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Figure A.4 
1H NMR spectra of P_HMW and P_HMW_IEMA 

 

 

 

Figure A.5 Thermoanalytical curves of dextran,  P_HMW_GMA and P_HMW_IEMA: a) 

TG, and b) DTG. 
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Figure A.6 Heat flow curves of P_HMW and its modifications. 
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Figure A.7 DMTA multifrequency traces of dextran and its modifications. 
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Figure A.8 Thermogravimetric curves of membranes prepared with P_HMW: a), c), e) 

Weight Loss(%); b), d), f) Derivative of Weight Loss(%.C-1) 
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Figure A.9 DMTA traces of the membranes prepared with P_HMW: 

a)M_HMW_GMA8(0.5)_PCL(0); b)M_HMW_GMA8(0.2)_PCL(0.2); 

c)M_HMW_GMA8(0.1)_PCL(0.3); d)M_HMW_GMA24(0.2)_PCL(0.1); 

e)M_HMW_GMA24(0.1)_PCL(0.3). The arrows indicate the peak corresponding to the 

glass transition of the membranes.
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Supporting information for: 

 

Chapter 3: Cytocompatibility evaluation using hDPSCs and 

biocompatibility evaluation by ISO 10-998-6 score – Membranes. 
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Table B.1 Detailed cell count after 3, 7 and 15 days post-implantation. 
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ANNEX C 

Supporting information for: 

 

Chapter 4: Preparation of dextran based tubes, for application in 

peripheral nerve regeneration. 

 

Figure C.1 Mercury porosimetry of a) T_GMA8(0.1)_PCL(0.3); and b)  

T_GMA8(0.1)_PCL(0.3)_M50. 
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