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El presente trabajo de tesis está estructurado en cuatro secciones principales: alcance y 

objetivos; introducción; resultados y discusión; y conclusiones generales. La sección de 

resultados y discusión, a su vez dividida en tres capítulos, describe de manera secuencial las 

actividades de investigación troncales vinculadas a la consecución de los objetivos definidos. El 

objetivo principal es establecer las bases de conocimiento científico-técnico que garanticen el 

desarrollo de componentes tubulares miniaturizados y micro-estructurados, cumpliendo con 

los requerimientos funcionales establecidos por la aplicación objetivo: la regeneración de 

nervios periféricos. El estudio se ha focalizado en el desarrollo de una metodología de 

procesado de polímeros bio-absorbibles, bajo las premisas de eficiencia, fiabilidad y 

escalabilidad industrial, considerando tecnologías de micro-replicación de alta productividad. 

En particular, dicha metodología contempla la combinación de la tecnología de micro-extrusión 

y la selección de poliésteres avanzados, tanto de origen sintético como bacteriano, 

demostrando la idoneidad de esta en la obtención de dichos componentes. Los resultados 

obtenidos demuestran la viabilidad de la fabricación de componentes tubulares implantables, 

bio-absorbibles y micro-estructurados, considerando la micro-extrusión como tecnología de 

fabricación clave en términos de productividad y funcionalidad del componente final. 

La introducción, recogida en el Capítulo 1, resume el estado del arte actual, presentando los 

retos asociados al desarrollo de implantes poliméricos que promueven procesos regenerativos 

en lesiones de nervio periférico, tanto desde el punto de vista de fabricación, como funcional. 

Posteriormente se introduce una revisión de los materiales bio-absorbibles más empleados en 

términos académicos y a nivel comercial en dicha aplicación, destacando entre ellos los 

poliésteres. Finalmente, se describen los retos asociados a la implementación de tecnologías de 

fabricación de componentes bio-miméticos miniaturizados y micro-estructurados, susceptibles 

de ser empleados en la aplicación objetivo del presente trabajo de tesis.

La revisión del estado del arte establece que las características geométricas a escala 

micrométrica impactan drásticamente en las propiedades funcionales de los implantes de 
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nervio periférico (Nerve Guidance Conduits (NGC)). En particular, la micro-estructuración 

interna del componente, en forma de micro-porosidad de tamaño y proporción controlada, 

mejora la biocompatibilidad del implante y promueve los procesos regenerativos del nervio 

nativo. Esta micro-porosidad conforma una barrera permeable protectora en torno al tejido que 

se está regenerando, protegiéndolo y aislándolo del entorno al mismo tiempo que posibilita el 

intercambio de nutrientes y de productos de deshecho. La geometría del implante en su 

conjunto, incluyendo la presencia de paredes de espesor micrométrico, micro-porosas y/o 

micro-estructuradas no influyen únicamente en la interacción con el tejido, sino también en sus 

propiedades mecánicas, químicas y de bio-absorción, que a su vez son dependientes de la 

naturaleza del biopolímero seleccionado. Para cumplir con las especificaciones dimensionales 

establecidas en la fase de diseño de la aplicación, es necesario seleccionar una tecnología de 

fabricación adecuada. Esta tecnología debe garantizar la obtención de componentes cuyas 

dimensiones satisfagan los requerimientos de precisión establecidos en la fase de diseño, así 

como las demandas industriales en términos de productividad. Actualmente, la selección de 

esta tecnología es el principal desafío en el desarrollo de NGCs. Las tecnologías de fabricación 

de componentes poliméricos micro-estructurados que a priori cumplen con dichos 

requerimientos son aquellas basadas en la replicación: el hot-embossing, el micro-moldeo por 

inyección y la micro-extrusión. Esta última se posiciona como la más adecuada para la 

fabricación de componentes tubulares, como son los NGCs. Para superar las limitaciones en la 

fabricación de componentes mediante micro-extrusión, es necesario adquirir conocimiento 

sobre las magnitudes críticas que afectan a las propiedades de micro-replicación. Esto permitirá 

establecer una metodología de fabricación que garantice la precisión en la replicación en 

diferentes escenarios, incluyendo el uso de bio-polímeros y la inclusión en la matriz polimérica 

de porogeneradores para inducir la micro-porosidad deseada. En relación con la selección de 

dichos biopolímeros, los poliésteres son una de las familias de polímeros bio-absorbibles más 

utilizados e investigados en el ámbito biomédico, pudiéndose encontrar en una multitud de 

aplicaciones. La gran diversidad de formulaciones, copolimerizaciones y mezclas (blends) 

poliméricas susceptibles de ser desarrolladas favorece la versatilidad en la selección de la 

configuración más adecuada en función de los requerimientos mecánicos, biocompatibilidad y 

degradabilidad establecidos por la aplicación objetivo. La revisión del estado del arte se focaliza 

en aquellos poliésteres que han mostrado unas propiedades específicas adecuadas para su 
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empleo en el desarrollo de NGCs. En particular, el análisis se centra en la familia de poliésteres 

termoplásticos, debido a su mayor coexistencia con la tecnología de micro-extrusión. 

El Capítulo 2 se centra en el estudio de las magnitudes características comunes de procesos de 

replicación, esto es, la temperatura y la presión, así como su influencia en la precisión de 

replicado de micro-estructuras con geometrías características de aquellas requeridas por la 

aplicación objetivo. Dicho estudio se realizó considerando la tecnología de micro-inyección de 

plástico como banco de ensayos de procesos de micro-replicación, dado sus características 

intrínsecas que permiten la implementación de sensores en la estación de trabajo, pudiendo 

correlacionar los parámetros de proceso seleccionados y las características geométricas de los 

motivos replicados. El conocimiento de dicha correlación permitió la implementación de una 

metodología de control y monitorización del proceso bajo el paraguas de una estrategia de cero 

defectos en fabricación. Se determinó una metodología novedosa de diseño correspondiente al 

emplazamiento de los sensores en el sistema y se logró correlacionar, de manera unívoca, los 

parámetros de entrada del proceso, las magnitudes medibles durante el mismo y el grado de 

replicación de las micro-estructuras del componente. Dichos resultados permitieron adquirir 

nuevo conocimiento sobre la influencia de dichas magnitudes y validar las hipótesis planteadas. 

En este sentido, se observó que la consigna de la temperatura en la entrada de la cavidad influía 

fuertemente en la calidad de la replicación al condicionar directamente la temperatura del 

polímero en el comienzo del llenado de la cavidad y de las micro-estructuras. La medida de la 

temperatura en la cavidad no se observó que variara significativamente con las temperaturas 

de entrada del polímero, indicando que el polímero fundido se atemperaba rápidamente a la 

temperatura del molde debido a su baja masa y alta relación superficie-volumen característica 

de la presencia de los micro-motivos. Los parámetros de proceso que pudieron correlacionarse 

con cambios críticos en la calidad de la replicación y, por lo tanto, esenciales para optimizar el 

proceso, fueron las consignas de temperaturas correspondientes a la boquilla y a la parte fija 

del molde. Estos parámetros son equivalentes a la temperatura del cilindro y de la boquilla en 

un sistema de extrusión, posicionándose como parámetros principales de estudio en  el 

desarrollo de la investigación central del presente trabajo de tesis: La optimización de la 

tecnología de extrusión como herramienta única y confiable para la fabricación de NGCs bio-

absorbibles, caracterizados por su geometría tubular y la presencia de estructuras 



iv  

 

micrométricas que promuevan una mejora en las propiedades regenerativas de dichos 

implantes. 

El Capítulo 3 se focaliza en el proceso de extrusión de un poliéster identificado como un 

copolímero 70/30 de poli (L-lactida) (PLLA) y poli (ε-caprolactona (PCL), el cual fue aditivado con 

micro-partículas (porogeneradores) de cloruro sódico (NaCl) de tamaño y proporción 

controlada. Dicho estudio se centró en analizar cómo el tamaño y la proporción de las partículas 

del porogenerador sólido afectan a las propiedades mecánicas, a la cristalización y a la variación 

de tamaño de las muestras de poliéster extruido una vez se retiran mediante lixiviación. Este 

análisis se realizó como un paso previo para generar conocimiento en el desarrollo de 

componentes tubulares micro-porosos hechos de poliésteres biocompatibles, que cumplan con 

los requerimientos mecánicos y geométricos establecidos por la aplicación objeto de estudio. A 

partir de la investigación realizada se logró confirmar la viabilidad de la extrusión para procesar 

poliésteres biocompatibles con cargas altas de porogeneradores sólidos. Se analizó la influencia 

de la porosidad en las propiedades mecánicas en función de las variables de tamaño y 

proporción del porogenerador, así como el efecto que tienen en la eficacia de la lixiviación de 

las partículas porogeneradoras y la variación del tamaño debido a la absorción de disolvente. El 

conocimiento obtenido del estudio permitió establecer pautas para seleccionar la proporción y 

tamaño del porogenerador para fabricar NGCs con el tamaño, porosidad y propiedades 

mecánicas deseadas. Este conocimiento, junto con la selección de parámetros de proceso 

identificados en el Capítulo 2, se materializó en la obtención de un tubo de copolímero de PLLA 

y PCL con una alta carga (70% en peso) de porogenerador y extruido con paredes delgadas, 

como demostrador de la capacidad de la extrusión para fabricar NGCs, asentando la extrusión 

como plataforma para la obtención de los NGCs fabricados y validados en términos funcionales 

en el Capítulo 4. 

El Capítulo 4 añade un factor crítico más en el desarrollo industrial de implantes de nervio 

periférico: el uso de poliésteres de origen bacteriano como factor crítico en la dotación de una 

mejora en la biocompatibilidad y propiedades regenerativas de los NGCs. Los materiales 

seleccionados son los polihidroxialcanoatos (PHAs), los cuales han demostrado su idoneidad en 

términos biológicos respecto a sus propiedades de adhesión y crecimiento celular, siendo de 

gran interés en el ámbito de ingeniería de tejidos. En particular, dichos poliésteres ofrecen 
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mejoras sustanciales frente a aquellos de origen sintético en cuanto a la regeneración de nervio 

periférico facilitando, en mayor medida, la adhesión y la diferenciación de células de Schwann, 

elementos cruciales para el guiado y regeneración de los axones. El estudio se focalizó en el 

procesado de un blend de PCL, PHA y un porogenerador sólido, combinando las buenas 

propiedades de extrusión del PCL y las características inherentes de biocompatibilidad y 

regeneración axonal del PHA, abordando por primera vez, el desarrollo y optimización de la 

tecnología de extrusión hacia la fabricación de NGCs basados en estructuras tubulares micro-

porosas combinando poliésteres naturales y sintéticos, controlando a su vez la geometría 

(espesor de pared a escala micrométrica) y propiedades mecánicas del implante. El 

porogenerador utilizado, que en este caso fue glucosa para evitar problemas de citotoxicidad 

derivados del uso de NaCl, permitía su absorción por parte de los tejidos, pudiendo prescindir 

de la etapa de lixiviación previa a la implantación del NGC. Una vez controlada la influencia de 

los parámetros de proceso en la geometría, propiedades micro-estructurales y mecánicas del 

NGC, se fabricaron estructuras tubulares bio-miméticas altamente porosas con propiedades 

mecánicas similares a las correspondientes del nervio ciático de rata (modelo biológico del 

ensayo), y con un periodo de degradación tras implantación acorde con el tiempo requerido 

para el proceso de regeneración del nervio periférico. A su vez, el estudio concluye con una 

validación de las propiedades de regeneración de dichos implantes in-vivo. La capacidad 

regenerativa del NGC desarrollado a partir de un blend PCL-PHA mediante extrusión fue 

superior al implante comercial de poli(lactida-co-caprolactona) (PLCL), referencia en este 

ámbito, demostrando el éxito del implante desarrollado mediante la tecnología de fabricación 

de alta productividad, objeto de la presente tesis doctoral. Esta novedosa ruta de fabricación 

fácilmente escalable supone un punto de inflexión en la producción de implantes de nervio 

periférico. 

El Capítulo 5 resume los resultados generales de la tesis, así como una descripción del trabajo 

futuro que contempla el desarrollo de un diseño avanzado de NGCs que incluye, junto con las 

características geométricas y micro-estructurales descritas en el presente trabajo, la presencia 

de micro-canales de guiado axonal en las paredes internas de dichos implantes tubulares. 

Aunque dicho diseño ha sido propuesto previamente en la literatura, no existe hasta la fecha 

un estudio que aborde la fabricación de dicho diseño mediante tecnología de micro-extrusión, 
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el cual podrá realizarse gracias al conocimiento adquirido en el presente trabajo de tesis y la 

experiencia previa de TEKNIKER y la Universidad del País Vasco (UPV-EHU) en el desarrollo de 

superficies micro-estructuradas con capacidad de guiado y regeneración celular. 
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This thesis is structured in four main sections: scope and objectives; introduction; results and 

discussion; and general conclusions. The results and discussion section, in turn, is divided into 

three chapters, sequentially describing the main research activities linked to achieving the 

defined objectives. The main objective is to establish the scientific-technical knowledge base 

that guarantees the development of miniaturized and micro-structured tubular components, 

meeting the functional requirements established by the target application: the regeneration of 

peripheral nerves. The study has focused on the development of a methodology for the 

processing of bio-resorbable polymers, under the premise of efficiency, reliability and industrial 

scalability, considering high-productivity micro-replication technologies. In particular, the 

methodology considers the combination of micro-extrusion technology and the selection of 

advanced polyesters, both of synthetic and bacterial origin, showing its suitability for the 

obtaining of these components. The results obtained show the feasibility of manufacturing 

implantable, bio-resorbable, and micro-structured tubular components, considering micro-

extrusion as a key manufacturing technology in terms of productivity and functionality of the 

final component. 

The introduction, described in Chapter 1, summarizes the current state of the art, presenting 

the challenges associated with the development of polymeric implants that promote 

regenerative processes in peripheral nerve lesions, both from a manufacturing and functional 

point of view. Subsequently, a review of the most widely used bio-resorbable materials, both in 

academic and commercial terms, in this application is introduced, with special attention to 

polyesters. Finally, the challenges associated with the implementation of technologies for the 

fabrication of miniaturized and micro-structured bio-mimetic components that can be used in 

the target application of this thesis are described. 

The review of the state of the art establishes that micrometer-scale geometric features 

drastically impact the functional properties of peripheral nerve implants (Nerve Guidance 

Conduits (NGCs)). In particular, the internal micro-structure of the component, in the form of 
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micro-porosity of controlled size and proportion, improves the biocompatibility of the implant 

and promotes regenerative processes of the native nerve. This micro-porosity constitutes a 

protective permeable barrier around the regenerating tissue, protecting and isolating it from 

the environment while allowing the exchange of nutrients and waste products. The geometry 

of the implant as a whole, including the presence of micrometric-size, micro-porous and/or 

micro-structured walls, not only influences the interaction with the tissue, but also its 

mechanical, chemical and bio-resorption properties, which in turn are dependent on the nature 

of the selected biopolymer. In order to meet the dimensional specifications established in the 

design phase of the application, it is necessary to select an appropriate manufacturing 

technology. This technology must guarantee the production of components whose dimensions 

satisfy the accuracy requirements established in the design phase, as well as the industrial 

demands in terms of productivity. Currently, the selection of this technology is the main 

challenge in the development of NGCs. The technologies for the manufacture of micro-

structured polymeric components that, a priori, meet these requirements are those based on 

replication, such as hot-embossing, micro-injection molding and micro-extrusion. Being the 

latter the most suitable for the fabrication of tubular components, such as NGCs. To overcome 

the limitations in the fabrication of components by micro-extrusion, it is necessary to acquire 

knowledge about the critical quantities that affect the micro-replication properties. This will 

enable the establishment of a fabrication methodology that ensures accurate replication in 

different scenarios, including the use of biopolymers and the inclusion of porogenerators in the 

polymer bulk to induce the desired micro-porosity. Regarding the selection of these 

biopolymers, polyesters are one of the most widely used and studied families of bio-resorbable 

polymers in the biomedical field, and they can be found in a multitude of applications. The great 

diversity of formulations, co-polymerizations, and polymeric blends that can be developed 

favors the versatility in the selection of the appropriate configuration according to the 

mechanical requirements, biocompatibility, and degradability established by the target 

application. The review of the state of the art is focused on those polyesters that have shown 

intrinsic properties suitable for their use in the development of NGCs. In particular, the analysis 

focuses on the family of thermoplastic polyesters, because of their greater coexistence with 

micro-extrusion technology. 
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Chapter 2 focuses on the study of the common characteristic magnitudes of replication 

processes, i.e., temperature and pressure, as well as their influence on the replication accuracy 

of micro-structures with geometries characteristic of those required by the target application. 

This study was carried out considering the plastic micro-injection technology as a test bench for 

micro-replication processes, given its intrinsic characteristics that allow the implementation of 

sensors in the workstation, being able to correlate the selected process parameters and the 

geometrical characteristics of the replicated features. The knowledge of this correlation led to 

the implementation of a process control and monitoring methodology under the zero-defect 

manufacturing strategy framework. From this monitoring, a novel design methodology was 

determined corresponding to the location of the sensors in the system, and it was possible to 

correlate, in a univocal way, the input parameters of the process, the measurable magnitudes 

during the process, and the replication degree of the micro-structures of the component. These 

results allowed the acquisition of new knowledge on the influence of these magnitudes and the 

validation of the proposed hypotheses. In this sense, it was observed that the temperature 

setpoint at the entrance of the cavity strongly influenced the quality of the replication by directly 

conditioning the temperature of the polymer at the beginning of the filling of the cavity and of 

the micro-structures. The cavity temperature measurement was not observed to vary 

significantly with polymer inlet temperatures, indicating that the molten polymer was rapidly 

tempered at the mold temperature because of its low mass and high surface-to-volume ratio 

characteristic of the presence of the micro-features. The process parameters that could be 

correlated with critical changes in the quality of the replication and therefore, essential to 

optimize the process, were the temperature set points corresponding to the nozzle and the 

fixed part of the mold. These parameters are equivalent to the barrel and nozzle temperature 

in an extrusion system, positioning them as the main parameters of study in the development 

of the central research of this thesis work: The optimization of extrusion technology as a unique 

and reliable tool for the manufacture of bio-resorbable NGCs, characterized by their tubular 

geometry and the presence of micrometric structures that promote an improvement in the 

regenerative properties of such implants. 

Chapter 3 focuses on the extrusion process of a polyester identified as a 70/30 copolymer of 

poly(L-lactide) (PLLA) and poly(ε-caprolactone) (PCL), which was additivated with sodium 
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chloride (NaCl) micro-particles (porogenerators) of controlled size and ratio. This study focused 

on analyzing how the size and ratio of the solid porogenerator particles affect the mechanical 

properties, crystallization, and sample size variation of the extruded polyester specimens once 

the porogenerator is removed by leaching. This analysis was performed as a preliminary step to 

generate knowledge in the development of micro-porous tubular components made of 

biocompatible polyesters, which meet the mechanical and geometrical requirements 

established by the application under study. From the conducted research, it was possible to 

confirm the feasibility of extrusion for processing biocompatible polyesters with high solid 

porogenerator loadings. The influence of porosity on mechanical properties was analyzed as a 

function of the porogenerator size and ratio variables, as well as the effect they have on the 

leaching efficiency of the porogenerator particles and the size variation due to solvent 

absorption. The knowledge gained from the study allowed establishing guidelines for selecting 

the porogenerator ratio and size to fabricate NGCs with the desired size, porosity and 

mechanical properties. This knowledge, together with the selection of process parameters 

identified in Chapter 2, was materialized in obtaining a tube of PLLA and PCL copolymer with 

high loading (70% by weight) of porogenerator and extruded with thin walls, as a demonstrator 

of the ability of extrusion to manufacture NGCs and to establish extrusion as a platform for 

obtaining the NGCs manufactured and validated in functional terms in Chapter 4. 

Chapter 4 adds one more critical factor in the industrial development of peripheral nerve 

implants: the use of polyesters of bacterial origin as a critical factor in providing improved 

biocompatibility and regenerative properties of NGCs. The selected materials are 

polyhydroxyalkanoates (PHAs), which have demonstrated their suitability in biological terms 

with respect to their cell adhesion and growth properties, being of great interest in the field of 

tissue engineering. In particular, these polyesters offer substantial improvements over those of 

synthetic origin in terms of peripheral nerve regeneration by promoting, to a greater extent, 

adhesion and differentiation of Schwann cells, crucial elements for axon guidance and 

regeneration. The study was focused on the processing of a blend of PCL, PHA, and a solid 

porogenerator, combining the good extrusion properties of PCL and the inherent 

biocompatibility and axonal regeneration characteristics of PHA, addressing, for the first time, 

the development and optimization of extrusion technology towards the fabrication of NGCs 
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based on micro-porous tubular structures combining natural and synthetic polyesters, 

controlling, in turn, the geometry (wall thickness at micrometer scale) and mechanical 

properties of the implant. The porogenerator used, which in this case was glucose to avoid 

cytotoxicity problems derived from the use of NaCl, facilitated its absorption by the tissues, 

making it possible to skip the leaching stage prior to implantation of the NGC. Once the influence 

of the process parameters on the geometry, micro-structural and mechanical properties of the 

NGC were controlled, highly porous bio-mimetic tubular structures were fabricated with 

mechanical properties similar to those corresponding to the rat sciatic nerve (biological model 

of the assay), and with a degradation period after implantation in accordance with the time 

required for the peripheral nerve regeneration process. In turn, the study concludes with a 

validation of the regenerative properties of these implants in-vivo. The regenerative capacity of 

the NGC developed from a PCL-PHA blend by extrusion was superior to the commercial 

poly(lactide-co-caprolactone) (PLCL) implant, a reference in this area, proving the success of the 

implant developed by means of the high throughput manufacturing technology, the object of 

the present doctoral thesis. This novel and easily scalable manufacturing route represents a 

turning point in the production of peripheral nerve implants. 

The Chapter 5 summarizes the general results of the thesis, as well as a description of future 

work that involves the development of an advanced design of NGCs that includes, together with 

the geometrical and micro-structural features described in the present work, the presence of 

axonal guidance micro-grooves in the inner walls of such tubular implants. Although such design 

has been previously proposed in the literature, there is no study to date that addresses the 

fabrication of such design by means of micro-extrusion technology, which will be possible 

thanks to the knowledge acquired in the present thesis work and the previous experience of 

TEKNIKER and the University of the Basque Country (UPV-EHU) in the development of micro-

structured surfaces with guidance and cell regeneration capabilities. 

The work carried out during this thesis work resulted in publications in scientific journals and 

contributions to international conferences in the form of oral presentations, and a patent 

request, which are detailed below. 
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Scope and Objectives 
 

 d 

 

This work, which emerges from the collaboration between the University of the Basque Country 

(UPV/EHU) and the technological center TEKNIKER, member of the Basque Research and 

Technology Alliance (BRTA), has as main objective to acquire knowledge and to develop a 

methodology to achieve the development of micro-structured tubular components made of 

medical grade bio-resorbable polyesters in an efficient, reliable, and industrially scalable 

manner. 

For this purpose, it is required to meet the following specific targets: 

• To identify the key process parameters characteristic of high throughput polymer micro-

replication processes and to elucidate the influence of those parameters on the replication 

quality. This knowledge allows an effective monitoring and control of the process, 

promoting the quality control in manufacturing of polymer components containing micro-

features. 

• To establish a method for obtaining bio-resorbable micro-porous and micro-walled tubular 

components based on polymer extrusion manufacturing technique. It involves not only the 

determination of the effect of process parameters, porogenerator selection, and 

biopolymer characteristics on replication quality, but also the influence of those 

parameters on the porosity distribution and physicochemical properties of the final 

product. This information turns out extremely helpful to produce porous tubular 

components that fulfill the dimensional and mechanical requirements that must be 

satisfied by NGCs. 

• To transfer the knowledge acquired to the development and validation, in terms of 

physicochemical and biological properties, of an advanced bio-resorbable micro-porous 

NGC made of a novel blend of polyesters of synthetic and bacterial origin, that provides 

better outcomes in terms of biocompatibility and nerve regeneration capacity. 
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1.1 Background 

The emergence of micro-manufactured components, which started in the 1990s, had an 

unprecedented impact in a vast amount of different areas [1], and there is a shared consensus 

that medical applications have the greatest potential to benefit from the use of those 

components [2,3]. Micro-manufactured components not only allow the reduction in size of the 

systems, which leads to a reduction in weight and number of used materials, but also enable 

new synergistic functionalities through their micro-features [4,5]. 

A micro-manufactured component is an element or system with at least one of its functional 

dimensions in the micrometer range, although the overall dimensions can be up to several 

millimeters [6–8]. This definition of micro-component implies that there is an enormous number 

of medical application examples that benefit from the implementation of these components. 

The self-evident medical application of micro-components lies in their use in minimally invasive 

surgery (MIS), where the reduction of the dimensions and the integration of functionalities can 

result in a significant change in procedures such as laparoscopy or arthroscopy, minimizing the 

incisions, related pain, and recovery time of patients. [2,9,10]. Additionally, the miniaturization 

and customization of surface micro-structuring leads to other derived effects, such as micro-

fluidic properties and modulation of interactions between tissue cells and topography of the 

micro-component. These effects enable further development in technological areas such as 

drug discovery, biosensor development and tissue engineering [5,11–16]. 

Micro-manufactured components used in medical applications are challenging parts for several 

reasons; first, the medical application where they are going to be used defines very tight 

requirements of size, quality, and physicochemical properties; second, the materials suitable 

for the medical application may present intrinsic properties that define and narrow the 

manufacturing methods suitable for being applied to the specific application; third and last, the 

manufacturing processes necessary to produce the micro-manufactured components also show 

their own peculiarities and limitations. In particular, one of the applications where a large 

number of requirements converge, making it necessary to develop an optimized micro-
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fabrication methodology, is the fabrication of implantable guide conduits for peripheral nerve 

regeneration. 

This chapter begins by defining the nerve guidance conduits used in surgical procedures for the 

regeneration of peripheral nerves. The challenges and requirements for these implants are 

reviewed, along with the current solutions and a brief overview of different researched 

alternatives found in the literature in which the micro-structuration plays an important role in 

the performance of the implant. Then, the most used polymers for peripheral nerve 

regeneration applications are explored, with a particular emphasis on polyesters. The technical 

introduction concludes with an overview of the replication technologies that can be used to 

obtain micro-fabricated components, and specifically in tubular form, since these replication 

processes allow for high throughput manufacturing. 

1.2 Nerve guidance conduits 

A nerve guidance conduit (NGC) is a manufactured implantable tubular scaffold used to repair 

a damaged nerve. The use of this type of implants is one of the alternatives for the surgical 

repair of medium size gap injuries of peripheral nerves. 

Peripheral nerves are those motor-sensory nerves that do not belong to the central nervous 

system, i.e.: the brain, brain stem and the spinal cord. They are present all over the body and 

can be damaged by a variety of reasons, with trauma being the most common cause. Although 

peripheral nerve injury is typically not life-threatening, it significantly impacts the patient's 

quality of life, which has significant socio-economic consequences [17,18]. 

The common surgical technique to repair a severed peripheral nerve is to join both two ends of 

the nerve together by means of suture or fibrin glue, but this method requires no tension on 

the nerve, as excessive tension can prevent axon regeneration and jeopardize blood flow to the 

nerve. In practice, this means gaps shorter than 10 mm [19,20]. For longer gap distances, the 

use of autograft is considered the gold standard. However, this approach has a number of 

downsides, including the loss of sensation at donor site, the need for an additional incision to 

collect the graft tissue, the development of scars at donor site, neuropathic pain, limited 
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availability, and complications related to the size and fascicle mismatch [21,22]. Nerve allografts 

and xenografts, which can be used to avoid availability problems and donor morbidity, are 

decellularized extracellular matrices obtained from human or animal nerve tissue which are 

later seeded with cells from the patient. Although the use of allo- and xenografts can overcome 

some of the drawbacks of the autografts, they require a systemic immunosuppression therapy 

[18,21,22].  Figure 1.1 (a) schematically shows the implantation of a nerve segment to repair a 

gap between two sections of damaged nerve. The origin of the nerve used determines whether 

it is classified as an autograft, allograft, or xenograft. Allografts make use of nerves of human 

origin while xenografts utilize nerves of porcine or bovine origin. 

Figure 1.1. (b) schematically shows an implanted NGC covering the gap between the two nerve 

stumps. These artificial implants are proposed as an alternative to address all the issues that 

nerve grafts have. An ideal NGC requires a series of characteristics that conflict with each other, 

such for example: it must provide support and mechanical strength to immobilize both ends of 

the damaged nerve during the healing process and avoid kinking problems when flexed by the 

surrounding tissue and at the same time be flexible and exert no forces on the nerve that is 

being regenerated. It must have an internal structure to guide the axons and at the same time 

should not hinder cell migration and the growth of the tissue. It must isolate the internal part 

of the conduit to concentrate the growth factors and at the same time it must be porous and 

permeable to allow the exchange of nutrients and waste products [17,20,22,23]. No single NGC 

can meet all requirements in an ideal way, which in turn, results in a wide variety of commercial 

solutions and an active field of research in which a compromise between requirements is 

pursued to optimize the nerve regeneration. 

The following section corresponds to a brief overview of the commercially available NGCs on 

the market and design approaches currently being studied that involve micro-features. The 

fabrication methods considered to create such micro-features are also reviewed. 
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Figure 1.1 Type of implanted nerve according to its source, autograft, allograft, or xenograft and harvested nerve 
sutured between the two nerve stumps to bridge the gap (a). Nerve guidance conduit sutured to both 
nerve stumps (b). 

 

1.2.1 Commercial NGCs 

Table 1.1 lists the commercially available NGCs that have been found in the literature. This table 

does not include some products that, despite being found in the updated literature, are still in 

clinical trials or have disappeared from the market. 

Commercially available NGCs include Neurotube®, a highly porous NGC made of a woven mesh 

of polyglycolic acid (PGA) fibers that was the first NGC of synthetic origin to be approved by the 

FDA [24]. More recently Nerbridge®, also composed by a PGA filament fabric, is commercialized 

with its lumen filled with collagen [25]. In this regard, the NeuraGen 3D Nerve Guide Matrix® 

was the first FDA-approved NGC available on the market to include intra-luminar filler, which is 

claimed to enhance the regeneration of the nerve in contrast to the hollow NGC [17]. 

NeuroFlex™ has the unique feature of being designed to bend up to 140° and not to kink, which 

renders it suitable for repair nerves in joints. Neurolac® is the only FDA approved NGC that is 
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Table 1.1 Commercially available NGCs, data collected and adapted from Houshyar et al. [20], Taylor et al. [21], Gu 
et al. [26] and Kehoe et al. [24]. 

Product name 
Diameter (d) (mm) 

Length (L) (mm) Biomaterial 
Degradation 

Time (months) Manufactured by 

Neurotube® 
d= 2.3 – 8 
L= 20 – 40 

Polyglycolic 
acid (PGA) 

6 – 12 
Synovis Micro 

Companies Alliance 

Nerbridge® 
d= 1 – 4 

L=25 
Polyglycolic 
acid (PGA) 

3 Toyobo 

NeuraGen® 
d= 1.5 – 7 
L= 20 – 30 

Collagen 
type I 

36 – 48 
Integra Life 

Sciences 
NeuraGen 3D 
Nerve Guide 

Matrix® 

d= 1.5 – 7 
L= 20 – 30 

Collagen 
type I 

-- 
Integra Life 

Sciences 

NeuroFlex™ 
d= 2 – 6 

L= 25 
Collagen 

type I 
4 - 8 

Collagen Matrix 
Inc. 

NeuroMatrix™ 
d= 2 – 6 

L= 25 
Collagen 

type I 
4 - 8 

Collagen Matrix 
Inc. 

Neurolac® 
d= 1.5 - 10 

L= 30 

Poly(lactide-
caprolacton

e) (PLCL) 
16 Polyganics 

 

translucent and that shows comparable results to autograft in lesions involving gaps up to 

20 mm [19,24]. Nevertheless, due to the lack of standardization of preclinical models and their 

evaluation, it is rather complex to compare the data obtained in the conducted trials with the 

different NGCs [27,28]. Among the NGCs available on the market, those that are not made of 

animal-derived materials such as collagen, are made of synthetic polyesters like PGA and 

poly(lactide-caprolactone) (PLCL). 

1.2.2 NGC developments involving micro-manufacturing 

There is extensive literature on the development of next-generation NGCs that aim to overcome 

the limitations of FDA-approved NGCs which, except the NeuraGen 3D Nerve Guide Matrix®, 

are hollow tubes made of natural or synthetic materials [29]. There is active research focused 

on introducing biochemical agents and cues inside NGCs to guide, promote, or facilitate the 

propagation of tissue regenerating cells inside them. Example of these biochemical techniques 

is the filling of the tube lumen with hydrogels containing a variety of components (proteins, 

peptides, etc.) to improve regeneration [17,23]. These biochemical techniques are far from the 

scope of this work, and herein only those developments involving physical modifications of the 
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NGC that imply challenges in their manufacturing route will be reviewed, specifically: 

intraluminal structures and fillers, wall porosity, and intraluminal grooves. Figure 1.2 shows the 

modifications that can be made to the wall of the NGC, i.e.: porosity and inner micro-grooves, 

in (a), and the different fillers that can be used to fill the lumen of the NGC in (b). 

• Intraluminal fillers/structure 

Hollow NGCs potentially face problems in the nerve regeneration process because of difficulties 

derived from the dispersion of the regenerating axons [30], consequently, different alternatives 

have been studied to fill the NGC lumen with structures that perform the scaffold function to 

longitudinally guide the axons in the inner volume of the NGC, although some authors claim 

that NGC fillers do not improve their performance over the hollow tubes [23]. These 

intraluminal structures can be divided into three main groups, multi-channel structures, 

sponges, and fibers. Regardless of which of the filling alternatives is adopted, the method of 

inserting the structures/fillers into the tubular NGC remains highly dependent on the skill of the 

handler, being difficult to industrialize/automatize. 

 

 

Figure 1.2 Porosity and inner micro-grooves as NGC wall modifications (a). Different types of fillers to introduce in 
the lumen of the NGC (b). 
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o Multi-channel structures 

The NGC lumen is arranged into smaller sections to increase the contact surface and reduce 

axon dispersion mimicking the natural compartmented structure of the nerves [27,30]. 

Different approaches exist in the literature to create the micro-channels, but most are based on 

molding or adding material around parts that are later removed to create the micro- channels. 

Sundback et al. [31] and Diez-Ahedo et al. [32] used molding to create highly porous multi-

channel structures. Lee et al. [33] used sucrose rods over which they wrapped a fiber mesh 

created by electrospinning. This method allowed to obtain an array of micro-channels made of 

electrospinned fiber once the rods were removed by dissolution. Pawelec et al. [34] used the 

dip coating method to create micro-tubes that after being bundled and inserted into the NGC 

serve as the micro-channels inside. These processes designed to obtain the micro-channels are 

very rudimentary and require great skill to roll or insert the materials to obtain the structures. 

The described molding processes could potentially be more easily industrialized, but as 

described in the literature, they involve time consuming assembly and demolding of the 

elements used to create the micro-channels, which requires a lot of manual handling of the 

NGCs and consequent risk of breakage, failure, and lack of reproducibility. 

o Sponges 

Sponges are highly porous structures made of biocompatible materials and mostly created by 

the freeze-drying method [30]. The use of these kind of sponges have shown positive results 

with respect to neural stem cell adhesion and proliferation, indicating that they are good 

candidates to be used as fillers for NGCs [30,35,36]. Toba et al. [37] poured a collagen solution 

inside a woven PGA and by means of freeze drying they obtained a highly porous intraluminal 

sponge. This sponge filled NGC succeeded in regenerating 80mm gap nerve injury in dog model. 

Similarly, Tonda-Turo et al. [35] used the freeze-drying method to create a gelatin sponge inside 

custom-made porous poly(ε-caprolactone) (PCL) tubes. The in-vitro tests yielded promising 

results indicating that the proposed solution was suitable for peripheral nerve regeneration. In 

addition, they observed and measured the mechanical properties of the PCL tube and their 

dependance on the degree of porosity. More recently Huang et al. [38] prepared a longitudinally 

oriented inner filler in form of a collagen-chitosan sponge made using directional freezing, which 

was later inserted in a electrospun PCL sheath to build the filled NGC. This NGC was reported to 
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yield better regeneration results than hollow tubes. Freeze drying is a powerful method to 

obtain structures with high porosity and directional pore morphology. This process however 

requires the preparation of the dissolution or obtaining the precursor of the component that 

constitutes the sponge. This preparation is then poured inside the NGC, or in the mold used to 

shape the sponge, which requires to be sealed to avoid leakages before the process of solidifying 

and creating the sponge begins. In this process it is difficult to control the pore size, 

interconnection, and shape. The time required to freeze-dry and dehydrate the specimen can 

be in the range of several hours to a few days. 

o Fibers 

The fibers, usually manufactured by electrospinning, can range in size from a few microns to 

hundreds of nanometers. The aligned electrospun fibers are longitudinally inserted along the 

NGC. This intraluminal structure provides a longitudinal guide and enables cell anchoring, 

eventually causing an elongation of the cells along the length of the fibers, an effect that is 

dependent on the diameter of the fibers [39]. This structure made from micro- or nanofibers 

mimics the necessary frameworks for nerve regeneration [21,30,40], which leads to enhanced 

regeneration results comparable to autografting [22,36]. Behbehani et al. [41] threaded over 

six thousand PCL micro-fibers into a non-degradable polyethylene glycol tube made by means 

of micro-stereolithography to investigate the applicability of a new 3D in-vitro model for the 

analysis of intraluminal scaffolds. Taylor et al. [39] using the 3D in-vitro model from Behbehani 

tested different diameter micro-fibers, made of a blend of polyhydroxyalkanoates (PHAs), a 

bacterial origin polyester, obtaining an increased neural cell attachment compared to PCL fibers, 

which indicated the suitability of PHAs for peripheral nerve regeneration. The insertion of the 

fibers into the NGC presents difficulties because of the required manipulation for their 

placement inside the conduit. This manipulation can lead to entanglements and accumulation 

of fibers, producing undesirable results. Additionally, there also exist challenges in the 

arrangement of the fibers within the NGC, including keeping them in position and ensuring an 

even distribution. 
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• Porosity 

Porosity is a required property in the manufacture of scaffolds as it is critical to ensure the 

supply of nutrients [42]. This permeability, achieved by the insertion of pores, has been shown 

to be critical for peripheral nerve regeneration and it has been reported to improve the 

performance of NGCs. This has led to the conclusion that non-porous NGCs are obsolete [22,28]. 

Different methods of manufacturing porous components are available, such as leaching, freeze 

drying, gas foaming and phase separation. Gas foaming and phase separation methods present 

potential problems of lack of interconnectivity of the pores, and incompatibility with drugs or 

living cells because of the use of organic solvents. Therefore, particle leaching and freeze-drying 

methods are the most suitable methods for the manufacture of scaffolds [43]. Widmer et al. 

[44] back in 1998 experimented with the creation of porous NGCs using a blend of dissolved 

poly(DL-lactic-glycolic acid) (PLGA) and poly(L-lactic acid) (PLLA) to which they added table salt. 

This mixture, once the solvent evaporated, was forced through a heated nozzle using a hydraulic 

piston to push the material and form a tubular shape. They achieved highly porous tubes, 

demonstrating that the thermal processing of particle loaded polymer and the salt leaching 

technique are valid techniques for creating porous tubular scaffolds. Manoukian et al. [45] 

prepared a NGC made of chitosan loaded with a neurotransmitter release promoting drug. They 

achieved tubes with highly porous walls by means of freeze drying. As result, they obtained 

porous degradable NGCs with a sustained drug release, with the added feature that the 

longitudinally arranged pores of the walls could act as guides for the regenerating axons. The 

incorporation of porosity through the utilization of solid porogenerators is a simple and effective 

method. By ensuring a homogeneous mixture of particles with the polymer and preventing 

particle agglomeration, a porous structure can be achieved. The size, shape, and pore ratio can 

be easily controlled by manipulating the corresponding properties of the porogenerator. The 

use of solid porogenerators presents several potential drawbacks. Firstly, not all generated 

pores may be interconnected. Secondly, during the porogenerator removal process, there is a 

possibility that some particles may remain embedded within the polymer matrix. Additionally, 

in the case of thermal processing, the melting point of the porogenerator must be considered 

as it may impose limitations. With regards to the freeze-drying method for pore production, the 
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processing considerations are similar to those for obtaining spongy fillers as previously 

described. 

• Grooves

The topography of implant surfaces in contact with the tissues affects the behavior of the living 

cells in interaction with it. Adhesion, proliferation, and differentiation of cells can be altered by 

means of physical modification of surfaces. With the objective of promoting and guiding the 

regenerating axons, the inner part of the NGCs can be micro-patterned. The most studied 

pattern for peripheral nerve regeneration is based on the parallel arrangement of micro or 

nanogrooves in the inner surface of the NGC [17]. Li et al. [46] carved thin titanium foils with 

parallel micro-groove pattern using laser machining. The thin foils were later rolled to form a 

tube, where polydimethylsiloxane (PDMS) was casted in to form micro-patterned rods. Using 

the PDMS micro-patterned rods as mold cores, chitosan porous NGCs were obtained by means 

of solvent casting and freeze-drying. They observed better regeneration on the patterned NGCs 

they tested compared to those without patterning. Kim et al. [47] also used parallel micro-

grooves in their design to manufacture NGCs. They prepared micro-patterned flat films made 

of a mixture of PLGA and table salt by means of solvent evaporation method, to subsequently 

roll up the obtained films to form tubes. They compared NGCs with and without the micro-

patterning, yielding an enhanced proliferation and accelerated regeneration on the patterned 

NGC. Wang et al. [48] and more recently Yang et al. [49] used the dry-jet wet spinning method 

to manufacture highly porous tubes with micro-grooves in their inner surfaces. The base 

polymeric material was dissolved in dimethyl sulfoxide to later push the mixture through a 

micro-patterned nozzle into deionized water bath were the polymer coagulated to form the 

porous tube. Both studies found that the NGC with micro-grooves NGCs performed better than 

NGCs with smooth inner surfaces. Mold-based methods, including those involving the assembly 

of a mold by means of master rolling and those involving the creation of a flat film with 

microgrooves prior to rolling, are relatively artisanal. Such methods do not guarantee high 

repeatability and depend on the skill of the operator in assembling the molds and rolling the 

NGCs. In contrast to these molding-based methods, the dry-jet spinning technique has 

significant potential for creating micro-grooves in tubular fashion without limitations on the 
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length of the tube. Additionally, the use of low-toxicity solvents makes this technique suitable 

for creating implants such as NGCs. However, as a result of the precipitation of the polymer 

during phase inversion process, a structure appears on the walls of the profiles manufactured 

in this way, showing internal and external dense surfaces with a highly porous middle layer with 

irregular macro-voids [50], which, in the case of an NGC, may compromise the mechanical 

behavior and the dynamics of resorption owing to an irregular degradation process derived from 

the heterogeneity of the walls of the implant. 

The totality of the papers found in the literature describing the developments on NGCs report 

advantages in nerve regeneration, claiming that the strategy adopted and developed in each of 

these studies is the appropriate one to create a better NGC. However, few of these papers 

describe how to recreate the achievements in a robust and repeatable way to create an 

industrializable manufacturing process. Among the reviewed developments, those involving the 

insertion of fillers into the conduit are not easily automatable and require a significant amount 

of skilled manual manipulation to produce NGC samples. In contrast, strategies for adding 

porosity and/or grooves to NGC walls involving processes such as polymer extrusion and wet 

spinning (or its wet spinning variant with dry jetting) are better suited to establish an easily 

industrializable and highly productive manufacturing route to create improved NGCs. 

1.3 Bio-resorbable polymers 

The selection of the material for a medical application must consider a series of short and long-

term factors from the mechanical, physical, chemical, biological and boundary conditions point 

of view. Moreover, these considerations must be addressed for the entire life of the device, i.e.: 

processing, assembly, packaging, storage and transport, sterilization, and final use. 

Polymers are one of the most comprehensive biomaterial class, being used in a wide range of 

medical applications, such as sutures, scaffolds, medical implants, drug eluting devices, 

disposable elements, housings, and part of surgical tools [51,52]. The main advantages of the 

polymers are that they are easy to manufacture, and that they have flexibility to be modified to 

tune their physical-mechanical properties. Polymers are the primary material used in soft tissue 
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engineering and drug delivery and are slowly beginning to replace metals and ceramics in hard 

tissue replacement applications [51]. There are hundreds of polymers that can be synthesized 

and used in medical applications; however the current use is limited to around 20 types that 

can be found in diverse applications, from disposable elements to durable implants [52]. 

Out of these few polymers used in medical applications, only a small number are biodegradable 

by the body, of which polyesters are the leading group. They present hydrolytically degradable 

ester bonds in their main chain and, most of them degrade in bulk, which is characterized by 

water penetrating in the polymer mass, where the polymer degrades by hydrolysis. The 

byproducts are usually carboxylic acids, which reduce the local pH, leading to autocatalysis of 

the polymer and further decrease in pH. Despite the local increase in acidity they can generate, 

they are the most commercially available and studied polymers for medical applications [51–

55]. In fact, as mentioned before, the only commercially available resorbable NGCs, that are not 

made from animal-derived collagen, are those made from polyester (see Table 1.1). 

Furthermore, the polyesters relevant for medical applications are thermoplastics, and can be 

processed using conventional polymer processing methods, namely injection molding and 

extrusion [55]. The ability of these polyesters to be absorbed by the body is optimal for the 

peripheral nerve regeneration application since it allows to avoid a second intervention to 

remove the non-absorbed NGC once the nerve has been regenerated. The optimal material 

must also present mechanical properties similar to the soft tissue that is regenerating. The NGC 

must be flexible and elastic without transmitting tensions to the nerve, while protecting the 

regenerating tissue from the environment. These high elasticity requirements eliminate those 

rigid and brittle materials, which are normally used for other applications such as biodegradable 

staples or screws. 

The following section summarizes the use of polyesters for the manufacture of resorbable 

NGCs, listing both synthetic and bacterial origin polyesters, as well as the manufacturing route 

selected.  The used methods, to manufacture NGCs made of each polymer, will be highlighted. 
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1.3.1 Bio-resorbable synthetic polyesters 

Most of the synthetic origin polyesters are based on petroleum-derived carbohydrates, but 

some are synthetized from renewable sources, for example from lactic acid, and can therefore 

be identified as polymers of natural origin, but they should not be confused with natural 

occurring polyesters such as those bio-synthesized by bacteria, which are discussed in the 

following section. Polyesters can be easily synthetized by ring opening or condensation 

polymerization and they show tailorable properties, low toxicity and high processability. 

Table 1.2 shows the synthetic polyesters registered in the literature to be used to fabricate and 

test NGCs, or at least proven to be compatible with nerve cells. The table includes in-vivo bio-

resorption times and published mechanical and thermal properties. 

The reviewed synthetic polyesters have been found to be beneficial for nerve tissue 

regeneration and the fabrication of NGCs. However, some are more promising than others 

because of their intrinsic properties. Degradation time is an important factor, as an NGC must 

protect the nerve during the long period of nerve regeneration (time ≥ 12 months). Not all 

reviewed polyesters meet this condition. Mechanical properties are also important, as the NGC 

must mimic the properties of the nerve to avoid causing stresses on the tissue and maintain 

these properties over time. This excludes materials that rapidly lose their properties in in-vivo 

conditions. Although by design and the addition of porosity to the material, it is possible to make 

the material more flexible, those materials with high rigidity are also discarded for the 

manufacture of high-performance NGCs. These considerations lead to the identification of PCL 

and PLCL among the group of synthetic polyesters that are more attractive for the fabrication 

of flexible NGCs with long degradation times. 

The processability of synthetic polyesters is crucial for efficient and reliable production of NGCs 

in an industrial scale. These reviewed polyesters are thermoplastics and technically can be 

processed by industrial thermal methods such as injection molding, hot melt extrusion or  
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Table 1.2 Synthetic polyesters used or researched for nerve tissue regeneration. 

Polyester 

Degradation 
time 

(months) Properties Tested 
NGC manufacturing 

route 

Polyglycolic acid 
(PGA) 

3 [56] 
6-12 with 

strength loss 
in less than a 

month 
[51,55,57] 

 

E = 12 GPa [58]. 
Tg = 35-40°C 

Tm > 200°C [24] 
 

Commercial 
NGC [59] 

Extrusion [60] 
Woven mesh [24] 

Wrapping [61] 

Poly(p-dioxanone) 
(PDS) 

12 with 
property loss 
in less than 2 

months 
[57,62] 

Tg = -10°C 
Tm = 127°C [63] 

In vitro [64–

66] 
Electrospinning [64,65] 

Freeze drying [66] 

Poly(L-lactic acid) 
(PLLA) 

24 [51,55] 
60 [62] 

E= 4.8 GPa [51,62] 
Tg = 62°C 

Tm = 170°C [67] 

In vitro [68] 

In vivo [69] 
Freeze drying [68] 

Solvent casting [69] 

Poly(D, L-lactic acid) 
(PDLLA) 

2-12 [70] E = 1.9 GPa [51,62] 
Tg = 55°C [71] 

In vivo [72] Dip coating [73] 
Solvent casting [72,74] 

Poly(lactic-co-glycolic 
acid) 

(PLGA) 

1-6 [62] E = 1-4GPa [55] In vivo [47] Freeze drying [31] 
Plunger extrusion [44] 

Solvent casting [47] 

Poly(ε-caprolactone) 
(PLC) 

>36 [55] Tg = -60°C 
Tm = 60°C [55] 

In vivo [32] Electrospinning [75] 
Solvent casting [32] 

Poly(lactide-co-ε-
caprolactone) 

(PLCL) 

Tunable form 
days to years 

[76] 

Tg = 10-20C 
Tm = 135-155C 

E = 0.04 GPa [77] 

In vivo [78] Dip coating [78,79] 
Electrospinning [80,81] 

Glass transition temperature (Tg); Melting temperature (Tm); Young’s modulus (E). 

 

thermo-forming. However, there are no examples in the literature of their use to manufacture 

NGCs by injection molding or hot melt extrusion. The study presented by Rosen et al. [60] is, to 

the best of our knowledge, the only one in which it is stated that the NGC, made of PGA, was 

extruded, but they do not specify details on the fabrication method. The methods found in the 

literature that are used to create NGCs with these polyesters are mainly laboratory techniques 

which are not easily industrializable, such as solvent casting or freeze drying. 
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1.3.2 Bio-resorbable bacterial origin polyesters 

Polyhydroxyalkanoates (PHAs) are polyesters produced by certain varieties of micro-organisms, 

which generate these polymers as internal energy storage and accumulate them within the 

cytoplasm as intracellular inclusions. PHAs can be produced from renewable carbon sources by 

means of bacterial fermentation, are biocompatible and degrade into non-toxic byproducts via 

surface erosion [82,83]. 

Depending on the type of micro-organism used, process conditions and carbon source, different 

types of PHAs are available. These PHAs differ in their composition, structure, and number of 

carbon atoms in their monomeric unit, characteristics that directly affect their mechanical, 

biocompatibility, and bio-resorption properties [84]. PHAs with respect to other bio-resorbable 

materials exhibit better biocompatibility because they cause lower local acidity resulting from 

the degradation, and facilitate cell attachment and growth [39,84]. There are over 160 different 

types and combinations of PHAs [85], which can be classified broadly into two types, short chain 

length (SCL) or medium chain length (MCL) [86,87]. Because of their excellent biocompatibility, 

PHAs have been extensively researched for tissue engineering, where copolymerization and 

blends of SCL-PHAs and MCL-PHAs have been used to tailor the properties of PHAs to suit the 

needs of the application. Here the focus will remain on formulations to fabricate NGCs or to 

promote neuronal cell growth. 

Table 1.3 shows the bacterial origin polyesters that are identified in the literature to be used to 

fabricate and test NGCs, or at least proven to be compatible with nerve cells. The table includes 

in-vivo bio-resorption times and some mechanical and thermal properties reported in the 

literature. 

PHAs are of great interest for the fabrication of NGCs because of their high biocompatibility with 

nerve cells. Some PHA copolymers and MCL-PHAs have an elastic behavior that can be 

convenient for designing NGCs with suitable mechanical properties to further improve the 

compatibility with the damaged nerve. Although PHAs can be produced on a large scale, their 

production volume is much lower than that of synthetic polyesters, and the production cost  
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Table 1.3 Bacterial origin polyesters researched for nerve tissue regeneration. 

Polyester 

Degradation 
time 

(months) Properties Tested 
NGC manufacturing 

route 

Poly(3-hydroxybutyrate) 
(P(3HB)) 

>6 [88] Tg = 2°C 
Tm = 150-180°C [89,90] 

E = 3.5 GPa [86] 

In vivo [88] Wrapping [88,91] 

Poly(3-hydroxyoctanoate) 
(P(3HO)) 

24-30 [92] Tg = -33°C  
Tm = 40-58°C [93] 
E = 17 MPa [86] 

 

In vivo [92] Solvent evaporation 
[92] 

P(3HO)/P(3HB) Blend -- E = 1.3-140 Mpa [89] In vitro [89] 
Ex vivo [39] 

Solvent casting flat 
films [89] 

Electrospinning [39,40] 

 
Poly(3-hydroxybutyrate-

co-3-hydroxyvalerate) 
(P(3HB-V)) 

 

>4 [94] E = 2,4 GPa 
Tg

 = -1°C 
Tm = 130-153°C [90,95] 

In vivo 
[96,97] 

Wrapping [98] 
Electrospinning [96] 
Solvent casting [97] 

Poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) 

(P(3HB-HHx)) 
 

>6 [86] E = 155-630 KPa [86] 

Tm = 54°C [90] 
In vivo [99] 

 
Dip-coating [99] 

Poly(3-hydroxyoctanoate-
co-3-hydroxydecanoate-

co-3-hydroxydodecanoate) 
(P3HO-3HD-3HDD) 

-- E = 2 Mpa 
Tg = -45°C 

Tm = 25-56°C [100] 

In vitro 
[100] 

Solvent casting flat 
films [100] 

Glass transition temperature (Tg); Melting temperature (Tm); Young’s modulus (E). 

 

doubles that of PLA production [101]. Therefore, to control biodegradability and mechanical 

properties, it may be useful to use PHAs as additives by combining them with synthetic 

polyesters. Consequently, large quantities of a blend with optimized properties can be obtained 

to manufacture NGCs for nerve regeneration. In the literature, there are examples where PHAs 

have been blended with PCL to improve their properties, in particular to increase the toughness 

of Poly(3-hydroxybutyrate) (P3HB) and Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)  

(P(3HB-HHx)) [102–104].

Among the manufacturing methods that have been found in the literature for making NGCs or 

test scaffolds, thermal processing methods such as extrusion and injection are not found. 

Although PHAs are claimed to be processed by these thermal methods to make, for example, 

bio-resorbable sutures, staples, and drug delivery components [105], they are difficult to 

process as the degradation temperatures are very close to melting temperatures. Such narrow 

processing windows leads to, at least with SCL-PHAs, the addition of plasticizers. Other 
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strategies that are done to lower their melting temperature and ease their processing are: 

increase their molecular weight; copolymerization such as Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (P(3HB-V)) or P(3HB-HHx); blending with MCL -PHAs and blending with 

synthetic origin polyesters, such as PCL [90,102,106]. 

1.4 High throughput micro-replication techniques 

The previous sections explored the current advancements in the field of NGCs and provided an 

overview of the use of polyesters in their fabrication. Various methodologies for producing 

NGCs have been introduced, being most of them classified as laboratory techniques, which are 

used for generating test specimens. These methods were adapted to accommodate the specific 

requirements of NGCs and facilitate their obtention. 

The fabrication of NGCs with the attributes and features described in Section 1.2 requires the 

use of high-throughput micro-manufacturing techniques, specifically polymer micro-replication 

methodologies, as they enable the production of micro-structured components composed of 

the materials discussed in Section 1.3. These replication methodologies represent the most 

industrially efficient approaches to produce micro-structured components with non-planar 

geometries, such as the NGCs. 

In Figure 1.3 a schematic classification of main micro-manufacturing processing technologies is 

shown. These can be classified into three main subdivisions, replication, mechanical cutting, and 

energy assisted machining technologies [7,107–111]. 

Of the three technological areas into which micro-manufacturing can be divided, replication is 

the one that is recognized as suitable for mass production [112]. Furthermore, micro-injection 

molding and micro-extrusion are the most suitable methods to manufacture tubular geometries 

such as NGCs. 

The capabilities of polymer replication technologies are virtually limited only by the constraints 

of the micro-machining manufacturing processes needed for the manufacture of the tooling 

used during the replication process. Therefore, depending on the geometry of micro-features 

to be replicated, a specific manufacturing route must be adopted to produce the molds or dies  
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Figure 1.3 Classification of micro-manufacturing technologies. 

that meet those geometrical requirements. These manufacturing routes are identified as 

Mechanical cutting and Energy assisted machining in Figure 1.3. 

The replication processes are based on transferring the geometry of a master or mold to a 

substrate material. This transference can be carried out by means of heat, pressure, chemical 

activation, or other methods. The obtained workpiece copies the shape of the tool. There is no 

subsequent removal nor elimination of material, allowing to obtain micro-manufactured 

components at one thousandth of the cost of other micro-manufacturing techniques such as 

micro-milling or laser micro-machining. 

The micro-replication processes selected in this thesis for the study of the manufacturability of 

NGCs at industrial scale are micro-injection and micro-extrusion. Here a brief description of each 

technology is made, specifying its characteristics, advantages, drawbacks, and main challenges. 

In addition, a literature review is made, where these technologies have been used to 

manufacture components with the geometrical requirements described in Section 1.2 and, 

where the materials listed in Section 1.3 have been correctly processed. 
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1.4.1 Micro-injection molding 

• Process description 

Injection molding process is a manufacturing process in which the material in plastic state is 

introduced into a rigid mold, where the material solidifies copying its geometry. Subsequently, 

the mold is opened to demold the piece and closed again, once empty, to be ready for the next 

load of material. Injection molding is a high throughput manufacturing technology capable of 

producing highly repeatable and precisely shaped parts of virtually freeform geometry. This 

manufacturing process has extremely high production rate, being the most widely used 

technology for producing components made of polymeric materials [113,114]. 

• Machine characteristics 

Modern micro-injection machines are equipped with systems and added sub-process steps to 

decouple the stages of material transport, melting, accumulation, and injection, making it 

possible to control each of them separately. Schematic representation of a micro-injection 

machine with differentiated metering system is shown in Figure 1.4, where the injection piston, 

the screw and the metering systems are highlighted. This new architecture of micro-injection  

Figure 1.4 Schematic representation of polymer micro-injection machine with differentiated screw, metering 

system and injection piston. 
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dedicated machines have brought other advantages, such as the reduction of runner and sprue 

sizes, and therefore reduced material waste, which is of great interest when expensive materials 

such as the bacterial origin PHAs described in Section 1.3 are used [115–119]. 

• Key advantages 

Because of its production rate and high repeatability, the injection process is also positioned as 

one of the key technologies to produce micro-manufactured components. The cost of 

fabrication of micro-injected components is mostly influenced by the complexity of the design, 

which directly affects the complexity of the mold and its manufacturing route, that can reach 

the limits of the micro-machining techniques needed to produce it. Anyhow, once the mold is 

made and ready, it can usually enable the replication of several thousands to millions of parts, 

implying that the cost of the mold has a minimal impact on the unit cost of each part for large 

batches. Similarly, from a cost point of view, micro-injected parts, because of the small amount 

of material they require, are suitable to be made of high-cost materials, since the amount 

material in each part can be considered negligible [114,116,120,121]. Although the 

manufacture of expensive micro-structured molds is required to achieve some of the NGC 

features described in Section 1.2, and the use of biocompatible and bio-resorbable materials 

can be expensive, such as some of the most exotic materials mentioned in Section 1.3, the 

polymer micro-injection technology could allow the production of NGCs at a competitive price, 

based on the reasons outlined above. 

By injection molding almost any geometry can be replicated, considering that the polymer must 

be able to properly fill the cavity under certain processing conditions (temperature, pressure, 

shear stress, etc.) in which it is not degraded, being of major concern the rheological properties 

of the polymer. 

• Main drawbacks 

One of the main drawbacks is the need of considering “by design” several mold split lines, slides 

and movable elements to guarantee part ejection without destroying the part. This causes not 

only an increment on the manufacturing costs of the mold but also the appearance of marks, 

misalignments, flashes, or burrs in the injected part. These defects, in case of micro-
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manufactured components can be in the same dimension range as the micrometric features or 

tolerances to be replicated, making their appearance a critical failure. Additionally, the increase 

of precision assembly of the mold movable parts, and the reduction of gaps between them, 

deters the proper evacuation of the air inside the cavity, causing incomplete filling, leading to 

defective parts. Moreover, if the temperature and pressure inside the mold cavity during the 

injection are high enough, the ignition of the trapped air can happen, causing located burn 

marks in the injected component. To avoid these defects, air vents are added to the cavity, 

usually in the split line between main mold parts, and preferably in the last-to-fill area of the 

cavity. However, in micro-injection molding the size of these vents (typically 25 micrometers 

depth and several millimeters wide) can be comparable to the size of the features to be 

replicated, being extremely difficult to avoid vent filling. In the literature, other strategies have 

been applied, such as vacuum venting of the cavity to reduce the resistance to filling caused by 

trapped air. However, it is not clear that the application of vacuum improves the replication of 

micrometric features, because of the reduction of the mold surface temperature caused by the 

removal of the hot air inside the cavity, which ultimately hinders the flow of the polymer front, 

solidifying it before the complete filling [122]. 

Micro-injected parts generally show very large surface to volume ratio because of the reduced 

size of the part and the presence of micro-sized features. This large surface area proportion has 

a dual negative effect: first, it leads to a high cooling rate of the part, which can cause premature 

solidification, and cause skin-core effects [122,123]; second, once the cavity is filled, the 

relatively high proportion of part surface in contact with the mold causes an increment of 

adherence and local friction, which has to be overcome by the force applied by the ejectors 

without damaging the replicated part [124]. Consequently, the demolding process of injected 

thin-walled NGCs having high surface – to – volume ratio, either with or without internal 

structuring, can raise problems. This implies that injection molding may not be the most suitable 

method for the fabrication of tubular thin wall geometries such as NGCs. To face the challenges 

linked to the micro-injection molding of micro-scale features with such a high surface – to – 

volume ratio, a deep study on the influence of process parameters (input and temperature and 

pressure signals eventually registered by sensors located in strategic zones of the mold) on 

replication quality is mandatory. 
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The replication quality of micro-injected components is mainly influenced by the melt and mold 

temperatures, along with the injection speed. By increasing the injection speed, the mold 

pressure is also increased, while the cavity filling time is reduced. High cavity pressures imply an 

improved replication. However, the use of high injection speeds can worsen the quality of 

replication by amplifying the differences in replication along the component, function of 

distance from the polymer inlet point. High melt and mold temperatures improve the degree of 

replication but at the expense of increasing the cycle time, which reduces productivity. In the 

literature, there are disparities in the identification of the process parameters with the greatest 

impact on the variations in replication quality. Such discrepancies in results are attributed to 

differences in the configurations of the reported studies, in which different polymers and 

replication geometries were analyzed [125–127]. 

The quality control of micro-injected components is complex because of two main factors: the 

size of the features to be controlled and the inspection time. Because of the size, time 

consuming microscopy measurements are needed to control the produced parts and thus, the 

quality control becomes the bottleneck of the process. In bibliography it can be found that there 

is a real effort to find a correlation between measurable process parameters and the replication 

quality to enable an in-process quality control [125,128]. The conventional control of regular 

injection process, based on the machine setpoint parameters, is not enough in micro-injection 

molding to ensure the stability of the process, because of the effect the inherent process noise 

has on the consistency of the replicated components [129,130]. The architectures of the new 

micro-injection machines enable to have the stages of the process decoupled to facilitate their 

control, but despite this, comprehensive monitoring strategies are needed to achieve zero 

defect manufacturing. These strategies include the control of the machine parameters, which 

are usually the mold temperature and injection speed, and the monitoring of the process 

signals, pressure, and temperature inside the mold cavity, attempting to link these parameters 

and signals with the obtained replication quality in order to define an in-process control of the 

micro-injected parts. Anyhow, micro-injection is a well-established manufacturing process in 

the industry, and it is a well characterized micro-manufacturing process with a plethora of 

available studies compared to micro-extrusion. 
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• Micro-injection capabilities 

Here, the literature background on micro-injection capabilities is described, both to obtain 

micro-features similar to those described in Section 1.2, that are required to obtain NGCs with 

advanced functionalities and, in the research to process the bio-resorbable polyesters listed in 

Section 1.3. 

o Multi-channel structures 

In order to obtain an NGC with an inner structure composed of micro-channels by micro-

injection molding, it is necessary to prepare a mold that resembles the negative geometry of 

the multi-channeled NGC. This implies that the mold must have the elements that create these 

micro-channels inside it. These elements must be removed during demolding or in later stages 

to create the micro-channels in the injected part. The size of the channels required in NGCs can 

range from tens to hundreds of micrometers with lengths of several centimeters, which 

determines the size of these components in the mold. Their micro size dimensions and slender 

geometry make it extremely difficult to position them inside the mold, their handling, and 

demolding. To confirm this fact, to the best of our knowledge, there is no literature describing 

the fabrication of components with internal micro-channels with similar arrangement to that 

shown in Figure 1.2 (b) by micro-injection molding.  

o Porosity 

Porosity in micro-injection can be achieved by using porogenerator elements blended with the 

polymer, such as solid particles or other polymers, which can then be selectively removed by 

means of solvents. Other methods used industrially are gas foaming or micro-cellular injection 

molding, both of which obtain very good porosity results, but the type of pore obtained is 

closed, which resembles a group of bubbles inside a foam without any type of interconnection 

that could allow the flow and exchange of fluids and nutrients, which eventually limits their 

utility in the generation of scaffolds for tissue engineering [131]. There are some examples in 

the literature that implemented these methods to obtain porous specimens considering 

synthetic polyesters, such as the studies of Ghosh et al. [132], Teng et al. [133], and 

Kramschuster et al. [134]. 
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o Grooves 

In the literature related to the addition of grooves in NGCs, a great diversity of sizes and 

arrangements can be found. These groove sizes can range from sub-cellular to supra-cellular 

sizes with depths that can vary from a few tens up to about fifty micrometers [135]. 

There are multiple examples reported in the literature, where grooves of these sizes are 

replicated, either with bio functionality or with other functionalities such as microfluidics for 

instance [126,136]. Therefore, it is reasonable to assume that this type of surface structuring is 

not a particular challenge for micro-injection. 

In a nutshell, although micro-injection seems to present critical drawbacks that make it difficult 

to be implemented as the most suitable micro-manufacture method to obtain tubular 

geometries such as NGCs, its similarities to micro-extrusion, a more convenient technologies as 

we describe later, and the extensive bibliography behind it, make it a useful platform for 

studying the parameters that influence micro-replication, and that can be implemented in the 

optimization of micro-extrusion. 

1.4.2 Micro-extrusion 

• Process description 

Extrusion is the primary thermal processing method for polymers, where the polymer in molten 

or heat softened state is continuously forced through a die to shape it, producing a part with 

constant profile and unlimited length, as long as the feed of material continues [137]. This 

technology allows the transformation of the material, that can be in the form of pellets or 

powder, turning it into shapes of different geometries, such as rods, filaments, sheets, films, 

complex profiles, and tubes, which is particularly useful for manufacturing NGCs. 

• Machine characteristics 

The basic parts of an extrusion machine are the hopper, where the material is introduced, the 

screw, the extruder barrel heaters and the die. The extruder screw has several functions: first, 

it conveys the solid material from the hopper to the extruder; second, it melts, blends, 
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compresses and degasses the polymer; and third, it conveys the molten polymer to the die. 

Finally, the die defines the shape by means of an appropriate orifice geometry. A schematic 

representation of an extrusion machine is shown in Figure 1.5. 

An extrusion system usually includes additional peripheral components. A cooling system for 

the extrudate, usually consisting of a water bath. A pulling system to maintain the extrudate 

under constant tension to counteract the die-swelling effect, with the objective of obtain the 

required dimensions by means of the appropriate speed control, and a system for cutting or 

spooling the extrudate depending on its specific geometry and storage mode [138]. 

The extrusion process is controlled by the screw speed parameter and the temperature set 

points along the extruder barrel and nozzle. The extrudate pulling speed is also another 

parameter to be controlled in those extrusion systems that are equipped with this peripheral 

system. The screw speed strongly influences the pressure of the molten polymer reaching the 

nozzle, with the pressure increasing as the screw speed increases. However, while lower screw 

speeds result in improved extrusion quality, they also lead to reduced productivity. On the other 

hand, increasing the temperature decreases the viscosity of the polymer which causes the 

pressure to also decrease [139,140]. 

 

 
Figure 1.5 Schematic representation of extrusion machine. 

 



 

28 Chapter 1. Introduction 

 

• Key advantages 

The parts that can be obtained by extrusion are characterized by a constant cross-section along 

its entire length. This apparent limitation, on the contrary, allows the manufacture of 

components with constant geometry with unlimited length, which is very useful for the 

manufacture of filaments, wire coatings, tubes and profiles with high manufacturing capacity 

and reliability. In addition, this process allows to process blends and particle doped materials, 

which can be of great interest for the inclusion of porogenerator agents, producing porous 

structures. Micro-extrusion is widely applied to manufacture micro-tubes to be used as 

catheters in medicine, micro-capillary reactors, micro-needles, micro-heat exchangers, micro-

structured profiles for low friction applications, surgical sutures, etc., being able to obtain, for 

example, tubes with diameters down to 100 micrometers and miniature multi-lumen catheters, 

which suggests a high potential for the manufacture of NGCs.  

• Main drawbacks 

When processing the polymer, it undergoes high temperatures and high shear ratios, which can 

be limiting to extrude certain temperature-sensitive polymers, such as some polymers for bio 

applications. Moreover, the minimum polymer quantity needed for extrusion increases with the 

size of the extruder, since both screw(s) and die have a dead volume that must be filled with 

polymer to generate extrusion pressure and mass continuity. A polymer quantity equal to this 

dead volume is lost in the extrusion process, which can be not negligible and be a great concern 

for small extrusion batches of expensive materials. Most industrial extruders have a length to 

diameter ratio (L/D) between 30 and 36. Higher values of this ratio favor productivity and melt 

homogeneity, but sensitive materials may show more degradation when processed on long 

machines. 

The design of the extruder screw and the nozzle directly affect the pressures that can be 

reached inside the extruder during the process. The geometry of these elements must be 

designed according to the production needs and the type of polymer to be used. The 

parameters that are controlled during the process are the screw speed and the barrel and nozzle 

temperatures. High screw speed is required for high productivity and setting temperatures are 
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expected to be adequate to not degrade the polymer and to offer a compromise between good 

flowability and the reproduction of the shape of the nozzle at the outlet. The increase of the 

screw speed causes an increment in pressure because of the higher polymer flow rate forced 

through the nozzle, additionally, the shear rate applied to the polymer increases, which in turn 

causes the apparent viscosity of the polymer to decrease. This reduction in apparent viscosity 

causes a loss of proportionality in the pressure variation caused by the screw speed, with the 

increase becoming progressively smaller as the screw speed increases. The increase in screw 

speed also causes an increase in the amplitude of the pressure oscillation caused by the rotation 

of the screw helix, which results in pulsating pressure and creates instabilities in the extrudate, 

compromising the extrudate quality. These pressure instabilities caused by screw rotation can 

be minimized using nozzles designed with appropriate land lengths, that result in larger pressure 

drops, which can counteract this effect at the cost of lower productivity and possible 

degradation of the polymer. On the other hand, as polymer viscosity is temperature dependent, 

thermal homogeneity of the melt is crucial to minimize inconsistency in melt properties. The 

temperature heterogeneity on the melt polymer may eventually cause pressure instabilities and 

lead to undesirable changes in the extrudate [137,139–143]. Although significant improvements 

have been made in the extrusion process in recent years, monitoring and controlling the 

temperature and pressure inside the extruder is still a challenge to be faced and, there are not 

many techniques that allow to control the process according to measurable temperature and 

pressure characteristics of the melt [144]. 

Even though there is a wide variety of micro-extruded components used as medical 

components, there is a gap in the literature where this technology is not being studied to 

process materials with bio-advanced capabilities, such as those described in Section 1.3, and 

with geometries that are capable of meeting the challenges of the micro-features described in 

Section 1.2, with the goal of fabricating high-performance NGCs in an industrial way [7,145–

153]. 

• Micro-extrusion capabilities 

Here, in a similar approach to that used for micro-injection, the literature background on micro-

extrusion capabilities is described, both in obtaining micro-features similar to those described 
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in Section 1.2 that are required to obtain NGCs with advanced functionalities and, in the 

research on micro-extrusion processing of the bio-resorbable polyesters listed in Section 1.3. 

o Multi-channel structures 

The extrusion dies used to manufacture hollow or tubular profiles, have at least one core that 

is surrounded by the melt polymer before it exits the die to form, this way, a seamless hollow 

or tubular section profile. These cores can be vented to add an air supply to the inner part of 

the profile. This airflow can be controlled by pressure to swell the profile or counteract the 

shrinkage of the polymer as it cools down. For the extrusion of multi-channeled tubes, the 

extrusion die must have the same number of cores, ideally vented. 

Extruded multi-channel tubing solutions of reduced diameter are available commercially, e.g.: 

Zeus, Raumedic, and GenX Medical. These tubing are of great utility and interest for medical 

catheters and as components for endoscopes, for instance. These components are 

manufactured by means of polymer melt extrusion, which indicates that this process is capable 

of generating this type of complex internal geometries. In the literature some examples can also 

be found where both, the design of the die and the effect of the process parameters, on the 

achievement of the required dimensions in the manufacture of multi-channel tubes by micro-

extrusion are studied. In particular, the effect of nozzle temperature and screw speed on the 

extrudate quality has been studied, being reported that the increase of both parameters 

negatively affects the quality of the tubes with multi-channels, causing problems on channel 

ovality. It was also observed that high screw speed causes an increase on the anisotropy of the 

die-swelling that eventually, deforms the geometry of the extrudate. [145,154]. 

o Porosity 

Porosity is a characteristic that is simple to implement in extruded profiles by means of gas 

foaming. This method is based on the addition of gas into the molten polymer inside the 

extruder and as it exits through the die, at atmospheric pressure, the gas expands to form 

bubbles [138]. But similar to injection molding, this method of creating porosity produces closed 

pores with no interconnection, which is not convenient for creating components to be used in 

tissue engineering. Other methods for creating interconnected pore extruded profiles are the 

equivalent to those used in injection molding which are based on adding leachable components 
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(particles or other polymers) that will be removed by dissolution once the profile has been 

extruded. Several studies can be found in the literature related to micro-extrusion, where the 

pores are obtained by means of particle or polymer leaching, with or without the addition of 

gas foaming to obtain highly interconnected porous profiles made of bio-resorbable polyesters 

[155–157]. 

o Grooves 

To our knowledge, there is not much literature on the use of extrusion to produce micro-

grooves. Among the limited information that has been found, there is a patent that specifically 

describes polymer extrusion as a method for manufacturing components with micro-grooves 

that function as a capillary tube to be used in pen tips. Later, the company that applied for that 

patent used the same technology in the medical sector for the controlled dosing of liquid 

medicines [158]. Regarding research literature, Cannon et al. [150] and Villacorta et al. [151] 

used extrusion to successfully obtain components with micro-grooves, which were meant to 

reduce the friction coefficient of the components containing the micro-grooves on their surface, 

instead of aiming for interactions with cells. 

o Bio-resorbable polyesters 

Micro-extrusion, like micro-injection, is a fundamental technique in the processing of 

thermoplastic polymers, such as those listed in section 1.3. Explicit examples of the use of 

extrusion for the processing of PLLA, PLGA, P(3HB-V) and P3HB copolymers can be found in the 

literature, giving an idea of the versatility of this process to work with different grades of 

polymers [44,156,157,159–161]. 

In conclusion, micro-extrusion enables the manufacture of tubular components, even with 

multiple channels and high porosity, grooves and the potential to process several of the 

polymers of interest, making it a very suitable manufacturing process to obtain NGCs in an 

efficient and easily industrializable way. However, the process shows critical limitation in terms 

of control, due to the parameters intercorrelation and complexity on measuring the actual 

temperature variations in the screw zone and the pressure front in the nozzle. Hence, the 

application of extrusion to obtain a complex component, such as an advanced NGC where 

multiple requirements are needed, is not a straightforward process. Therefore, there is an 
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opportunity for the research and industrial community to implement a methodology to produce 

these types of advanced components via micro-extrusion, which has been also proved by the 

lack of works in the literature. 
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2.1 Introduction 

High performance miniaturized components offer unique advantages linked to their low cost 

and maximal functionalities in the minimal space. Hence, there is a strong demand for 

miniaturized components from diverse industries such as electronics, optics, medical 

components, and consumer goods, among others [1,2]. In this scenario, reliable and economical 

micro manufacturing processes are required in order to fulfil those market demands [3]. In 

particular, microinjection molding is a well – established high throughput manufacturing 

technology capable of producing micro systems, 3D micro sized parts or even larger 

components with features in the range of a few to several hundred micrometers [4,5]. 

Both, micro and conventional, injection molding processes are based on pushing molten 

polymer into a cavity where the material is cooled down to a temperature where it solidifies 

and can be ejected from the mold without damaging it [6]. The final shape of the replicated part 

is directly related to the dimensional accuracy of the mold, material shrinkage, internal stresses, 

and molten material volume in the mold. Some of the mechanical properties of the injected 

part, i.e.: ultimate tensile strength, elongation at break and storage modulus, relate to the 

polymer pressure and temperature evolution during the injection molding cycle [7,8]. 

The micro machining technologies commonly used to manufacture microinjection molds, i.e.: 

micro-milling, µEDM milling, laser ablation, etc., are capable of machining features sized of 

100µm or less, with accuracies around 5µm [9,10]. Mold accuracy is not considered the main 

source of defective replicated parts, being those aspects linked to the material and the injection 

process itself the most important factors contributing to part quality deviations [11]. Because 

of variation on these factors, even when the injection machine and process are properly set, 

inspection of the injected parts is currently mandatory to assure quality of procured 

components. In microinjection, due to the nature of some polymeric raw materials (an 

amorphous polymer is typically clear in appearance) and micro-feature dimensions, part quality 

inspection involves expensive and time-consuming microscopy or machine vision methods 

[10,12], being this inspection the bottleneck of the microinjection molding process in terms of 

productivity. 
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Cavity pressure monitoring has been reported as a common strategy to detect injection process 

deviations during a production cycle [12–15]. Commercially available pressure sensors are 

usually too big to be fitted inside the mold cavities used in microinjection without varying the 

cavity geometry. Hence, indirect pressure detection in the cavity is performed by arranging 

these sensors outside the cavity, covering different locations of the machine and mold. In 

particular, a common strategy is to measure the microinjection process pressure behind the 

injection pin, in the runner system or by means of ejector pins [13–16]. Apart from the 

deviations on proper cavity pressure values obtained by such sensors because of the locations 

far from the cavity, in microinjection, the runner to cavity volume ratio is bigger than in regular 

injection. This volume ratio can affect even more, the reliability of the pressure monitoring on 

the cavity via sensor signal acquisition from the runner system. However, it is worth to note that 

this approach is a very versatile method of controlling the quality of the process when the micro 

cavity geometry cannot be altered to arrange a specific sensor [17]. 

There are several studies that analyze the effect of process parameters on the replication quality 

of microinjected parts [4,18–22], as well as the correlation between these input parameters and 

output sensing pressure signals [11,13–16,23]. Among them, only two research papers have 

analyzed the correlation between pressure signal value and part quality deviation [14,15]. Those 

studies conclude that pressure, is directly linked to part quality and, despite not being as reliable 

as in conventional injection, it can be used for process monitoring and optimization. 

In the study reported in this chapter, pressure and temperature sensors were implemented at 

two different locations: the cavity of the mold and the runner system. Part quality deviations 

were correlated to sensor signal variations and input process parameters. The micro-injected 

parts were classified according to their replication quality level; those quality control results 

were cross matched with the collected sensor signals to analyze the correlation between signal 

variations and micro-part quality variations. 

The effect of the sensors location on their capacity to detect signal differences regarding the 

micro-injected part quality was addressed, as well as the identification of the input parameters 

that play the main role on the quality of the final injected part. 
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2.2 Materials and methods 

The mold used in the study is a three-plate mold that allows using a pin-point gate runner 

system. This kind of runner system is often used in microinjection molding because of the lack 

of additional or intermediate process stages needed to achieve finished injected parts. In this 

scenario, the runner system is split from the injected part during mold opening. 

The sensors used to monitor the injection molding process have been arranged in both sides of 

the pin-point gate: The runner system (pre-gate location) and the cavity, (post-gate position). 

The plastic part selected to be tested in the study, is a simple demonstrator comprising several 

micro sized pillars which have been designed bearing in mind several aspects such as machining 

limitations, micro-mold design guidelines [1,9] and typical dimensions of micro- features that 

are considered in real micro-injected components. The micro pillars of this test part have been 

arranged setting a matrix of (60) pillars with different diameter size, covering dimensions from 

350µm down to 65µm as shown in Figure 2.1 (a). Two values for the height of the pillars were 

considered: 100 and 50µm. 

To arrange the in-cavity sensors without affecting the final shape of the micro-featured zone of 

the injected part, a supplementary cavity branch was considered in the design. This sensor 

branch has been designed with identical size, volume, and entrance geometry to the micro-

featured cavity. The sensor located at the runner system, was also arranged in a branch added 

to the sprue. Those sensor locations are highlighted in Figure 2.1 (b). 

The equipment used to perform the experiments was the "Battenfeld Microsystems 50” 

microinjection machine (1cm3 maximum shot volume; 50kN maximum closing force) from 

Wittmann Battenfeld [24]. The thermo-plastic material used was polyoxymethylene (POM) 

“ULTRAFORM W2030 003 UNC Q600” (Melt temperature range 190-230°C; mold temperature 

range 60-120°C) from BASF [25]. 

The three-plate mold used in the study, is an interchangeable inserts mold which facilitates 
replicating variable shaped parts by inter-changing mold parts and inserts instead of developing 
a completely new mold. The inserts and supplementary mold components were designed and 
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Figure 2.1 CAD images of the designed part and arrangement and dimensions of the micro pillars (a). CAD image 
of injected part and the runner system (b). 

 

manufactured bearing in mind both the design of the micro-featured part and the arrangement 

of the sensors (Figure 2.2). The mold inserts were made of Orvar Supreme tool steel, from 

Uddelholm [26] hardened to 54HRC and machined using different micromachining equipment 

available at Tekniker: Micro-milling technology for manufacturing the mold cavity and the 

negative shape of the designed part (including the micro-features). Wire electro discharge 

machining (WEDM) was used to machine the cone of the sprue and the holes where the ejector 

pins and sensors will be positioned. Two types of sensors were used in this work, regular 

pressure and combined pressure and temperature (p-T) sensors. The regular pressure sensor 

was set in the runner system and the hybrid p-T sensor in the branch of the cavity. The sensors 

and their signal amplifiers were “KISTLER 6182B”, charge amplifier 5039A222 and “KISTLER P-T 

6189A”, charge amplifier 5155A22B1 [27]. Signals from sensors were collected with an 

acquisition card “DAQ NATIONAL INSTRUMENTS NI usb-6210” connected to a laptop running 

LabView based “General Acquisition Software V1.02” developed by Tekniker. The sampling rate 

was 100Hz. The trigger and reset signals were wired from the machine PLC to the amplifiers and 

measurement outputs were connected to the NI-DAQ card. The regular pressure sensor output 

was also connected to the machine PLC for sensor calibration purposes. 
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Figure 2.2 Section view of CAD design of the inserts and inner components of the mold (a). Picture of the micro-
machined mold insert (b). 

 

The collected data are the maximum values of each signal curve provided by the sensors. The 

use of the maximum values of each signal implies information loss but enables and facilitates 

the use of DOE methodology. 

The design of experiment approach (DOE) is being currently used to evaluate and control the 

effect of process input parameters on the quality level of microinjected parts [16,28,29]. In this 

research, the approach considers the use of fractional factorial DOE to determine the 

relationship between input parameters and output signals, carrying out less experiments than 

full factorial approach [18,30]. 

The experiment was designed following 2 level and 6 inputs half fractional factorial 

methodology [31]. The 6 inputs (process parameters) correspond to the temperature values at 

5 different locations of the microinjection machine (Figure 2.3) and to the speed of the injection 

ram, which defines the polymer transfer rate into the mold. The holding pressure and the 

transferred polymer volume, that have significant effects in replication quality [32], were kept 

constant.  
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Figure 2.3 Microsystem 50 scheme for input parameters identification. 

 

The process parameters were named T for temperature and V for speed. Locations are 

identified in the text by the sub-indexes A to F (TA, TB...TE and VF). Output signals correspond to 

pressure and temperature signals collected by the sensors at different locations as indicated in 

Figure 2.1 (b).  

The fractional experimental design consisted in 2(6-1) = 32 configurations; in each test 

configuration, 5 parts were injected and discarded, to let the process stabilize, and then 5 parts 

were injected, monitored, and saved to subsequent quality check. 160 monitored parts, in 32 

different process input parameter conditions, were obtained and checked by means of confocal 

microscopy. 

The upper and lower-level values of the inputs were defined according to the experience 

acquired during preliminary screening injection tests as described by Attia et al. [21]. During 

those tests the limits of the process window were identified as the limits where the 

microinjection was feasible, leading to fully replicated parts, but quality differences in the micro 

pillar zone were noticeable to the naked eye. Those values are shown in Table 2.1. 
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Table 2.1 Lower (-1) and Upper (+1) values for each input variable used in the experiment. 

  T(A,B,C) [°C] T(D,E) [°C] VF [mm/s] 

-1 190 75 280 

+1 205 85 350 

 

2.3 Results and discussion 

2.3.1 Parameters and signals analysis 

The micro-injection trials were conducted following the DOE methodology, varying process 

inputs and collecting signals from the sensors in the cavity and in the runner system. The 

collected data was analyzed to determine the correlation between input parameters and 

monitored output signals deviation. Significant pressure variations caused by some of the input 

values were detected and, in case of the measured temperatures, an interaction between input 

parameters was also noticeable. 

In Figure 2.4 half normal plots of the absolute normalized effect weights of input parameters 

are shown. Those plots are useful to determine the input parameters having impact on the 

output signal variation [33,34]. 

As it can be analyzed from the half normal plots of the effects on pressure signals (Figure 2.4 (a), 

(b)), the parameters TC and TD, corresponding to the temperatures of the machine nozzle and 

the fixed part of the mold, cause significant effects on both output pressure signals. Additionally, 

the parameter TB, which is the metering system input temperature, seems to have a slightly 

significant effect on cavity pressure signal. Regarding the effects on cavity temperature (Figure 

2.4 (c)), it is worth to note that parameters TD, TE, and their interaction DE show the most 

noticeable effects, showing the straightforward correlation between the mold temperatures 

and the cavity temperature signals. Temperature input values in the metering system (TB) and  
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Figure 2.4 Half normal plots of normalized effects. 

 

nozzle (TC), in contrast to the effect they show on pressure signals, show no influence on 

temperature output. The effects caused by those inputs that are not significant, are within the 

range of the normal variability of the process. 

Figure 2.5 gives additional information regarding the value and sign of the effects of the six input 

parameters on the output signals, as well as the interaction of different input parameters on 

the cavity temperature signal. In those line-charts it is worth to note that both, nozzle (TC) and 

fixed part (TD) input temperatures, have a positive effect on the pressure value, the increment 

of the input temperature will rise the expected pressure signal. 

The use of a pressure sensor directly inside the cavity of the mold, which is an innovative 

monitoring strategy in microinjection, has shown to be more sensitive than pressure monitoring 

in the runner system which is a common and almost standard strategy. The pressure signal 

variations in the cavity are bigger than those in the runner system. The same input parameter 

change cause bigger and more noticeable effect in the cavity signal than in the runner system. 
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Figure 2.5 Plots of input parameters effects on measured pressure and temperature values. 

 

The pressure signal in the cavity is also sensitive to other input variations, for example the input 

temperature of the metering system (TB), and although it was disregarded by the half normal 

plot (Figure 2.4), the input temperature of the movable part of the mold (TE) can cause a 

variation of almost 5% on the cavity pressure value. 

As it was indicated in Figure 2.3, the screw temperature TA, sets the polymer temperature 

helping to plasticize and melt it, whereas the metering system and machine nozzle temperature 

input values, TB and TC, determine the temperature of the melted polymer previous to be 

injected into the mold. Additionally, the temperature value of the fixed part of the mold, TD, 

sets the temperature of the mold part where the runner system is located. Hence, higher 

temperatures of mold and melted polymer, cause polymer viscosity reduction, preventing 

premature solidification and helping to completely fill the cavity, which can lead to higher 

pressure values [10]. This correlation between temperature input parameters and measured 

pressures is not a general rule as it depends on the type of material and other different inputs 

as it can be derived from the study carried out by Griffiths et al. [16]. 

Mold temperature input values, TD and TE, show a remarkable effect on cavity temperature 

readings (Figure 2.5 (c)). This can be explained by the cooling rate of the molten polymer when 

it touches the mold cavity walls. In a warmer mold, the polymer flow front reaches the sensor 
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location at higher temperature which leads to higher temperature output signals [10,29]. The 

observed DE significant interaction (Figure 2.5 (d)) shows that the rise in cavity temperature 

caused by changing TD input from (-1) to (+1) is more relevant when TE is set (-1) than when it is 

set (+1). It may be explained in terms of the arrangement of the cavity temperature sensor. As 

it was mentioned previously, this sensor is in the mold part which temperature values are set 

by the input TE. Hence the effect caused by TD in the micro-featured cavity temperature, can be 

somehow masked by TE when high temperature levels are considered (+1). Furthermore, the 

system has a big inertia, and the temperature sensor may not be fast enough to record the 

actual temperature of the polymer. To analyze polymer fast temperature changes inside the 

micro-featured cavity, other kinds of sensors may be used. 

Figure 2.4 and Figure 2.5 show that the input parameters TA and VF, corresponding to the 

temperature of the screw and the injection speed, cause no detectable effect on output signals 

in both mold locations. The use of other kind of sensors and the analysis of the evolution of the 

recorded signal could provide more information about the effect caused by the variation of 

those input parameters. 

The temperature changes in the screw, causes no effect in the pressure and temperature signals 

probably, because the screw is the place where polymer heats up, as it plasticizes. Posterior 

heat-controlled zones, such as the metering zone and nozzle, have greater effect on melt 

temperature. 

Changes on the pressure and temperature signals were expected at high injection speeds, 

because of the direct relationship of this parameter with the shear rate and the shear induced 

heating in the polymer. This induced heating improves the flow into the cavity, leading to a 

better filling and packing of the part. Along with that, higher injection speeds promote quicker 

filling of the cavities which prevents early freezing of the melt [16,35]. The reasons why pressure 

variations caused by injection speed changes were not detected in our study might be related 

to the values selected for speed levels. Those high- and low-level values, despite the differences 

observed on part replication during preliminary screening tests, seemed to be not different 

enough to induce changes in the output signals. 
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Another reason behind these results may be the configuration of the injection speed on the 

machine. Acceleration and deceleration rates of the injection ram are set by defining several set 

points in a velocity - distance table. In this study the deceleration profile of the final part of the 

stroke, was kept constant. 

2.3.2 Part quality analysis 

The microinjected parts obtained during the experiment were measured by confocal 

microscopy. The measuring area was set considering the wide range of pillar dimensions defined 

in the part design (Figure 2.1 (a)). 

The confocal images were analyzed with numerical computation software [36] to sort out the 

parts according to their replication quality level. The information obtained via confocal 

microscopy is collected on a matrix that includes the position and height of each pixel. In the 

performed part quality analysis, the replication quality level of each part, was correlated with a 

certain number of pixels per image (area) which height values were above a certain threshold 

(Figure 2.6 (b)). The height and area thresholds, to consider a part properly replicated, were set 

at 70% and 90% respectively. 

Figure 2.7 (a) (b) is SEM and confocal images of a replicated part identified as "low quality", 

where the pillar edge roundness and wrinkles are highlighted. Figure 2.7 (c) and (d) show SEM 

and confocal images of a properly replicated part (high quality). It is worth to note that even for 

high quality parts, the confocal image shows some missed height data, represented by black 

areas around each pillar; this data loss, can be correlated to steep walls of the pillars and/or low 

reflective surface at the bottom of the pillars. 

Figure 2.8 shows the P and T values obtained at different sensor locations as a function of the 

replication quality level of the injected parts and their frequency. Figure 2.8 (a) and (b) show 

low- and high-quality part frequency distribution along pressure. Both histograms show a quite 

spread pressure range where high quality and low-quality parts are overlapped. The histograms 

show the signal maximum values, measured during the DOE experiment, where 32 different  
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Figure 2.6 Pillar shape and projected area above the height threshold scheme. 

 

input parameter combinations were tried. A spread and even experimental distribution was 

expected due to the low repeatability of the inputs of the process. However, despite the 

consistency lack in the process parameters input, some trends and part grouping were found to 

be worthy of note. 

In Figure 2.8 (a) and (b), high quality parts are grouped around higher-pressure values while low 

quality parts are around lower pressure values and distributed in spreader range, showing a tail 

of the distribution overlapping the high-pressure values where high-quality parts are found. 

Figure 2.8 (c) shows that there was no evidence of a trend of high-quality part distribution with 

the output temperature measured during the trials. The histogram data is distributed into two 

groups, one group is distributed around 90°C while the other group can be found around 97°C. 

The high quality to low quality part ratio is slightly bigger at higher cavity temperatures. It is 

more probable to obtain a high-quality part when high cavity temperatures are read.  
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Figure 2.7 Confocal and SEM images of two injected parts showing different replication quality levels. 

 

The histograms show that during the micro-injection experiment, pressures from 138bar to 

556bar were acquired in the cavity and, of about 227bar to 502bar in the runner. From the data 

plotted in the histograms, defining a quality objective of 90 % of injected parts to be high-quality 

parts, the pressure thresholds would fit to: 450 bar in the runner signal and 480 bar in the micro-

featured cavity. 

Although some signal variation was expected due to the repeatability of the process and 

machine, such wide range was caused by the variation of the input parameters during the 

experiment. In order to evaluate the effect of sensor location on quality deviation detection, 

the pressure difference (ΔP) between cavity and runner system signals was analyzed and 

represented in the histogram showed in Figure 2.8 (d). Both high- and low-quality part 

frequency histograms can be fitted to Gaussian curves which show an overlapping region in the 

range of -35 to 25 bars. Higher values of ΔP increase the probability of producing high quality 

parts while lower ΔP values are associated to low quality replication. Hence, the analysis of the 

pressure signals obtained by the sensors at different locations taking into account the two 

Gaussian bell curves presented in Figure 2.8 (d) would lead to a direct and fast identification of 

the part quality in an injection cycle. 
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The runner and cavity pressure histograms (Figure 2.8 (a) and (b)) are quite similar, both show 

that higher pressure values lead to properly replicated parts, and both show a wide overlapped 

range of pressures where high quality and low-quality parts can be found.  

For higher values of the pressure, the probability of obtaining high-quality micro-part increases, 

this relation has been observed in both runner system and in cavity. Similar process behavior 

was stated by Kuek [12] who observed that better filling up of the cavity generate higher peak 

pressure in the cavity. Additionally, Tsai et al, [17] reported that there is a strong correlation 

between cavity and runner system pressures and depending on the runner system design and 

sensor location, both pressure signals can behave similarly to same input variations. Similar 

results have been observed in present study, where runner and cavity pressures respond in the 

same way to input parameter variations (Figure 2.5 (a) and (b)) and show analogous pressure 

histograms regarding part quality levels (Figure 2.8 (a) and (b)). 

 

Figure 2.8 Part quality differentiated pressure and temperature frequency histograms. 
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Low quality parts showing cavity pressures lower than runner pressures, could be correlated to 

a premature polymer solidification at the gate of the cavity, causing a pressure build up in the 

runner [10,35]; whereas cavity pressures higher than runner ones, can be explained due to the 

proper cavity filling and packing while runner melt polymer still flows [17]. It is worth to note 

that runner and cavity pressure values ratio correlation is mold design dependent, as different 

runner designs can induce different pressure drops [10]. 

The use of a pressure and temperature sensor directly arranged into the cavity of the mold, 

which is an innovative monitoring strategy in micro-molding, has been seen to be more sensitive 

to input parameter variations than runner pressure sensor (Figure 2.4 and Figure 2.5), however, 

both pressure monitoring strategies show comparable performance in terms of part quality 

monitoring and differentiation. 

Both pressure/quality histograms (Figure 2.8 (a) and (b)), show similar low to high quality part 

quantity ratio (65 and 60%) in the overlapped range. The sensors in the cavity and in the runner 

system provide comparable information and confidence level to determine if a microinjected 

part is properly injected or not. The use of a cavity pressure sensor, which comprises increased 

difficulty in micro-mold design and sensor installation, provides same information, in terms of 

part quality control, the runner system pressure sensor does. 

However, the addition of the cavity pressure sensor can be useful to improve process 

optimization tasks, as it is sensitive to input variations, the sensor in the runner cannot sense. 

The use of the additional sensor can be used to measure the pressure drop in the gate. The 

analysis of the pressure difference (ΔP) between cavity and runner, which is a monitoring 

strategy relatively easy to implement to the process, can provide additional information to 

detect defective parts or process misbehaviors. 

The measured cavity temperature signal seems not to be correlated to the micro-part quality 

level; the histogram of part distribution shown in Figure 2.8 (c), shows a completely overlapped 

quality groups along the temperature axis. The measurement of the temperature value inside 

the cavity as the polymer fills it, seems to be not suitable for evaluating part quality. However, 

the additional information provided by the temperature sensor can be used to assess and 
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reduce the cooling cycle and to control the thermal evolution in those cases where those 

parameters can affect the performance of the injected part [10,37]. 

2.4 Conclusions 

The experiment reported in the present chapter, studies the effects caused by the variation of 

the input parameters, on pressure and temperature signals in different locations inside the 

mold, and their linkage to the replication quality level of a micro-featured part, have been 

studied. The main conclusions of the study are the following: 

Both runner and cavity pressure values are strongly related to replication quality level of the 

micro parts. Higher pressure signal values show higher chance to obtain a properly replicated 

part. The location of the pressure sensor does not affect the reliability on defective part 

detection. It has been observed that both sensors, arranged in runner and cavity, show similar 

performance in terms of micro-part quality level assessment. 

The input parameters which cause the most important changes on measured pressure peak 

values, and therefore on micro-part quality level, are the setting temperatures of the nozzle and 

fixed part of the mold. Those temperature inputs set the molten polymer temperature and can 

change its cooling rate, causing variations on the filling up of the cavity. 

The sensor arranged inside the cavity, showed higher sensitivity to process variations than the 

sensor in the runner. Same input variations caused bigger effects in pressure signals inside cavity 

than in the runner. Cavity sensor has been seen to be able to detect some input variations that 

were not detected by runner sensor, e.g.: changes on metering system setting temperature. 

The enhanced sensitivity of this sensor arrangement can be used to perform better process 

monitoring or to improve the setting up of the injection process. 

The analysis of the value differences between two pressure sensors, located inside the cavity 

and in the runner, can be useful to determine the quality level of the micro-injected parts. Most 

of the low-quality parts obtained in the study, shown runner pressure values greater than cavity 

ones, whereas high quality parts, shown similar values for cavity and runner pressures, and in 

some cases, cavity pressures slightly higher than runner ones. The relation between those 
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pressure values de- pends on the size and design of the molding, and observed results cannot 

be used to draw conclusions that could be ap- plied to other micro-part design. 

The temperature signal measured using the sensor inside the cavity has not shown a clear trend 

or linkage to the replication quality level of the micro-injected parts. The read temperature 

values have been seen to be strongly linked to the mold setting temperature inputs, and they 

seem not to be affected by other process input variations. 
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3.1 Introduction 

Elastomeric bio-resorbable scaffolds are of great interest for soft tissue engineering as they can 

be synthesized to show proper biocompatibility, low immunogenicity, and a proper resorption 

rate to degrade into products that can be eliminated from the host’s body [1–3]. The 

performance of those scaffolds can be tailored to provide suitable mechanical properties during 

tissue healing and regeneration [4–6] fostering the adhesion, proliferation, and differentiation 

of cells. Another usual requirement for scaffold manufacturing is porosity, which is needed to 

promote cell migration, nutrient transport, and waste removal through the material, while 

maintaining adequate mechanical properties. Numerous attempts to produce highly porous 

scaffolds by several techniques and different materials can be found in the literature [7–9]. 

Generally, pores of diameter greater than 100 µm are suitable for cell colonization and 

migration, while smaller diameters are intended to provide favorable physiological liquid and 

nutrient interchange [10,11].

In this regard, poly(L-lactide-co-ε-caprolactone) (PLCL) arises as a promising material, due to its 

tailorable mechanical properties, degradation rate [12–17], and its easy processing to 

manufacture scaffolds in which porosity can be produced and controlled [18–24]. The lactide to 

caprolactone proportion of the PLCL can be varied to match the aimed tissue properties for 

different clinical applications [25]. In particular, the PLCL with 70/30 L-lactide/ε-caprolactone 

proportion enhances the proliferation of Schwann cells and is commonly used for neural guide 

conduit fabrication for peripheral nerve healing [26–28]. Particle leaching is the most common 

technique to create porous scaffolds [29–41]. This technique allows to produce scaffolds with 

well interconnected pores, whose characteristics are controlled by particle proportion, size, and 

distribution. Some of the advantages of this technique are that non-specialized equipment is 

needed, and that pore size and porosity can be effectively controlled by varying the size and 

quantity of leachable particles. The polymeric scaffold is immersed in water to dissolve the 

porogenerator particles, which generally are salt particles of sodium chloride (NaCl) or other 

soluble porogenerator such as sucrose or starch [30]. NaCl salt particles, contrary to other 
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particle materials, show thermal stability in the range of polymer processing temperatures and 

good resistance to the organic solvents typically used in polymer handling and processing. 

Most of the current porous scaffold manufacturing techniques are based on obtaining films 

[4,34,35] or more complex three-dimensional (3D) geometries (like tubes) [6,18,23] by means 

of solvent exchange or evaporation, or more novel technologies like 3D printing [42,43] and 

electrospinning [44], which consist of material deposition. These methods allow to produce a 

high degree of porosity, up to 90% [4,10,23,32,33,36], and are successfully used to prepare 

testing samples. However, they show low manufacturing throughput, limitations in size and 

resolution, and are difficult to implement in industrial processes. For example, Jeong et al. [18] 

used a cylindrical mold where, after introducing a mixture of sieved salt and PLCL solved in 

chloroform, the lumen of the tube was shaped by means of a home-made tool before a solvent 

was allowed to evaporate, obtaining a 6 mm outer diameter tube and around 20-mm length. 

This procedure is like the industrial indirect extrusion, where billets of material are pushed by a 

ram to obtain the desired profile, but the productivity of this process is limited by the length of 

the ram and material billet size. On the contrary, extrusion is a high throughput manufacturing 

method where a polymer is processed to obtain unrestricted-length 3D components 

characterized by a constant cross section, such as tubes, profiles, and films [37,38]. The micro-

extrusion process is focused on the manufacturing of profiles and tubes containing dimensions 

and features in the sub millimeter range, which can be of great interest for tissue engineering 

of certain tissues as veins, nerves, and tendons, where long micro-structured scaffolds are 

usually needed. In addition, the micro extruders, due to their inherent small size, use low 

amounts of material and show low material residence times, which makes this technique highly 

appropriate to process thermal sensitive materials, polymers under development, and 

expensive polymers. 

There is very little information regarding the extrusion of bio-resorbable polymers with the 

objective of manufacturing soft tissue healing scaffolds. For example, Salmoria et al. [45] 

successfully extruded tubes of 1.5 mm in diameter made of polycaprolactone loaded with silver 

particles, to be used as tubular guides to promote the self-regeneration of injured peripheral 

nerves. The tubes were not porous, and the flexural moduli of the obtained tubes were over 

200 MPa, which is not appropriate for most soft tissues. Other authors extruded the polymer 
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and the porogenerator to prepare a mixture, which was later processed by other means, to 

obtain the test samples. Washburn et al. [46] used the extruder to blend two immiscible 

polymers which were later hot pressed to obtain thick films. Further, Etxabide et al. [38] 

extruded fish gelatin mixed with lactose to promote its crosslink to subsequently inject the test 

samples.  

Here, a simple particle leaching method was combined with micro-extrusion processing as a 

high throughput manufacturing technique to obtain porous bio-resorbable scaffolds made of 

PLCL. Samples of PLCL containing different salt particle sizes and proportions were micro-

extruded to analyze the post leaching residual porogenerator amount, the geometric variation 

of the porous micro-extruded parts, their mechanical properties, and the polymer ageing. A 

micro-extruded porous PLCL tube with 400 µm wall thickness was produced in order to 

investigate the capabilities of this technique to manufacture porous tubes made of an 

elastomeric biodegradable material as scaffolds for vascular tissue engineering [19,23,24] or 

implants to promote the healing of tendons [39,40] and nerves [31,41,47]. 

 

3.2 Materials and methods 

3.2.1 Materials 

Purasorb PLC 7015 (PLCL with 70/30 L-lactide/ε-caprolactone proportion copolymer) was 

supplied by Corbion Purac (Amsterdam, The Netherlands). The melting temperature of the 

polymer is 107.3–112.4 °C. The polymer was stored in sealed bags in a freezer at −20 °C. 

Analysis grade Sodium Chloride (NaCl) salt provided by Scharlab (Barcelona, Spain) was used as 

porogenerator. The salt was milled in a blender, sieved using 25, 50, and 100 µm mesh sizes, 

and kept in silica-gel desiccator at room temperature (RT). 
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3.2.2 Methods 

• Sample preparation and characterization 

The extrusion of PLCL/NaCl was carried out using a Thermo Scientific Haake Minilab II micro 

extruder (Waltham, MA, USA). The processing parameters were constant for all the performed 

extrusions, applying a barrel temperature of 140 °C and a screw rotating speed of 10rpm. 

Neither cooling nor pulling were used at the outlet during test sample extrusion. Only when 

extruding the final tube (which was flexible and fragile when warm) was a conveyor belt was 

placed next to the nozzle to facilitate handling. 

Table 3.1 presents a description of the samples, particle sizes, and amount of porogenerator 

considered for the study, and their identifier numbers. This includes nine different mixtures, 

comprising the combination of 3 different salt/copolymer proportions (50/50, 60/40 and 

70/30 % in weight) and 3 different particle size ranges (0–50 µm, 25–50 µm and 50–100 µm). 

The outcome of particles smaller than 25 µm was negligible and non-viable for material 

preparation, therefore, the range including particles smaller than 25 µm (0–50 µm) was 

obtained mixing 50/50% in weight of 0–25 µm and 25–50 µm sieved salt to guarantee that at 

least the 50 wt.% of the particles were smaller than 25 µm. Particle size ranges and proportions 

were defined in preliminary extrusion tests whereby it was found that was not possible either 

to successfully extrude samples of polymer and NaCl mixtures containing porogenerator 

proportions higher than 80 wt.% with the defined experimental set. Prior to each extrusion,  

 

Table 3.1 Identifier numbers of the considered porogenerator amounts and particle size ranges. Mixtures 
containing 50%, 60%, and 70% in weight of salt particles in 0–50 µm, 25–50 µm and 50–100 µm size ranges were 
prepared. 

 Particle size range [µm] 

Amount of porogenerator [%] 00-50 25-50 50-100 

70 005070 255070 501070 

60 005060 255060 501060 

50 005050 255050 501050 
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copolymer and sieved salt were weighed using a precision analytical balance from Mettler 

Toledo (Columbus, OH, USA). Subsequently, 14 g of each mixture were mechanically stirred and 

directly put in the micro-extruder feeder to manufacture 1400 mm length rods of each mixture 

with section of 1 × 4 mm, which were cut into 100 mm long pieces for handling purposes. The 

obtained salt/copolymer profiles, were stored in sealed bags in a desiccator at RT. From each 

mixture, 5 samples of 10 mm length (considering samples from the beginning, middle and 

ending sections of the extruded rod) were collected and prepared for characterization. 

Dimensions of the extruded samples were measured by a 10 µm resolution digital gauge from 

Mitutoyo (Kawasaki-shi, Japan) and their mass was measured using an analytical balance from 

Mettler Toledo (Columbus, OH, USA). The samples were later rinsed in 50 mL of deionized water 

for 5 days to dissolve and leach the salt particles from the extruded rod. The water was 

refreshed every 24 h. The samples were dimensionally characterized right after the leaching 

process using the gauge to keep record of dimensional changes. They were dried at RT wrapped 

in blotter paper for 3 days. Then, the samples were put in a desiccator at RT for at least one 

week and, once the samples were completely dry, they were dimensionally controlled and 

weighted. Leached and non-leached samples were cryogenic cut in liquid nitrogen to inspect 

the breakage surface using scanning electron microscopy (FE-SEM ZEISS ULTRA plus Gemini, 

Oberkochen, Germany). Pore size was characterized using ImageJ software, measuring the Feret 

diameter of ellipsoids adjusted to the shape of not less than 50 pores for scaffolds with big 

particles, and up to 500 pores in the case of scaffolds made with the smallest particles. 

• Mechanical Tests 

Tensile test samples made of neat PLCL (without porogenerator) were prepared following the 

method applied by Ugartemendia et al. [48]. Porous scaffolds obtained from leached extruded 

parts were also used as samples for performing mechanical tests. These were performed by 

means of an Instron Model 3369K2004 (Norwood, MA, USA) applying the following test 

conditions: RT, 1KN, 5 mm/min, 50 mm clamp distance. Secant modulus was calculated at 2% 

of elongation. 
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• Thermal Tests 

Thermal analysis of leached and non-leached samples stored in a desiccator at RT for 12 weeks 

were characterized by differential scanning calorimetry (DSC, Mettler Toledo GC 200 Star 

System, Columbus, OH, USA), applying a ramp from −60 °C to 180 °C at 20 °C/min. 

3.3 Results 

3.3.1 Leaching performance 

Figure 3.1 (a) shows the differences observed in scaffold weight after the leaching process for 

the considered three particle size ranges. The weight losses were (42 ± 5%) for samples 

containing 50 wt.% salt proportion, (55 ± 2%) for samples with a 60 wt.% of salt, and (67 ± 3%) 

for samples having 70 wt.%. No weight loss differences were attributable to particle size when 

same salt proportion was considered. Figure 3.1 (b) shows the sample weight loss deviation, 

which was calculated as the weight loss normalized to the theoretical maximum loss (i.e.: 50%, 

60% and 70%), showing the percental amount of porogenerator that remained in the leached 

sample. Samples containing 70 wt.% of salt showed a remnant of around (4 ± 5%), whereas for 

samples having 60 wt.% and 50% of salt, the remnant slightly increased up to (6 ± 5%) and (13 

± 8%) respectively. 

Figure 3.2 shows SEM images of leached samples of each mixture. SEM images of pre and post 

leached samples are shown in Appendix A Figures A1 to A9. Most of the non-leached samples 

showed uniform particle distribution with no aggregates and particle sizes inside the expected 

range for each mixture. Some samples showed the formation of a continuous polymer skin 

(without presence of particles or pores) on the top and bottom surfaces of the scaffolds. After 

leaching there were no residual particles, as expected, due to the good leaching efficiency 

observed in weight loss analysis. Table 3.2 shows pore mean sizes measured by ImageJ in 

leached scaffolds, showing that the observed values were consistent with the porogenerator 

particle size used to prepare each scaffold. 
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Figure 3.1 Percental weight loss after leaching of samples containing different salt particle sizes (white 0–50 µm, 
stripe pattern 25–50 µm and cross pattern 50–100 µm) as a function of the theoretical percental amount of 
porogenerator (a); Percental deviation from theoretical to experimental weight loss of samples containing different 
particle sizes (white 0–50 µm, stripe pattern 25–50 µm and cross pattern 50–100 µm) as a function of the 
theoretical percental amount of porogenerator (b). Significance level according to the Student t-test *p<0.05. 

 

Although there was a good correspondence between pore and particle sizes, SEM images show 

pores with elongated shapes along the scaffold length instead of the expected cube-shaped 

pores that should be formed after particle leaching. 

 

3.3.2 Dimensional Variations 

Figure 3.3 and Figure 3.4 and 4 show the percentage change in scaffold dimensions for wet 

(Figure 3.3and dry (Figure 3.4) leached samples obtained using different salt weight proportions 

and particle sizes. The pre-leached samples originally measured 1 × 4 × 10 mm. The dimensional 

variations of the scaffolds in length, width, and thickness were plotted separately: change in 

scaffold length and width is shown in Figure 3.3 (a) and Figure 3.4 (a) and change in scaffold 

thickness is shown in Figure 3.3 (b) and Figure 3.4 (b), for wet and dry samples, respectively. 

Wet scaffolds showed an isotropic increase in their dimensions (swelling) for all particle sizes 

and proportions.  
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Figure 3.2 SEM images of nine different leached scaffolds arranged by their particle size range (row) and 
porogenerator weight proportion amount (column). Scaffolds made with particles in 0–50 µm range and 
proportion of 50 wt.% (a); 60 wt.% (b); and 70 wt.% (c); scaffolds made with particles in 25–50 µm range and 
proportion of 50 wt.% (d); 60 wt.% (e); 70 wt.% (f); scaffolds made with particles in 50–100 µm range and 
proportion of 50 wt.% (g); 60 wt.% (h), and 70 wt.% (i). 

 

 

Table 3.2 Mean values and standard deviation of Feret diameter of ellipsoids adjusted to the pore shapes in leached 
samples with 50%, 60% and 70 wt.% of pore densities and particle sizes in 0–50, 25–50, and 50–100 µm ranges. 

 
Particle size range [µm] 

Amount of porogenerator [%] 00-50 25-50 50-100 

70 20 ± 10 30 ± 20 50 ± 30 

60 20 ± 10 30 ± 20 50 ± 20 

50 12 ± 8 20 ± 20 60 ± 40 
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Figure 3.3 Dimensional variation in percental values for wet scaffolds obtained from different particle sizes (white 
0–50 µm, stripe pattern 25–50 µm, cross pattern 50–100 µm) and proportions as a function of the theoretical 
percental amount of porogenerator: Scaffold length and width mean % change (a); scaffold thickness mean % 
change (b). Significance level according to the Student t-test *p<0.05. 

 

The swelling for the most porous scaffolds produced with 70 wt.% of porogenerator was 

constant (50 ± 8%) regardless salt particle size, and the lowest compared to scaffolds with lower 

porosity. However, scaffolds produced with 60 wt.% of porogenerator showed a swelling of (63 

± 9%) for 0–50 µm particle size range, (88 ± 12%) for 25–50 µm particle size range and (105 ± 

6%) for 50–100 µm particle size range, revealing an increase of swelling rate with the salt 

particle size. This did not happen to 50 wt.% samples, which showed an increase in swelling 

from small to medium particle size ranges ((109 ± 7%) for 0–50 µm and (121 ± 10%) for 25–

50 µm), but a decrease for the 50–100µm particle size range (74 ± 1.4%). 

Unlike wet scaffolds, dry scaffolds showed an anisotropic change in their dimensions. Scaffolds 

with highest porosity (70 wt.% porogenerator) showed negligible length and width variation, 

while less porous scaffolds (50 wt.%) showed a maximal swelling of about (25 ± 9%) with a non-

significant dependence on pore size. The change in scaffold thickness was similar and negative 

(about −30%) for all the measured samples, with no significant differences between scaffolds 

with different pore sizes and proportions. 
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Figure 3.4 Dimensional variation in percentage values for dry scaffolds obtained from different particle sizes (white 
0–50 µm, stripe pattern 25–50 µm, cross pattern 50–100 µm) and proportions as a function of the theoretical 
percental amount of porogenerator: scaffold length and width mean % change (a); scaffold thickness mean % 
change (b). Significance level according to the Student t-test *p<0.05.

3.3.3 Mechanical Properties 

Table 3.3 shows the mechanical properties of porous scaffolds produced using different 

porogenerator sizes and proportions compared to neat PLCL. Samples containing 70 wt.% and 

50 wt.% of particles in the 0–50 µm range showed secant modulus (E2%) values similar and even 

greater than the neat PLCL ((19 ± 4) and (11.9 ± 0.5) MPa compared to 12 MPa), while the rest 

of the samples showed lower E2% values. All the porous samples showed ultimate strengths (σu) 

and elongations at break (εu) lower than the neat PLCL (maximums of (8.7 ± 1.5) MPa and (201 

± 9%) compared to 17 MPa and 441%). Values of E2% and σu of samples of the same porosity 

were observed to decrease with the increase in pore size. Variations from (19 ± 4) to (6 ± 2) 

MPa, from (8.5 ± 0.6) to (2.8 ± 0.2) MPa and from (11.9 ± 0.5) to (7 ± 4) MPa were observed for 

values of E2%, and from (8.7 ± 1.5) to (4.7 ± 0.6) MPa, from (7.5 ± 2) to (3.1 ± 0.5) MPa and from 

(8.5 ± 0.4) to (4.2 ± 0.3) MPa in the case of σu values. The ultimate strength was similar for 

scaffolds with the same pore size but different porosity, indicating no influence of pore density 

in this mechanical property. The elongation at break (εu) did not seem to follow a clear trend 

with the change in porosity nor dimensions, showing a nearly constant value of about 200%. 
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Table 3.3 Secant modulus E2% (MPa), ultimate strength σu (MPa) and elongation at break εu (%), measured by 
tensile tests, of porous scaffolds produced using 50, 60 and 70 wt.% of porogenerator and particle sizes in 0–50, 
25–50 and 50–100 µm size ranges, and compared to neat PLCL. 

 
 Material property 

Amount of 
porogenerator [wt.%] 

Sample E2% [MPa] σu [MPa] εu [%] 

70 

005070 19 ± 4 8.7 ± 1.5 187 ± 6 

255070 9.7 ± 1.1 7.2 ± 0.8 218 ± 7 

501070 6 ± 2 4.7 ± 0.6 215 ± 20 

60 

005060 8.5 ± 0.6 7.5 ± 2 204 ± 3 

255060 6.4 ± 1.4 5.7 ± 1 190 ± 20 

501060 2.8 ± 0.2 3.1 ± 0.5 180 ± 20 

50 

005050 11.9 ± 0.5 8.5 ± 0.4 201 ± 9 

255050 10 ± 1 6.7 ± 0.8 190 ± 10 

501050 7 ± 4 4.2 ± 0.3 150 ± 30 

0 PLCL 12 17 441 

 

3.3.4 Thermal Analysis 

Figure 3.5 shows the thermal behavior of leached (a) and non-leached (b) samples aged for 12 

weeks at RT, considering different salt weight proportions and particle sizes. Leached samples 

appeared to be slightly crystalline with a cold crystallization peak (Tc) at 60 °C, melting 

temperature at Tm= 100 °C, and glass transition temperature at Tg=18.5 °C. All non-leached 

samples were amorphous, showing a single Tg at 23 °C (TGA (Appendix A Figure A10) and DSC 

(Appendix A Figures A11 to A28). 
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Figure 3.5 Thermograms of leached (a) and non-leached (b) aged samples (12 weeks at RT) produced using different 
porogenerator proportions and particles sizes (exothermic behavior upwards). 

 

3.4 Discussion 

Non-significant differences in weight loss due to different particle sizes were observed, which  

suggests that the efficiency of the leaching was not dependent on particle size but on initial 

porogenerator amount. Also, a modest but significant increase in weight loss deviation was 

observed when decreasing the salt proportion, with a maximum remnant salt value of 

approximately 13%. Considering the high standard deviation values, the measured remnants 

were close to that reported for the applied sample preparation method (<4 wt.%) [49] and no 

noticeable effect can be attributable to the presence of skin effect observed in some of the 

samples. Samples with low salt proportions contained non-porous copolymer volumes in the 

matrix where no salt was present (Figure 3.6 (a)), leading to poorly connected salt particles, that 

eventually remained embedded in the copolymer matrix after the leaching process (Figure 

3.6(b)). According to Reignier et al. [50] and Hou et al. [51], these isolated particles could be 

more difficult to leach from the polymeric matrix due to the decrease in contact points between 

particles. Particle volume fraction (φv) was calculated from the weight fraction (φw) and particle 
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and polymeric matrix densities (ρp and ρm, respectively) (see Equation A1 in Appendix A for 

detailed information). Due to the difference between the PLCL and the NaCl particle densities 

(ρm = 1.22g/cm3, from Corbion Purac safety data sheet and ρp = 2.165g/cm3), there was a 

noticeable change between volumetric and weight fractions, e.g.: for a porogenerator weight 

proportion of 50 wt.%, the fraction of total volume attributable to leachable particles is around 

36 vol.%, which is far from the maximum packing fraction for cubic or even spherical particles 

(around 64 vol.% [52]). This means that some pores or particles could be not well connected to 

the porous network [50,51].  

Wet porous PLCL scaffolds swelled isotropically and up to 100% for some of the considered pore 

density and size combinations. The swelling of the scaffolds could be caused either by the 

polymer matrix absorbing water, despite the low hydrophilicity of the PLCL (with a contact angle 

of 81°) [53], or by the osmotic pressure, where the polymer matrix acted as a membrane causing 

water penetration into the scaffold and prevented the free flow of the solution. Low pore 

density scaffolds showed higher swelling percentages than scaffolds with greater porosities. 

This could be due to the higher proportion of polymeric material liable to absorb water in those 

low porosity scaffolds, leading to a greater swelling than in scaffolds with higher porosities. 

However, scaffolds with the lowest pore density and biggest pore sizes (501050) did not follow 

this trend. The defects observed in particle distribution inside the polymeric matrix of this 

scaffold (Figure 3.6(a)) are detrimental to pore interconnectivity, which could cause a more 

restricted interchange with the leaching media. The non-porous volumes inside the copolymer 

matrix of this scaffold were in a more restrictive situation to get access to humidity and to freely 

swell than in the case of a uniform well-interconnected porous structure. Swelling ratios of 

scaffolds obtained with 50 and 60 wt.% porogenerator amounts were proportional to the 

particle size, but this did not occur in samples containing 70 wt.% salt. This fact could also be 

related to the scaffold pore amount and interconnectivity, since for higher proportions of 

porogenerator, greater homogeneity and pore interconnectivity can be achieved, and less 

polymeric material is liable to absorb humidity, eventually veiling the effect of particle size. 

These findings could be of great interest to scaffold design, since high porosities and 

implantation in wet state (physiological conditions) [31,54] are usually required. 
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Figure 3.6 SEM images of cross-section surfaces of 501050 non-leached samples (a) and leached samples (b) 

showing non-porous polymer regions (outlined by a white rectangle in (a)) and remaining salt particles (outlined 

by squares in (b)). 

 

Strong residual deformation anisotropy was observed in dry scaffolds, which showed length and 

width variations inversely proportional to their pore density, (as observed in wet conditions), 

but a negative thickness variation for all the scaffold preparation conditions (around −30%). The 

scaffolds that did not follow the observed trend in wet conditions (501050), once dry, exhibited 

similar length and width deformation (maximum of (25 ± 9%)) to scaffolds with different pore 

sizes but the same pore density (50 wt.%). This could be due to a lower recovery capacity of the 

deformed material due to the lesser elasticity of the observed non-porous volumes inside the 

matrix compared to the spongy porous structure. The measured negative thickness variation 

indicated the occurrence of a collapse during the drying process, which is also noticeable in the 

shape of the observed pores, which are elongated instead of cubic. The scaffolds were dried by 

placing them over blotter paper for three days before being put into a desiccator, producing the 

differential deformation measured in the thickness variation measurement and in the 

directional pore deformation observed in SEM cross section images of the scaffolds (Figure 3.7). 
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Figure 3.7 SEM images of cross-section surfaces of 005050 (a) and 501070 (b) scaffolds, showing the observed 
directional pore deformation highlighted by white arrows. 

 

Tensile tests showed that the ultimate strength (σu) and elongation (εu) values of the porous 

scaffolds were lower than bulk PLCL, as expected. On the contrary, the secant modulus (E2%) of 

some scaffolds (005070 and 005050) yielded values comparable and even greater than the bulk 

material (12 MPa). This effect of material stiffening (increase of E2% up to 60%) can be related 

to the manufacturing process, where the polymer was extruded with a remarkable quantity of 

rigid particles which eventually could cause a stretching and orientation of the material. All the 

tested scaffolds yielded similar values of elongation at break (εu) around 200%, showing no clear 

trend related to neither porosity nor pore size. Pore size seemed to directly affect the resistance 

of the samples (in terms of ultimate strength and secant modulus), the samples with smaller 

pores being more resistant than those having bigger pores. The decrease in σu as the pore size 

increases, (strength loss of 46% for samples with 70 wt.%, 59% for samples with 60 wt.% and 

50% for samples with 50 wt.%), could be due to a more heterogeneous structure of scaffolds 

with bigger pores, which makes them more prone to stress intensification. On the other hand, 

the ultimate strength of the scaffolds was observed to be independent of pore proportion, 

opposed to the results stated on literature, where the ultimate tensile strength is strongly 

dependent on the porosity degree [10,18,20,30,51,55,56], decreasing as the porosity increases. 

The discrepancy between our findings and the data reported in the literature could be 

attributable to the porosity rates considered in our study (50, 60 and 70 wt.%), which were 

lower than those stated in literature (up to 90 wt.%), and to the manufacturing process applied 
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here, in contrast to currently applied laboratory techniques for film preparation. In addition, it 

is important to highlight that porous structure deformation and break mechanisms are complex, 

as reported by Gibson et al. [57], who commented on the different and diverse deformation 

mechanisms a foam can undergo (pore wall bending, pore face bending, collapse of pores, 

elastic buckling, brittle crushing etc.). Further studies must be carried out to investigate the 

effect of pores on the mechanical properties of extruded samples, e.g.: compressive strength 

test, fracture toughness test, etc. Nevertheless, from the obtained results it can be inferred that 

mechanical properties of the obtained porous scaffolds were tailorable and similar to that of 

human soft tissues (human nerve E: (16 ± 2) MPa, σu: (7 ± 0.6) MPa [31]; Skin E: 7.6 MPa, 

Cartilage E: 3 MPa [58]; Aortic valve E: (15 ± 6) MPa, Cerebral vein E: 7 MPa [59]). 

Non-leached samples, aged for at least 12 weeks at RT, showed no crystallinity, being 

completely amorphous. The presence of NaCl particles seemed to directly affect the mobility 

and evolution of the PLCL chains, preventing the crystallization of the material. The presence of 

the particles in the matrix caused a delay in copolymer crystallization, similar to that reported 

by Wurm et al. [60] and Kiersnoswki et al. [61], who observed a retard in the crystallization of 

different polymers (PA6 and poly-ε-caprolactone) due to the presence of inorganic particles. On 

the contrary, leached samples underwent clear crystallization, revealing the characteristic Tg 

and crystallization peak of aged PLCL (70% LA 30%CL proportion) [12,35,48,62]. This 

crystallization behavior corresponds to the crystal form due to the L-lactide building blocks of 

the copolymer [13,63]. The presence of salt particles in the pre-leached samples and its age 

delaying effect should be considered for the storage and shelve life strategies of implantable 

products made by the presented method, as the PLCL evolves to crystalline structure once the 

salt is removed and could lead to variations in mechanical properties and resorption rates. 

PLCL tubes with an inner diameter of 1.5mm, a wall thickness below 500-µm, and a length of 

300-mm were extruded, proving the feasibility of the micro-extrusion process to manufacture 

porous elastomeric biodegradable scaffolds (Figure 3.8). This tube was extruded using NaCl 

particles of 0–50-µm size with a 70 wt.% proportion. To the best of our knowledge, this study 

reports for the first time the manufacturing of a microtube made of porous, biocompatible and 

bio-resorbable PLCL and manufactured by means of a continuous extrusion process. The 

production of porous tubular scaffolds made of bio-resorbable polymers by means of high 
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throughput manufacturing techniques can have an important impact in scaffold manufacturing 

as it allows to produce several meters of product in a few hours. The validation of this kind of 

industrial production technique for scaffold manufacturing helps to narrow the gap between 

the laboratory and market, reducing the production costs and improving the repeatability and 

reliability of the manufactured products. Further experiments regarding in vitro cell culture tests 

such as cytotoxicity and cell viability assays and/or bio-mechano-reactor tests will be carried out 

to investigate the use of those micro-extruded scaffolds in soft tissue engineering, mimicking 

the conditions of the in-vivo environment in the final application (cell type, culture media, blood 

flow conditions, etc.).

 

 

Figure 3.8 Tube with an inner diameter of 1.5-mm, a wall thickness of 400-µm, and a length of 300-mm produced 
by micro-extrusion (a); SEM image of a section of the tube wall (<500-µm) showing its porous structure (b). 

 

3.5 Conclusions 

Porous scaffolds made of medical grade of Poly(L-lactide-co-ε-caprolactone) were 

manufactured by continuous extrusion using a twin-screw micro extruder. The copolymer was 

mixed with different proportions and particle sizes of NaCl, extruded, and subsequently leached 

in distilled water to obtain scaffolds with different porosity degrees and pore sizes. The leaching 

efficiency improved for higher porosities, being independent on the resultant pore size. Scaffold 
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swelling was inversely affected by its porosity, i.e.: lower porosities swelled more when wet. 

Once dry, only scaffolds which had highest porosities (70 wt.%) recovered their initial length 

and width values, while the rest of the scaffolds showed residual deformation. All the tested 

scaffolds exhibited thickness reduction once dry. Pore size and proportion seemed to influence 

scaffold mechanical properties, the scaffolds with smallest pores being the most resistant and 

stiff. More importantly, the secant modulus and ultimate tensile strength of the produced 

scaffolds were tailorable by varying the pore size and porosity degree, and similar to human soft 

tissues such as nerves, veins, or skin. This study sets down for the first time the processing of 

medical grade PLCL by means of continuous extrusion to produce scaffolds with tailorable 

porosity and mechanical properties. A sub-millimeter walled porous tube up to 300 mm in 

length was extruded, proving the capability of the micro-extrusion process as a high throughput 

manufacturing technique for the production of elastomeric biodegradable scaffolds appropriate 

for the reconstruction and healing of nerves, veins, and other soft tissues. 
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4.1 Introduction 

The incidence of trauma cases involving some degree of peripheral nerve injury (PNI) is around 

fourteen thousand new cases per year in the U.S.A. only, implying that the annual spend in 

health care to treat such patients can reach nearly $150 Billion [1,2]. Moreover, nerve gap repair 

remains a significant clinical challenge in terms of functional recovery, which never fully reach 

the pre-injury level [3]. The peripheral nervous system has an inherent ability to regenerate 

after injury or damage [4], but in severe PNI cases where the axons and endoneurium have been 

disrupted, the axons lose the established guidance pathways to regenerate by themselves, and 

surgical intervention is mandatory. In such cases, direct coaptation of the proximal and distal 

neve stumps is the preferred treatment method for small discontinuities (< 5 mm). For larger 

discontinuities (> 10 mm), direct suturing is not possible without incurring tension which affects 

negatively to nerve regeneration. In such cases, autografting remains the “gold standard” 

approach today [5–8]. However, the use of autologous nerve is associated with many drawbacks 

and complications such as a limited source of donor nerves, additional surgical interventions, 

the sacrifice of a healthy nerve, mismatch of fascicular pattern, size-matching problems, and 

donor site morbidity [9]. Other approaches such as allografting and xenografting are associated 

with potential risks such as immune rejection, cross contamination, and other systemic long-

term effects [10]. Therefore, surgical alternatives to autografting and allografting remain highly 

sought after for peripheral nerve repair [1,11]. 

Different approaches to replace the use of the autograft have been explored [1,5,11,12]. The 

most practical alternative is based on implantable nerve guide conduits (NGC), which are tubular 

implantable devices that provide a structural microenvironment, supporting and guiding axons 

during their growth, while preventing scar tissue from infiltrating the gap. The major advantage 

of an entubulation technique resides in avoiding most of the drawbacks that the use of 

autografts present. This includes less surgical trauma, tension-free endoneurial suturing, 

providing a physical barrier for cellular invasion such as fibroblasts that can initiate fibrosis and 

scar formation, and facilitating the neurotrophic communication between proximal and distal 

nerve stumps [13].
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To date, various hollow bio-resorbable NGCs have been approved by the US Food and Drug 

Administration (FDA) for human use [14,15]. These tubular devices include those based on 

naturally - derived type I collagen: Neuragen™, Neuromatrix™ and Neurawrap™, or those based 

on synthetic polymers such as Neurotube™ (poly (glycolic acid) (PGA)) or Neurolac™ (poly (D,L-

lactide-co-ε-caprolactone) (PLCL)) [10]. In the case of collagen-based tubes, limitations related 

to control mechanical properties during manufacturing, poor water stability and high-

production costs are considered main concerns in terms of nerve recovery success and 

commercial standpoint [16]. 

For synthetic polymers, mechanical strength can be tuned more easily than in the case of 

naturally derived materials. However, achieving targeted mechanical and biodegradability 

properties on NGCs by considering high throughput manufacturing technologies is not 

straightforward. As an example, commercially available PGA-based tube Neurotube™ showed 

encouraging statistical results when evaluated in patients with gaps below 30 mm, leading to 

sufficient functional recovery in the long term [17,18]. However, major limitations of 

Neurotube™ include the rapid rate of PGA degradation, which may trigger premature failure, as 

well as its low solubility and potentially acidic degradation product [15]. In the case of 

Neurolac™ NGC, good clinical reports were obtained for sensory nerve gaps of less than 25 mm, 

showing a superior behavior in terms of dense axon regeneration in comparison with other 

commercially available NGCs [19,20]. However, tube rigidity and concerns surrounding the 

ability of Neurolac™ to be completely resorbed in-vivo are behind the complications reported 

by several authors regarding clinical trials: sensory changes [21], complications in the fixation 

leading to trauma and/or inflammatory reaction [22,23], swelling and fibrosis as well as 

concerns about biocompatibility and bio-resorption rate when this commercial solution was 

modified to generate porosity and tune their mechanical properties [24]. Even though only semi 

- permeable conduits have been capable of improved regeneration in the clinic, there is 

currently no consensus on the degree of porosity or size of pores required to guarantee positive 

outcomes. Similarly, NGCs with thin walls (less than 1 mm) provided longer axons in an in-vivo 

study [25] as well as less neuroma formation linked to the improved elasticity of the device [26] 

compared to thicker wall NGCs. However, the selection of the appropriate tube dimensions 

depends mostly on the mechanical properties and porosity of the base polymer  
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material. Porosity and device geometry (inner diameter and wall thickness) are key parameters 

to modify in order to tune their mechanical properties, degradation rate and diffusion of 

nutrients and waste products between inside the conduit and the surrounding tissue. 

Until now, none of the commercially available hollow bio-resorbable NGC has demonstrated 

superior clinical outcomes to an autologous nerve graft. To face this challenge by considering 

hollow tubular NGCs that can be manufactured by industrially available production 

technologies, several approaches have been reported in the literature such as the development 

of porous devices [7,27–29], the use of semi crystalline synthetic poly(ε-caprolactone) (PCL) 

[28,30,31] and the involvement of a new family of aliphatic polyesters: The naturally derived 

polyhydroxyalkanoates (PHAs) [32,33]. Advances in the biosynthesis of bacterial origin PHA 

polyesters are attracting general interest for the development of bio-resorbable and highly 

biocompatible biomaterials with huge potential in a range of different biomedical applications 

[34–36]. Thus, biocompatibility of neat poly (3-hydroxyoctanoate) (P(3HO)) has been showed to 

be as good as collagen in terms of cell viability, proliferation and adhesion of neonatal 

ventricular rat myocytes [37]. A large diversity of PHA monomer units provides materials with a 

wide range of mechanical properties, from rigid and strong biomaterials to very soft and 

elastomeric materials [38]. Medium chain length (MCL) PHAs and their copolymers have 

recently been used to fabricate healthcare-related materials for distinct biomedical 

applications, including cardiac tissue engineering [37] and peripheral nerve engineering [10,39–

41] due to their low crystallinity, low glass transition temperature, low tensile strength and high 

elongation to break, making them elastomeric/flexible polymers. In addition, they can be 

commercially produced in large amounts by fermentation processes of both gram-negative and 

-positive bacteria in carbon-rich environments. More important, PHAs are thermoplastic 

polyesters liable to be processed by thermoforming techniques such as hot melt extrusion and 

injection molding [42]. Blends of PHAs and their copolymers have been extensively studied to 

suit their properties to different therapeutic applications [39,42,43], yet the blending of PHA 

blended with synthetic origin polymers is scarce. Garcia-Garcia et al. [44] and Duarte et al. [45] 

studied the effect of the proportion of PCL in poly (hydroxybutyrate) (P3HB) PCL blends. They 

observed a decrease in the Young’s modulus and in the tensile strength values while the 

elongation at break and toughness increased notably as the proportion of PCL increased. 
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Katsumata et al. [46] studied P3HB and its copolymer poly (3-hydroxybutyrate-co-3-

hydroxyhexanoate) (P(3HB-HHx)) blended with PCL and they observed that proportions of 20 

wt% of PCL could increase remarkably the ductility and toughness of the PHA. Constantinides et 

al. [47] reported the in-vitro and in-vivo results of scaffolds made of MCL-PHA and its blend with 

5 wt% PCL showing the potential of the bacterial origing and synthetic polymers blend and the 

importance of porosity. The PCL is a semi crystalline polyester that can be synthetized by ring 

opening polymerization, it can be degraded by microorganisms or hydrolytic depolymerization. 

PCL has previously been used as a biomaterial for the fabrication of approved devices in the 

repair of injured nerves. It can be easily modified and blended with other polymers to tailor its 

properties, and obtain desired biological and mechanical responses [34,48–51]. 

In this research a blend of bacterial origin MCL-PHA poly (3-hydroxyoctanoate-co-3-

hydroxydecanoate) (P(3HO-3HD)) and synthetic PCL was developed for the first time to be 

transformed into a new biomimetic NGC via hot melt extrusion. Mechanical properties, 

biocompatibility and degradation rate of the new tubular device were tuned to mimic the native 

nerve tissue performance and match the rate of nerve regeneration or axon re-growth. In-vitro 

assays were conducted to evaluate the influence of the material properties on neuronal and 

Schwann cell viability, outgrowth and morphology. The influence of material properties, degree 

of porosity and tube wall thickness on nerve regeneration was examined across 10 mm rat 

sciatic nerve gap (equivalent to 30 mm gaps in humans [4]) and compared with autografts and 

Neurolac™-TW (thin wall), the most studied resorbable NGC on the market. 
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4.2 Materials and methods 

4.2.1 Materials synthesis and characterization 

Production of P(3HO-3HD) by Pseudomonas mendocina CH50 using 20 g/L of glucose was 

carried out in 15 L bioreactors (Applikon Biotechnology, Tewkesbury, UK). The working volume 

used in this study was 10 L. Batch fermentation was carried out in two stages. The seed culture 

was prepared using a single colony of P. mendocina CH50 to inoculate sterile nutrient broth. 

This was incubated for 16 h at 30°C (shaking rate 200 rpm) and used as inoculum (10 %v/v) in 

the second seed culture in the mineral salt medium (MSM). Second stage seed culture was used 

to inoculate the final PHA production media [52,53]. Media components were sterilized at 121°C 

for 15 min, whereas glucose was sterilized at 110°C for 10 minutes. All media components were 

combined aseptically prior to the inoculation. The culture was grown for 48 h, at 30°C, and 200 

rpm. After fermentation, the biomass was isolated by centrifugation and undergone freeze-

drying. The biopolymer was extracted from dry biomass in a two-stage Soxhlet extraction. 

Methanol extraction was used in the first stage to remove impurities soluble in methanol. 

Extraction of biopolymer from methanol-treated biomass was conducted using chloroform as a 

PHA solvent. P(3HO-3HD) was isolated by the precipitation of the polymer into chilled methanol. 

1H and 13C nuclear magnetic resonance (NMR) and gas chromatography mass spectrometry (GC-

MS) were used for the identification of P(3HO-3HD). Bruker Avance III 600 Cryo (Coventry, 

United Kingdom) equipped with a DCH cryoprobe was used for NMR analysis. GC-MS analysis 

was conducted using esterified monomers prepared by methanolysis of polymer catalyzed by 

sulfuric acid in chloroform/methanol mixture (modified from Lageveen et al. [54]). GC-MS 

analysis was carried out using a Varian Chrompack CP-3800 gas chromatograph (Lörrach, 

Germany) equipped with Elite-5MS capillary column (length: 30 m, I.D: 0.25 mm, Film Thickness: 

0.25µm, Temperature Limits: (-60°C) to 325/350°C) (Perkin Elmer, Seer Green, United Kingdom) 

and Saturn® 2000 GC/MS/MS workstation. 

PCL synthesis was achieved through a one‐step approach to ring-opening polymerization (ROP) 

of ε-caprolactone, catalyzed by tin (II) octanoate and using a hydroxy functionalized methoxy 



 

92 Chapter 4. Bio-resorbable and mechanically optimized nerve guidance conduit 
based on a naturally derived medium chain length 
polyhydroxyalkanoate and poly(ε-caprolactone) blend 

 

terminated mPEG co-initiator, thus resulting in long chains of PCL connecting to singular mPEG 

end-groups on one side. After drying in a vacuum oven at 50°C for 2 h, reactants were added to 

a stainless-steel autoclave in pre-determined amounts and ROP was carried out in bulk at 120°C 

for at least 24 h in the presence of an inert gas, which is free of oxygen. Magnetic stirring was 

maintained at 100 rpm throughout. The reaction scheme and structure of the PCL polymer is 

shown in Appendix B Figure B1. 

1H NMR spectroscopy was used for identification of PCL and to confirm a sufficient degree of 

polymerization in terms of monomer conversion (> 97%). A 300 MHz Bruker NMR (Coventry, 

United Kingdom) machine was used to obtain the spectra which were analyzed and processed 

using the MestReC software package and reported in parts per million (ppm) relative to the 

response of the solvent, Deuterated Chloroform (CDCl3) (7.24 ppm). 

Gel Permeation Chromatography (GPC) was used to determine the molecular weight of both 

PCL and microbially produced PHA. An Agilent triple detector system was used with columns 

(PLgel 5 µm MIXED-C 300 × 7.5 mm) which were calibrated with polystyrene standards supplied 

by Agilent Technologies at a concentration of 10 mg/mL. Chloroform (Sigma Aldrich, Arklow, 

Ireland) was used as the mobile phase with a flow rate of 1.0 mLmin-1. 

Polymer film samples were tested in dry state using strips of 5 mm width and length of 35-

50 mm to examine the mechanical properties of neat materials. Deformation rate was set to 10 

mm per minute. The average values for 4 specimens were calculated. 

 

4.2.2 In-vitro assays on spin coated films 

Polymer films were prepared for in-vitro cell culture by spin coating. PCL and P(3HO-3HD) were 

dissolved in chloroform to produce a 10 wt% solution of each polymer. 100μL of polymer 

solution was ejected onto a 19 mm2 glass coverslip and spun using al WS 650 Spin Coater from 

Laurel (North Walles, USA) at 100 g for 30 seconds under a vacuum and temperature of 25.5 °C. 

The samples were left to dry before sterilizing with 70% ethanol and washing with phosphate-

buffered saline (PBS) before cell culture experiments. 



 

4.2 Materials and methods 93 

 

NG108-15 neuronal cells, obtained from the European Collection of Cell Cultures (ECACC), were 

used between passages 11-20 for experiments on spin coated films. Neuronal cells were grown 

in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum, 1% penicillin / 

streptomycin, 1% glutamine and 0.5% amphotericin B at 37°C in a humidified atmosphere with 

5% CO2. 40,000 cells were seeded onto films in DMEM containing 10% FCS at 37°C and 5% CO2 

days for 2 days, before switching to serum-free DMEM for a further 5 days. 

Rat primary Schwann cells were isolated and cultured by the method described by Kaewkhaw 

et al. [55]. 60,000 rat primary Schwann cells were cultured on polymer films for 6 days in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum, 0.01% forskolin 

(Sigma Aldrich, Madrid, Spain) 1% penicillin / streptomycin, 1% glutamine and 0.5% 

amphotericin B at 37°C in a humidified atmosphere with 5% CO2. Culture medium was changed 

every 2-3 days and cells were used up to passage 7 for experiments. 

• Neuronal and Schwann cell viability 

Cell viability was assessed using a live/dead assay. Culture medium was removed and replaced 

with serum-free DMEM, containing 0.001% Syto-9 and 0.0015% propidium iodide (Invitrogen, 

Carlsbad, USA). Cells were incubated at 37°C and 5% CO2 for 30 minutes and imaged using an 

upright Zeiss LSM 510 confocal microscope. An argon ion laser was used to visualize live cells 

stained with Syto-9 (λex = 494 nm / λem = 515 nm) and a helium-neon laser for dead cells stained 

with propidium iodide (λex = 536 nm / λem = 617 nm). Three fields of view were imaged per 

sample and results calculated by cell numbers (live / cells) and by live / dead cells as percentages 

per polymer sample type. 

• Neuronal cell differentiation and Schwann cell phenotype 

The samples were washed with PBS, fixed with 3.7% (v/v) paraformaldehyde (PFA) for 20 

minutes, permeabilized with 0.1% Triton X-100 for 20 minutes and unreactive binding sites 

blocked with 3% bovine serum albumin (BSA) in PBS for 30 minutes. NG108-15 neuronal cells 

were incubated with a mouse anti-β III-tubulin (neurite marker) antibody (1:250) Promega 

(Chilworth, United Kingdom) and Schwann cells were labelled with a polyclonal rabbit anti-

S100β (1:250) from Dako (Glostrup, Denmark) diluted in 1% BSA in PBS and incubated at 4°C for 
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48 h. After washing with PBS, NG108-15 neuronal cells were labelled with Texas Red-conjugated 

anti-mouse IgG antibody (1:200 dilution in 1% BSA from Vector Labs, Burlingame, USA) and 

Schwann cells incubated with a FITC-conjugated secondary anti-rabbit IgG antibody (1:100 

dilution in 1% BSA for S100β and p75 staining) for 90 minutes at room temperature. Samples 

were washed with PBS and incubated with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) 

(Sigma Aldrich, Madrid, Spain) (300 nM) for 30 minutes, at room temperature. Samples were 

imaged with an upright Zeiss LSM 510 confocal microscope, using a helium-neon laser (543 nm) 

for Texas Red excitation (λex = 589 nm / λem = 615 nm), an argon ion laser (488 nm) for FITC 

excitation (λex= 495 nm / λem = 521 nm) and a Ti:sapphire laser (800 nm) was used to image DAPI 

(λex= 358 nm / λem = 461 nm). 

• Neurite outgrowth and primary Schwann cell morphology assessment 

To determine NG108-15 neuronal cell differentiation, the average neurite outgrowth length and 

the average number of neurites per neuron, was calculated. Images were analyzed using ImageJ 

(NIH, Maryland, USA) and neurites were traced using the NeuronJ plugin tracer software from 

the cell body to the neurite tip [56]. Ninety neurites were measured to determine the average 

neurite length for each polymer type. Schwann cell morphology was determined by calculating 

the average Schwann cell length. Using the ruler tool on NIH ImageJ, the cell length was 

measured from tip to tip [57]. For each condition, 100 primary Schwann cells were measured, 

and the average Schwann cell length determined for each sample (± SD). 

 

4.2.3 NGC fabrication 

• Porogenerator preparation 

The porogenerator was prepared by sieving anhydrous D-(+)-glucose (Reagent grade 99.5% 

purity) provided by Sigma Aldrich (Madrid, Spain). Glucose powder was sieved by means of 

mechanically shaken stainless-steel wire sieves from CISA (Barcelona, Spain) with pore size 

between 25 - 50 µm. Sieved glucose was stored in desiccator at room temperature. 
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• Blend preparation 

Polymer blend and glucose particles were premixed using 5 wt% solution of P(3HO-3HD) and 

PCL mixture (75/25) in chloroform. Required amount of sieved glucose particles were added to 

the solution in order to obtain 70 wt% of glucose in polymer/glucose mixture. After thorough 

mixing, the premix was poured in glass trays and solvent was allowed to evaporate at RT. After 

complete evaporation of the solvent, solidified premix of P(3HO-3HD)/PCL 75/25 with 

porogenerator was cut into 5×5 mm pieces and kept in a desiccator at RT prior processing. 

• Fabrication of neuronal guides 

Production of neuronal guides was carried out by hot melt extrusion of the blend with 

porogenerator into tubular samples, which subsequently were rinsed in deionized water to 

dissolve the glucose and obtain microporous NGCs. The blend was extruded in a Thermo 

Scientific HAAKE Minilab II (Waltham, USA), co-rotating conical twin-screw extruder, set at 70 

to 80°C range. Various mandrels and die heads were used to obtain different tube wall 

thicknesses. Extruded tubes of 1.6 mm inner diameter (ID) and wall thicknesses of 0.5 and 0.25 

mm were manufactured using a 1.8 mm mandrel, and 2.4 mm and 2.9 mm die-heads 

respectively. The extruded tube was cooled down using a ring air wipe from Streamtek Corp 

(Brampton, Canada) and pulled with a controlled variable speed using an in house-built 

conveyor belt. For leaching the porogenerator, tube portions of 300 mm in length were put in 

deionized water and kept at RT for 5 days, while water was changed each 24 h. Finally, the 

tubular porous scaffolds were rinsed and dried for 48 h before being put into a desiccator, ready 

for sterilization and implantation. 

 

4.2.4 Tube NGC Characterization 

• Thermal, mechanical properties and morphology 

Thermal analysis of polymers and blend was conducted using differential scanning calorimetry 

DSC 214 Polyma (Netzsch, Selb, Germany) equipped with Intra-cooler IC70 cooling system. 5 mg 
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of polymer was heated from -70 to 170°C at a heating rate of 20°C/min. DSC thermograms were 

analyzed using Proteus 7.0 software (Netzsch). Porogenerator-leached and non-leached 

samples of the extruded tubes were measured at T0 (2 weeks after their processing, kept in a 

desiccator at RT) and at T1 (aged for 3 months in a desiccator at RT). 

Tensile testing was carried out using a 5942 Testing Systems (Instron, Massachusetts, USA) 

equipped with 500 N load cell at the room temperature. Mechanical properties of the extruded 

tubes were measured in a wet state adding an incubation step to emulate in-vivo environment. 

Thus, prior to the testing, porogenerator-leached tubular samples were incubated in PBS for 10 

minutes whereas samples with porogenerator were incubated in ethanol 70% for 10 minutes 

to avoid leaching. Tubes of total length around 60 mm were fixed in rubber-coated grips with 

the separation distance of 44 mm between the grips. Metal mandrels were inserted into the 

NGCs from both sides to the full gripping length (approximately 8 mm). The area of the tubes 

was calculated using the Equation B1 shown in Appendix B. Porogenerator-leached porous 

tubular scaffold sections were inspected using Scanning Electron microscopy (SEM) (FE-SEM 

ZEISS ULTRA plus Gemini, Oberkochen, Germany), to check the porosity, pore morphology and 

size. Micro Computerized Tomography (µCT) was performed on a Skyscan 1272 (Bruker, 

Belgium). The NGC samples were secured vertically by coating the brass platform surface with 

dental wax and inserting 1 mm of the NGC into dental wax in order to stabilize the sample 

against toppling during rotation. Hence, long extruded tubular scaffolds were cut in 1.6 mm 

length for inspection. Samples were scanned without any filters with a voxel size of 9 µm3 at 

50kV/200µA, in 0.70 increments, an exposure time of 303 millisecond (ms) over 360° of the 

sample. Scanned images were cropped to select only the samples, reconstructed, analyzed, 

rendered, and visualized with Nrecon (v1.6.9.8 Bruker, Belgium, Feldkamp algorithm), CT 

analyzer (v 1.14.4.1 Bruker, Belgium), CTvol (v2.2.3.0 Bruker, Belgium) and CTvox (v2.7.0 r990, 

Bruker, Belgium) respectively. All samples were subject to misalignment compensation and 

beam hardening correction.  

• Cytotoxicity Analysis 

The cytotoxicity of the porous scaffold NGC was analyzed following the indirect 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay according to a standard ISO 
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10993-5 protocol. An L929 mouse fibroblast cell line was used, and cell viability was normalized 

to cell growth on a negative (inert) control material (high density polyethylene (HDPE)). A 

positive (toxic) control material (polyvinyl chloride (PVC)) was used in parallel. All samples were 

sterilized for 1 hour in ethanol 70% before testing. According to the ISO 10993-5, materials are 

considered cytotoxic when cell viability is reduced to below a 70% threshold. 

• Biodegradation Studies 

Following an accredited ISO 10993-13 method, samples were sterilized using gamma irradiation 

(25 kGy). Before start of the degradation assay, the initial weights of the samples were 

determined using a precision balance after the samples were dried overnight at 37°C in vacuum. 

Changes in weight were used as a basis for determining the degree of degradation. Samples 

were fully immersed in closed Falcon tubes in 3% hydrogen peroxide solution (H2O2) (described 

in ISO10993.13-4.1.4.1.3a). To maintain radical concentration, 3% H2O2 (0.88M) solution was 

changed weekly for the entire duration of the experiment (with no metal ions added to catalyze 

the H2O2 degradation) [58]. The final sample weight was measured after 1 and 3 months with n 

= 4 samples, and, in parallel, a hydrolytic degradation was performed using laboratory grade 

water with n = 1. Before measuring the final weight, the samples were again dried overnight at 

37°C in vacuum. 

 

4.2.5 In-vivo characterization of NGC 

• Animals 

Female Wistar rats (Janvier Labs, Le Genest - Saint Isle, France), aged 12 weeks were used in 

this experiment. Animals were housed in plastic cages, maintained at standard laboratory 

conditions at 22°C in a 12 h light/dark cycle and ad libitum access to food and water. The 

experimental procedures were approved by the respective Ethical Committee and followed the 

rules of the European Communities Council Directive. The Animal Research and well-being 

committee of National Hospital for Paraplegics in Toledo approved unanimously at the board 
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meeting that took place on June 13, 2013 the research animal model, assigning it the reference 

number 106/2013. 

• Surgical procedure 

All surgical procedures were performed with aseptic operating conditions and under 

pentobarbital/xylazine anesthesia (40/10 mg/kg i.p. respectively). Autograft, Neurolac™-TW, 

with 1.5 mm of internal diameter and 0.28 mm of wall thickness, and P(3HO-3HD)/PCL 75/25 

NGC in porous and non-porous (with glucose still present) configuration, with two different wall 

thicknesses (0.5 and 0.25 mm) were tested. Neurolac™-TW tube was introduced in the in-vivo 

characterization because it is a commercial tube derived from PLCL, aiming to improve the high 

stiffness and low biodegradation rate of PCL. The right sciatic nerve was exposed and cut 6 mm 

distal to the exit of the gluteal nerve. In the case of the autograft, 10 mm of sciatic nerve was 

resected, flipped, and sutured back to the remaining stumps with 10-0 epineural sutures. All the 

tubular scaffolds were sterilized with 70% ethanol for 5 minutes before implantation and 

washed out with saline solution. Then, 5 mm of sciatic nerve was excised, and 14 mm-length 

tubular scaffolds were implanted. Proximal and distal stumps were sutured 2 mm inside the 

tubular devices, creating a 10 mm gap. The tubular scaffolds were filled with sterile physiological 

saline solution. The muscle plane was sutured with resorbable 5-0 sutures and the skin with 2-

0 silk sutures. All animals were treated with amitriptyline (150 mg/L) ad libitum in the drinking 

water for 2 weeks prior to surgery for preventing autotomy [59]. Animals were distributed in 

the following experimental groups: Autograft (n = 8), Neurolac™-TW (Polyganics Inc. Groningen, 

Netherlands) (n = 10), P(3HO-3HD)/PCL 500 µm wall thickness leached (n = 8), P(3HO-3HD)/PCL 

500 µm wall thickness non-leached (n = 8), P(3HO-3HD)/PCL 250 µm wall thickness leached 

(n = 8) and P(3HO-3HD)/PCL 250 µm wall thickness non-leached (n = 8). Representative images 

of the implanted autograft or neural guides assessed in the study are shown in Appendix B 

Figure B2. 

• Electrophysiological analysis 

Functional reinnervation of the target muscles (gastrocnemius muscle, tibialis anterior muscle 

and plantar muscle) was assessed at 60, 90, and 120-days post-injury (dpi). Animals were 
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anaesthetized with pentobarbital/xylazine anesthesia (40/10 mg/kg i.p.; respectively) and 

placed on a homoeothermic blanket to maintain their body temperature at 37°C. The sciatic 

nerve was stimulated with a Grass S88X stimulator (Astro-Med® Inc.) coupled to transcutaneous 

monopolar electrodes placed in the sciatic notch, by means of single supramaximal electrical 

pulses of 0.1 ms of duration. The Compound Muscle Action Potential (CMAP) of the target 

muscles was recorded with a NeuroLog System (Digitimer Ltd., Lauderdale, USA) coupled to a 

Micro-1401 data acquisition system and the Signal software (Cambridge Electronic Design Ltd., 

Cambridge, United Kingdom), by means of monopolar needle electrodes placing the active one 

in the muscle belly and the reference in the 4th toe. Amplitudes of the M-waves were measured 

using the same software. The contralateral limb of each animal was used as values pre-injury. 

• Immunostaining 

Four months after injury, animals were euthanized and transcardially perfused with 4% 

paraformaldehyde (PFA) in PBS. After perfusion, the regenerated nerves were collected and 

divided in 3 parts. The proximal and distal portions were used for conventional histology 

(Section 2.5.5). The mid fragment of the regenerated nerves was postfixed in 4% PFA for 4 h 

and then changed to 30% sucrose in 0.1 M Phosphate buffer (PB) for 3 days. Collected nerves 

were mounted in OCT frozen medium (Sakura) and cut with a Microm HM506 (Walldorf, 

Germany) cryostat in 30 µm thick serial cross-sections. Sections were permeabilized with 0.3% 

Triton in Tris-Buffered Saline (TBS) and incubated overnight in 0.1% Triton-TBS with 1.5% normal 

goat serum with the following primary antibodies to perform single or double 

immunofluorescence: i) mouse anti-S100β (1:500, Sigma-Aldrich) to stain Schwann cells; ii) 

rabbit anti-Neurofilament 200 (1:200, Sigma-Aldrich) to stain myelinated axons; iii) mouse anti-

Fibronectin (1:200, Abcam, Cambridge, United Kingdom) to label the extracellular matrix 

conforming the regenerating nerve. After washes, slides were incubated with the corresponding 

secondary DyLigth488- or Dylight594-conjugated antibodies (1:200, WAKO Chemicals, 

Richmond, USA) for 1 h. Finally, sections were sequentially washed in 0.3% Triton-TBS, TBS and 

TB, incubated for 5 minutes in 4’,6-Diamidine-2’-Phenylindole Dihydrochloride (DAPI) (0.1 

µg/mL, Sigma-Aldrich) and mounted with Immuno Mount (Thermo Scientific, Waltham, USA). 

In order to confirm lack of cross reactivity, sections were processed without the corresponding 
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second primary antibody and used as controls. No non-specific staining was observed. Images 

were acquired with an Olympus BX61 Motorized Research Microscope (Tokyo, Japan) equipped 

for epifluorescence and connected to a DP71 (Olympus) digital camera system. 

• Histology 

The proximal and distal portions of collected nerves were post-fixed in 4% PFA – 3% 

glutaraldehyde in PBS. Nerves were post-fixed in 2% osmium tetroxide (Sigma) and 10% glucose 

in PB 0.2 M (1:1) for 90 minutes at RT, washed with distilled water three times and kept 

overnight at RT. The following day, nerves were dehydrated in ascending series of 50%, 75%, 

90% and 100% acetone for 15 minutes in each solution and embedded in Araldite-502 resin 

(EMS). Embedded nerves were sectioned using an ultramicrotome (Leica EM UC6, Barcelona, 

Spain) in 1 µm of thickness sections. These sections were stained with toluidine blue and 

examined under light microscopy. Images were acquired with an Olympus BX61 Motorized 

Research Microscope coupled to an Olympus DP71 digital camera for the whole nerve at 4×, 

while sets of images chosen randomly to represent at least the 30% of nerve cross-sectional 

area were acquired at 60× from mid and distal portions of the regenerated nerves. 

Measurements of the cross-sectional area, estimation of myelinated fibers and density of 

myelinated axons were performed using the ImageJ Software. 

• Statistical analysis 

All data are presented as mean ± SEM. GraphPad (GraphPad Software San Diego, USA) was used 

to perform the statistical analysis on the collected data. Two-way analysis of variance (ANOVA) 

with Bonferroni post hoc test was conducted to analyze differences in the electrophysiological 

data. One-way ANOVA with Bonferroni post hoc test was conducted to analyze differences in 

the histological data. Data was considered statistically relevant when p<0.05. 
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4.3 Results 

4.3.1 Materials and characterization

Generally, most of engineering and processable materials exceed the mechanical properties of 

peripheral nerves [60]. However, the addition of porosity to the material, besides its biological 

role, can decrease the strength and stiffness of the material and turn it prone to be used in 

tissue engineering even though it shows higher mechanical properties in bulk than the tissue. 

Therefore, the potential material for nerve guidance fabrication should be stronger and stiffer 

compared with values obtained for peripheral nerves, bearing in mind that its properties can be 

tuned via addition of porosity for scaffold construction. P(3HO-3HD) is weak, ductile and soft 

(Table 5.1) and unsuitable for an in-vivo implantation due to that it is easily deformed. On the 

other hand, PCL is an elastomeric synthetic polymer, versatile, produced in large scale, and 

associated with precise and robust processability [61–63]. However, it is very stiff (Table 5.1) 

and is often used in load-bearing tissues to enhance stiffness [64]. This property alongside its 

prolonged degradation time [65] has limited its use for peripheral nerve implants, being only 

used to ease processability and enhance mechanical properties as combined in blends [44–47]. 

Following this strategy, a preliminary screening of various blends of P(3HO-3HD) and PCL was 

conducted to evaluate blend processability and mechanical properties. Blends of P(3HO-

3HD)/PCL with 95/5 and 75/25 proportions were prepared and tested (Table 5.1). MCL-PHAs in 

general and P(3HO-3HD) in particular are slow crystallizing polymers [66], easily deformed and 

as a result, hot melt extrusion of P(3HO-3HD) is difficult. Blending P(3HO-3HD) with PCL 

improves processability and robust hot melt extrusion was achieved for blends with PCL content 

higher than 25 wt.%. For lower wt%, such as 5 wt%, the blend is not stiff enough to be processed 

by means of hot melt extrusion and its mechanical properties [47] are not suitable to 

manufacture a porous scaffold that mimics the rat sciatic nerve. When content of PCL exceeded 

30 wt.%, PCL started to dominate the mechanical properties of blends resulting in significantly 

stiffer materials than P(3HO-3HD). Similar behavior was observed by Lizarraga-Valderrama et al. 

[32] for P(3HO)/P(3HB) blends in which the blend showed a remarkable stiffening when the 

proportion of the stiff component (P3HB) exceeded the 25%. 
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Table 5.1 Mechanical properties (yield strength (σy), ultimate tensile strength (σu), Young modulus (E), and strain 
at sample break (εu)) of non-porous films. 

Blend σy [MPa] σu [MPa] E [MPa] εu [%] 

P(3HO-3HD) 0.25 ± 0.06 14.3 ± 1.3 8.4 ± 0.4 640 ± 80 

PCL 5.9 ± 0.3 10.3 ± 0.4 230 ± 20 15 ± 2 

P(3HO-3HD)/PCL 75/25 1.2 ± 0.5 5.9 ± 0.3 110 ± 10 490 ± 40 

P(3HO-3HD)/PCL 95/5 - 13.7 ± 1.2 13.7 ± 1.5 620 ± 50 

P(3HO-3HD) 0.25 ± 0.06 14.3 ± 1.3 8.4 ± 0.4 640 ± 80 

 

• P(3HO-3HD) 

PHA was produced via microbial fermentation using glucose as carbon source.1H, 13C NMR and 

GC-MS analysis identified it as a co-polymer of 3-hydroxyoctanoate and 3-hydroxydecanoate, 

P(3HO-3HD) (Figure B3 and Figure B4 in Appendix B). Microbial synthesis provided consistent 

batch-to-batch production of P(3HO-3HD) with monomer content approximately 26 and 74 

mol% of 3-hydroxyoctanoate and 3-hydroxydecanoate respectively (Figure B5 and Table B1 in 

Appendix B). Molecular weight (Mw) of P(3HO-3HD) was found to be (370 ± 60) kDa with molar-

mass dispersity of (2.6 ± 0.4). 

• PCL 

For PCL, caprolactone methylenes presented signals around 2.35 and 4.1 ppm while methoxy 

poly (ethylene glycol) (mPEG) was identified at a chemical shift of 3.6 - 3.65 ppm (Figure B6 in 

Appendix B). The polymer conversion was calculated based on the integration of CH2 peaks for 

the respective polymers and the monomers introduced. Weight average Mw, number average 

molecular weight (Mn) and molar-mass dispersity data of the synthetized PCL were collected 

using the refractive index peak height with values <10 mV and were reported as 90.8, 58.0 and 

1.56 kDa, respectively (Figure B7 in Appendix B). 

• Characterization of neat biomaterials 

Mechanical properties of polymeric film samples are summarized in Table 5.1 and in Figure B8 

included in Appendix B. P(3HO-3HD) exhibits typical response for elastomeric materials: a short 

elastic response at small strains transforms into a large strain-hardening region. Such a response 
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is also characteristic for many biological tissues such as the rat sciatic nerve (average tensile 

strength (σy) of 1.4 to 2.7 MPa and average Young’s modulus (E) of 0.58 MPa) [60]. Despite quite 

high ultimate tensile strength (σu around 14 MPa) of P(3HO-3HD), this polymer behaves as 

extremely soft material with a Young’s modulus around 8 MPa and a yielding stress (the onset 

of plastic deformation) of only 0.25 MPa. The blend of P(3HO-HD) with 5 wt% PCL did not show 

remarkable variations comparing to the neat P(3HO-3HD), the σu maintained around 14 MPa, 

Young’s modulus increased slightly to almost 14 MPa and the elongation showed practically 

same values as the neat MCL - PHA. By blending this material with 25 wt% PCL, the Young’s 

modulus increased by more than ten times and the yield strength was five times higher 

compared with neat P(3HO-3HD), making this blend more suitable than neat PCL and P(3HO-

3HD) for nerve regeneration. A distinctive yielding behavior was observed for P(3HO-3HD)/PCL 

75/25 blend tested as nonporous film. Neat P(3HO-3HD), P(3HO-3HD)/PCL 95/5 and 75/25 

blend are highly deformable materials with elongations at break exceeding 400%. 

Figure B9 in Appendix B presents the DSC thermograms for individual components of the 

polymer blend and P(3HO-3HD)/PCL 95/5 and 75/25 blends. Both P(3HO-3HD) and PCL exhibit 

glass transition and melting event. The DSC instrument used in this study did not allow reliable 

measurements in the temperature range between (-70°C) and (-60°C). Therefore, glass 

transition temperature of PCL was not observed but it was determined to be around -60°C by 

Pintado-Sierra et al. [67] for the PCL used in this study. Glass transition temperature of P(3HO-

3HD) was observed for both neat copolymer and its blends with PCL in a temperature range 

between (-45°C) and (-35°C). It appears that for those specific blend compositions the presence 

of PCL did not change glass transition of P(3HO-3HD) suggesting poor miscibility of two 

polyesters. Melting of these polymers are observed at very similar temperatures namely P(3HO-

3HD) melts between 42°C and 58°C and temperature range for PCL melting is from 60°C to 70°C. 

As can be seen from Figure B9 in Appendix B, the melting event for the blends gave a complex 

endothermic peak with quite wide temperature range, from 35°C to 66.2°C Those peaks 

represent the superimposition of two melting events from the blend components. With melting 

temperatures of individual polyesters being so close it is impossible to distinguish reliably 

individual contributions from polymers to the observed melting peak. Enthalpies of melting for 

samples aged for 7 weeks were (19.3 ± 0.2), (83.8 ± 0.3), (22.5) and (46.1 ± 0.5) J/g for P(3HO-
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3HD), PCL, P(3HO-3HD)/PCL 95/5 and P(3HO-3HD)/PCL 75/25 blends respectively. Based on rule 

of mixtures, the enthalpy of melting for P(3HO-3HD)/PCL 95/5 was 22.5 J/g and for P(3HO-

3HD)/PCL 75/25 blend was 35.4 J/g. This calculated value was almost the observed for 95/5 

blend and lower than obtained from thermogram for the 75/25 blend. 

Because of the observed mechanical properties of P(3HO-3HD)/PCL 95/5 blend, which barely 

differ from the neat P(3HO-3HD), and its difficulty to be processed by hot melt extrusion, it was 

decided to discard it and not continue with the in-vitro characterization of this particular blend. 

Additionally, the cytocompatibility behavior of the P(3HO-3HD)/PCL 95/5 blend was reported 

by Constantinides et al. [47]. 

 

4.3.2 Suitability of the materials for cell regeneration  

• Cell Viability Analysis 

NG108-15 neuronal cells were cultured on polymer films to determine the effect of biomaterial 

type on cell viability. Neuronal cells adhered to all material types, as seen in Appendix B Figure 

B10 (a-d). Higher numbers of adhered live cells were observed on the PCL film and TCP control, 

compared to the P(3HO-3HD) and P(3HO-3HD)/PCL 75/25 films. Appendix B Figure B10 (e) 

confirmed that significantly higher numbers of live cells were observed on the PCL film and TCP 

control (450 ± 80 and 440 ± 30 cells) compared to the P(3HO-3HD)/PCL 75/25 and P(3HO-3HD) 

films (430 ± 90 and 300 ± 90 cells). No significant differences were detected between cells when 

expressed as a percentage of live versus dead cells. All films had a NG108-15 neuronal cell 

viability higher than 90%.  

Primary Schwann cell viability was also assessed on the different biomaterial films (Appendix B 

Figure B11 (a-d)). Higher numbers of adhered live cells were observed on the PCL, P(3HO-

3HD)/PCL 75/25 films and TCP control compared to the P(3HO-3HD) films. This visual 

observation was further confirmed by quantification of cell number presented in Figure B11 (e) 

in Appendix B. The P(3HO-3HD)/PCL 75/25, PCL films and TCP control had significantly higher 

numbers of live cells attached, compared to the P(3HO-3HD) films ((150 ± 30), (185 ± 19) and 
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(179 ± 17) cells compared to (96 ± 20) cells respectively). When expressed as live versus dead 

cells, not significant differences were detected between the samples and all films had a primary 

Schwann cell viability over 90%. 

• Neuronal Cell Differentiation  

The NG105-18 cells are a hybridoma (Sendai virus mediated fusion of a mouse neuroblastoma 

and rat glioma cells) with potential to form neurites. They are commonly used to determine 

experimental differentiation in this context. NG108-15 neuronal cells were stained for βIII-

tubulin (neurite visualization) and DAPI (cell nuclei) after 6 days in culture medium on the 

different polymer films. All materials supported NG108-15 neuronal cell attachment and neurite 

outgrowth, as seen in the representative confocal micrographs (Figure 5.1 (a-d)). Confocal 

micrographs were quantified to confirm that all the different material films supported neuronal 

cell differentiation and cell maturation. Experimental NG108-15 neuronal cell differentiation 

can be confirmed by measuring the average number of neurites per neuronal cell cultured on a 

material, as well as the average neurite length of neurites outgrown. Though no significant 

differences were detected, Figure 5.1 (i) showed that neurite outgrowth per neuronal cell was 

higher on P(3HO-3HD) and P(3HO-3HD)/PCL 75/25 films compared to the PCL films and TCP 

control ((1.67 ± 0.15) and (1.52 ± 0.18) neurites per neuronal cell compared to (1.41 ± 0.33) and 

(1.33 ± 0.18) neurites per neuronal cell respectively). This indicated that all materials support 

NG108-15 neuronal cell neurite outgrowth, and that it was preferable on P(3HO-3HD) and 

P(3HO-3HD)/PCL 75/25 films. 

The average length of NG108-15 neuronal cell neurites, cultured on the different materials, was 

determined (Figure 5.1(j)). The longest average neurite length was measured on the P(3HO-

3HD)/PCL 75/25 films, followed by the P(3HO-3HD) films (38 ± 5 µm and 33.0 ± 7 µm). The 

average length of neurites on the P(3HO-3HD)/PCL 75/25 films was significantly longer than the 

neurites cultured on the TCP control (23 ± 5 µm). However, no significant differences were 

detected between the different materials. This indicated that the P(3HO-3HD)/PCL 75/25 and 

P(3HO-3HD) supported NG108-15 neuronal cell differentiation and promoted maturation more 

efficiently than the PCL films.  
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Figure 5.1 Confocal microscopy images of NG108-15 neuronal cells immunolabelled for βIII-tubulin and DAPI on 
P(3HO-3HD) (a), PCL (b), P(3HO-3HD)/PCL 75/25 (c) films and TCP control (d) (Scale bar = 100 μm). Confocal 
micrographs of primary Schwann cells immunolabelled for S100β (green) after 6 days of culture on P(3HO-3HD) 
(e), PCL (f), P(3HO-3HD)/PCL 75/25 (g) films and TCP control (h) (Scale bar = 100 μm). The average number of 
neurites expressed per neuron (i) (mean ± SD, n=3) and the average neurite length per condition after 6 days in 
culture (j). The average Schwann cell length (k) and aspect ratio (length/width) (l) were identified to confirm 
Schwann cell phenotype (mean ± SD, n=3 independent experiments) (mean ± SD, n=3 *p<0.05 against TCP). 

 

• Primary Schwann Cell Phenotype 

To confirm a mature phenotype, rat primary Schwann cells were cultured on the different 

biomaterial films for 7 days and stained with S100β (Schwann cell marker). Figure 5.1 (e-h) 

showed that all surfaces supported Schwann cell adhesion and positive staining for S100β. 

Higher numbers of adhered Schwann cells were observed on the P(3HO-3HD)/PCL 75/25 films 

compared to the other materials. To confirm a maintained phenotype during culture, the 

average Schwann cell length on each material was determined. Although no significant 
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differences were detected between the biomaterials, Figure 5.1 (k) indicated a higher average 

Schwann cell length of Schwann cells cultured on the P(3HO-3HD)/PCL 75/25 films 

(120 ± 20 µm) compared to the other materials. All the different biomaterials supported 

Schwann cell attachment, spreading and growth during culture. 

The aspect ratio of primary Schwann cells, cultured on the different polymer films and blends, 

were calculated to determine cell morphology. No statistical differences were detected 

between substrates. Aspect ratios for the P(3HO-3HD), PCL, P(3HO-3HD)/PCL 75/25 films and 

TCP control were reported as (6.07 ± 1.48), (7.60 ± 2.63), (5.78 ± 1.99) and (8.22 ± 1.76) 

respectively. All substrates supported primary Schwann cell adhesion, proliferation and 

maintained Schwann cell phenotype in culture. 

 

4.3.3 NGC fabrication and characterization 

Tubular scaffolds with two different wall thicknesses (0.480 ± 0.020 mm and 0.275 ± 0.025 mm, 

referenced as P(3HO-3HD)/PCL 500 µm and P(3HO-3HD)/PCL 250 µm, respectively) were 

produced via hot melt extrusion technique. Optical images of the transversal section of the 

leached/non-leached thin and thick tubes are showed in Appendix B Figure B12. Figure 5.2 (a) 

shows a SEM image of a cross section of the porogenerator leached tubular scaffold referenced 

as P(3HO-3HD)/PCL 250 µm. It is worth to note that removal of glucose (porogenerator) 

resulted in porous structures with a regular distribution, forming a sponge like structure with 

pore sizes in the range of 25 to 50 µm. Porogenerator content was around 70% in weight, which 

corresponded to volumetric porosity around 65% (calculated using the method described by 

Mendibil et al. [68]). This porous structure was further confirmed by µCT, as presented in Figure 

5.2 (b) and it is compared with a non-leached tube in Figure B13 in Appendix B, where 

homogenic distribution of glucose and the polymeric matrix, without remarkable pores nor 

clumps, can be observed.  
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Figure 5.2 SEM image of a cross section of the porogenerator leached NGC referenced as P(3HO-3HD)/PCL 250 µm, 
showing homogeneous pore distribution through the tube wall (a); µCT images showing several tube sections (b) 
showing uniform porosity and absence of dense (glucose) particles after the leaching process. 

 

Figure B14 and Figure B15 in Appendix B show the transversal section of leached and non- 

leached tubes as observed by SEM. Appendix B Figure B16 shows a high magnification SEM 

image of section of leached tube suggesting a high density of interconnected pores. This fact is 

also supported by the observation that the leaching of the tube is produced almost immediately 

(data no showed). 

• Mechanical characterization of porous tubular scaffold 

Taking into account the superior performance of P(3HO-3HD)/PCL 75/25 in terms of 

processability and cell regeneration capability (Figure 5.1), mechanical properties of tubular 

samples were measured and registered in Table 5.2 and Figure B17 in Appendix B. It is worth 

nothing that in those characterizations thin wall (250 µm) P(3HO-HD)/PCL 75/25 tubes were 

used and for the calculation, the total cross-sectional area of the tubular sample was used 

without taking into consideration the porosity of the material in order to characterize the 

properties of the porous NGC, which are dependent on the material properties, porosity degree 

and tube geometry. Therefore, the values of tensile strength, elongation and Young’s modulus 

are not comparable to the values obtained for non-porous films. According to Table 5.2, without 

porogenerator leaching, the P(3HO-3HD)/PCL75/25 +70 wt% glucose tubes were stiff, and 

brittle as characterized by their high Young’s moduli and very low elongation at break values. 
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Table 5.2 Mechanical properties (yield strength (σy), ultimate tensile strength (σu), Young’s modulus (E), and strain 
at sample break (εu)) of porogenerator leached and non - leached P(3HO-3HD)/PCL 75/25 NGCs in dry and wet 
conditions. 

Blend σy [MPa] σu [MPa] E [MPa] εu [%] 

NGCs     

P(3HO-3HD)/PCL 75/25 Leached, dry 0.6 ± 0.15 2.06 ± 0.06 2.3 ± 0.7 200 ± 85 

P(3HO-3HD)/PCL 75/25 Leached, wet 0.45 ± 0.12 2.07 ± 0.14 3.0 ± 0.6 140 ± 20 

P(3HO-3HD)/PCL 75/25 Non-leached, wet 0.7 ± 0.08 2.1 ± 0.7 220 ± 50 3.2 ± 0.8 

 

However, when glucose is removed the resultant porous tubes are highly elastomeric with 

elongation at break values around 200 and 140% for dry and wet tubes respectively. The yield 

strength obtained for these porous tubes was more than two times higher than the one 

obtained for neat P(3HO-3HD) (Table 5.1). Young’s modulus and tensile strength values were 

lower than the ones registered in Table 5.1 for the rest of neat materials analyzed and closer to 

the native rat sciatic nerve. 

• Cytocompatibility and Biodegradation Analysis  

Results corresponding to the cytocompatibility assays are presented in Table 5.3, which show 

that porogenerator non-leached P(3HO-3HD)/PCL 75/25 is considered non-cytotoxic. 

Regarding biodegradability assays, Table 5.4 shows the weight loss for both leached and non-

leached 500 µm wall thickness P(3HO-3HD)/PCL 75/25 tubular samples over time at 1- and 3-

months’ period in an oxidative environment. The main weight loss is attributed to the glucose 

leaching while a mass loss of around 13% is attributed to the polymer degradation at month 3.  

 

Table 5.3 Cytotoxicity assay of P(3HO-3HD)/PCL 75/25 biomaterial and positive control (PVC). Percentage of 
fibroblast cell viability after 24 hours in culture with conditioned medium is showed. The data showed correspond 
to the non-leached 500 µm thick wall tubes. Results were normalized to negative control while high density 
polyethylene. Polyvinyl chloride (PVC) was used as positive control. 

Material % Cell viability (relative to control) 

P(3HO-3HD)/PCL 75/25 73±11 

Ctrl+ 32±6 
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Table 5.4 Biodegradation study showing the 500 µm thick wall tube’s weight loss over time as cultured in a 3% 
hydrogen peroxide solution. Leached and non-leached tubes’ data are showed. 

 Sample Mass for tubes [mg] 

Material Non leached Leached 

P(3HO-3HD)/PCL 75/25 142 ± 18 43 ± 5 

P(3HO-3HD)/PCL 75/25 (1 Month) 42 ± 6 41 ± 2 

P(3HO-3HD)/PCL 75/25 (3 Month) 37 ± 5 37 ± 3 

 

• Thermal characterization of NGCs 

Figure B18 in Appendix B presents thermograms of extruded P(3HO-3HD)/PCL 75/25 tubular 

samples both porogenerator leached and non-leached at two different ageing stages. The 

thermograms of extruded tubes are in concordance with results obtained for the solvent cast 

films. Thermal events (glass transition, melting) which characterize polymers are less prominent 

in non-leached sample. This is a result of masking from larger scaling required for an additional 

peak that appeared at 160°C. This peak corresponds to glucose melting which mass fraction 

(70%) is larger than matrix polymers, which completely disappeared in the leached tubes. The 

superimposed melting peak, and glass transition for P(3HO-3HD/PCL 75/25 tubes observed 

between 35 to 65°C and (-45°C) to (-35°C) respectively are in line with results for the solvent-

cast blend film. Enthalpy of the polymer melting decreased to (40 ± 5) J/g for the extruded 

leached tubes compared with (46,1 ± 0.5) J/g for the solvent cast films. This difference might be 

caused by shorter storage time of the tubes before measurements. Apparent enthalpy of 

polymer melting for the non-leached was (12.09 ± 0.01) J/g. This corresponded to 40.3 J/g 

normalized to 0.3 mass fraction of polymer. It appears that the presence of glucose did not 

affect crystallization of matrix polymer during the storage of non-leached samples. 
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4.3.4 In-vivo results 

• Functional recovery 

Electrophysiological tests were performed to analyze functional recovery of animals after injury 

and repair (Figure 5.3, and Appendix B Table B2). Nerve conduction tests performed 7 days post 

intervention (dpi) demonstrated complete denervation of targeted muscles (gastrocnemius, 

tibialis anterior and plantar interosseous muscles). At 60 dpi, all autograft-repaired rats showed 

positive responses and compound muscle action potentials (CMAPs) of gastrocnemius, tibialis 

anterior and plantar muscles were recorded. This percentage was smaller in tubular-repaired 

groups. Evidence of reinnervation of gastrocnemius and tibialis anterior muscles was found in 

7/10 of Neurolac™-TW repaired animals, 7/8 of P(3HO-3HD)/PCL 500 µm leached (L), 7/8 of 

P(3HO-3HD)/PCL 500 µm non-leached (NL), 3/8 P(3HO-3HD)/PCL 250 µm leached (L) and 6/8 

P(3HO-3HD)/PCL 250 µm non-leached (NL). However,these signals were lower in amplitude and 

 

Figure 5.3 Mean amplitude of the Compound Muscle Action Potentials in mV of Autograft (black), Neurolac™ (grey) 
and different configurations of extruded P(3HO-3HD)/PCL NGCs (blue, white, stripped red and stripped green) in 
the gastrocnemius (a), tibialis anterior (b) and plantar interosseous (c) muscles at 60, 90 and 120 dpi. Data are 
presented as Mean ± SEM . *p<0.05, **p<0.01 and ***p<0.005. 
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slower as recorded with a higher latency from stimulus. Evidence of plantar interosseous muscle 

reinnervation was observed in 6/10 of Neurolac™-TW repaired animals, 3/8 of P(3HO-3HD)/PCL 

500 µm leached, 5/8 of P(3HO-3HD)/PCL 500 µm non-leached, but no signals were recorded in 

P(3HO-3HD)/PCL 250 µm (either leached or non-leached). 

Recordings at longer times post-injury resulted in a steady increase of the onset potentials until 

the end of the follow-up (120 dpi). The percentage of positive responses of the plantar 

interosseous muscle increased up to 7/10 of Neurolac™-TW repaired animals, 7/8 of P(3HO-

3HD)/PCL 500 µm leached, 6/8 of P(3HO-3HD)/PCL 500 µm non-leached, 3/8 P(3HO-3HD)/PCL 

250 µm leached and 6/8 P(3HO-3HD)/PCL 250 µm non-leached. 

Significant differences at the final time-point in the gastrocnemius muscle were found between 

autograft and P(3HO-3HD)/PCL 500 µm (L) vs Neurolac™-TW and P(3HO-3HD)/PCL 250 µm (L) 

groups, showing less functional recovery in the case of these NGCs compared to autografting. 

For P(3HO-3HD)/PLC 500 µm (L), values significantly higher than P(3HO-3HD)/PLC 250 mm (L) 

were obtained and comparable to those obtained for autografting. Hence, wall thickness seems 

to play an important role on sciatic nerve functional recovery. Similarly, results in the tibialis 

anterior muscle reveal that for Neurolac™-TW and P(3HO-3HD)/PLC 250 mm (L) the functional 

recovery is poor compared to autografting, P(3HO-3HD)/PLC 500 mm and P(3HO-3HD)/PLC 250 

mm (NL), where peak amplitude values are comparable. Taking into account the numbers 

corresponding to the rats that showed positive response (Appendix B Table B2), thicker wall 

thickness seems to enhance the nerve regeneration process. 

Results in the plantar interosseous muscle, however, did not show significant differences 

between autografting and tested NGCs apart from P(3HO-3HD)/PLC 250 mm (L) where the 

values are significantly lower, not only for such final time-point but also for previous time stages.  

• Morphological results of regenerated nerves 

Central portions of the regenerated cable were processed for immunohistochemical analysis 

after 4 months of implantation (Figure 5.4 and Figure 5.5). Interestingly, a large fibronectin-

positive extracellular matrix attached to the inner wall of the P(3HO-3HD)/PCL and filling the 

whole tube lumen was present, in contrast to the Neurolac™-TW devices with a thinner 
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regenerating cable concentrated in the center of the tube lumen and completely detached from 

the inner walls of the tube. However, immunohistochemical analysis of myelinated axons 

(Neurofilament-200) and their wrapping by Schwann cells (S100β) showed a similar total area 

inside the tube among the groups repaired with either Neurolac™-TW or P(3HO-3HD)/PCL 500 

µm, since most of regeneration in the P(3HO-3HD)/PCL 500 µm was also concentrated in the 

central portion of the regenerated cable. Notably, the total area of regenerating axons was 

consistently found as significantly higher in the P(3HO-3HD)/PCL guides with a higher wall 

thickness of 500 than that of 250 µm, which indicated of a more advanced stage of maturation 

of the regenerated nerves (Figure 5.6). 

 

Figure 5.4 Representative cross sectional images of the regenerated nerves at the mid portion of the graft/tube in 
the Autograft (a), non-leached P(3HO-3HD)/PCL 500 µm wall thickness (b), non-leached P(3HO-3HD)/PCL 250 µm 
wall thickness (c), Neurolac™-TW (d), leached P(3HO-3HD)/PCL 500 µm wall thickness (e), leached P(3HO-3HD)/PCL 
250µm wall thickness (f). Axons are stained with Neurofilament-200 (red), Schwann cells with S100β (green) and 
cell nuclei with DAPI (blue). Scale bar = 500 µm.  
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• Histological results 

A macroscopic analysis of the regenerated nerves after 4 months of implantation revealed 

presence of regenerated cable in the 100% of animals repaired with an autograft (8/8), 70% 

with Neurolac™-TW (7/10), 87.5% with P(3HO-3HD)/PCL 500 µm leached (7/8), 75% with 

P(3HO-3HD)/PCL 500 µm non-leached (6/8), 37.5 % with P(3HO-3HD)/PCL 250 µm leached (3/8) 

and 75% with P(3HO-3HD)/PCL 250 µm non-leached (6/8) (Figure 5.7, Appendix B Table B2). 

Moreover, a careful macroscopic evaluation of their surface evidenced that P(3HO-3HD)/PCL  

 

 

Figure 5.5 Representative cross sectional images of the regenerated nerves at the mid portion of the graft/tube in 
the autograft (a), non-leached P(3HO-3HD)/PCL 500 µm wall thickness (b), non-leached P(3HO-3HD)/PCL 250 µm 
wall thickness (c),Neurolac™-TW (d), leached P(3HO-3HD)/PCL 500 µm thickness (e), leached P(3HO-3HD)/PCL 250 
µm wall thickness (f). Extracellular matrix presence was stained for fibronectin (green) and macrophages identified 
by Iba-1 (red). Scale bar = 500 µm. 
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Figure 5.6 High resolution images of the regenerated nerves at the mid portion of the graft/tube in the P(3HO-
3HD)/PCL 75/25. Leached P(3HO-3HD)/PCL 500 µm wall thickness (a), non-leached P(3HO-3HD)/PCL 500 µm wall 
thickness (b), leached P(3HO-3HD)/PCL 250 µm wall thickness (c), non-leached P(3HO-3HD)/PCL 250 µm wall 
thickness (d). Axons were stained with Neurofilament-200 (red), Schwann cells with S100β (green) and cell nuclei 
with DAPI (blue). Scale bar = 50 µm. 

 

NGCs are made by long-lasting polymers, since no evident signs of degradation were observed, 

confirming the results obtained in-vitro (Table 5.4). 

As mentioned above, the regenerated nerves at the mid-level of the Neurolac™-TW and P(3HO-

3HD)/PCL guides are centered in the lumen of the tube. Quantification of the estimated 

myelinated fibers, density, myelin thickness and axon caliber corroborated the 

immunohistochemical results described above. A similar performance was found for the 

Neurolac™-TW, the P(3HO-3HD)/PCL 500 μm and P(3HO-3HD)/PCL 250 μm NL NGCs in contrast 

 

Figure 5.7 Graphs illustrating the area of the regenerated nerve at mid portion (a) and distal portion (b), the 
estimated number of myelinated fibers at mid portion (c) and distal portion (d), the density of myelinated fibers at 
mid portion (e) and distal portion (f) and the percentage of animals with successful regeneration (g) of the tested 
Autograft, Neurolac™ and P(3HO-3HD)/PCL graft/tubes. Data are presented as Mean ± SEM. *p<0.05, **p<0.01 
and ***p<0.005. 
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to the lower values obtained for P(3HO-3HD)/PCL 250 μm L wall (Figure 5.7, Figure 5.8 and 

Appendix B Table B2). Similar results were observed in the distal level of the conduits, where 

the data revealed better performance in the Neurolac™-TW, P(3HO-3HD)/PCL 500 μm and 

P(3HO-3HD)/PCL 250 μm NL NGCs (Figure 5.7, Figure 5.8 and Appendix B Table B2). 

 

4.4 Discussion 

The P(3HO-3HD) MCL-PHA biomaterial developed in this research is a soft elastomeric polymer 

characterized by an ultimate strength of ~14 MPa and large elongation at break ~650 %. These 

properties agree well with those found in the literature where MCL-PHAs are described as 

flexible elastomeric polymers with low crystallinity, low glass transition temperature, low tensile 

strength, and high elongation to break [32,37,53,69–71], which made them extremely attractive  

 

 

Figure 5.8 Representative images of semithin cross sections at the mid-level (a) and distal portion (3 mm distal) (b) 
of the graft/tube of regenerated animals in autograft, Neurolac™-TW and P(3HO-3HD)/PCL regenerated nerves. 
Top panels represent low magnification (4×) images of the whole representation of the regenerated nerves. Scale 
bar = 500 µm. Higher magnification images (60×) (bottom panels) were used to count the estimation of myelinated 
fibers and density of axons in the different groups. Scale bar = 25 µ 
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for soft tissue regeneration. However, low Young’s modulus (8.4 MPa) and extremely low yield 

strength (0.25 MPa) values contribute to its low stiffness, which limits its ability to prevent 

collapsing of tubular structures under compression stress and, hence, would hinder its use as 

suitable material for NGC development. To enhance these mechanical properties, P(3HO-3HD) 

was blended with a synthetic polyester, PCL which is significantly stiffer than P(3HO-3HD) and 

was specifically synthetized to reach low values of E, σy and σu while showing good compatibility 

with that bacterial origin polyester. According to a recent review by Duffy et al. [3], the Young´s 

modulus and tensile strength of PCL are (275 ± 75) MPa and (27 ± 7) MPa, respectively. Table 

5.1 shows that PCL was synthetized to reach lower values of the tensile strength and similar 

values of the Young’s Modulus that the ones reported in that review. In terms of compatibility, 

both bacterial origin and synthetic polyesters presented semi-crystalline nature (Appendix B 

Figure B9), showing low glass transition temperature which assures a rubbery state of the 

amorphous phase at room and body temperatures which is a prerequisite for producing high 

flexible NGCs. Additionally, both polyesters shown melt temperatures below 70°C enabling 

processing via melt extrusion. Moreover, both polymers are known to degrade in a similar way, 

namely via surface erosion. According to the DSC results presented in Appendix B Figure B9, the 

overlapping of temperature ranges of melting for these polymers (42 - 70°C) did not allow 

drawing conclusions about the polymer compatibility in the blends. However, the observed 

experimental enthalpy of melting for the 75/25 blend exceeded the theoretical value calculated 

from the rule of mixing. Moreover, there was a slight shift to lower temperatures for complete 

melting of the blends compared with the melting temperature of PCL. Thus, promotion of 

crystallization and decreased melting temperature in the blends could be a result of partial 

compatibility between the polymers. Higher crystallization is expected to have a positive impact 

on mechanical stability of tubular structures. A preliminary screening of P(3HO-3HD)/PCL blends 

related to their processability and mechanical properties resulted in the choice of P(3HO-

3HD)/PCL blend with 75 to 25 weight ratio as the blend of choice for this study. Blending of neat 

P(3HO-3HD) with a proportion of 25% of PCL transformed the material from easily deformable 

at low stresses to a material where the onset of plastic deformation appeared at strength values 

5 times higher than those corresponding to P(3HO-3HD). The Young’s modulus increased up to 

13 times the value recorded for P(3HO-3HD) and decreased up to 2 times the value measured 
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for PCL. while the blending of P(3HO-3HD) with only 5% of PCL did no alter notably the 

mechanical properties nor enhanced its processability by means of hot melt extrusion. (Table 

5.1). 

As it is shown in Table 5.1, those values are far from the ones corresponding to the native rat 

sciatic nerve. However, those mechanical properties must be compared with the ones 

corresponding to the NGC, which is a porous tubular device. Table 5.2 shows that the apparent 

Young’s modulus of porous tubes (2.3 ± 0.7 MPa and 3.0 ± 0.6 MPa for dry and wet conditions, 

respectively) are much closer to the one reported for rat sciatic nerve (0.58 MPa) [60] while 

keeping low strength values and large strain at sample break. Stress strain curves of leached 

and non-leached tubes are shown in Appendix B Figure B17 where the effect of the presence of 

glucose on the non-leached tubes can be seen. The non-leached tubes are brittle as the glucose 

particles act as pores at the same time they deter the polymeric matrix to freely deform, due to 

the presence of solid particles within the material. The leached tubes shown similar ultimate 

strength to non-leached tubes, as they have the same porosity, but the leached glucose made 

actual void pores which allow the deformation of the matrix, leading to lower Young’s modulus 

and higher elongation values. Porous NGCs based on P(3HO-3HD)/PCL 75/25 blend did not 

exhibit the so-called “toe region” in stress/strain curve (Table 5.2 and Appendix B Figure B17 

(a)), where large plastic deformation occurs at small stresses as it was observed for films of 

P(3HO-3HD) (Table 5.1 and Appendix B Figure B8). This should improve the structural stability 

of implanted device made of P(3HO-3HD)/PCL 75/25 blend under stresses. To the best of our 

knowledge there is no information regarding the mechanical properties of non-porous 

NeurolacTM-TW NGCs considered as reference in this study. Selection of P(3HO-3HD)/PCL 75/25 

as preferred material was therefore based on a combination of an ability to support neuronal 

and Schwann cell adhesion, spreading and growth, and mechanical properties of the materials 

as a candidate for becoming an implantable medical device. The data in Figure 5.1 confirmed 

that NG108-15 neuronal cells were able to adhere, spread, grow and form neurites on the 

P(3HO-3HD)/PCL 75/25 blend compared to P(3HO-3HD) alone or PCL alone [72]. Similarly, 

primary Schwann cells adhered, spread, and grew on P(3HO-3HD)/PCL 75/25 equally as well as 

P(3HO-3HD) alone or PCL alone. 
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The extruded tube, as it can be deduced from the inspection by SEM and µCT (Figure 5.2) and 

Figures B12-B16 in Appendix B, exhibited a uniform porosity and good leaching performance, 

showing no residual glucose particles in the leached tubes nor areas with differential porosity. 

The extrusion arises as a valid scalable manufacturing process to produce porous biocompatible 

tubular components as described by Mendibil et al. [68]. Wall porosity allows diffusion of 

soluble factors, oxygen and nutrients through the tube wall, as well as affecting the migration 

and organization of myofibroblasts [73], which are responsible for the undesired synthesis of 

the scar tissue. Thus, the capacity to limit and/or prevent the formation of the contractile 

capsule of myofibroblasts, as well as a certain grade of permeability are two key factors which 

must be carefully considered when working on the improvement of the tube wall properties. 

On the other hand, these requirements should also facilitate the need to prevent the infiltration 

of inflammatory cells into the conduit and to minimize the diffusion of growth factors out of the 

conduit. Accordingly, pore sizes in the range of about 20-30 µm were considered optimal [9,28], 

while pore sizes lower than 38 µm were found to encourage glucose diffusion, and slow protein 

diffusion and cell migration [74]. Therefore, in this work, the porogenerator particle size was 

fixed to 25-50 µm, while the largest mass fraction of glucose particles compatible with its 

processability (70 wt%) was used to ensure interconnectivity in porous structure. After 

successful leaching of porogenerator, pore volume fraction of the tubes is expected to be 

around 65%, which agrees well with previous in-vitro studies where optimal NGC geometrical 

configuration was determined (conduit with wall thickness of 0.6 mm and porosity of around 

80% and pore size range of 10-40 µm) [67,74]. The target inner diameter was selected according 

to histological analysis developed previously [48], where the data enabled a target internal 

diameter above 1.5 mm. Hence, after considering the space needed for suturing without nerve 

compression, a target diameter of 1.6 mm was considered. 

The optimal wall thickness of a nerve guide occurs between the smallest radial thickness that 

prevents material collapse and occlusion and a wall thickness at which the material swells and 

causes nerve compression. In the case of PCL tubes, an optimal wall thickness of 600 µm was 

previously established [74] for 200 and 600 µm wall thickness tubes. For the Neurolac™-TW 

tube used as reference control, a reduced wall thickness (0.28 mm) instead of the standard 

(0.43 mm) was chosen to facilitate handling and suturing. For the present study with P(3HO-
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3HD)/PCL 75/25 tubes two different wall thickness (250 and 500 µm) covering this range were 

chosen. 

Electrophysiological study revealed that the autograft group has the best performance after 

injury (Figure 5.3). Onset of responses were earlier (60 dpi) when all animals responded 

positively to the electrical impulse. At 4 months, these animals reached the plateau phase for 

muscle reinnervation. Tubular devices instead responded later to the electrical impulse (90 dpi) 

with lower responses due a slower onset of regeneration of the targeted muscles. This was 

expected since the maintenance of the physical structure of the implanted graft leads to those 

regrowing axons may use this structure for rapidly extending their growth cones and easily 

bridging the gap. In contrast, when using hollow tubular devices for bridging the gap, there is 

the need for the initial generation of a fibrin/fibronectin cable structure reconnecting the nerve 

stumps, which is required to support nerve regeneration. This process may take approximately 

two weeks after the Wallerian degeneration process [10] which causes a delay in nerve 

regeneration. Indeed, a similar response is obtained at 120 dpi between the autograph and the 

500 µm wall thickness P(3HO-3HD)/PCL 75/25 tubular implants. Instead, the lower response 

observed at 120 dpi in the lower thickness tube was attributed to a poorer fibrin cable formation 

during regeneration as observed in immuno-histochemical analysis (Figure 5.5). Significant 

differences were also observed between thicker P(3HO-3HD)/PCL 75/25 and the Neurolac™-TW 

group in gastrocnemius and tibialis anterior muscles, showing better outcomes in the case of 

P(3HO-3HD)/PCL 75/25 NGCs. However, as detailed below, this difference in muscle potentials 

was not translated into significant differences in the histological analysis for the number of 

myelinated axons at the mid and distal parts of the tube, although there seems to be a better 

nerve fasciculation in the P(3HO-3HD)/PCL 75/25 NGCs that might partially explain these results 

(Figure 5.7 and Figure 5.8). 

Immunohistochemical analysis and large positive staining for fibronectin (Figure 5.5) 

demonstrate the biocompatibility of the P(3HO-3HD)/PCL 75/25 blend to support nerve growth, 

since this protein is essential for both the formation of the initial fibrin/fibronectin clot 

responsible of the generation of the regenerating nerve cable in the first weeks after injury, as 

well as the matureness of the regenerated nerve formed in the following weeks with higher 

contents of fibronectin and other ECM proteins (laminin, collagen) with capacity to promote 
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axonal regeneration besides Schwann cell migration, proliferation and myelination [75]. On the 

other hand, fibronectin positive staining was poorer in the 250 µm wall thickness as compared 

to the NGCs with thicker walls (500 µm), which may be related to a poorer regeneration capacity 

as observed from the electrophysiological assay (Figure 5.5). This could be explained by 

considering that the bending stiffness of the hollow tubes was higher (for the same Young’s 

modulus and length) as wall thickness increased for the same inner diameter and any force 

applied longitudinally or perpendicular to the length of the tube. Hence, an increase in bending 

for 250 µm wall thickness tubes might inhibit the formation of the fibrin cable during the 

regeneration stage after implantation. This was also observed as poorer regeneration capacity 

of leached 250 µm wall thickness, in which the implantation of non-leached tubes initially 

provides a greater bending stiffness (70×) compared to the leached tubes. The higher bending 

stiffness helps with fibrin/fibronectin cable formation during the first regeneration steps. It is 

hypothesized that even though the tube does not lose weight, or its wall thickness does not 

change significantly as implanted in-vivo, the superior bending stiffness of non-leached tubes 

provides a better mechanical support for fibrin cable formation. High resolution 

immunohistochemical analysis (Figure 5.6) shows that thicker tubes provide a higher density of 

Schwann cell and myelinated axons as compared to thinner tubes. Moreover, the large 

fibronectin-positive obtained with P(3HO-3HD)/PCL 75/25 blend was extended to the whole 

tube lumen in contrast to the Neurolac™-TW tube’s, denoting a mature regenerated nerve with 

larger area to support axon regeneration through the whole NGC lumen (Figure 5.4). 

Histological analysis showed that cross sectional area of regenerated nerves was higher in the 

autograft group when compared to tubular devices groups (Figure 5.7 and Figure 5.8). This was 

due to the flip of the graft during the surgery. The trifurcation of the sciatic nerve (tibial, 

peroneal, and sural branches) which originally (healthy nerve) is located in the distal part, 

corresponds to the proximal part in the autograft (after surgery), increasing the cross-sectional 

effective area for nerve regeneration. Even though the number of axons in the mid tube or distal 

tube might be similar between thicker and non-leached thinner tubes, the histology of the 

thicker tubes shows the appearance of having the axons structured in fascicles, similar to what 

we observed in a natural nerve, or those animals repaired with an autograft. In fact, the density 

of the Schwann cells and axon distribution was characteristic of mature regenerated nerves 
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(Figure 5.4), with Schwann cells wrapping the axons with the myelin that facilitates and speeds 

up the conduction of the electrical impulse. 

Regarding NGCs biodegradability, wall thickness loss is presented in Figure B19 in Appendix B. 

Results reveal that the P(3HO-3HD)/PCL 75/25 tubes resulted in long-lasting tubes and the low 

wall thickness did not affect to the stability and physical structure of the implant. In fact, slight 

changes in wall thickness were observed in the leached devices (either 500 µm or 250 µm), but 

no significant differences were observed. In-vivo degradation confirms what was observed in-

vitro, where the mass loss of the tube was estimated around 10-15% as immersed in an 

oxidative environment for 3 months. This indicates that the tube presents an appropriate 

biodegradation rate to protect the nerve during the whole regeneration period. Higher 

biodegradation rates could be desired instead after regeneration to minimize any immune 

response. However, a moderate mass reduction does not imply that biodegradation may not 

speed up afterwards. In fact, Iba 1 positive staining demonstrated the presence of macrophage 

cells, responsible for the primary mechanism of degradation of biopolymers in-vivo. It is 

hypothesized that molecular mass might have decreased. Considering that PHA is hydrophobic, 

solubility should be achieved only for molecules of quite low molecular weights. Thus, with the 

decrease of molecular weight, shape can still be preserved due to poor solubility, but 

mechanical properties should have decreased well before disintegration. Therefore, one can 

expect that mass loss would be quicker after 4 months (time considered for biodegradation 

analysis). Degradation might resemble bulk degradation rather than surface erosion, which is 

usually expected for PHAs and PCL, which indicates that porosity should contribute to such 

transition, since the ratio of surface material to bulk material drastically increases for porous 

materials.
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4.5 Conclusions 

P(3HO-3HD)/PCL 75/25 emerged as a promising blend of bacterial origin and synthetic 

biomaterials to be used in the manufacturing of hollow nerve guidance conduits able to support 

peripheral nerve regeneration in 10 mm sciatic nerve gap in rats (equivalent to 30 mm nerve 

gap in humans). Compatibility of this biomaterial with large-scale manufacturing of NGCs was 

demonstrated by the production of porous tubular devices via hot melt extrusion, providing two 

wall thickness values (250 µm and 500 µm) for a fixed inner diameter (1.6 mm). Mechanical 

properties of NGCs were comparable with those reported for the native rat sciatic nerve. Thicker 

wall (500 µm) tubular devices shown superior nerve regeneration ability, which is related to the 

achieved trade-off between porosity and stiffness to guarantee the formation of the fibrin cable 

from the beginning of the regeneration stage after implantation and enough stiffness, 

mechanical properties, and selectivity in terms of diffusion of active molecules, nutrients, and 

oxygen, among others. The devices showed a good porosity/permeability relationship, allowing 

superior nerve regeneration ability while keeping enough stiffness and low biodegradation rate 

to protect the nerve during the whole regenerative process. Electrophysiological results shown 

a similar response after 120 dpi between the autograft and the 500 µm wall thickness P(3HO-

3HD)/PCL 75/25 tubular implants, indicating a better performance than the observed for 

Neurolac™-TW. 

Thicker tubes also provided a higher density of Schwann cell and myelinated axons as compared 

to thinner tubes. Moreover, the large fibronectin-positive obtained with P(3HO-3HD)/PCL 75/25 

blend was extended to the whole tube lumen in contrast to the Neurolac™-TW tube’s, denoting 

a mature regenerated nerve with larger area to support axon regeneration through the whole 

NGC lumen. In a nutshell, a combination of P(3HO-3HD)/PCL 75/25 blend and high throughput 

manufacturing technologies were applied in this research to produce NGCs with superior 

mechanical properties, mimicking the native sciatic rat nerve and providing better regenerative 

capacity than Neurolac™-TW. 
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5.1 Final remarks 

The research carried out in this thesis has achieved a set of advances over the state of the art 

which have led to an improvement of the manufacturing of advanced NGCs. These 

improvements include an enhanced micro-injection monitoring strategy and the introduction 

of new manufacture routes involving high throughput processes for the manufacture of NGCs. 

These processes were used for the first time to obtain NGCs made of bio-resorbable polymers, 

with micro-structuration in form of controlled porosity, for their use in medical applications. 

These remarks are supported by the following results: 

• A new strategy for micro-injection monitoring was implemented. This new method 

showed greater sensitivity to the detection of errors in the replication of micro-

features. This development also settled new lines of research, such as for example, 

the analysis of filling dynamics by the measurement of the pressure in the mold runner 

and inside the micro-cavity. 

• Mechanically tunable porous scaffolds made of medical grade PLCL were obtained by 

means of extrusion. The porosity was achieved by the addition of soluble particles to 

the bulk, allowing this way, a direct control of the porosity proportion and pore size 

of the obtained scaffold, which governs its mechanical properties. 

• Porous NGCs, made of a novel blend of bacterial origin and synthetic origin polyesters, 

were manufactured by means of extrusion. The extruded conduits showed promising 

in-vivo results. That indicated the suitability of the manufactured implants to 

regenerate the injured nerves, demonstrating the feasibility of extrusion to 

manufacture implantable micro-structured components by means of an easily 

scalable manufacturing process.
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5.2 Further work 

One potential advantage of using extrusion to manufacture NGCs and other tubular implants is 

the ability to add patterns to both the inner and outer surfaces of the tube. In the case of 

extruding implantable devices, these surface-modifying patterns can improve their bio-

interaction characteristics. This means that the extruded implants including these micro-

patterns can better interact with the body and potentially improve their effectiveness. 

Superficial micro-features can be added to extruded profiles by micro-machining the extrusion 

die. This allows for the creation of micro-features that are replicated along the extrusion axis, 

making it particularly suitable for creating micro-grooves. This type of micro-pattern is 

commonly used in tissue engineering to guide cell growth and improve their attachment. The 

ability to produce tubular profiles with this type of micro-patterning through extrusion is not 

only useful for advanced NGCs but also for other types of tubular implants that benefit from 

early and correct cell growth on their surface, such as vascular stents. 

The next work stages that provide continuity to the present thesis work can be outlined within 

this new processing challenge, in which it is required to obtain tubes made of bio-resorbable 

polyesters that include micro-grooves in the inner surface of the tube. Obtaining this type of 

component with surface micro-patterning designed to obtain a biological response by means of 

a high-productivity method such as extrusion, can have a major impact on tissue engineering 

and in particular on the development of new generation of NGCs and vascular stents. 

 

5.3 Additional information 

The results of the work performed during this thesis have been disseminated through 

publications in scientific journals and participations in international conferences via lectures 

which are cited below. 
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Polymers. 2019, 12, 34. DOI: 10.3390/polym12010034. 

• Mendibil, X., González-Pérez, F., Bazan, X., Díez-Ahedo, R., Quintana, I., Rodríguez, F. J., 

Basnett, P., Nigmatullin, R., Lukasiewicz, B., Roy, I., Taylor, C. S., Glen, A., Claeyssens, F., 
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In addition to the publications, conference contributions, and the patent request, the work 

carried out during the thesis has made it possible to work and contribute to the following 

European Commission granted projects: 

• Minimizing Defects in Micro Manufacturing Applications (MiDeMMA). Grant agreement: 
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φv =
ρm
ρp

·
φw

1 + φw (
ρm
ρp

− 1)
 (Equation A1) 

Equation A1 Equation used to calculate the volume fraction (φv) function of matrix density (ρm), particle density 
(ρp) and weight fraction (φw). 

 

  

Figure A1 Sample 005050 containing 50 wt.% of salt in 0–50 µm range; non leached (left), leached (right). 

 

  

Figure A2 Sample 005060 containing 60 wt.% of salt in 0–50 µm range; non leached (left), leached (right). 
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Figure A3 Sample 005070 containing 70 wt.% of salt in 0–50 µm range; non leached (left), leached (right). 

 

  

Figure A4 Sample 255050 containing 50 wt.% salt in 25–50 µm range; non leached (left), leached (right). 

 

  

Figure A5 Sample 255060 containing 60 wt.% of salt in 25–50 range; non leached (left), leached (right). 
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Figure A6 Sample 255070 containing 70 wt.% of salt in 25–50 µm range; non leached (left), leached (right). 

 

  

Figure A7 Sample 501050 containing 50 wt.% of salt in 50–100 µm range; non leached (left), leached (right). 

 

  

Figure A8 Sample 501060 containing 60 wt.% of salt in 50–100 µm range; non leached (left), leached (right). 
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Figure A9 Sample 501070 containing 70 wt.% salt in 50–100 µm range; non leached (left), leached (right). 

 

 

Figure A10 Percental residual weight measured by TGA for samples containing different particle sizes (white 0–50 
µm, upwards stripe pattern 25–50 µm, cross pattern 50–100 µm, downwards strip pattern neat PLCL) as a function 
of the theoretical percental amount of porogenerator. 

 

 

Figure A11 DSC curve of non-leached sample 005050 containing 50 wt.% salt in 0–50 µm range, exothermic 
upwards.  
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Figure A12 DSC curve of non-leached sample 005060 containing 60 wt.% salt in 0–50 µm range, exothermic 
upwards. 

 

 

Figure A13 DSC curve of non-leached sample 005070 containing 70 wt.% salt in 0–50 µm range, exothermic 
upwards. 

 

 

Figure A14 DSC curve of non-leached sample 255050 containing 50 wt.% salt in 25–50 µm range, exothermic 
upwards. 
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Figure A15 DSC curve of non-leached sample 255060 containing 60 wt.% salt in 25–50 µm range, exothermic 
upwards. 

 

 

Figure A16 DSC curve of non-leached sample 255070 containing 70 wt.% salt in 25–50 µm range, exothermic 
upwards. 

 

 

Figure A17 DSC curve of non-leached sample 501050 containing 50 wt.% salt in 50–100 µm range, exothermic 
upwards. 
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Figure A18 DSC curve of non-leached sample 501060 containing 60 wt.% salt in 50–100 µm range, exothermic 
upwards. 

 

 

Figure A19 DSC curve of non-leached sample 501070 containing 70 wt.% salt in 50–100 µm range, exothermic 
upwards. 

 

 

Figure A20 DSC curve of leached sample 005050 containing 50 wt.% salt in 0–50 µm range, exothermic upwards. 
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Figure A21 DSC curve of leached sample 005060 containing 60 wt.% salt in 0–50 µm range, exothermic upwards. 

 

 

Figure A22 DSC curve of leached sample 005070 containing 70 wt.% salt in 0–50 µm range, exothermic upwards. 

 

 

Figure A23 DSC curve of leached sample 255050 containing 50 wt.% salt in 25–50 µm range, exothermic upwards. 
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Figure A24 DSC curve of leached sample 255060 containing 60 wt.% salt in 25–50 µm range, exothermic upwards. 

 

 

Figure A25 DSC curve of leached sample 255070 containing 70 wt.% salt in 25–50 µm range, exothermic upwards. 
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Figure A26 DSC curve of leached sample 501050 containing 50 wt.% salt in 50–100 µm range, exothermic upwards. 

 

 

Figure A27 DSC curve of leached sample 501060 containing 60 wt.% salt in 50–100 µm range, exothermic upwards. 

 

 

Figure A28 DSC curve of leached sample 501070 containing 70 wt.% salt in 50–100 µm range, exothermic upwards. 
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Figure B1 PCL reaction scheme and structure. 

 

𝐴 =
𝜋

4
∙ (𝐷𝑂

2 − 𝐷𝑖
2) (Equation B1) 

Equation B1 Equation used to calculate the area (A) of a tube. D0 is the outer diameter and Di the inner diameter.
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Figure B2 Representative images of surgery implanting Autograft (a), non-leached P(3HO-3HD)/PCL NGC with 500 
µm wall thickness (b), and 250 µm wall thickness (c), Neurolac™-TW (d) and leached P(3HO-3HD)/PCL with 500 µm 
wall thickness (e), and 250 µm wall thickness (f). 

 

 

Figure B3 13C and 1H NMR spectra of microbially produced MCL-PHA. 13C NMR (600 MHz, CDCl3): δ 169.5, 70.9, 
39.2, 33.9, 33.8, 31.9, 31.6, 29.5, 29.3, 25.2, 24.8, 22.8, 22.6, 14.2, 14.1 (a). 1H NMR (600 MHz, CDCl3): δ 5.25 (1H, 
quin), 2.59-2.48 (2H, m), 1.57 (3H, m), 1.25 (m), 0.87 (3H, m) (b). 
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Figure B4 GC-MS analysis of microbially produced MCL-PHA. gas chromatogram (a), mass spectra analysis (b) right 
column standard spectra from NIST library. 

 

 

Figure B5 Consistency in microbial production of P(3HO-3HD) – GC-MS spectra of four batches. 

 

Table B1 Consistency in microbial production of P(3HO-3HD) – monomer composition from 13C NMR. 

 Monomer content, mol% 

Batch 3-hydroxyoctanoate 3-hydroxydodecanoate 

1 24.7 75.3 
2 25.1 74.9 
3 26.9 73.1 
4 26.2 73.8 

Mean 26.0 74.3 
STD 1.0 1.0 
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Figure B6 1H NMR (300 MHz, CDCl3) spectrum of synthetized PCL-PEG. Caprolactone methylenes present signals 
around 2.35 and 4.1 ppm while mPEG is identified at a chemical shift of 3.6 - 3.65 ppm. The polymer conversion 
was calculated based on the integration of CH2 peaks for the respective polymers and monomers introduced. 

 

 

Figure B7 GPC curve of synthetized PCL-PEG. RT (Retention Time). 
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Figure B8 Stress-strain curves for P(3HO-3HD) and PCL non-porous films and blends of P(3HO-3HD)/PCL 95/5 and 
75/25 (a). Detail plot of curves with strains between 0 and 100% (b). 

 

 

Figure B9 First heating DSC thermograms of aged P(3HO-3HD), PCL and blends of P(3HO-3HD)/PCL with 95/5 and 
75/25 proportions. Film samples were stored for 7 weeks at room temperature before DSC experiments. 
Endothermic heat flow upwards. 
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Figure B10 Confocal micrographs illustrating cell viability of NG108-15 neuronal cells cultured on P(3HO-3HD) (a), 
PCL (b), P(3HO-3HD)/PCL 75/25 (c) films and TCP control (d) (Scale bar = 100 μm). Number of live cells against dead 
cells per sample (e) and live/dead analysis expressed as a percentage (f) (mean ± SD, n=3 independent experiments, 
*p<0.05 against P(3HO-3HD). 

 

 

Figure B11 Confocal micrographs illustrating cell viability of primary Schwann cells cultured on P(3HO-3HD) (a), PCL 
(b), P(3HO-3HD)/PCL 75/25 (c) films and TCP control (d) (Scale bar = 100 μm). Number of live cells against dead 
cells per sample (e) and live/dead analysis expressed as a percentage (f) (mean ± SD, n=3 independent 
experiments). 
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Figure B12 Optical microscope pictures of P(3HO-3HD)/PCL 75/25 tubes with different configurations, 500 μm non-
leached (a), 500 μm leached (b), 250 μm non-leached (c) and 250 μm leached (d). Scale bar 1000 μm. 

 

 

Figure B13 µCT image of non-leached P(3HO-3HD)/PCL 75/25 tube with 250 µm thickness showing the inner 
structure of the tube where glucose and polymeric matrix shown a homogenic distribution with no remarkable 
pores nor clumps. 
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Figure B14 SEM images of P(3HO-3HD)/PCL 75/25 tubes with 500 μm wall thickness, non-leached (a) and leached 
(b). Scale bar 100 μm. 

 

 

Figure B15 SEM images of P(3HO-3HD)/PCL 75/25 tubes with 250 μm wall thickness, non-leached (a) and leached 
(b). Scale bar 100 μm. 
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Figure B16 SEM images of P(3HO-3HD)/PCL 75/25 tubes showing the overall distribution of porous structure along 
the wall (a) and detail of tube section showing uniform and connected pores (b). Scale bar 100 μm in (a) and 20 
μm in (b). 

 

 

Figure B17 Stress-strain curves for P(3HO-3HD)/PCL 75/25 tubes with 250 μm wall thickness. Leached tubes on (a) 
and non - leached tubes on (b). 
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Figure B18 First heating DSC thermograms of extruded P(3HO-3HD)/PCL 75/25 samples in fresh (T0) (continuous 
line) and aged at room temperature in a desiccator for 3 months (T1) (dashed line). Leached samples are shown 
with black line and non-leached samples with grey line. Endothermic heat flow upwards. 

 

 

Figure B19 Change in wall thickness after 4 months after injury and repair. Data are presented as mean ± SEM 
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Table B2 Summary of data. Data are presented as Mean ± SEM 
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