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Abstract 

Thermoplastic polymers have a history of decades of safe and effective use in the clinic as 

implantable medical devices. In recent years additive manufacturing (AM) saw increased clinical 

interest for the fabrication of customizable and implantable medical devices and training models using 

the patients’ own radiological data. However, approval from the various regulatory bodies remains a 

significant hurdle. A possible solution is to fabricate the AM scaffolds using materials and techniques 

with a clinical safety record, e.g. melt processing of polymers. Melt Electrowriting (MEW) is a novel, 

high resolution AM technique which uses thermoplastic polymers. MEW produces scaffolds with 

microscale fibers and precise fiber placement, allowing the control of the scaffold microarchitecture. 

Additionally, MEW can process medical-grade thermoplastic polymers, without the use of solvents 

paving the way for the production of medical devices for clinical applications. This pathway is 

investigated in this thesis, where the layout is designed to resemble the journey of a medical device 

produced via MEW from conception to early in vivo experiments. To do so, first, a brief history of the 

development of medical implants and the regenerative capability of the human body is given in 

Chapter 1. In Chapter 2, a review of the use of thermoplastic polymers in medicine, with a focus on 

poly(ε-caprolactone) (PCL), is illustrated, as this is the polymer used in the rest of the thesis. This 

review is followed by a comparison of the state of the art, regarding in vivo and clinical experiments, 

of three polymer melt AM technologies: melt-extrusion, selective laser sintering and MEW. The first 

two techniques already saw successful translation to the bedside, producing patient-specific, 

regulatory-approved AM implants. To follow in the footsteps of these two technologies, the MEW 

device parameters need to be optimized. The MEW process parameters and their interplay are further 

discussed in Chapter 3 focusing on the importance of a steady mass flow rate of the polymer during 

printing. MEW reaches a balance between polymer flow, the stabilizing electric field and moving 

collector to produce reproducible, high-resolution scaffolds. An imbalance creates phenomena like 
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fiber pulsing or arcing which result in defective scaffolds and potential printer damage. Chapter 4 

shows the use of X-ray microtomography (µCT) as a non-destructive method to characterize the pore-

related features: total porosity and the pore size distribution. MEW scaffolds are three-dimensional 

(3D) constructs but have long been treated in the literature as two-dimensional (2D) ones and 

characterized mainly by microscopy, including stereo- and scanning electron microscopy, where pore 

size was simply reported as the distance between the fibers in a single layer. These methods, together 

with the trend of producing scaffolds with symmetrical pores in the 0/90° and 0/60/120° laydown 

patterns, disregarded the lateral connections between pores and the potential of MEW to be used for 

more complex 3D structures, mimicking the extracellular matrix. Here we characterized scaffolds in 

the aforementioned symmetrical laydown patterns, along with the more complex 0/45/90/135° and 

0/30/60/90/120/150° ones. A 2D pore size estimation was done first using stereomicroscopy, followed 

by and compared to µCT scanning. The scaffolds with symmetrical laydown patterns resulted in the 

predominance of one pore size, while those with more complex patterns had a broader distribution, 

which could be better shown by µCT scans. Moreover, in the symmetrical scaffolds, the size of 3D 

pores was not able to reach the value of the fiber spacing due to a flattening effect of the scaffold, 

where the thickness of the scaffold was less than the fiber spacing, further restricting the pore size 

distribution in such scaffolds. This method could be used for quality assurance of fabricated scaffolds 

prior to use in in vitro or in vivo experiments and would be important for a clinical translation. Chapter 

5 illustrates a proof of principle subcutaneous implantation in vivo experiment. MEW scaffolds were 

already featured in small animal in vivo experiments, but to date, no analysis of the foreign body 

reaction (FBR) to such implants was performed. FBR is an immune reaction to implanted foreign 

materials, including medical devices, aimed at protecting the host from potential adverse effects and 

can interfere with the function of some medical implants. Medical-grade PCL was used to melt 

electrowrite scaffolds with 50 and 60 µm fiber spacing for the 0/90° and 0/60/120° laydown patterns, 

respectively. These implants were implanted subcutaneously in immunocompetent, outbred mice, 

with appropriate controls, and explanted after 2, 4, 7 and 14 days. A thorough characterization of the 
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scaffolds before implantation was done, followed by a full histopathological analysis of the FBR to the 

implants after excision. The scaffolds, irrespective of their pore geometry, induced an extensive FBR 

in the form of accumulation of foreign body giant cells around the fiber walls, in a manner that almost 

occluded available pore spaces with little to no neovascularization. This reaction was not induced by 

the material itself, as the same reaction failed to develop in the PCL solid film controls. A discussion of 

the results was given with special regard to the literature available on flat surgical meshes, as well as 

other hydrogel-based porous scaffolds with similar pore sizes. Finally, a general summary of the thesis 

in Chapter 6 recapitulates the most important points with a focus on future directions for MEW. 

  



xiv 
 

Zusammenfassung 

Thermoplastische Polymere werden seit Jahrzehnten erfolgreich in der Klinik eingesetzt und 

für die Herstellung von Medizinprodukten verwendet. Vorangetrieben durch das zunehmende 

klinische Interesse an additiven Fertigungsverfahren, z.B. zur Herstellung patientenspezifischer 

Trainingsmodelle und implantierbarer Medizinprodukte, rücken thermoplastische Materialien noch 

mehr in den Fokus der klinischen Forschung. Allerdings stellt die Marktzulassung durch die 

verschiedenen Gesundheitsbehörden eine große Hürde dar. Eine mögliche Lösung ist die 

Gerüstfabrikation mit Materialien und Verfahren, die bereits etablierte Sicherheitsstandards 

durchlaufen haben, z. B. die Schmelzverarbeitung der Polymere. Ein neuartiges und hochauflösendes 

additives Fertigungsverfahren, welches die Verarbeitung von Thermoplasten ermöglicht, ist Melt 

Electrowriting (MEW). Mittels MEW lassen sich Gerüste, die aus Fasern mit Durchmessern im 

Mikrometerbereich zusammengesetzt sind, herstellen. Neben der hohen Kontrolle über den 

Faserdurchmesser ermöglicht MEW auch eine genaue Ablage der Fasern und erlaubt dadurch, die 

Mikroarchitektur der Konstrukte vorzugeben. Zudem kann das Verfahren medizinisch zugelassene 

thermoplastische Polymere ohne die Verwendung von Lösungsmitteln verarbeiten und ist somit für 

die Herstellung medizinischer Produkte sehr relevant. 

Diese Relevanz sollte im Rahmen der vorliegenden Dissertation evaluiert werden, indem der Weg, den 

ein Medizinprodukt von der Konzeption bis hin zu in vivo Vorversuchen durchlaufen muss, anhand von 

Konstrukten, die mittels MEW hergestellt wurden, nachgeahmt wurde. Um eine Basis für das 

Verständnis dieses Prozesses zu schaffen, wird in Kapitel 1 erst die Geschichte der Entwicklung 

medizinischer Implantate zusammengefasst sowie ein Einblick in die regenerativen Fähigkeiten des 

menschlichen Körpers gegeben. Das zweite Kapitel befasst sich mit der Anwendung von 

thermoplastischen Polymeren im Bereich implantierbarer Medizinprodukte, wobei der Hauptfokus 

auf Poly(ε-caprolactone) (PCL) liegt, da dies der in der vorliegenden Arbeit verwendete Thermoplast 
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ist. Es folgt ein Vergleich von in vivo sowie klinischen Versuchen dreier für die Biomedizin relevanten 

additiven Fertigungsverfahren, mit denen sich thermoplastische Polymere verarbeiten lassen: Die 

Mikro-Schmelzextrusion, das selektive Lasersintern und das MEW. Die ersten zwei Verfahren sind 

bereits erfolgreich in klinischen Anwendungen etabliert und ermöglichen die routinemäßige 

Herstellung von additiv gefertigten, patientenspezifischen, auf dem Markt zugelassenen Implantaten. 

Damit MEW in diese Fußstapfen treten kann, müssen die Prozessparameter und deren 

Zusammenspiel genau analysiert werden. Dieser Thematik widmet sich Kapitel 3, wobei die 

Untersuchung des Massendurchsatzes des Polymers während des Druckens diskutiert wird. Um den 

MEW-Prozess kontrollieren zu können, muss eine Balance zwischen Polymerdurchsatz, dem 

stabilisierenden elektrischen Feld und dem beweglichen Kollektor erreicht werden. Dies ist Grundlage 

für die reproduzierbare Herstellung hochaufgelöster Konstrukte. Ein Ungleichgewicht der 

Prozessparameter verursacht Phänomene wie Fiber Pulsing oder sogar elektrischen Durchschlag, 

welche zu defekten Konstrukten oder sogar zur Schädigung des Druckers führen können. Kapitel 4 

zeigt die Anwendung der Röntgenmikrocomputertomographie (µCT) als eine zerstörungsfreie 

Charakterisierungsmethode für MEW-Konstrukte, die die Quantifizierung charakteristischer 

Eigenschaften wie der Porosität und der Porengrößenverteilung ermöglicht. MEW-Konstrukte wurden 

in der Literatur lange als zweidimensional behandelt und hauptsächlich durch mikroskopische 

Verfahren wie die Stereo- und Rasterelektronmikroskopie charakterisiert. Die zweidimensionale 

Porengröße wurde hauptsächlich durch die Bestimmung des Faserabstands definiert und daraus 

errechnet, mit einer Tendenz der Herstellung der Konstrukte mit symmetrischen Poren in 0/90° und 

0/60/120° Ablagemustern. Da es sich bei den Konstrukten jedoch um dreidimensionale (3D) 

Fasergerüste handelt, wurden die seitlichen Verbindungen zwischen den Poren und das Potential der 

Anwendung des MEW für die Herstellung von komplexeren 3D-Strukturen, wie bei der extrazellulären 

Matrix mit interkonnektierenden Poren, vernachlässigt. Aus diesem Grund wurden in der 

vorliegenden Arbeit µCT-Scans verwendet, um die Porosität der Konstrukte besser wiedergeben zu 

können. Hierzu wurden verschiedene Ablagemuster mit symmetrischen Poren in 0/90° und 0/60/120° 
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Mustern und komplexere Porenstrukturen durch Ablagen von 0/45/90/135° und 

0/30/60/90/120/150° Geometrien hergestellt. Diese Konstrukte wurden dann mittels 

mikroskopischer und tomographischer Aufnahmen charakterisiert und die Ergebnisse miteinander 

verglichen. Es zeigte sich, dass symmetrische Ablagemuster zu Konstrukten mit der Prädominanz einer 

Porengröße geführt haben. Bei den komplexeren Strukturen ergab sich jedoch ein klarer Unterschied, 

weil die interkonnektierenden Poren nur mit Hilfe von µCT-Scans erfasst werden konnten. Dies zeigte 

sich durch eine breitere Porenverteilung bei der Auswertung der rekonstruierten Scans. Die 

Porengrößen in den Konstrukten mit den symmetrischen Mustern konnten aufgrund einer 

Verflachungswirkung nicht die des Faserabstands erreichen. Die Dicke der Konstrukte war geringer als 

der Faserabstand mit einer weiteren einschränkenden Wirkung auf die Porenverteilung in den 

symmetrischen Konstrukten. µCT kann deshalb für die Qualitätssicherung von medizinischen 

Produkten, die mittels MEW hergestellt wurden, eingesetzt werden. Da die Methode zerstörungsfrei 

ist, könnte sie auch vor in vitro oder in vivo Versuchen verwendet werden. Kapitel 5 präsentiert eine 

Machbarkeitsstudie eines subkutanen in vivo Implantationsversuchs. Aus der Literatur ist zwar 

bekannt, dass MEW-Konstrukte bereits in vivo in Kleintierversuchen verwendet wurden, eine Analyse 

der Fremdkörperreaktion (FKR) zu solchen Implantaten wurde bisher jedoch noch nicht durchgeführt. 

FKR ist eine Immunreaktion gegen fremde, implantierte Materialien, einschließlich medizinischer 

Geräte, um den Wirt vor potenziellen Nebenwirkungen zu schützen. Allerdings könnte sie die Funktion 

verschiedener medizinischer Implantate beeinträchtigen Um dieser Fragestellung nachzugehen, 

wurde im Rahmen der vorliegenden Dissertation PCL mittels MEW zu Konstrukten mit 50 und 60 µm 

Fiberabstand in 0/90° bzw. 0/60/120° Ablagemuster verarbeitet. Diese Konstrukte wurden subkutan 

in immunkompetente, fremdgezüchtete Mäuse mit entsprechenden Kontrollen implantiert und nach 

2, 4, 7 und 14 Tagen explantiert. Vor der Implantation wurde die Konstrukte ausführlich 

charakterisiert, gefolgt von einer vollen histopathologischen Analyse des FKR. Unabhängig von der 

Porengeometrie haben die Konstrukte eine deutliche Immunreaktion im Sinne einer Ansammlung von 

Fremdkörperriesenzellen um die Fasern der Konstrukte hervorgerufen. Hierbei wurden die Poren fast 
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komplett verschlossen, ohne dass es zu einer Neovaskularisation kam. Es konnte nachgewiesen 

werden, dass die deutliche Immunantwort nicht durch das Material hervorgerufen wurde, da sie bei 

der Implantation von dichtem PCL-Film nicht beobachtet wurde. Eine Diskussion der Ergebnisse 

erfolgte unter Berücksichtigung aktueller Literatur zu klinischen Versuchen von flachen chirurgischen 

Netzen sowie porösen Hydrogel-basierten Implantaten mit vergleichbarer Porengröße. Abschließend 

wird die Arbeit in Kapitel 6 zusammengefasst und die wichtigsten Punkte rekapituliert. Der Fokus des 

Kapitels liegt hierbei auf dem zukünftigen Potential des MEW als Fabrikationsmethode für 

medizinische Produkte. 
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Chapter 1 
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1.1 Tissue injury and regeneration potential 

Tissue regeneration is an inherent biological function that exists in all plant and animal 

lifeforms. Different than growth and proliferation, it is an essential means to replace cells and tissues 

lost due to injury, disease and aging (Goldman 2014). The complexity of the organism in the animal 

kingdom is inversely proportional with its healing capabilities (Suzuki et al. 2006) and, in general, there 

are two main modalities for regeneration, namely, epimorphosis and morphallaxis. Epimorphosis is 

how a mass of undifferentiated cells forms at the trauma site from which a new tissue or limb will be 

regenerated, through the proliferation of present progenitor cells or dedifferentiation of mature, 

differentiated cells. Morphallaxis, which is mainly observed in invertebrates, on the other hand, is 

achieved by rearrangement and remodeling of the remaining damaged tissue at the trauma site, in an 

attempt to restore the tissue integrity, with limited cellular proliferation (Agata et al. 2007, Birnbaum 

and Sanchez Alvarado 2008). The overall regenerative potential is, however, limited in higher 

vertebrates and mammals (Iismaa et al. 2018). While limited in comparison to lower vertebrates, such 

as newts and axolotls, the human body still possesses a remarkable ability to regenerate itself (Brockes 

and Kumar 2008). Figure 1.1 shows a schematic of regeneration of different tissues across different 

tissue types in humans, mice, and salamanders during different developmental stages of life.  

In adults there are tissues that exemplify excellent regenerative capability. For example,  in 

blood, a specialized form of connective tissue, erythrocytes have a life span of 100-120 days and are 

produced at an approximate rate of 2x106 cells per second from the bone marrow to replace retired 

cells (Higgins 2015). Partial hepatectomy patients with healthy livers will regenerate the pre-resection 

hepatic volume from the remaining lobes within 1-2 months, with the regenerating cells originating 

from the endogenous hepatic cell population of hepatocytes, biliary epithelial cells, vascular 

endothelial cells and Kupffer cells – without relying on differentiation of stem cells (Yamanaka et al. 

1993, Michalopoulos and DeFrances 1997). This process is a variant of epimorphosis, as it occurs 
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without the recruitment of undifferentiated or dedifferentiated cells, but rather through the 

endogenous, already differentiated hepatic cells (Iismaa et al. 2018). 

 

Figure 1.1. Graphical representation of regenerative potentials of different tissue types across 
mouse (A), human (B), and salamander (C). E15 and E16: embryonic week 15 and 16, respectively; P1 
and P7: postnatal day 1 and 7, respectively. Reproduced from (Xia et al. 2018), with permission from 
Springer Nature. 

In addition to the liver, bone tissue can also regenerate without scar tissue formation in adults 

(Schmidt-Bleek et al. 2014). Bone fractures can completely heal without scar tissue formation, 

provided certain conditions are met. Through fixation of the fracture, the gap between both ends is 

eliminated and primary fracture healing can proceed. When a gap still exists, but is less than the so-

called critical defect, healing through callus formation will take place. Bone healing results in a 

functional tissue (here, bone), but without the fibrosis that is seen in tissue healing elsewhere in the 

body, through the calcification of the callus and then remodeling of the newly formed bone to the 

form of the original one. Bone regeneration is also a life-long process as the skeleton is constantly 

being remodeled and rebuilt through the action of osteoclasts and osteoblasts, respectively (Sims and 

Martin 2014). 
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The regenerative capabilities of the skin, due to its accessible anatomical location allowing 

easy observation, were subjected to intense study over the past two decades (Canedo-Dorantes and 

Canedo-Ayala 2019). Skin heals postnatally through the formation of scar tissue, which is a 

disorganized laydown of extracellular matrix (ECM) made by fibroblasts under the influence of several 

cytokines and signaling cascades in the injury site (Takeo et al. 2015). Healing of skin wounds in utero 

happens without any scar tissue (Lorenz et al. 1992). In adults, when the wound gap is not large and 

in the presence of a clean wound without chronic debilitating diseases (e.g. diabetes mellitus or 

vascular insufficiency), skin healing happens by primary intention, which usually happens in minor 

wounds and clean surgical wounds. Secondary intention happens when the conditions are unsuitable, 

whether through an infected wound or a chronic disease, leading to delayed wound closure and 

excessive scarring (Canedo-Dorantes and Canedo-Ayala 2019).  

While remarkable, the regenerative capability of the human body is limited compared to what 

an invertebrate can achieve. For example, Schmidtea mediterranea, a freshwater flatworm can 

regenerate a whole worm from a fragment of 1/279th the size of the original one, while healing the 

injury in the parent organism (Sanchez Alvarado et al. 2002). 

When the physiological limits of normal healing in humans are stretched, the failure to return 

to the baseline status before the injury and/or disease will proceed to form a pathology on its own. 

Thus, bone fractures can result in mal- or non-union (Schemitsch 2017, Henderson et al. 2019). Worn-

out cartilage in osteoarthritis will lead to a huge limitation of movement and affection of the lifestyle 

of patients, leading up to a total joint replacement (Hunter and Bierma-Zeinstra 2019). Vascular 

accidents in or trauma to the central nervous system can lead to lifelong neurological deficits, while 

peripheral nerve injuries will affect motor, sensory or both functions (Tian et al. 2015). Diabetes 

mellitus can lead to a lifelong dependence on exogenous insulin. Chronic renal illness will develop a 

dependence on dialysis for survival. 
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1.2 The development and need for implants 

What humans lack in regeneration capabilities is compensated by one of their strongest 

abilities: invention. The limited regenerative capacity of the human body meant that large wounds 

needed to be sutured, complex fractures required fixation, or missing limbs to be artificially replaced. 

Ancient humans understood these challenges, and this led to the rise and development of protheses 

and implants. Implants can be defined as a device or tissue that can be placed inside or on the surface 

of the body, while delivering medication, supporting organs and/or tissues and monitoring body 

function. It can be permanent or removable. On the other hand, a prosthesis is defined as an implant 

which aims to replace a missing body part, whether internally or externally (FDA 2019a). In case of 

protheses, these provided a functional replacement, as well as an aesthetic one. While in the case of 

implants, these relied on the natural ability of the body to regenerate, and functioned by reinforcing, 

accelerating or supporting this ability. In short, all these efforts were to treat traumatic or 

degenerative diseases, against which, the human body had little or no regenerative countermeasures. 

The history of ancient medicine tells of prosthetics and implants that were used due to injury 

or disease (Migonney 2014). One of the first recorded instances of using a prosthetic is the Cairo Toe 

(1550-700 BC) which is a big toe wearable prosthetic made of wood and leather that was found 

attached to a mummy of an elder female, who was thought to have had an amputation of her right 

big toe resulting from diabetes (Hildebrand 2013). The earliest description of sutures were mentioned 

in the Smith Papyrus from Ancient Egypt (circa 1600 BC) made from hair, plant fibers and tendons, 

while in ancient India, giant Bengali ants were used to close wounds by allowing their jaws to close 

around the skin wound and then, their thoracic and abdominal segments are removed (Klimczak et al. 

2011). Sutures for wound closure were made of linen and other materials, while metal and sea shells 

were used to make artificial teeth (Ratner 2013). Cranioplasty was performed since at least 2000 BC 

in Peru to cover trepanation defects made for ritualistic or medical reasons. These pre-Incan and pre-
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Columbian civilizations used gold plates, with fossils showing calvarial bone healing around the 

implant, which happened in the lifetime of the patient (Abhay and Haines 1997). 

One can safely say that the evolution of implants throughout the centuries is in the most part 

related to the evolution of materials used to produce them. The search for materials that can be safely 

used in the human body, led to the development of biomaterials which are simply defined as materials 

aimed to be used in contact with living tissues or living organisms (Vert et al. 2012). While the 

20th century witnessed remarkable and rapid scientific and medical breakthroughs, it also had two 

destructive and brutal world wars. The experience and accumulation of knowledge due to these 

unfortunate events, pushed the development of implants, especially in the field of orthopedics, from 

production and material selection to the refinement of the surgical technique needed for implantation 

and later for case follow up (Flanigan et al. 2014, Dougherty et al. 2004, Scotland 2014).  The technique 

of intramedullary nailing was popularized in the 1930s by Gerhard Küntscher. In the 1950s, the Soviet 

surgeon, Gavriil Ilizarov, popularized the method that carried his name for the external fixation and 

management of complex fractures, often with soft tissue injuries. This was followed by the widespread 

use of plate and screw osteosynthesis, heralded by the Arbeitsgemeinschaft für Osteosynthesefragen 

(The AO Foundation) in 1958 and later the limited contact dynamic compression plates in the 1980s 

(Broos and Sermon 2004, Uhthoff et al. 2006). Polymethyl methacrylate (PMMA) was first used as an 

implant after small fragments were found to cause no adverse reaction in the bodies and eyes of 

World War II fighter pilots who had PMMA shrapnel embedded in their bodies during aerial combat 

(Ratner 2013). PMMA saw extensive use as a bone cement in joint replacement surgeries (Webb and 

Spencer 2007, Arora et al. 2013). Since osteoarthritis is a major cause of morbidity, with an estimated 

one million joint replacement surgeries per year in the United States (Maradit Kremers et al. 2015), 

the use of artificial knee and hip joints was a necessity to bypass the poor regeneration of articular 

hyaline cartilage. The issue with such surgeries is that the high rate of revision surgeries that are 

needed on account of the decreased durability of the artificial joint, as well as the development of 

complications such as loosening and infection (Aicale and Maffulli 2019). 
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1.3 The age of tissue engineering 

With increased scientific and research output and with an ever-increasing number of patients 

in need of functional replacements to pathological tissue, the era of tissue engineering was ushered 

in in the early 1990s (Langer et al. 1990), with bold promises of treating a wide range of diseases and 

producing human spare parts that would cut down on the wait for organ donors and decrease patient 

mortality and morbidity due to transplant rejection (Langer and Vacanti 1993). Despite decades of 

research and billions of dollars in funding, many of these promises are still unfulfilled (Ronfard et al. 

2017). 

One reason for this discontinuity between the enormous amount of research activity in the 

tissue engineering and regenerative medicine field and the paucity of products available for patients 

is the need of such new products to be approved by regulatory bodies throughout the world (Hollister 

2009a). To protect the public against ineffective, untested, falsely labelled or other dangerous 

implants and medical devices, the regulatory bodies in several countries have set up a rigid set of rules 

and laws that govern what can be sold in the market to be used by physicians on patients. Despite 

this, tissue engineered products have still led to unintended complications (Charo and Sipp 2018). 

Throughout this thesis, the United States Food and Drug Administration (FDA) will be used as an 

example, however the underlying principles between the various national regulatory bodies are 

similar globally.  

The roots of the FDA regulations are based on the 1938 Federal Food, Drug and Cosmetic Act 

which was passed as a result of the fallout of the 1937 Elixir Sulfanilamide preparation that contained 

diethylene glycol as a solvent and caused at least 100 reported deaths because of its use (FDA 2019b, 

FDA 2018a). While drug testing is not the focus of this thesis, the regulations for medical devices 

stemmed from drug regulations, albeit with accelerated pathways to facilitate and shorten the 

approval process for products similar to already marketed products, or to those which have proven 
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efficacy and will be used in a humanitarian situation. These topics will be further discussed in detail in 

the following chapter. 

The structure of this thesis is based on the journey that a new medical device will take to pass 

the regulatory hurdles and cross the long path from conception on the bench to being implanted 

and/or used in or on a patient. The aim of the thesis is the investigation of melt electrowritten scaffolds 

for a potential biomedical application. Melt electrowriting (MEW) is an additive manufacturing (AM) 

technique using polymer melts. The state of the art will be discussed in Chapter 2 with a comparison 

of similar AM, polymer-based techniques and an overview of the FDA regulatory pathway for medical 

device. Chapter 3 will focus on the method of MEW and the fabrication parameters needed to produce 

the scaffolds. Chapter 4 will discuss the process validation, where the intended design is compared to 

the scaffold outcome using a high-fidelity, non-destructive testing method. Chapter 5 focuses on a 

proof of principle in vivo experiment to investigate an important biological response to MEW scaffolds 

implanted subcutaneously: the foreign body reaction. Finally, Chapter 6 provides a general summary 

and a conclusion to the thesis. 
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Chapter 2 

This chapter was previously published as: 

Youssef, A., Hollister, S. J., Dalton, P. D. (2017). "Additive manufacturing of polymer melts for 

implantable medical devices and scaffolds." Biofabrication 9(1): 012002. DOI: 10.1088/1758-

5090/aa5766 

Abstract: “Melt processing is routinely used to fabricate medical polymeric devices/implants 

for clinical reconstruction and can be incorporated into quality systems procedures for 

medical device manufacture. As additive manufacturing (AM) becomes increasingly used for 

biomaterials and biofabrication, the translation of new, customizable, medical devices to the 

clinic becomes paramount. Melt processing is therefore a distinguishable group within AM 

that provides an avenue to manufacture scaffolds/implants with a clinical endpoint. Three key 

melt processing AM technologies are highlighted in this review: melt micro-extrusion, 

selective laser sintering and melt electrospinning writing. The in vivo (including clinical) 

outcomes of medical devices and scaffolds made with these processes are reviewed. 

Together, they encompass the melt AM of scaffold architectures with feature sizes and 

resolutions ranging from 800 nm up to 700 µm.” 

The text of this chapter was edited and thoroughly updated to reflect the state of the art in 2020 (year 

of thesis submission) compared to 2017 (year of review publication), while the abstract above is 

quoted from the original publication, with permission from IOP Publishing. Since submission, the 

publication has been cited 83 times (Google Scholar; accessed 12.12.2020). 
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2.1 Introduction 

Medical devices had, in 2018, a global market size of approximately 423.8 billion US dollars, 

increasing from approximately 350 billion US dollars in 2012 and is expected to grow to 521.64 billion 

US dollars in 2022 (Holtzman and WTP Advisors 2012, Research and Markets 2019). These devices are 

routinely used in everyday clinical situations and range in complexity from a tongue depressor to a 

cochlear implant. Medical devices can be defined as an instrument, machine, implant or apparatus 

intended for the diagnosis, treatment, prevention and/or monitoring a disease and/or injury, or to 

replace, investigate or modify an anatomical structure or a physiological process in the human body. 

The device must perform these tasks without pharmacological, immunological or metabolic means. 

The definition includes devices intended for in vitro, in vivo and in silico use (Study Group 1 of the 

Global Harmonization Task Force WHO 2012). Additive manufacturing (AM) changed long established 

rules in the supply chain of medical devices by adding the possibility of making the medical device 

inside a healthcare facility via “bedside manufacturing”.  

Medical devices should achieve their intended function without pharmacological, 

immunological or metabolic means, but they still need to be approved by regulatory bodies 

worldwide. In the United States, the governmental agency tasked with this is the Food and Drug 

Agency (FDA) and it ensures compliance to local laws and guidelines before medical devices are 

available to the patients. 

In this chapter, the development of medical devices through polymer melts will be described 

along with the state of the art of three different polymer melt-based AM techniques and the results 

of clinical and in vivo animal studies performed with scaffolds from such techniques. These techniques 

are micro-extrusion, selective laser sintering (SLS) and melt electrowriting (MEW). The regulatory 

framework of the FDA regarding the approval of medical devices will also be mentioned.  
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2.1.1 The use of polymers in medicine 

Thermoplastic polymers have been used in medicine for the production of medical devices for 

decades (Ratner et al. 2013). Perhaps the first such use and the beginning of a whole new of era of 

synthetic medical polymers was the introduction of nylon sutures in the 1930s by Ethicon (then, G. F. 

Mersons Limited) (Ethilon™) to replace silk sutures. Polypropylene (PP) was later used in the 1950s as 

a non-resorbable suture material (Prolene™) and is still in active use (Figure 2.1A). Polyvinyl alcohol 

(PVA) was used as a resorbable suture and was also developed in the 1930s (Pillai and Sharma 2010). 

Several resorbable sutures followed, for example, polyglycolic acid (PGA) (Dexon™) (Frazza and 

Schmitt 1971) and polyglactin 910 (or polyglycolide-L-lactide (Vicryl™) (Conn et al. 1974). PGA was 

found to be superior to chromic catgut in terms of wound closure strength (Barham et al. 1978). These 

novel materials managed to replace catgut by being easier to produce and sterilize with less risk of 

disease transmission as in the case with the theoretical possibility of variant Creutzfeldt-Jakob disease 

(vCJD) transmission with catgut suture material (Klimczak et al. 2011). It is worth mentioning, though, 

that there have been no reported cases of vCJD as a result of using catgut (Collee et al. 2006), but it 

remains a possibility, nonetheless. Moreover, a study of the Cochrane Database of Systemic Reviews 

concluded that using synthetic sutures might decrease short-term pain compared to catgut (Kettle et 

al. 2010). 

Similarly, surgical meshes saw a similar transition towards thermoplastic polymers away from 

metal meshes. Hernia is a common complication of abdominal and pelvic surgery  (Deerenberg et al. 

2015). It was formerly treated with silver or steel meshes, to induce inflammation and fibrosis. In the 

1950s, polyethylene (PE) meshes were introduced, followed by PP ones, made from melt-spun 

polymer fibers (Figure 2.1B). They provided superior results in hernia repair surgeries by being light-

weight and simple to work with (Bringman et al. 2010). In recent years, melt-processed polyvinylidene 

fluoride (PVDF) was introduced as a surgical mesh (Klinge et al. 2002, Baylon et al. 2017). Several 

authors reviewed the biology of polymer hernia meshes and their use in modern surgery (Luijendijk 
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et al. 2000, Bilsel and Abci 2012, Cortes et al. 2008b, Cortes et al. 2008a, Barbolt 2006). Surgical 

meshes saw in recent years renewed interest, on account of product recalls, re-classification or 

approval revocation due to patient complaints and will be discussed later. 

 

Figure 2.1. Current examples of medical devices made through melt processing of polymers. (A) 
Ethicon Prolene™ polypropylene (PP) suture, reproduced from (Pike and Gelberman 2010) with 
permission from Elsevier. (B) Ethicon Prolene™ PP hernia mesh, reprouced from (Zyczkowski et al. 
2014) under the CC BY 3.0 License. (C) Acumed Biotrak™ polylactic acid (PLA) orthopedic and dental 
screws, reproduced from (Narayanan et al. 2016) with permission from Elsevier. (D) Invibio carbon 
fiber reinforced poly(ether-ether-ketone) Brantigan spine fusion cage (PEEK-OPTIMA™) (red arrow), 
reproduced from (Kurtz and Devine 2007) with permission from Elsevier. (E) Coloplast Vortek® 
polyurethane double loop ureteral stent, reproduced from (Youssef et al. 2017) with permission from 
IOP Publishing. 

Screws and fixation pins for orthopedic surgery have also been manufactured using melt-

processed polymers. PLA was first used as an orthopedic implant in 1971 and today all the major 

orthopedic medical devices manufacturers produce resorbable implants (Figure 2.1C), which saw an 

expanded use in several fields of orthopedics and trauma surgery (Ambrose and Clanton 2004, 
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Middleton and Tipton 2000, Kontakis et al. 2007, Park et al. 2007, Agrawal et al. 1995). PGA or PLA 

interference screws can be used for the reconstruction surgeries of the anterior cruciate ligament. 

These polymeric screws have the advantage of being resorbable as well as radiolucent, while being 

fabricated via melt processing (here: injection molding) of thermoplastic polymers (Barber and 

Dockery 2006, Ntagiopoulos et al. 2015, Liu et al. 2016, Narayanan et al. 2016). 

Poly(ether-ether-ketone) (PEEK) was used as a melt-processed orthopedic implant since the 

1980s, and later as a spinal cage for spinal fusion since the 1990s (Figure 2.1D) (Kurtz and Devine 

2007). With one million joint replacement surgeries in the US per year, knee and hip replacements 

saw a transition as a routine surgery with an excellent prognosis (Maradit Kremers et al. 2015). There 

are several configurations for the structure of the artificial joints, but the most commonly used one is 

the metal-on-plastic variant, namely ultra-high molecular weight polyethylene (UHMWPE) as an joint 

insert (Brach Del Prever et al. 2009). The UHMWPE joint insert (tibial or acetabular components or 

bearings, for knee or hip arthroplasties, respectively) can be processed by melt compression molding 

or by milling of extruded polymer rods (Kurtz et al. 1999). Moreover, re-melting UHMWPE can be a 

method to decrease the amount of free radicals that are a residual by-product of crosslinking by 

irradiation, a method to increase wear resistance by up to 80% (Muratoglu et al. 2002). 

Other examples of thermoplastic polymers in medical devices include polyethylene 

terephthalate (PET, Dacron™), used in vascular grafts as an alternative to using an auto- or allograft 

vein in vascular bypass surgeries (Roll et al. 2008, Abruzzo et al. 2014, Kannan et al. 2005, Ravi and 

Chaikof 2010). PET is also melt-processed when it is made into sutures (He and Benson 2014). 

Polyurethane (PU) ureteral stents can also be made by thermoplastic extrusion (Figure 2.1E) (Vogt et 

al. 2015, Gellman 2011). 

In summary, several thermoplastic polymers have seen extended and decades-long clinical 

use with safe and effective results, this includes but is not limited to: poly(ε-caprolactone) (PCL), PGA, 

polylactic acid (PLA), PP, polydioxanone (PDO, PDS™), PU and PEEK and there are several reviews that 
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discuss material properties and biological response of such polymers (Woodruff and Hutmacher 2010, 

Ramot et al. 2016, Evans et al. 2015, McKeen 2014, Teo et al. 2016, Ulery et al. 2011, Benicewicz and 

Hopper 1990, Benicewicz and Hopper 1991, Buffington et al. 2014). 

2.1.2 Poly(ε-caprolactone) (PCL) 

PCL receives special attention since it is the polymer of choice for most of the AM approaches 

that are discussed later in this chapter. PCL has a history of medical use in suture materials as a 

copolymer with PGA (Monocryl™) (Bezwada et al. 1995) and as a subcutaneous contraceptive implant 

carrying levonorgestrel (Capronor™) (Darney et al. 1989). Recently, PCL saw increased use as a dermal 

filling material in aesthetic surgery (Christen and Vercesi 2020). PCL is known to be resorbable both in 

vivo and in vitro by hydrolysis (Piskin et al. 2007), an autocatalytic process through which, cleaving of 

the ester linkages accelerate further degradation. Pitt et al. (Pitt, Chasalow, et al. 1981, Pitt, Gratzl, et 

al. 1981) observed that PCL films and capsules produced by melt extrusion or molding and implanted 

in rabbits had the same degradation rate as samples submerged in water at 40 °C which is the body 

temperature of rabbits. The degradation was described in two stages: initially bulk degradation with 

a molecular weight decrease, with no mass loss or deformation could be seen. This is followed by 

chain scission when the molecular weight becomes less than 5000. Oligomeric particles will begin 

diffusing from the bulk of the scaffold leading to fragmentation and release of the monomer (Cooke 

and Whittington 2016). Sun et al. (Sun et al. 2006) conducted a long term degradation study in vivo in 

rats using radio-labeled PCL and after 2 years of in vivo implantation, PCL maintained its form while 

the molecular weight decreased. Ultimately, the radio-labeled PCL was excreted from the body, albeit 

through an unknown mechanism, in feces and urine without accumulation in the body (Pitt and 

Schindler 1981, Pitt, Gratzl, et al. 1981). Woodward et al. described the in vivo response to the 

implantation of both a PCL cylinder as well as low molecular weight PCL powder particles (which 

mimicked the second phase of PCL degradation). He reported intracellular PCL particles, visible using 

transmission electron microscopy, inside macrophages and fibroblasts. The reaction starts with 
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encapsulation by an avascular connective tissue capsule, which contained foreign body giant cells 

(FBGCs) and measured less than 100 µm in thickness within two weeks post-implantation, after a quick 

acute inflammatory phase. When the second phase of degradation started, or in the case of the low 

molecular weight powder particles from the beginning, there is a second foreign body response 

containing macrophages and FBGCs but few neutrophils. Complete resorption after this phase was 

within three months, with particles of up to 10 µm in size completely absorbed within 60 to 120 days. 

(Woodward et al. 1985). The foreign body reaction to implanted PCL scaffolds is the focus of Chapter 

5 of this thesis and will be discussed in detail. 

2.2 AM use in today’s clinic 

The main principal of AM is the layer-by-layer manufacturing of objects from a digital file. This 

digital information naturally combines with two important imaging techniques used today in the clinic, 

e.g. magnetic resonance imaging (MRI) and computed tomography (CT). These imaging techniques 

provide a direct path to involve AM in clinical situations by providing high-quality, digital, sliceable 

data, which can be used to design patient-specific medical devices and/or models. Imaging data are 

mostly generated in an industry-standard, Digital Imaging and Communications in Medicine (DICOM) 

file, which can be exported into different software packages to generate three-dimensional (3D), 

editable, computer-aided design (CAD) files, and these in turn can be exported to the AM-specific 

Standard Tessellation Format (STL) file. Based on this STL file, a computer-controlled AM device has 

sufficient information to process and build the object, layer-by-layer (Huotilainen et al. 2014).  

In the current clinical setting, AM is predominantly used to produce physical medical models 

out of thermoplastic polymers (Salmi et al. 2013) that can be used in preoperative planning of complex 

surgeries or in hard to reach operating fields as well as for medical education of students and junior 

doctors (Hurson et al. 2007, Mori et al. 2008, Wanibuchi et al. 2010, Berry et al. 2002, Wanibuchi et 

al. 2016). Such physical models can be used for research and development of new treatment 

modalities, for example aerosol dispersion in an airway model (Clinkenbeard et al. 2002). Physical 
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models can also be used for the production and assessment of prostheses (Wu et al. 2009, Feng et al. 

2010, Mueller et al. 2011, Creylman et al. 2013, Jin et al. 2016, Moulic et al. 2019) and for the 

production of implantable parts by functioning as an intermediate mold for another, more traditional 

fabrication method (Gronet et al. 2003, Hott et al. 2004, Kasper et al. 2019). The customizable nature 

of AM can be used in personalized medicine for the production of on-demand parts for better fitting 

of permanent prostheses (Long et al. 2012). With a complicated anatomy, the head and neck region 

represented a prime candidate for such interplay between AM and patient care. Indeed, most of the 

literature sources mentioned above were in that anatomical region (Bartnikowski et al. 2020, Kasper 

et al. 2019, Pfaff and Steinbacher 2016, Wanibuchi et al. 2016, Muto et al. 2017).  With respect to 

implantable polymeric AM scaffolds, which were used in clinical studies, several studies were 

conducted, and these will be mentioned in the respective sections below. 

Following in the footsteps of metal AM implants, which are already in broader use clinically, 

polymer melt-based AM could have a rapid translation to the clinic. AM metal implants (Sing et al. 

2016) use many of the imaging modalities and software programs that are also applicable to their 

polymer melt-based counterparts. This point is particularly relevant to SLS, since both metals and 

polymers are processed in a solvent-free approach inside the same device (Mazzoli 2013). 

Implantable AM metal medical devices can be made via SLS, selective laser melting (SLM), 

electron beam melting (EBM) and direct metal laser sintering (DMLS) (Sing et al. 2016, Mangano et al. 

2014, Mazzoli 2013). In one example, patient-specific mandibular reconstruction metal plates were 

designed using the patient’s own CT scans and manufactured using DMLS. This approach used CAD 

and computer-aided manufacturing (CAM) to fabricate custom-contoured plates for better fitting and 

more facial symmetry (Tarsitano et al. 2016). Fernandes et al. reported the use of a customized 

titanium implant made using SLS for a patient with a rare malignant tumor of the nerve sheath of the 

trigeminal nerve. Surgical removal of the tumor created a massive mid-facial defect that was not 

possible to treat using available zygomatic implants (Fernandes et al. 2016). Probst et al. compared 
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the outcome of six patients in a retrospective study where patients either had intraoperatively bent 

commercial mandibular reconstruction plates or implants which were made by CAD/CAM either by 

milling or by SLS. The outcome of CAD/CAM designs was encouraging and allowed for easier 

application (Probst et al. 2016). And finally, Gianni et al. fabricated a patient-specific talonavicular 

prosthesis for a complicated talonavicular fracture in a professional rock climber with the restoration 

of the ankle range of movement, instead of undergoing an ankle arthrodesis (Giannini et al. 2016).   

The transition to polymer-based melt AM already follows the established and accepted clinical 

track record of AM metal implants, and in the case of SLS, using the exact same AM technique, with 

different materials. However, polymers would be more suitable and applicable in soft tissue 

implantation, or when a resorbable implant is needed, rather than a metallic one. 

2.3 FDA regulations for medical devices 

The purpose of this thesis is the investigation of polymeric scaffolds produced through MEW 

for biomedical application. The scaffolds, made from medical grade PCL, were not loaded with drugs 

or seeded with cells. Therefore, in the next section, the main focus will be to illustrate the more 

traditional regulatory pathways for the approval of a thermoplastic medical device, regardless if the 

method of fabrication was additive or traditional, i.e. less emphasis on combination medical devices 

with drugs and biologics. 

As previously discussed in Chapter 1, the presence of rules and regulations regarding the 

introduction of a new drug or medical device to the market aim at ensuring the safety and efficacy of 

such products before they are available for use by the public. The lessons learned from the Elixir 

Sulfanilamide preparation and thalidomide-induced congenital defects indicated that products must 

be thoroughly tested and declared as safe, to the best of the current knowledge, before they are sold 

(FDA 2018a). Some medical devices are invasive in the way they are implemented or implanted in the 

human body, warranting a careful examination of the safety and efficacy of the device. Established 
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definitions of a medical device by the WHO, FDA and other regulatory bodies indicate that it does not 

function through pharmacological means. This is an important practical and regulatory factor 

distinguishing medical devices from drugs or biologics. However, the rise of tissue engineering (TE) 

and regenerative medicine introduced combinations of medical devices which release drugs and/or 

biologics or are coated with such compounds. This increases the complexity of the final product and 

warrants an increase in both time and expense of navigating the regulatory pathway. Since they do 

not fulfil the definition of a medical device, such “combination devices” were previously evaluated 

simultaneously by multiple FDA centers including the Center for Radiologic Devices and Health (CDRH 

for medical devices), the Center for Biologics Evaluation and Research (CBER for biologics) and the 

Center for Drug Evaluation and Research (CDER for drugs) (Rados 2006, Adamovich et al. 2015). In 

order to streamline the process and push forward for personalized medical applications, the FDA has 

established the Office of Combination Products (OCP) under the Office of Special Medical Products as 

part of the Medical Device User Fee Modernization Act of 2002. The OCP achieves timely approval of 

combination products through the collaboration of experts from the three FDA Product Centers 

(Simoncelli 2013).  

In 1976, the Medical Devices Amendment Act was passed in the United States which defined 

what constitutes a medical device and gave the FDA the power to determine and examine premarket 

safety of medical devices (FDA 2019b). As of 2019, the FDA regulated roughly around 6,500 different 

medical devices (Rathi and Ross 2019). This Act also separated medical devices into three classes: 

Class I, II and III. Class I medical devices include those with the least possible risk to the users (e.g. 

tongue depressor) while Class III has the highest risk (e.g. a cardiac pacemaker). All Classes, regardless 

of type,  require General Controls which include Quality Systems Regulation (QSR) and Good 

Manufacturing Practices (GMP) (Adamovich et al. 2015). The QSR is in tandem with the risk caused by 

the device, its complexity and the complexity of its production process, as well as the size and 

complexity of the manufacturer itself (Tartal 2014). Medical devices legally marketed and sold before 

the 1976 Medical Devices Amendment Act (before May 28th, 1976) are exempted from re-
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classification, as long as they were not changed or modified since then, and the FDA did not deem a 

Premarket Approval (PMA) application necessary. For the streamlining of the approval process, a 

certain fast-track pathway known as the 510(k) process or premarket notification, where the name is 

derived from Section 510(k) of the 1976 Medical Devices Amendment Act (i.e. there is no “510(k) 

form” but rather it is the interpretation of this section of the Amendment that got this process its 

name) (Jarow and Baxley 2015, Adamovich et al. 2015). Class I devices are generally exempt from a 

regulatory approval pathway but require General Controls. Class II requires Special Controls, which 

are device specific and are required to assure the safety and effectiveness of the device. Such special 

controls are typically outlined in guidance documents, available on the FDA website 

(https://www.fda.gov/). Typically, Class II devices are approved through the 510(k) pathway, in which 

the manufacturer establishes the safety and efficacy of the medical device by proving that such a 

device is substantially equivalent to a legally marketed predicate device. The predicate device can also 

be pre-Amendment approved. Although proving substantial equivalence generally requires bench 

testing and preclinical animal studies, special cases may even require human clinical data to be 

provided by the manufacturer prior to marketing. Usually the FDA decides in 510(k) pathway 

applications within 90 days (FDA 2018b).  In instances where a predicate device is not available, the 

manufacturer will need to apply for a De Novo pathway, which is reserved for new, perceived low- or 

medium-risk medical devices (i.e. Class I or Class II medical devices). The De Novo pathway is a risk-

based evaluation. Initially, manufacturers were required to fill in a 510(k) request, then wait for a 

decision from the FDA of “not substantially equivalent” (i.e. due to absence of predicate, introduction 

of a new intended use or a change of the technological characteristics of the device), then apply for a 

De Novo request. Before the implementation of this pathway, these devices would have proceeded 

to be re-classified as Class III devices and require a premarket approval. The FDA in 2012 further 

streamlined the process by allowing manufacturers to submit a De Novo request from the start, 

without waiting for decision on their 510(k) request, and within a 120-day timeframe. Moreover, once 

a medical device was granted an approval via a De Novo pathway, this medical device can be later 

https://www.fda.gov/
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used as a predicate for future applications using the 510(k) pathway, saving on assessment time for 

the manufacturer (Rubalcaba 2018, FDA 2019c).  

 To push forward with innovation as well as protecting the safety of the public, the FDA in 2019 

has finalized four new changes to better clarify the 510(k) pathway. These introduced the Special 

510(k) program which could be used when the manufacturer wants to make well-defined device 

changes to their own, already approved devices. The Abbreviated 510(k) is to be used when the FDA 

deems that the approval relies on the demonstration of compliance to Special Controls requested by 

the FDA. The Refuse to Accept Policy for 510(k) is an accelerated pathway (within 15 calendar days) 

to check if the 510(k) submission is administratively correct and complete and to list missing 

application elements. And finally, the FDA introduced a guidance on how to correctly fill in an original 

submission to the traditional, special or abbreviated 510(k) submissions (Kelly 2019). 

Finally, Class III devices require the most stringent controls in the form of a premarket 

approval (PMA). A PMA is the most sophisticated FDA regulatory pathway, requiring Phase I clinical 

trials (a limited clinical trial to establish safety) and a pivotal Phase II clinical trial (to establish efficacy 

of the device for treating the given clinical indication).  Prior to performing the clinical trial, a 

manufacturer must receive approval to conduct the trial from the FDA by applying for an 

Investigational Device Exemption (IDE) based on pre-clinical testing results. Class III devices are those 

that are used in supporting and maintaining human life or are of great importance in prevention of 

illness or injury. Combination products (which are medical devices plus another effector, e.g. a drug 

or biologics) are usually treated individually by the FDA (Simoncelli 2013). In selected cases, the FDA 

can also approve medical devices based on special circumstances. First, there is the Expanded Access 

pathway, which is for life-threatening diseases or serious conditions, where a gold standard of therapy 

is not available. This pathway includes emergency use, compassionate use and the aforementioned 

IDE for clinical testing (FDA 2019d). Second, there is the Humanitarian Use Device (HUD) and is defined 

as a medical device aimed at the treatment or diagnosis of a disease or a condition that affects less 
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than 8,000 patients in the US per year. This is analogous to the Orphan Drug Designation which affects 

drugs and biologics intended for the treatment or diagnosis of a disease or condition affecting less 

than 200,000 persons in the US (FDA 2019e). 

As more university research focuses on clinical translation, there is an increasing appreciation 

of and a need to understand the regulatory process for medical devices among academics (Pashuck 

and Stevens 2012). There needs to be a paradigm shift among researchers working on AM medical 

devices from what this novel technique can be used for, to how we can push this technique further to 

treat this or that condition (Castro et al. 2017). This way, more targeted research outcome can be 

achieved, and in the process, more AM medical devices built from the ground up with the necessary 

regulatory hurdles in mind. In 2017, there have been 21 companies in commercial production of TE-

related products in the US market with approximately nine billion US dollars in sales. While this is an 

impressive statistic, this is less than half the number of companies that were identified in a study by 

Kim et al. of the TE-related companies in the US at that time (Kim et al. 2019). Of the success stories 

of TE medical devices (non-AM and non-polymeric) that received the FDA approval and saw 

widespread clinical use is the INFUSE™ bone graft (Hoffman et al. 2019). Widespread off-label use of 

the new device (Ong et al. 2010) forced the FDA to issue a warning for such practices (FDA 2008). This 

caused a limitation on the translation of other medical devices with growth factors to the clinic 

(Hoffman et al. 2019). 

The complexity of getting a new medical device approved can limit innovative potential 

products to come out of TE research. A sound understanding of the regulatory process that is required 

to get a new medical device to the patient is needed by both physicians in the bed side and scientists 

in the bench side of research. An expedient approach to medical device research and design is to use 

already approved biomaterials to shorten and limit the regulatory work needed for approval. When 

such an approach is adopted, the 510(k) pathway can be employed, which can significantly cut down 

on time and cost of new medical device registration. This can bridge the gap between the researcher 
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working in a university setting or in the industry on one side and the clinician trying to treat his/her 

patients. This product timeline disconnect is what is commonly known as the “Valley of Death”. This 

is the period where many promising medical innovations ended, on account of failure of reaching the 

bedside (Hollister 2009a). Several other review papers have discussed such design parameters and 

implementation (Hollister 2009a, Hollister 2009b, Pashuck and Stevens 2012, Roberts et al. 2012, 

Hollister et al. 2015, Sastry 2014, Adamo et al. 2018, Hoffman et al. 2019, Kim et al. 2019).  

2.3.1 510(k) criticism and surgical meshes 

As previously mentioned, surgical meshes made from thermoplastic polymers are widely used 

to treat a wide range of conditions like abdominal hernia and pelvic floor prolapse. In recent years, 

there has been several complaints from patients regarding the occurrence of severe side effects, 

including chronic pain lasting more than three months, which is estimated to occur in ten percent of 

hernia patients (Fitzgibbons and Forse 2015). There has been a widespread fallout for these 

complaints, with surgical meshes being elevated by the FDA from Class II to Class III medical devices 

(Zargar and Carr 2018). The FDA also recalled several urogynecological meshes that were used in 

transvaginal repair of pelvic prolapse (FDA 2019f). 

Interestingly, all US-marketed surgical meshes were found to be approved by the FDA through 

the 510(k) pathway (Zargar and Carr 2018). Zargar and colleagues traced the network of predicates to 

find out if the original medical devices were subjected to any form of rigorous testing. They found that 

74 out of 77 cleared surgical meshes between 2013 and 2015 could be backtracked to surgical meshes 

that were marketed pre-Amendment, with three devices lacking any data on their predicate devices. 

Through tracking, they concluded that all the predicates traced back to six pre-Amendment surgical 

meshes that spawned 387 descendent meshes, 303 of them derived from just two meshes (Zargar and 

Carr 2018). While the 510(k) pathway could help innovation, the safety of the public could be harmed 

in the process, when medical devices were simply placed in predicate networks, where even the 

original device did not receive sufficient testing because it was sold pre-Amendment. 
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2.4 AM technologies and their current use in animal and clinical 

research 

Recently the manufacturing of physical objects evolved into using layer-by-layer approaches. 

This fabrication concept is termed as 3D printing in the popular media and AM in scientific circles. We 

refrain from using the terms 3D printing, rapid prototyping and free-form fabrication when referring 

to AM to avoid confusion. AM is considered a disruptive technology, as the user can design and build 

their own customizable objects without the need for industrial output (Campbell and Ivanova 2013). 

Traditional manufacturing is, in retrospect, termed subtractive manufacturing, where objects are 

fabricated by machining, e.g. drilling or milling (Chhaya et al. 2015). The emergence of AM has 

provided new possibilities for designing and customizing medical devices; however, these AM medical 

devices must still comply with the regulations predominantly established for factory-made products. 

While the focus in this chapter is on polymer melt-based AM approaches (namely, micro-

extrusion, SLS and MEW), as these use an established building block for medical device production: 

melt processing of medical-grade polymers, there are many different classes of AM methods which 

are beyond the scope of this thesis. Some of them are mature technologies that saw long use, such as 

stereolithography (SLA), FDM, SLS and 3D printing (3DP). While others are relative newcomers, 

including two photon-polymerization (2PP) (Burmeister et al. 2015), EBM (Sing et al. 2016), continuous 

liquid interface polymerization (CLIP) (Tumbleston et al. 2015) and MEW. The coming section will 

describe the three melt-based approaches and mention relevant in vivo and/or clinical studies 

performed with constructs produced through them. Each of the following sections were reviewed in 

2017 by us (Youssef et al. 2017) in a detailed topical review. The text has been improved and updated 

to reflect changes in the past three years. Summary tables for each of the three reviewed techniques 

up to the end of 2016 are available in the published review.  
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2.4.1 Micro-extrusion technologies 

FDM is probably the most prototypical micro-extrusion AM technology used for 

manufacturing of medical implants. S. Scott Crump invented and patented FDM in 1989 (Crump 1992) 

and later founded Stratasys Inc. (https://www.stratasys.com). In basic principles, a solid polymer is 

extruded through a heated nozzle, which through a Cartesian coordinate robot, deposits the extruded 

polymer melt onto a collector in a layer-by-layer fashion, ultimately resulting in 3D objects. One of the 

most common thermoplastic polymers used for FDM is acrylonitrile butadiene styrene, which does 

not have a history of medical use. However, several biodegradable polymers including PCL and poly(L-

glutamic acid) (PLGA) have been used to produce TE constructs (Hutmacher 2000, Yen et al. 2009). 

The polymer in case of FDM needs to be supplied as polymer filaments, but it can also be performed 

with syringe-based or screw extrusion, hence the umbrella term “micro-extrusion techniques” instead 

of using FDM (as the best known technique) to refer to this class of AM (Figure 2.2A). Micro-extrusion 

can prepare scaffolds that are similar to FDM-made ones, but with the added benefit of being able to 

customize the polymer by adding particles or drugs without needing to create a filament of their 

substrate prior to printing (Shor et al. 2007, Wang et al. 2004, Domingos et al. 2009, Dash and 

Konkimalla 2012, Ergun et al. 2011). 

https://www.stratasys.com/
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Figure 2.2. Selected in vivo animal experiments made using micro-extrusion technologies. (A) 
Summary of the different forms of micro-extrusion approaches, with FDM being the most focus in this 
chapter, reproduced form (Obregon et al. 2015) with permission from SAGE Publishing. (B-G) An 
Osteopore Inc. medical-grade PCL-TCP scaffold loaded with rhBMP-7 was used in a critical-sized tibial 
defect in sheep, reproduced from (Cipitria et al. 2015) with permission from Elsevier. (B) Digital 
rendering of the scaffold showing the honeycomb internal structure. (C) A micro-computed 
tomography (µCT) image of the repeating unit structure. (D) Surgical procedure in sheep. (E-G) Movat 
pentachrome micrographs of explanted scaffolds loaded with rhBMP-7 showing new bone formation 
after 3 months (E), 12 months (F) and after 12 months but with unmodified scaffold (G). (H-M) X-ray 
and µCT images of a critical-sized tibial bone defect in sheep filled with a PCL scaffold alone (H, I) or 
loaded with VEGF, PDGF and BMP-2 (J, K) or BMP-2 alone (L, M) – after 6 months post-surgery. 
Reproduced from (Kirby et al. 2016) under the CC BY 4.0 License. 

 The majority of the biomedical constructs made by micro-extrusion have been applied to 

studies involving hard TE (i.e. bone tissue), owing to the dimensions of the fibers drawn by the nozzle 

which are usually in the range of 160-700 μm (Zein et al. 2002). Bone is a dynamic tissue that is in a 

constant state of deposition and resorption (Feng and McDonald 2011). The purpose of a TE construct 

would be to provide osteoconductive (and when needed, osteoinductive) conditions for cellular 

proliferation while providing mechanical support (the scaffold has to be fixed by orthopedic fixation 

devices) until a sufficiently stable and calcified callus is obtained to try to restore the function of bone 
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(Hutmacher 2000). In 2000, Hutmacher described the first fabrication of a PCL FDM scaffold for TE 

bone application (Hutmacher 2000). The scaffold had a laydown pattern of 0°/60°/120° orientation 

and were put to extensive mechanical and physical characterization. These FDM scaffolds possessed 

porosity of more than 56% with pore sizes ranging between 380-590 μm. Fibroblasts and osteoblasts 

were seeded on these scaffolds and their growth pattern was observed, where they were found to 

proliferate from the periphery to the center, ultimately leading to the occupation of the pores in the 

structure (Hutmacher et al. 2001). 

 The early in vivo research with FDM scaffolds was mainly to detect signs of inflammation and 

observe new bone formation. To improve the osteoconductivity of the scaffolds, Schantz et al. 

experimented with blending PCL with hydroxyapatite (HA) to make scaffolds through FDM. Human 

calvarial bone chips were seeded inside the scaffolds and then the whole construct was implanted in 

nude mice (Schantz et al. 2002). No prominent foreign body reaction was detected while at the same 

time the seeded scaffolds showed improved bone formation at the defect site. Several other groups 

prepared the scaffold in vitro prior to the in vivo implantation. Such preparations included: coating 

with extracted bone marrow, seeding with bone marrow stromal cells (BMSCs), seeding with 

osteoblasts, or seeding with BMSCs overexpressing an important osteogenic transcription factor, 

Runx2. Functionalization of the scaffolds was achieved by compounding PCL with either HA or beta-

tricalcium phosphate (β-TCP) or by incubating the PCL scaffold in simulated body fluid (SBF). Several 

groups used large animal models e.g. sheep to better convey the weight bearing situation in humans. 

Other animal models included rabbits, rats and beagle dogs (Youssef et al. 2017). 

Osteopore Inc. (https://www.osteopore.com) was founded in 1996 in Singapore after a 

sustained research output on in vivo PCL FDM scaffolds from the National University in Singapore. The 

company was able to release to the market two FDM PCL products: Osteomesh™ and Osteoplug™ 

under GMP standards. Osteopore Inc. currently has FDA approval for its products as a Class II Medical 

Device for use in craniofacial bone defects using the 510(k) pathway (K051093).  

https://www.osteopore.com/
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Figure 2.3. Examples of clinical FDM scaffold use. (A-B) An Osteopore Inc. customized, medical-grade 
PCL scaffold for calvarial defects, before (A) and after implantation in the patient (B), reproduced from 
(Probst et al. 2010) with permission from Georg Thieme Verlag KG. (C-E) An Osteopore Inc. PCL scaffold 
(C) is used to fill an extraction socket defect for a patient (D) to allow for insertion of a dental implant 
after removal of the excess scaffold parts (E). The white arrow shows the filled extraction socket, 
reproduced from (Goh et al. 2015) with permission from John Wiley and Sons. (F-G) An Osteomesh™ 
scaffold is used for a patient with a fracture of the inferior orbital wall. The commercial AM-produced 
scaffold needed to be trimmed down to size (F) and then implanted into the patient (G), reproduced 
from (Teo et al. 2015) with permission from Taylor & Francis. 

Several research groups used additives in addition to the Osteopore Inc. scaffolds to promote 

cell proliferation and/or differentiation for a better healing response. These additives, in most cases, 

were also previously used clinically and approved for human use but for different purposes, for 

example, recombinant human bone morphogenetic proteins (rhBMP) and platelet-rich plasma (PRP). 

rhBMP-7 mixed with collagen has received a HUD approval from the FDA under the trade name OP-1 

Putty™ for use in long bone non-unions when an autograft is not feasible or when alternative 

treatment modalities failed (H020008), while rhBMP-2 was approved, also as a HUD under the trade 

name INFUSE™ for lumbar spine fusion, open tibial fractures fixed with an intramedullary nail within 

14 days of injury and in oral and maxillofacial uses (H040004). Cipitria et al. loaded PCL scaffolds with 

rhBMP-7 which were placed in critical size tibial defects in sheep. The rhBMP-7 group showed better 

bone formation after 12 months compared to the empty scaffold (Figure 2.2B-G) (Cipitria et al. 2015). 
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Abbah et al. compared a bone autograft to an Osteopore Inc. PCL/TCP scaffold loaded with rhBMP-2 

in a spinal fusion surgery in pigs. The results showed superior bone formation in the scaffold group 

along with a less incidence of graft fracture post-surgery (Abbah et al. 2009). BMPs in situ pose the 

risk of ectopic bone formation because of diffusion to other tissues from the implantation site 

(Deutsch 2010). To counteract this side effect, Dupont et al. used a different approach where they 

coated a PCL Osteopore Inc. scaffold with a viral vector encoding rhBMP-2 and used them in a critical 

femoral bone defect in athymic nude rats. The group compared such scaffolds with other PCL scaffolds 

that were seeded with mesenchymal stem cells (MSCs) that were already transduced with the viral 

vector to over-express rhBMP-2. The results were in favor of the non-seeded scaffold group (Dupont 

et al. 2012). Kirby et al. used PLGA microparticles loaded with recombinant human vascular 

endothelial growth factor 165 (rhVEGF165), recombinant human platelet-derived growth factor BB 

(rhPDGF-BB) and rhBMP-2 or rhBMP-2 alone (Figure 2.2H-M). They reported better mechanical 

properties in the growth factor group and in the rhBMP-2 group compared to scaffolds with empty 

microparticles (Kirby et al. 2016). Moving to PRP, Rai et al. submerged Osteopore Inc. PCL/TCP 

scaffolds in PRP derived from a rat for 30 minutes and then implanted them in critical femoral bone 

defects in rats and compared them to non PRP-treated scaffolds. The result was better vascularization 

and neo-bone stiffness in the PRP group (Rai et al. 2007). Such experiments show the potential of 

combining several modalities in treatment of challenging skeletal defects by using already existing and 

approved drugs/biologics. The challenge remains on how to make such combination medical devices 

across the regulatory bodies and available to surgeons and patients. Moreover, the Hutmacher group 

has recently published a detailed protocol for the validation of a pre-clinical large animal critical bone 

defect study using Osteopore Inc. PCL/TCP scaffolds (Sparks et al. 2020). 

After such an extensive history of in vitro and in vivo experiments, especially with large animal 

pre-clinical studies, treating human patients was the next step for the development of these medical 

devices. Schantz et al. described in 2006 the first use of Osteoplug™ in human patients to cover burr 

holes from trephining, leading to filling of the calvarial defects when assessment was performed 
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12 months later (Schantz et al. 2006). Low et al. followed up 12 patients for a mean follow-up time of 

16 months after the implantation of Osteoplug™ scaffolds to cover burr hole skull defects. They 

reported no complications with a satisfactory cosmesis (Low et al. 2009). Probst et al. used CT scan 

data from a patient to fabricate, via melt micro-extrusion, a PCL scaffold mixed with TCP (20%) using 

medical grade PCL from Osteopore Inc. (Figure 2.3A-B). The scaffold was used for a calvarial defect 

and followed up after 6 months (Probst et al. 2010). Goh et al. used PCL scaffolds from Osteopore Inc. 

in tooth extraction sockets in patients undergoing tooth extraction for a later replacement with a 

dental implant (Figure 2.3C-E). Compared to no filling of the defect, the treatment group had better 

bone quality in the extraction socket and better preservation of the alveolar ridge height (Goh et al. 

2015). Teo et al. used Osteomesh™ PCL scaffolds to reconstruct fractures of the inferior orbital wall in 

patients (Figure 2.3F-G). It led to better healing of the bony defect with an improvement in binocular 

vision results, by restoring the level of the bulbus oculi compared to preoperative tests (Teo et al. 

2015). Chhaya et al. described the use of an Osteopore Inc. PCL/TCP scaffold that was treated with 

autologous bone marrow and rhBMP-7 to treat a 70-year-old female patient with a complicated non-

union tibial defect of 4 cm. After 18 months of follow up, the patient showed 75% new bone 

regeneration in the defect area (Chhaya et al. 2015).  

In a report of novel clinical auricular reconstruction in five patients with microtia with a 

detailed description of the first case, Zhou and colleagues reported the reconstruction of an ear using 

a composite, PCL ear-shaped scaffold. The contralateral normal ear was CT scanned to provide a CAD 

model for the manufacture of negative molds for the compression molding of PGA unwoven fibers. 

The micro-extruded, ear-shaped PCL scaffold was pressed with the PGA part and together were coated 

by dichloromethane-dissolved PLA, followed by compression molding of the whole construct at 55 °C 

till solvent evaporation. The construct was tested for biocompatibility and then seeded with harvested 

autologous cells from the microtic cartilage of the patient. An expander was implanted into the 

subcutaneous tissue of the affected auricular region. After the implantation, the patient was followed 

up for 2.5 years, with two biopsies taken at 6 and 18 months to evaluate the cartilage formation post-
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implantation. The surgery resulted in cartilage formation with preservation of landmark ear structure, 

similar to the normal contralateral side. The scaffold showed no signs of resorption or displacement 

(Zhou et al. 2018). While not exclusively an AM-made scaffold, this report fulfills a long standing aspire 

to reconstruct the human ear, which started with the now infamous Vacanti mouse in the late 1990s 

(Cao et al. 1997). 

2.4.1.1 Micro-extrusion Summary 

 Micro-extrusion is ideally suited for the fabrication of TE scaffolds for bone regeneration. 

Osteopore Inc. showed great success with their products in both animal in vivo experiments, as well 

as clinical studies. This opens the door for further implementation of this relatively more readily 

available (in comparison with SLS and MEW) technology towards the translation of more patient 

specific, AM medical devices into the clinic. The establishment of large animal pre-clinical models 

paves the way forward towards more clinical translation. 

2.4.2 Selective laser sintering (SLS) 

 SLS was invented in 1986 by Carl Deckard (Deckard 1989) who was, at that time, doing his 

Master’s degree at the University of Texas Mechanical Engineering Department, to fabricate casting 

patterns for the production of machine parts using CAD (Department of Mechanical Engineering 

2012). The configuration of a SLS device includes a housing, where the other device parts are located, 

as well as the powder material, which is kept at a temperature just below it melting point. There is an 

initial layer of powder on top of a piston, which moves down in the vertical direction, while a roller 

spreads a new thin layer of powder from a reservoir, as the existing layer on the piston is being 

sintered with the laser. This computer-controlled laser beam sinters (or fuses) the powder, with the 

remaining unfused powder behaving as a structural support for the scaffold being constructed (Figure 

2.4A). The movement of the laser beam is controlled through galvanometers that replicate the forms 

created from sliced data extracted form an STL file (Gittard and Narayan 2010, Mazzoli 2013). Several 

different materials were described to have been used in scaffold fabrication using SLS, including 
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metals, ceramics, bioactive glass, polymers and composite materials (Shirazi et al. 2016, Mangano et 

al. 2014, van Noort 2012). The focus in this chapter will be on thermoplastic polymers. 

 The fabrication of TE scaffolds, as well as models for clinical applications have been performed 

using SLS across a range of thermoplastic medical polymers, whether alone or as composites with 

ceramics. SLS was used to process nylon (Berry et al. 1997), PVA with HA (Chua et al. 2004), PEEK with 

HA (Tan et al. 2003), poly(ether-ketone-ketone) (PEKK) (Adamzyk et al. 2016), high density 

polyethylene (HDPE) with HA (Hao et al. 2006), UHMWPE (Rimell and Marquis 2000), PCL (Williams et 

al. 2005), PCL with polysaccharides (Ciardelli et al. 2005), PCL with HA (Wiria et al. 2007), PCL with β-

TCP (Liao et al. 2016, Lohfeld et al. 2012), polyamide (PA) with HA (Savalani et al. 2007), poly(L-lactide) 

(PLLA) (Bukharova et al. 2010), PLA with carbonated HA (Zhou et al. 2008) and poly(L-lactide-co-

glycolide) with HA (Simpson et al. 2008).  

 

Figure 2.4. Summary of SLS technology and some of its applications. (A) A graphical representation 
of the SLS process, reproduced from (Gu et al. 2016) under the CC BY 4.0 Licence. (B-E) Diagrams of 
different complex scaffold shapes that are possible with SLS without support structures, reproduced 
from (Lohfeld et al. 2012) with permission from Elsevier. (F-H) Implantation of a SLS scaffold as a sleeve 
to the mandibular ramus in a minipig, reproduced from (Smith et al. 2007) with permission from John 
Wiley and Sons. (F) A SLS made sleeve that fit the condylar ramus of a minipig. (G) The scaffold fits 
into the remaining mandible. (H) Fixation of the scaffold with mini-plates. (I, J) Different scaffolds for 
weight-bearing bone defects made via SLS (PCL/TCP) (I) and with conventional approaches (pure TCP) 
(J), reproduced from (Lohfeld et al. 2012) with permission from Elsevier.  
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 SLS has the benefit of fabricating complex 3D objects without the need for solvents or 

porogens (Meng et al. 2020). Moreover, compared to micro-extrusion or MEW, the process is not 

dependent on deposition, which gives the laser beam more freedom for more complex final constructs 

(Figure 2.4B-E). In principle, as long as the material is in powder form and can fuse but not decompose 

when heated using the laser beam, it can be SLS-processed (Williams et al. 2005). Optimal settings for 

the device parameters allow for the production of porous scaffolds for bone TE, with acceptable 

reproduction of the dimensions in the original 3D representation (Partee et al. 2006). There has been 

an interest in the topic of design and product optimization using SLS (Eshraghi and Das 2010, Eshraghi 

and Das 2012, Dias et al. 2014).  

Williams et al. demonstrated the generation of PCL scaffolds that were seeded with human 

primary gingival fibroblasts expressing murine BMP-7, subcutaneously in mice. This resulted in bone 

formation on the surface and the inside of the scaffold, with a thin cortical layer of bone around the 

outer side of the scaffold. Moreover, the design of a mini-pig mandibular condyle based on CT scan 

data was shown to be possible through SLS (Williams et al. 2005). In another study, Smith et al. used 

CT data to produce a condylar ramus unit scaffold in a mini-pig model (Figure 2.4F-H). The scaffold 

acted as a shell and was filled with autologous bone marrow. Implantation was done after a 

condylectomy and the construct was fixed in the mandible using mini plates, with the intact 

contralateral tempromandibular joint serving as a control. The  experiment resulted in bone 

formation, more on the exterior of the construct than in the interior, but overall, resembling the 

control on the contralateral joint (Smith et al. 2007). HA addition to PCL scaffolds made via SLS was 

investigated in vitro (Wiria et al. 2007) as well as both in vitro and in vivo (Xia et al. 2013). Xia and 

colleagues studied the ability of PCL-nano-HA scaffolds to adsorb rhBMP-2 and then release it in the 

cell culture medium. These scaffolds were later seeded with human MSCs and used in a critical femoral 

bone defect in rabbits. The group containing the PCL-nano-HA resulted in more extensive new bone 

formation and faster degradation of the scaffold after 9 weeks compared to PCL only. Lohfeld et al. 

investigated the in vivo effect of PCL/β-TCP scaffolds against a commercially available β-TCP scaffold 
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in sheep tibial critical bone defect model (Figure 2.4I-J) (Lohfeld et al. 2012). They demonstrated 

decreased bone formation in the PCL/TCP group compared to the pure TCP group when using 10% 

weight TCP mixed with PCL and they recommended further exploration of 50% TCP weight in future 

studies. Liao et al. studied PCL, PCL/TCP and PCL/TCP scaffolds coated with collagen type I. Several 

concentrations of TCP were investigated (10, 20, 30 and 40% weight), however, with 40% it was found 

that the scaffolds were too fragile and brittle. The authors also studied the in vivo performance in 

nude mice (intramuscular implantation) after seeding of the scaffolds with porcine adipose-derived 

stem cells and their osteogenic differentiation. The collagen type I coating of the PCL/TCP scaffolds 

improved the osteogenic differentiation and the volume of new woven bone formation in vivo (Liao 

et al. 2016). Similarly, coating of PCL scaffolds with collagen type II resulted in improved porcine 

chondrocyte proliferation in vitro and in vivo as well as improved extracellular matrix protein 

production as glycosaminoglycans (Chen, Lee, et al. 2014). This was also shown by PCL scaffolds loaded 

with porcine chondrocytes in a collagen type I hydrogel (Chen, Shyu, et al. 2014). Du et al. 

demonstrated an in vivo study where microspheres of PCL and HA are used in SLS instead of mixing 

PCL and HA powders for sintering (Du et al. 2015).  
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Figure 2.5. SLS-made tracheobronchial scaffold for tracheobronchomalacia, reproduced from 
(Morrison et al. 2015) with permission from The American Association for the Advancement of 
Science. (A) Digital rendering of the trachebronchial scaffold showing end, superior and superolateral 
views. (B) Graphical representation of the collapse caused by tracheobronchomalacia (left) and how 
the scaffold fixes this (middle), with possibility for peripheral expansion with growth (right). (C) 3D 
reconstruction of a patient’s chest CT data. (D) An image slice of the design with light and grey areas 
representing the scaffold structure and dark areas as empty spaces. (E) 3D representation of how the 
scaffolds fit the respective patient pre-implantation. (F) Final scaffold prior to implantation during the 
surgical procedure. 
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In an important translational milestone, Zopf et al. produced a PCL scaffold via SLS for the 

surgical implantation in an infant suffering from tracheobronchomalacia (TBM) (Zopf et al. 2013). TBM 

is a potentially fatal, serious congenital respiratory condition in which there is airway collapse due to 

weak airway walls and cartilage (Tan et al. 2012). The implanted scaffold made it possible to remove 

the patient from life-saving endotracheal intubation after 21 days of surgery, with good follow up after 

one year. The procedure was performed after the institutional review board of the University of 

Michigan approached the FDA to acquire permission under the Emergency Use Exemption for medical 

devices (Code of Federal Regulations: 21CFR812.35). As previously discussed, this exemption can be 

granted when a medical device, which is still under investigation, can be used in the treatment of a 

life-threatening or serious condition, where there is no alternative therapy or a gold standard for the 

treatment. The scaffolds used were previously validated in a pre-clinical large animal study of a 

surgically created porcine model of TBM. However, the investigated animals did not survive the post-

implantation phase due to the development of infection, probably attributed to the choice of the 

animal model itself and not the scaffold used. In the control animals, which had no iatrogenic surgical 

defects, but still had a scaffold implanted, showed no associated morbidity or mortality to the scaffold 

(Zopf et al. 2014). The study group then reported the results of similar procedures in three pediatric 

patients (Figure 2.5) with follow up data for up to 38 months for their first reported case (Morrison et 

al. 2015). A further report of 15 treated children from 2012 to 2018 was later published, with up to 77 

months of follow up. A total of three mortalities were recorded, with only one of them from a scaffold-

related complication. The tracheal scaffold was displaced and eroded into the esophagus causing a 

fatal upper gastrointestinal hemorrhage six months after the implantation (Les et al. 2019). They 

reported 36 hours as the time needed from patient presentation till the production of implantable 

scaffolds, along with 7 days that were needed to get the necessary regulatory and ethical approvals 

(Zopf et al. 2013). Such an achievement is a proof on the flexibility and possible future use of patient-

customizable, AM scaffolds in the clinic to treat life-threatening and rare diseases, while accounting 

for the continued growth of the patient and the eventual resorption of the implant when it is no longer 
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needed. The same research group reported the treatment of a young woman with an adult-onset TBM 

using the same established method (Morrison et al. 2017). 

In 2011, in what could be considered the first commercially available medical device from the 

melt processing of polymers using SLS, a US company, Oxford Performance Materials (OPM) 

(https://oxfordpm.com/), announced the availability of OsteoFab™, a SLS-made patient-specific 

calvarial implant made from PEKK (Oxford Performance Materials 2011). The company received FDA 

approval as a Class II medical device through the 510(k) Pathway (K121818). The company received 

two further 510(k) FDA approvals for other PEKK patient-specific SLS-made medical devices for facial 

bones (K133809) and the vertebrae (K142005). In a recent study, Adamzyk et al. characterized the in 

vitro and in vivo properties of OsteoFab™ scaffolds. PEKK scaffolds, prior to implantation in calvarial 

defects in sheep, were seeded with either autologous MSCs or in vitro osteogenically differentiated 

MSCs. In all scaffold groups, there was increased bone formation, compared to the empty defects in 

the control group. However, the presence or absence of seeded cells played no role, showing that the 

scaffolds themselves were osteoconductive enough to promote bone healing. The authors reported 

the formation of a foreign body fibrous capsule around the scaffold, which could potentially lead to 

decreased bone healing (Adamzyk et al. 2016). Another group investigated the potential poor implant-

bone interface by functionalizing the SLS-made PEKK scaffolds from OPM with adipose-derived stem 

cells (ASCs) in a critical-sized mandibular defect in rabbits. The modified scaffolds showed a firm 

attachment to the surrounding bone tissue and a mix of both lamellar and woven bone tissue at the 

implant-bone interface (Roskies et al. 2017). A second commercial AM-produced PEKK spinal implants 

from RTI Surgical (https://www.rtix.com/), TETRAfuse™, was also introduced to the market (rti surgical 

2019). The PEKK scaffolds were investigated and compared to commercial standard and titanium-

coated PEEK and were found to have bone growth comparable to the titanium-coated PEEK scaffolds 

without the radiopacity from the titanium coating (Cheng et al. 2019). 

https://oxfordpm.com/
https://www.rtix.com/
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2.4.2.1 SLS summary  

 SLS is a promising AM technique that can be used, and has been already used, for production 

of TE scaffolds for clinical application. The high cost of the commercially available devices could be the 

bottleneck for the adoption of this technique in a clinical environment (Chae et al. 2015). The 

availability of a commercial, on-demand, patient-specific AM medical device fabricated via SLS could 

introduce more clinicians to the technology and encourage further in-hospital spread, till ultimately, 

when it is economically viable, the full adoption of the technique and workflow. 

2.4.3 Melt electrowriting (MEW) 

The phenomenon of electrospinning of polymers, whether dissolved in solvents or molten, 

have traditionally resulted in haphazard fiber deposition to create a random mesh (Reneker and Yarin 

2008). Melt electrospinning (MES) had the advantage over solution electrospinning (SES) in being 

solvent-free, but electrical instabilities meant that the control of the fiber deposition was not possible 

(Robinson et al. 2019). Several authors attempted to print aligned fibers using mandrels (Agrawal et 

al. 2015). Several thermoplastic polymers were previously melt electrospun, for example PCL blended 

with poly(ethylene oxide-block-caprolactone) (Dalton et al. 2006), PP (Lyons et al. 2004), PU (Karchin 

et al. 2011) and PLA (Yoon et al. 2013). MES provides an alternative processing route for polymers 

which cannot be dissolved in solvents, for example PP (Brown et al. 2016). With MES being particularly 

amenable to controlled direct-writing, MEW is a comparatively new inclusion on the list of AM 

technologies (Brown et al. 2011).  

Since the inception of MEW in 2011 (Brown et al. 2011), there were obvious parallels between 

MEW and micro-extrusion technologies. First, a molten polymer is delivered to a nozzle/spinneret that 

is used to direct write a 3D structure, through the movement of a Cartesian coordinate robot. MEW 

uses applied voltages to produce much smaller filaments, with smaller spacing between fibers, using 

electrostatic drawing. In one respect, MEW could be described as “electrostatically assisted FDM” 

(Brown et al. 2016).  
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Figure 2.6. MEW process overview and sample scaffolds. (A) A schematic for a MEW device, 
reproduced from (Brown et al. 2016) with permission from Elsevier. (B-D) Representative box scaffold 
on a glass slide showing the macroscopic stacking of fibers (B) and with scanning electron microscope 
(C, D), reproduced from (Hochleitner et al. 2015) under the CC BY 3.0 License. (E-G) SEM images of a 
tubular scaffold reconstructed into a single stitched image of the whole construct (E) and 
magnification of the center (F) and the right edge (G), reproduced from (Jungst et al. 2015) with 
permission from John Wiley and Sons. (H, I) Histological representative images of an explanted hybrid 
scaffold made by FDM and MEW with hematoxylen and eosin (HE) (H) and immunohistochemical 
staining (I). MES – Space formed by MEW fibers, SC – Space formed by FDM fibers, BO – Bone, VE – 
vessel, small arrows – individual MEW fibers. Scale bar is 100 µm, reproduced from (Costa et al. 2014) 
with permission from John Wiley and Sons. (J-M) Humanized TE bone MEW constructs used for the 
study of prostate cancer metastasis. (J, L) Metastasis group (K, M) control group. (J, K) µCT images 
showing osteolytic lesions in the metastasis group. (L, M) HE image showing osteoclasts (white arrows) 
in resorption pits (black arrows) in the metastasis group, reproduced from (Holzapfel et al. 2014) with 
permission from Elsevier. 

MEW follows the principles of electrohydrodynamic (EHD) processing and is described across 

the literature via a range of terminology, all stemming from the fabrication process itself, e.g. near-

field melt electrospinning, direct-writing melt electrospinning, melt EHD 3D printing. Within our 
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research group, the terminology changed from melt electrospinning writing to melt electrowriting 

(while keeping the same acronym, MEW) to better distinguish between MEW in “electrostatic writing” 

or “electrostatic spinning” modes (Robinson et al. 2019).  

A schematic of the MEW process is shown in Figure 2.6A. MEW involves melting a 

thermoplastic polymer inside a syringe, followed by using a force (pneumatic pressure in this instance) 

to drive the polymer melt to a flat-tipped nozzle. The syringe, heating elements and nozzle are all 

housed together in the printing head. The application of voltage creates an electric field between the 

nozzle and the collector plate. The result is a sustained ultra-fine jet with a predictable path that can 

be direct-written on a moving collector (typically in the x- and y-axes, but also possible in the z-axis, 

as well as in tubular mode), through computer-controlled Cartesian robot by the user-customizable 

G-Code.  The polymer type, nozzle gauge, distance between the collector and the nozzle, applied 

voltage, melt temperature, feeding pressure, movement speed of the collector, deposition pattern 

(laydown pattern) and density (number of layers) are all variables that can be changed individually to 

create a wide range of scaffold types with different fiber diameters for scaffold design (Hochleitner et 

al. 2016, Youssef et al. 2019, Hrynevich et al. 2018). MEW, similar to MES, micro-extrusion techniques 

and SLS, is solvent-free and therefore no waiting time is needed before using the fabricated scaffold 

in a biological context (Dalton et al. 2013). Another difference between SES and MEW is that the 

scaffolds made from the former tend to have lower porosity scaffolds and smaller pores. The lower 

porosity and the small pores can decrease cell infiltration when the cells are cultured on the scaffold 

in vitro (Blakeney et al. 2011), this can potentially have an effect on vascularization and cellular 

infiltration when the scaffold is implanted in vivo. The design freedom of MEW scaffolds can be 

employed to generate precise, simple as well as complex scaffolds, and these can be characterized 

through non-destructive methods to ensure coherence between design and output (Youssef et al. 

2019). The fiber diameter of MEW fibers ranges from sub-micron (Hochleitner et al. 2015) up to 

hundreds of microns (Mota et al. 2013) and can be changed on-the-fly during a single print (Hrynevich 
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et al. 2018). This contrasts with the fiber diameters obtainable from micro-extrusion technologies. 

MEW provides the ability to build regular, predefined, structured scaffolds (Figure 2.6B-D).  

The MEW process faced several challenges since its inception in 2011, owing to the then, still 

new and unoptimized approach. Chief among them was the occurrence of fiber morphological 

abnormalities within the print, resulting in visible defects in the produced scaffolds, rendering them 

unusable. Hochleitner et al. investigated this issue and the phenomenon was termed fiber pulsing. 

This was due to an imbalance of the mass flow rates between the molten polymer coming out of the 

nozzle and the solidifying polymer being deposited on the collector. Through proper adjustment of 

the MEW device parameters, the quality of the produced scaffold and the phenomenon of fiber 

pulsing could be avoided (Hochleitner et al. 2016). It is important to point out that MEW is a 

comparatively new technique (in comparison to micro-extrusion and SLS) but still follows in the 

footsteps of much more established AM approaches. MEW printers are not yet widely available, and 

only a limited number of laboratories worldwide have the printers to produce such scaffolds (Robinson 

et al. 2019).  

In consecutive reports, Wunner et al. was able to further improve the MEW process that 

prevented wider adoption of the technology, namely increasing build height (Wunner, Wille, et al. 

2018), scale up (Wunner, Eggert, et al. 2019) and introducing in-process monitoring system (Wunner, 

Mieszczanek, et al. 2019). While MEW can produce micron-scale scaffolds with precise fiber diameters 

and spacing, the height of the scaffolds was typically less than 500 µm. The height increase was 

achieved through the computer control of the z-axis and adjusting the applied voltage as the printing 

head moves away from the collector. Using this approach, it was possible to achieve up to 7 mm in 

scaffold height (Wunner, Wille, et al. 2018). The second hurdle was the upscaling of scaffold 

production via MEW. Owing to the precise nature of the MEW process, the scaffold production time 

could be long, for example in Chapter 5, we discuss the fabrication of MEW scaffolds with a production 

time of 4.5 hours for each 12x12 mm scaffold. Wunner and colleagues addressed the issue by 
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implementing the vertical mounting of the collector plates, after the examination of the effect of 

gravity on the direction of printing (Wunner, Maartens, et al. 2018), simultaneously with the use of 

multiple printing heads. This has the potential to massively accelerate the production of new scaffolds 

for various projects, whether biomedical or otherwise (Wunner, Eggert, et al. 2019). The last hurdle 

to be overcome was the in-process control of the fabrication process. An automated MEW system 

which can monitor the fabrication in real time and allow for the direct analysis of changes in input 

parameters to the scaffold output (Wunner, Mieszczanek, et al. 2019). Such a system, together with 

post-hoc scaffold characterization (Youssef et al. 2019), is a breakthrough towards the development 

of quality assurance and process standardization, with the aim of using MEW for the production of 

medical devices that can navigate the waters of the complicated regulatory requirements. 

MEW scaffolds have been already fabricated in tubular form (Jungst et al. 2015, Brown et al. 

2012) (Figure 2.6E-G). Combination scaffolds were also made through MEW and SES and investigated 

for a potential use as vascular scaffolds (Pennings et al. 2019, Jungst et al. 2019). It was also possible 

to fabricate scaffolds using a dual-headed MEW printer in both melt electrowriting and 

electrospinning writing modes (Grosshaus et al. 2020). MEW scaffolds can be used as sacrificial 

scaffolds for creating pores inside a hydrogel structure (Haigh et al. 2015), or they can reinforce and 

improve the mechanical properties of a hydrogel (Visser et al. 2015, Castilho, Hochleitner, et al. 2018, 

Bas, De-Juan-Pardo, et al. 2017). The fiber reinforcement of hydrogels allows for the study of ultra-

soft gels for neuronal migration assays (Schaefer et al. 2019, Janzen et al. 2020). The design freedom 

and fabrication precision of MEW made it possible to further reinforce hydrogels with out-of-plane 

fibers to increase the scaffold resistance to shear stress (de Ruijter, Hrynevich, et al. 2018). Moreover, 

hydrogels were also used as micropatterning templates for MEW PCL fibers (de Ruijter, Ribeiro, et al. 

2018). PCL was blended with strontium-substituted bioactive glass to produce scaffolds for in vitro 

experiments with osteoblast-like cells (Ren et al. 2014). In further experiments, Hochleitner et al. 

processed a triblock copolymer of poly(lactide-block-ethylene glycol-block-lactide) (PLA-PEG-PLA), 

with the PLA part blended with different concentrations of bioactive glass (Hochleitner et al. 2017). 
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While PCL is the most used polymer in MEW (Brown et al. 2016), poly(2-ethyl-2-oxazoline) was 

successfully processed with this method (Hochleitner et al. 2014, Nahm et al. 2020), as was poly(L-

lactide-co-ε-caprolactone-co-acryloyl carbonate) which was processed by MEW, then photo-

crosslinked with UV light, producing a scaffold with favorable mechanical properties for soft TE (Chen 

et al. 2016, Hochleitner, Chen, et al. 2018). Poly(urea-siloxane), a thermoplastic polymer, was 

processed via MEW and could be applied to potentially optimized towards tendon and ligament TE 

(Hochleitner, Fursattel, et al. 2018). PVDF, which saw increased use in surgical meshes (Klinge et al. 

2002), was also processed through MEW (Florczak et al. 2019).  

Owing to the customizable nature of MEW, several authors have experimented with 

increasingly complex structures, in an attempt to mimic the complex and diverse ECM of different 

tissue types (No et al. 2020). Hrynevich et al. explored the ability to change the fiber diameter within 

the same printing process (Hrynevich et al. 2018). Liashenko and Hrynevich printed MEW scaffolds in 

sinusoidal configuration with changing tilt and amplitudes, further adding a customization layer 

towards soft TE scaffolds (Liashenko et al. 2020). Soft TE applications were further explored for tendon 

and ligament TE (Bas, D'Angella, et al. 2017), for heart valves (Saidy et al. 2019) and for cardiac patches 

(Castilho, van Mil, et al. 2018, Castilho et al. 2017). MEW fibers were also surface functionalized 

through the coating with calcium phosphate (CaP) particles through the immersion in SBF (Vaquette 

et al. 2013), as well as via dissolving HA with PCL before melting inside the MEW device (Abdal-hay et 

al. 2018). Plasma or sodium hydroxide (NAOH) treatment could also be applied to improve the 

hydrophobicity of PCL (Abbasi et al. 2020), which is by far the most commonly used polymer in MEW 

devices. The effect of plasma treatment on PCL polymer discs was thoroughly investigated in terms of 

the effect on CaP coating after SBF immersion (Tran et al. 2018). 

MEW scaffolds were used in vitro for a variety of applications, each taking advantage of the 

customizable and precise nature of the technique. MEW scaffolds were used to grow fibroblasts 

(Farrugia et al. 2013), primary breast-derived mesenchymal cells (Weigand et al. 2016), spheroids 
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(Hrynevich et al. 2018, McMaster et al. 2019), osteogenic cells (Muerza-Cascante et al. 2016, Zaiss et 

al. 2016, Roder et al. 2015), chondrogenic cells (Bas, De-Juan-Pardo, et al. 2017, de Ruijter, Ribeiro, et 

al. 2018), periodontal cells (Farag, Hashimi, Vaquette, Volpato, et al. 2018, Fuchs, Youssef, Seher, 

Hartmann, et al. 2019, Fuchs, Youssef, Seher, Hochleitner, et al. 2019), MSCs (Hansske et al. 2017, 

Hrynevich et al. 2018, Blum et al. 2019), endothelial cells (Bertlein et al. 2018, Jungst et al. 2019, 

Pennings et al. 2019), primary prostate cancer-associated fibroblasts (Pereira et al. 2019) and 

macrophages (Tylek et al. 2020). Engineered bone MEW scaffolds were used as models for the 

investigation of prostate cancer bone metastasis in vitro (Bock et al. 2019, Paindelli et al. 2019). 

Contrary to SLS and micro-extrusion, most in vivo MEW studies were all focused on a certain 

research questions, in which MEW served as a tissue model, developed in vitro and later implanted in 

vivo. Th characterization the implant itself or its local tissue reaction for the potential application of 

MEW scaffolds as a medical device were not done, especially with the choice of immunocompromised 

animal models. In other words, MEW implants were used as a research tool rather than a potential 

implantable medical device. An interesting observation: with few exceptions (Baldwin et al. 2016, 

Gonzalez-Gil et al. 2019), the only in vivo MEW studies which examined MEW scaffolds for a potential 

implantable medical device application involved multimodal constructs, where the implanted scaffold 

was made through MEW and either FDM or SES. We have previously reviewed all seven published in 

vivo MEW studies until the end of 2016 (Youssef et al. 2017). Currently the number of published in 

vivo studies from 2017 till today has more than doubled. It is worth noting that all in vivo studies were 

performed using medical-grade PCL, with only one study using, in addition, a PLLA FDM-fabricated 

component (Sudheesh Kumar et al. 2018). Most MEW scaffold implantation procedures published so 

far were performed on rodents and mostly involved subcutaneous implantation of scaffolds in 

immunocompromised animals, as part of achieving humanized animal models for the study of human 

cancers.  
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Some of these experiments involved multimodal, hybrid scaffolds (Dalton et al. 2020). In an 

interesting approach, Costa et al. described the use of a combined FDM and MEW scaffold where the 

FDM scaffold was heated to melt the first layers and then the MEW scaffold was pushed in to generate 

a bimodal scaffold for guided tissue regeneration of periodontal tissue (Figure 2.6H-I) (Costa et al. 

2014). Jeon et al. investigated adding alginate gel to a composite scaffold of FDM and MEW and grow 

osteoblasts and chondrocytes in it for osteochondral defects repair (Jeon et al. 2014). Both studies 

were tested in vivo by subcutaneous implantation in athymic nude rats. Sudheesh Kumar et al. 

constructed an outer, hollow shell made by FDM to mimic cortical bone with an inner component 

through MEW with a hydrogel embedded with rhBMP-2. Both components were fabricated from PCL. 

The construct was placed inside a PLLA dome (also through FDM) acting as a structural support for the 

implant. The assembled construct was placed inside calvarial defects in rabbits (Sudheesh Kumar et 

al. 2018). Vaquette et al. performed what could be described as the first large animal (sheep) study 

using a MEW scaffold. A bimodal construct, with a MEW component and a SES one, was manufactured 

using medical-grade PCL and seeded separately with three different autologous cell types: gingival, 

MSCs and periodontal ligament cells (PDLCs) using the cell sheet culture method. The MEW scaffold 

was heated and then allowed to fuse with the SES one to create a barrier membrane. A dehiscence 

periodontal defect in sheep was surgically created and the different assembled scaffolds were used to 

fill it (Vaquette et al. 2019). In another study of periodontal defects in a rat model, a MEW PCL scaffold 

was seeded with cell sheets of human PDLCs and implanted inside mandibular defects in rats. The 

defects were lined beforehand with a SES PCL membrane to act as a barrier and protect the cell-

seeded main MEW PCL scaffold (Farag, Hashimi, Vaquette, Bartold, et al. 2018). 

The only study which specifically looked at the foreign body reaction to single fibers in tubular, 

CaP-coated MEW scaffolds using nonlinear multiphoton microscopy in mice with a dorsal skin fold 

chamber. The proliferation of macrophages and FBGCs were observed before and after treatment of 

the implant with either a vascular endothelial growth factor (VEGF) trap or clodronic acid. The authors 
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concluded that the foreign body reaction is aggravated by the release of VEGF in the implantation site 

(Dondossola et al. 2016).  

MEW tubular scaffolds were used as a composite periosteal implant after cell seeding with 

MSCs with or without human umbilical cord vein endothelial cells (HUVECs) co-culture or VEGF-

loaded, star-polyethylene glycol (star-PEG) incubation in immunocompromised non-obese diabetic, 

severe combined immunodeficient (NOD SCID) mice. The constructs were implanted as periosteal 

sleeves surrounding cortical defects in the femur. The authors reported a high number of FBGCs 

surrounding the PCL scaffold, in comparison to the hydrogel part (Baldwin et al. 2016). Critical sized 

femoral defects in rats were treated with MEW PCL tubular scaffolds seeded with either periosteum-

derived or bone marrow-derived MSCs and compared to an allograft, a collagen scaffold with rhBMP-

2 and acellular PCL MEW scaffolds. The periosteum-derived MSC-seeded MEW scaffold showed better 

defect healing compared to the bone marrow-derived ones (Gonzalez-Gil et al. 2019).  

The remaining in vivo experiments were all part of a xenomorphic model to study metastasis, 

however the experiments provided insights as to tissue reaction for MEW scaffolds, albeit in 

immunocompromised, humanized mice. The Hutmacher group released a detailed protocol 

highlighting the use of tubular, CaP-coated MEW scaffolds as an in vivo humanized bone organ for the 

study of bone metastasis in various cancer models (Martine et al. 2017). The protocol involved a 

preparation process prior to implantation, in which tubular MEW scaffolds were coated with CaP and 

then seeded with human mesenchymal progenitor cells or osteoblasts. The scaffolds are then filled 

with rhBMP-7 and osteoblasts in cell sheets and sealed with fibrin glue prior to subcutaneous 

implantation in NOD SCID mice. The mice then are non-lethally irradiated and then injected with CD34+ 

human bone marrow progenitor cells to allow for humanized hematopoiesis to commence in the 

construct as well as the mouse peripheral blood, spleen and bone marrow. These constructs were 

dubbed miniaturized tissue-engineered bone construct (mTEBC) (Martine et al. 2017). These mTEBC 

were then used as sites for ectopic human bone formation in mouse models, as a metastatic site of 
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prostate cancer (Holzapfel et al. 2014, Dondossola et al. 2018, McGovern et al. 2018, Landgraf et al. 

2019, Pereira et al. 2019, Shokoohmand et al. 2019) and breast cancer cells (Thibaudeau et al. 2014, 

Thibaudeau et al. 2015, Quent et al. 2018, Shafiee et al. 2018, Landgraf et al. 2020) in a humanized 

mouse model (Figure 2.6J-M). The mTEBC model was also investigated with a different cell source, 

where human MSCs from fetal, term placenta as well as fetal, first trimester bone marrow were used 

instead of human osteoblasts (Shafiee et al. 2017). In another, unrelated, cancer model, Loessner et 

al. manufactured constructs out of MEW scaffolds seeded with human primary mesothelial cells and 

hydrogels with primary human ovarian cancer cells and investigated them in vitro. For the in vivo 

study, a xenograft intraperitoneal implantation model in NOD SCID mice was used, albeit not with 

primary human cells but rather with cell lines (Loessner et al. 2019).  

In Chapter 5 the results of a study of the foreign body reaction to the implantation of ultra-

fine PCL MEW flat scaffolds with fiber spacing of up to 50 µm and fiber diameter of 2.5 µm in outbred, 

immunocompetent Naval Medical Research Institute (NMRI) mice is shown. Moreover, there is an 

ongoing in vivo implantation study by our group in inbred BALB/c mice to understand tissue 

infiltration, vascularization and the foreign body reaction to more standard sized, implanted PCL MEW 

scaffolds. Both studies use non-treated, non-cell seeded, PCL-only scaffolds. 

2.4.3.1 MEW summary 

The in vivo experiments for MEW scaffolds performed indicate that such scaffolds are well 

integrated in animal models. The MEW scaffolds functioned as a promising, novel, expandable and 

modifiable research tool for understanding metastasis, tumor cell homing as well as drug action on 

such xenografts. Importantly, the small diameter of fibers within MEW scaffolds result in very soft and 

compliant objects, which can be functionalized and coated with biologically active molecules and 

growth factors. Most of these experiments were completed in immunocompromised mice via 

subcutaneous implantation and, to date, no clinical data from MEW-fabricated scaffolds are available. 
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The fact that FDM has achieved clinical use, and MEW uses similar principles but with the application 

of voltage, makes it a realistic candidate for AM of medical implants.  

2.5 AM in tomorrow’s clinic and biofabrication rooms 

 The past decades saw billions of dollars spent on scaffold-based TE research, however, very 

few products could clear the hurdles of regulatory approval and be available to patients (Hoffman et 

al. 2019, Kim et al. 2019). The promises made for the “revolution” that TE would usher into the clinical 

practice (Langer and Vacanti 1993) remain to be seen, even as the number of elderly people in 

developed countries increases. As was discussed earlier, the approach to the design of new medical 

devices (and hence, the complexity of the pathway needed for regulatory body approval) is one side 

of the equation, but another equally important side is the need for the input of the end-user; in this 

case the physician or the surgeon. AM can potentially solve this disconnect by giving the medical team 

the ability to design and actually “make” devices in-hospital in a multi-disciplinary team approach. This 

approach, in which specialized hospitals become AM-based medical device manufacturers, in so-called 

“biofabrication rooms”, will be especially critical for patients with rarer disease and reconstructive 

needs or in niche markets like pediatrics for which it is difficult for the medical device industry to invest 

large sums of money in preparing manufacturing pipelines to produce very few implants. AM has the 

potential to revolutionize medical treatment for these scenarios as well as in creating patient-specific 

or personalized medical devices (Simoncelli 2013) with the much needed addition, in case of pediatric 

surgery, of accounting for the patient’s growth (Hollister 2017). The adoption of AM in pediatric 

surgical practice is not only a technological possibility, but one of an ethical and economic necessity. 

The output from university-based research, which in some cases fails to find market breakthrough, 

could be reworked and adapted to such approaches, provided that all safety checks and quality 

assurances are met. The development and adoption of non-destructive, in-process quality assurance 

is a necessary step towards regulatory approval of AM medical devices (Youssef et al. 2019, Wunner, 

Mieszczanek, et al. 2019). 



48 
 

 AM makes the inter-disciplinary approach towards patient treatment through medical 

imaging (the radiologist), the in-hospital AM laboratory (the biomedical engineer) and the operating 

room (the surgeon) possible. Another possible user of AM is the clinical pharmacist for on-demand, 

dose-adjusted drug products, a useful approach in pediatrics and drugs with short shelf life (Norman 

et al. 2016), or in case of rural-based, isolated patients during the current COVID-19 pandemic (Hsiao 

et al. 2020).  

As discussed before, the generation of 3D objects through AM by means of STL files which 

were, in turn, created from the patient’s own DICOM CT or MRI data is a reality. In today’s medical 

practice, the availability of high-resolution, completely digital radiological data makes this approach 

increasingly within reach. With enough development and adoption in the medical community, such 

approaches can benefit, as an example, trauma patients in need of customized, acellular implants, 

which could be prepared in parallel to the patient preparation for surgery. A possible hurdle to the 

adoption of such workflows are economic ones, in terms of AM equipment availability. This could be 

solved by the sharing of resources among several teams inside the same or nearby hospitals (Martelli 

et al. 2016).  

While the current, media-hyped “state of the art” of 3D organ printing is highly speculative; 

customized, safe and inexpensive acellular implants that can be made “on demand”, is more likely to 

be realized over the next decade. In fact, as was shown and discussed above, it is already the case. 

Other more “regulatory-friendly” approaches are also discussed below. 

2.5.1 Patient specific models and surgical tools 

The imaging technologies (e.g. MRI, CT) required to patient-customize implants are 

established within hospitals and are already used in AM. Today, customized physical models of 

patients’ organs are being additively manufactured to aid in surgical planning (Figure 2.7A-E), and the 

link between the surgeon and the AM workshop is becoming established. In this aspect, the physical 

models are not intended for implantation, but fabricated so that a surgeon can handle, look and plan 
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a surgical procedure on an organ that is patient-specific, especially in non-accessible or dangerous 

anatomical locations (Zeng et al. 2015, Wake et al. 2016, Ryan et al. 2016, Kondo et al. 2016).  

 

Figure 2.7. Further applications for AM in the clinic and beyond. (A-C) Fabrication of a renal tumor 
model from segmentation of a patient’s CT scan data (A) through CAD (B) to obrain a phyiscal model 
for pre-surgical planning (C), reproduced from (Wake et al. 2016) with permission from Elsevier. (D, E) 
Using a patient’s brain CT scan data  (D) to produce a 3D model of a complicated skull base tumor (E), 
reproduced from (Kondo et al. 2016) with permission from Springer Nature. (F, G) Patient-specific 
intstumentation for knee arthroplasty with tibial (F) and femoral (G) cutting guides, reproduced from 
(Camarda et al. 2015) with permission from Springer Nature. (H-J) Prosthetic hand examples from 
Enabling the Future Project, with dorsal (H), palmar (I) views and a digit (J), reproduced from (Burn et 
al. 2016) with permission from Elsevier. (K) A set of surgical tools made via AM for a space mission, 
reproduced from (Wong and Pfahnl 2014) with permission from The Aerorspace Medical Association. 

These physical models approximate the shape and size of the organ of interest, however for 

the surgeon, the tactile feel is an important criterion. Through the development of multi-material AM 

approaches, these physical models could gain a tactile aspect that would then allow the practice of a 

surgical procedure, even including the vasculature, bringing the organ model closer to a seemingly 

real, but non-functioning one. Such surgical planning and teaching models do not require sterilization 

or prior seeding with cells and can be built using non-clinically approved materials.  
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Patient specific instrumentation (PSI) or customized alignment cutting guides already exist 

and are manufactured from the patient’s radiology data to form surgical tools that are placed into 

position allowing precise and efficient cutting of tissue. These medical devices are AM manufactured, 

but not necessarily from polymer melts. One example is to produce cutting guides for improving total 

knee arthroplasties (TKA), where patient-specific guides are positioned onto the femur and the tibia, 

complete with drilling locations and cutting positions (Figure 2.7F-G) (Mattei et al. 2016). While not 

considered an implantable medical device, the manufacture of such devices must comply with the 

current regulatory landscape. While certainly not for all patients, special patient groups can benefit 

from such devices, for example obese patients, where PSI helped in the restoration of the mechanical 

axis in obese patients undergoing TKA after a follow up period of up to one year (Anwar et al. 2016), 

preventing a possible complication like limb mal-alignment (Estes et al. 2013). PSIs are still 

manufactured by various orthopedic implant companies, potentially making them more expensive 

than in-house manufacture. It would make economic sense, in that case, that PSIs are only used for 

complicated primary cases and not to be used routinely, as routine use will add extra costs to the 

health care bill (Camarda et al. 2015). However, if PSIs are produced in-hospital using biofabrication 

rooms, it can be argued that in the future, it can be a routine procedure.  

2.5.2 Emerging and future scenarios 

 AM provides the freedom of medical device production without relying on established supply 

chains. This is one of the reasons why AM is also regarded as a disruptive technology. In the current 

hospital supply chain systems, where the reliance on “just in time” supply, the occurrence of 

emergencies or disruptive situations could mean shortages and problems in the clinical practice 

(Global Trade Review 2020). Recently, the currently evolving COVID-19 pandemic has placed AM in 

hospitals again in the public perception (Banker 2020), with sensational headlines of the general 

community, the industry, as well as hobbyists, providing much needed personal protective equipment, 

fabricated through AM approaches, to healthcare providers at the forefront of the pandemic 
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(Wesemann et al. 2020). In other reports, AM was used to produce spare parts for ventilators, 

potentially saving patients life, without waiting for replacement parts from manufacturers (Sertoglu 

2020, Carlota 2020). TE scaffolds as in vitro test systems can be used for the prompt investigation of 

potential vaccines (Tatara 2020). 

In limited-resource countries, the adoption of AM technologies can save patient lives and 

decrease morbidity in already strained healthcare systems. AM has the potential to provide cost-

effective solutions to medical device production and availability, without the need for huge costs and 

supply chain networks. The success of open-source and volunteer-based AM approaches to the design 

and fabrication of prosthetic hands (Figure 2.7H-J) is an early example of this 

(https://enablingthefuture.org, http://www.openhandproject.org).  

In 2014, the National Aeronautics and Space Administration (NASA) in collaboration with 

Made in Space, Inc. started a two-phase project to assess 3D printing (here used to refer to AM) under 

zero gravity conditions. The overall aim was to explore the use of 3D printing for long duration, long 

endurance space missions. The use of 3D printing in this area can preserve crew and mission safety by 

enabling the crew to react rapidly in case of need. In each phase, select objects were 3D printed using 

an FDM device, which was brought to the International Space Station (ISS), and compared with 

identical printed ones, fabricated through ground-based, identical device. The 3D printed objects 

included tools, surgical instruments as well as special objects to be tested on return to Earth. The 

objects were subjected to intense physical and mechanical testing and in conclusion, the researchers 

found no engineering-significant effects to printing in space under microgravity (Prater, Bean, et al. 

2017, Prater, Werkheiser, et al. 2019). Sustainability in such isolated scenarios is of great importance, 

therefore, NASA in collaboration with Tethers Unlimited Inc. (TUI) installed in 2019 the ReFabricator 

on board of the ISS. This is a device capable of recycling and reprocessing 3D printed objects, producing 

polymer filaments that can be reused in the FDM printer in the ISS. Testing of samples from this 

process is still pending. In another project, TUI developed a dry heat sterilization system, to recycle 

https://enablingthefuture.org/
http://www.openhandproject.org/
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polymers into food-grade and medical-grade polymer filaments, to be processed with the FDM printer 

again (Prater, Edmunson, et al. 2019). Another company, TechShot Inc., was tasked with the 

construction of the Fabrication Laboratory (FabLab) device. The FabLab can process a range of 

different materials, ranging from polymers and biomaterials to aerospace grade metals, e.g. Ti-6Al-

4V. NASA is also investigating the development of inks to print integrated circuits for the 3D printing 

of wearable sensors to monitor crew health, e.g. cortisol, carbon dioxide or radiation sensors (Prater, 

Edmunson, et al. 2019). There has already been a variety of experiments to fabricate medical and 

surgical instruments for space missions (Rankin et al. 2014, Wong and Pfahnl 2014). In preparation for 

the first manned mission to Mars, there is a need to better optimize the logistic situation, safeguarding 

the human crew in the future Mars habitat, while dealing with weight and volume limitations. 

According to NASA estimates, 95% of spares will never be used. A logistical solution is to supply the 

tools to produce spares and medical devices in the case of an emergency, rather than supplying all the 

possible spares (or medical devices) themselves (Figure 2.7K) (Prater, Werkheiser, et al. 2017). In the 

context of MEW, which is the AM technology used in this thesis, it has been found that the forces 

generated by the electric field are more substantial than gravity (Wunner, Maartens, et al. 2018). It is 

therefore likely that MEW would also be unaffected when operated in microgravity, and the solvent-

free manufacturing approach also brings advantages in the context of ventilation within a long-

distance spacecraft.  

2.6 Conclusion 

In this chapter, a quick history of the use of polymer melts in medical devices was given, 

followed by a review of the FDA regulatory framework for medical devices, with a highlight of a special 

pathway that can accelerate the translation of AM melt-processed medical devices to the clinic. The 

state of the art of three polymer melt-based AM techniques was discussed, with a detailed discussion 

of the outcomes of their in vivo and clinical studies. A special emphasis was given to MEW, as this is 
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the scaffold fabrication method which will be used in the rest of this thesis.  And finally, an account 

was given to the current and possible future uses of AM in clinics and beyond.  
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Chapter 3 

A manuscript based on the work discussed in this chapter is in preparation: 

Youssef, A., Tandon, B., Ziani, N. T., Groll, J., Jungst, T., Dalton, P. D. “The estimation of mass flow rate 
of melt electrowritten polycaprolactone scaffolds”. 
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3.1 Introduction 

Melt electrowriting (MEW) is a relatively recent addition to the additive manufacturing (AM) 

family. Using principles from solution electrospinning (SES), melt electrospinning (MES) and micro-

extrusion of polymer melts (mainly fused deposition modeling, FDM), MEW can fabricate 

customizable, solvent-free scaffolds, through the precise deposition of micron-scaled, polymeric fibers 

(Brown et al. 2011). The technique of MEW and a review of its applications were previously reviewed 

(Youssef et al. 2017, Robinson et al. 2019) and summarized in Chapter 2. 

There are several parameters that can affect the shape and fidelity (fiber diameter, stacking 

height and quality, laydown pattern, spacing and turns) of the fabricated MEW scaffold: namely 

applied voltage, applied pressure, polymer melt temperature, collector speed, nozzle diameter, 

distance between nozzle and collector and laydown pattern (Hochleitner et al. 2016, Youssef et al. 

2019). Contrary to those produced through its closest technological relatives, MES and FDM, the MEW 

scaffolds have fibers which accurately stack upon each other forming walls that can reach heights of 

up to 7 mm (Wunner, Wille, et al. 2018). While MEW fiber diameters can be produced as small as 820 

µm (Hochleitner et al. 2015), their typical dimensions are within 5 to 45 µm (Hrynevich et al. 2018). 

In order to preserve fiber placement fidelity, the printing parameters need to be controlled 

with the understanding which parameters have control over which morphological features of the 

fibers, and hence, the scaffold as a whole. We have previously reported on a phenomenon that 

occurred during the MEW process due to an imbalance between the applied voltage and the applied 

pneumatic pressure. This imbalance, termed fiber pulsing, deleteriously affects the printing process 

while altering the fiber diameter in the scaffold. The effects could be detected macroscopically as 

visible defects in the scaffold as well as changes in the regularity of the loops in the turns on the sides 

of the scaffolds. Microscopically, it manifested as fiber diameter change and fiber disruption 

(Hochleitner et al. 2016). 
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When the electrical field between the nozzle and the collector it too high, arcing can result. 

This is an electric discharge from the positively charged nozzle to the negatively charged or earthed 

collector and is a safety issue that can result in damage to the electrics of the printer. This discharge 

also interrupts the polymer jet, requiring the re-establishment of a new Taylor cone for the 

continuation of the printing process, leading to diameter inconsistencies and layer defects. Moreover, 

the intense electrical discharge leads to the fibers melting where it hits, and thus, a visible scaffold 

defect. Preventing arcing can be achieved through the optimization of the relationship between 

applied voltage and collector distance (from now on used to refer to the distance between the 

collector and the nozzle), or by printing onto a less electroconductive collector surface, e.g. glass 

slides.   

A height limitation in MEW scaffolds has also existed due to poorly positioned fibers and which 

was recently overcome by Wunner and colleagues by using increasing electric fields during the printing 

process. In this instance, the applied voltage was dynamically increased with a change in the collector 

distance, avoiding the occurrence of fiber pulsing and arcing, so that a scaffold with a height of 7 mm 

was achievable (Wunner, Wille, et al. 2018).  

As was observed with fiber pulsing, the discrepancy between the mass flow rate of the 

polymer passing through the nozzle and that landing on the collector is the reason for this 

phenomenon. This mass flow rate is determined through the pneumatic pressure and the applied 

voltage (Hochleitner et al. 2016). In their seminal report of MEW and the introduction of this novel 

AM method, Brown and colleagues described the relationship between the flow rate and the critical 

translation speed (CTS). The CTS is the lowest possible collector speed that matches the speed of the 

jet, resulting in the deposition of straight fibers.  A reduction of the flow rate (the authors used unit 

volume per unit time, but the density of poly(ε-caprolactone) (PCL) is a known variable, so the mass 

could be calculated) by one order of magnitude from 50 to 5 µL/h resulted in a doubling of the needed 

CTS to get straight fibers, from 0.5 m/min to 1 m/min. This resulted from a decrease in the viscoelastic 
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mass at the charged nozzle, which is being accelerated downwards towards the grounded collector, 

leading to a faster jet speed, which needed a matching collector speed to get straight fibers. Moreover, 

the fiber diameter decreased by one third compared to the starting flow rate. It was also reported 

that when other parameters are kept constant, including the flow rate, but with an increase in 

collector speed, this lead to a decrease in fiber diameter, which could be attributed to a drawing effect 

on the molten polymer being extruded at the Taylor cone (Brown et al. 2011). 

The setup used in this first description of MEW was equipped with a syringe pump to control 

the polymer extrusion from the syringe through the nozzle (Brown et al. 2011). The design of MEW 

devices now mostly excludes syringe pumps in favor for a more streamlined, controlled and 

programmable pneumatic air (or nitrogen) pressure controllers (Brown et al. 2016). To the best of our 

knowledge, in the current MEW literature, the flow rate of the polymer during printing using 

pneumatic conditions is not reported, and there are no reports on how other printing parameters 

affect the mass flow rate of the polymer. In our previous publication of the fiber pulsing phenomenon, 

it was assumed that the feeding pressure would be the most influential parameter on the mass flow 

rate of the polymer. However, mass flow rate itself is partly controlled through the feeding pressure, 

viscosity of the polymer melt and nozzle diameter as well as length (Hochleitner et al. 2016). 

Therefore, in this chapter, we examined the effect of changing the collector speed on the mass 

flow rate of PCL during the fabrication of MEW scaffolds with box-shaped pores, while keeping the 

other conditions constant. It is important to establish this relationship to determine whether different 

collector speeds affect the mass flow rate to the nozzle, essentially producing a force that “pulls” the 

melt from the nozzle in addition to the pneumatic pressure. This would be a correlation to what Brown 

et al. already described (Brown et al. 2011), when they changed the collector speed and kept the flow 

rate through the syringe pump constant.  
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3.2 Materials and methods 

3.2.1 Scaffold fabrication 

A custom-made MEW device was used for the fabrication of scaffolds and was described in 

detail elsewhere (Hochleitner et al. 2016). Briefly, medical-grade PCL (PURASORB PC 12, Lot# 

1412000249, 03/2015, Corbion Inc., Gorinchem, Netherlands) was used as received, with aliquots 

divided into 50 mL centrifuge tubes under argon atmosphere inside a glove box and stored at -80 °C, 

until used. The aliquot in active use was stored at room temperature. The polymer was added to 

disposable plastic syringes equipped with flat-tipped, 22G needle tips (Nordson EFD Deutschland 

GmbH, Pforzheim, Germany). The polymer was heated and used for up to four days and then the 

remainder was discarded. 

The polymer was heated inside the printing head to 73.5 °C and then 1 bar of air pressure was 

applied to the syringe. The applied voltage was 6 kV (5 kV on the nozzle and -1.5 kV on the collector) 

while the collector distance was approximately 6 mm and kept constant throughout the experiments. 

MEW was performed at an ambient temperature of 23.4 ± 1.2 °C with a relative humidity of 

35.5 ± 5.1 %. The following collector speeds were used in this experiment: 500, 750, 1500, 3000 and 

6000 mm/min. Scaffolds with a sub-CTS collector speed (300 mm/min) were also printed for 

qualitative assessment. 

The G-Code was based on one written by Mr. Joachim Liebscher and edited by Dr. Tomasz 

Jüngst and Mr. Andrei Hrynevich. An example of a G-Code file is listed in Appendix 1. The G-Code was 

further altered to print 20 fiber layers (2x10) in the 0/90° laydown pattern (box-shaped pores) with 

the planned fiber spacing of 250 µm and a scaffold size of 45 x 45 mm. Scaffolds with different layer 

counts (2x5 and 2x20) were printed for the qualitative assessment and were not included in the mass 

measurement. Since MEW is a continuous process once the jet starts, the movement from one fiber 

line to the next is done through a loop structure, where the collector moves in a circular movement 
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to translate to the next starting position for the new fiber. A pause of 0.1 second before the loop turn 

as well as another pause of 0.05 second after finishing the turn were introduced. The collector speed 

during the turn was 500 mm/min with a turn radius of 1.5 mm. 

Manual stabilization of the jet was done once the Taylor cone was formed, followed by the 

start of the print process itself by running the G-Code in the IndraWorks Software (version 13.12) 

(Bosch Rexroth AG, Lohr am Main, Germany). A total of four different scaffolds were printed per run 

on the stainless-steel collector, with the first scaffold dedicated for jet stabilization (Figure 3.1). 

3.2.2 Scaffold collection 

The fibers leading from one scaffold to the other were cut. Scaffolds were sprayed with 

absolute ethanol to facilitate detachment from the collector, picked up with fine forceps and then 

stored in plastic Petri dishes, which were sealed off with Parafilm until used. 

3.2.3 Scaffold characterization 

Scaffolds were macroscopically inspected during collection. Those showing visible defects due 

to arcing or fiber pulsing were excluded from this study. The same was true when the fibers did not 

stack sufficiently to form regular walls. 

A stereomicroscope (Discovery V20, Carl Zeiss Microscopy GmbH, Göttingen, Germany) with 

an attached 5-megapixel color camera (AxioCam ICc 5, Carl Zeiss) was used to inspect the scaffolds 

and capture images using both a 0.63x and a 1.5x lens. Fiber diameter measurement was performed 

on stereomicroscope images (ten measurements per scaffold, at least three scaffolds per collector 

speed) (n ≥ 30). For scanning electron microscopy (SEM), a Crossbeam 340 (Carl Zeiss) was used for 

visualization of fine fiber details as well as correlating the stereomicroscope-measured diameters. 

Samples were not sputter-coated before being imaged and were mounted on aluminum stubs with 

12.5 mm diameter and glued with conductive tape (Plano GmbH, Wetzlar, Germany). SEM 

measurements were done by Dr. Claus Moseke. 



61 
 

The mass of the scaffolds was measured using a fine balance (MC1 Research RC 210 P, 

Sartorius AG, Göttingen, Germany). The balance was tared with an empty Petri dish inside, on which 

the scaffold was placed. An antistatic gun (Zerostat, Sigma-Aldrich Chemie GmbH, Munich, Germany) 

was used to neutralize charges on the scaffold and the Petri dish and facilitate handling. 
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3.3 Results and discussion 

3.3.1 Scaffold morphology 

Four different scaffolds were printed per run on the stainless-steel collector (Figure 3.1A). The 

regularity of the fibers gave the scaffold a transparent aspect when detached from the collector and 

handled. A fiber was seen linking the scaffolds from the jet movement since MEW is not an on-and-

off process and was considered when writing the G-Code for the scaffolds. The visual inspection of the 

scaffolds made it possible to exclude scaffolds, or sometimes whole runs, where anomalies occurred, 

for example fiber pulsing (black arrow; Figure 3.1B), caused by an imbalance of printing parameters.  

 

Figure 3.1. Melt electrowriting (MEW) of PCL scaffolds. Photographs of the MEW process under 
different parameters. (A) Optimized conditions result in regular and uniform scaffolds. (B) Imbalance 
in the mass flow rate results in fiber pulsing (black arrow). (C) Printing under the critical translational 
speed will lead to scaffolds with irregular fiber laydown patters. (D) Light parameter imbalances can 
result in poor stackability of fibers into walls. 
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Printing with 300 mm/min, which is below the CTS, resulted in an irregular mesh (Figure 3.1C) 

with fibers deposited in coiling, random paths. There is a stark contrast with the preciseness and 

regularity seen with higher collector speeds. Figure 3.1A shows scaffolds printed with a speed of 

750 mm/min which was close to twice the estimated CTS, albeit in the scaffolds shown in the figure, 

the fiber spacing was set to 500 µm. Changing this parameter between 250 to 500 µm had no effect 

on fiber pulsing or scaffold regularity at the current collector speed (data not shown). Fiber spacing 

can affect scaffold morphology when there is a mismatch between fiber diameter and fiber spacing 

(Youssef et al. 2019). 

When fiber pulsing occurred, similar to what was described before (Hochleitner et al. 2016), 

the diameter change in the fibers resulted in visible scaffold abnormalities (Figure 3.1B). The pulsing 

phenomenon appeared in this case, as a resulted of an increased feeding pressure, here 1.2 bar, 

instead of 1 bar throughout the experiment. The collector speed was set to 500 mm/min, which 

otherwise in the default experimental settings, resulted in regular scaffolds. In accordance to our 

previous observation (Hochleitner et al. 2016), an indicator of pulsing, other than the visual fiber 

diameter change, was the loop change during turning, where there was a clear positioning and size 

difference shown between periods where pulsing did not occur, and those when it did. 

The failure of the fibers to properly stack on top of each other during printing led to visible 

scaffold changes, where the fiber distribution to form walls was not uniform. This means that instead 

of having regular walls, in certain areas in the scaffold the fibers form bundles away from the supposed 

laydown path (Figure 3.1D). When also complicated with pulsing, this led to unusable scaffolds. This 

was even more compounded with thicker scaffolds, i.e. those with more layer count, e.g. 2x20 layers 

(data not shown). 

Using stereomicroscopy for all scaffold groups above the CTS, it was evident that the pause 

time before and after the turn loop needed further adjustment (Figure 3.2 left column). The long 

pause time was evident by slight fiber coiling at the loop, as a result of the change in collector speed 
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during deceleration before the pause and acceleration after it. Moreover, with higher collector 

speeds, starting from 1500 mm/min, as the fibers approached the loops, they tended to form bundles, 

which were repeated throughout the scaffold with relative regularity. The starting point of this 

occurrence relative to the scaffold edge, and hence the turns, was directly proportional to the 

collector speed; the faster it was, the longer the length of the fiber where this bundling happened. A 

possible cause of this phenomenon could be the electrostatic repulsion during fiber deposition, 

augmented with the acceleration and deceleration effects on the process (Wunner, Wille, et al. 2018). 

Upon closer inspection under higher magnification with the stereomicroscope (Figure 3.2 

right column), printing with a speed of 500 mm/min, resulted in fiber sagging between the 

intersections with other fibers, albeit while having a straight deposition path. The most regular and 

uniform scaffolds were obtained with a speed of 750 mm/min. With a speed of 6000 mm/min, the 

stacking of fibers forming walls tended to be less than that observed with slower speeds. In that group, 

the fibers could also be observed suspended between intersections (Figure 3.2O). MEW fibers were 

shown to suspend across gaps when the collector speeds were sufficiently high to overcome the 

sagging effect (Hrynevich et al. 2018). 
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Figure 3.2. Stereomicroscopic examination of the different scaffold groups. (A-C) 500 mm/min. (D-
F) 750 mm/min. (G-I) 1500/min. (J-L) 3000 mm/min. (M-O) 6000 mm/min. Left and middle column 
represent low magnification images with scale bars of 2 mm. Left column demonstrates the turn loops. 
Right column represents a higher magnification view with scale bars of 50 µm. 
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3.3.2 Fiber diameter measurement 

 As expected, the collector speed was inversely proportional to the fiber diameter. The 

maximum diameter measured was in the 500 mm/min group with a value of 17.1 ± 0.66 µm and on 

the other side of the spectrum, the least measured one was 4.2 ± 0.41 µm at a speed of 6000 mm/min. 

Table 3.1 summarizes the diameters and masses of all experimental groups. All measurements were 

done with the stereomicroscope and the Zeiss Zen Pro 2012 software on at least three different 

scaffolds, each on ten different fibers (n ≥ 30). Figure 3.3A shows a graphical representation of the 

measured diameters in all scaffold groups. 

 

Figure 3.3. Graphical analysis of measured scaffold properties. (A) Fiber diameter. (B) Scaffold mass. 
(C) The amount of time needed to print a single layer in a scaffold. (D) Calculation of the mass flow 
rate by dividing the mass from (B) by the time needed to print the whole scaffold (calculated by 
multiplying (C) times the number of layers in the scaffold (10 layers)). 
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3.3.3 SEM examination 

 Only the 500, 750, 1500 and 6000 mm/min scaffolds were examined by the SEM (Figure 3.4). 

In case of the 6000 mm/min scaffolds, the thin fiber diameters presented a challenge for handling, 

which lead to scaffold damage during preparation for SEM visualization. Using the SEM, fiber 

diameters were categorically compared against the fiber diameter data obtained from the 

stereomicroscope. The fibers formed slightly flattened cylinders and showed little to no fusion 

between each other. The images were always taken from the middle of the scaffold, and those where 

the fibers showed accurate stacking in all the examined groups. While all groups showed a form of 

fiber sagging between the intersections of the fibers, the effect was more exaggerated in the 

500 mm/min group. The smooth surface of the fibers showed the spherulite structure (representing 

a crystalline region; indicated in Figure 3.4E) of PCL, especially in the 500 mm/min group. 

 

Figure 3.4. Scanning electron microscopy (SEM) images of scaffolds from four of the five investigated 
collector speeds. (A&E) 500 mm/min. (B&F) 750 mm/min. (C&G) 1500 mm/min. (D&H) 6000 mm/min. 
The 500 mm/min scaffolds show fiber sagging and PCL spherulite structures under higher 
magnification. Both the 750 and 1500 mm/min resulted in regular scaffolds with thinner fibers. 
Increasing the speed up to 6000 mm/min resulted in thinner fibers, fiber suspension at intersections 
and irregular fiber deposition away from the targeted walls. Image (C) was previously published in 
(Dalton 2017), reproduced with permission from Elsevier. All SEM images were taken by Dr. Claus 
Moseke. 

3.3.4 Mass measurements 

 For the purpose of this study, the masses of the 2x10 layer scaffolds were weighed using a 

sensitive balance and compared (Figure 3.3B). The results showed that by decreasing the collector 
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speed, a larger fiber diameter is achieved, leading to an increase in the mass of the scaffold, provided 

the number of layers was kept constant.  

Table 3.1. Summary of measured scaffold properties. 

Measurement 
Collector speed (mm/min) 

500 750 1500 3000 6000 

Fiber diameter 

(µm) 

Average 17.1 13.3 10 5.53 4.2 

SD 0.66 0.6 0.5 0.89 0.41 

Scaffold mass 

(mg) 

Average 57.14 40.1 25 21.68 17.63 

SD 0.5 2.23 0.22 0.21 0.21 

 

3.3.5 Mass flow rate calculation 

In order to measure the mass flow rate, the time taken to print the scaffolds needed to be 

measured. For this, we measured the time taken to complete one full layer in the 0/90° laydown 

pattern (2x1 layers) (Figure 3.3C). The time measured was then multiplied by the number of layers in 

the scaffold (10 layers). It should be noted that this method of measurement also included the amount 

of time needed to complete the turn loops, in addition to the introduced pauses so that the printing 

quality is maintained.  

The mass of the 2x10 layer scaffolds was divided by the time taken to print them. There was 

no change in the mass flow rate when the collector speed was increased (Figure 3.3D). This meant 

that increasing the collector did not result in the pulling of more material from the nozzle, but rather 

the increased speed led to more dragging of the polymer in the Taylor cone, which resulted in thinner 

fibers, but without the extrusion of more material. This result was in accordance with what Brown et 

al. described (Brown et al. 2011), when they kept the flow rate and other printing parameters 

constant, except the collector speed, they achieved thinner fibers. In the current experiment, there 

was no means to tell what the flow rate was beforehand (i.e. as an experimental parameter that can 
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be individually set). This could mean, that in the current MEW setup, where the polymer was pressed 

by a computer-controlled pneumatic pressure system, the flow rate of the melt did not depend on the 

collector speed and the dragging of the molten polymer jet. 
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3.4 Conclusion 

The current experiment showed that the collector speed in MEW is an independent parameter 

which affects the fiber diameter, as well as morphological features. Printing below the CTS results in 

fiber features like coiling and sinusoidal configuration (Hochleitner, Chen, et al. 2018, Brown et al. 

2011). When other printing parameters are kept constant, changing the collector speed did not result 

in a change in the mass flow rate of the polymer melt at the nozzle. While not applicable for polymer 

melts, the Hagen-Poiseuille equation could paint a picture on the candidate factors responsible for a 

change in the mass flow rate, namely; viscosity of the melt, length and diameter of the nozzle and the 

feeding pressure (Hochleitner et al. 2016).  

Achieving complex, precise and customizable scaffolds are among the strengths of MEW and 

to provide quality scaffolds, the occurrence of fiber abnormalities needs to be prevented, as such an 

occurrence will result in unusable scaffolds, especially when the defect is located centrally. The 

characterization of the other mentioned parameters on the mass flow rate, and hence, the printing 

quality and fidelity, will need to be further assessed. 
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Chapter 4 

This chapter was previously published as: 

Youssef, A., Hrynevich, A., Fladeland, L., Balles, A., Groll, J., Dalton, P. D., Zabler, S.  (2019). "The Impact 

of Melt Electrowritten Scaffold Design on Porosity Determined by X-Ray Microtomography." Tissue 

Eng Part C Methods 25(6): 367-379. DOI: 10.1089/ten.TEC.2018.0373 

Abstract: “Melt electrowriting (MEW) is an additive manufacturing technique using 

thermoplastic polymers to produce microscale structures, including scaffolds for tissue 

engineering. MEW scaffolds have, in general, high porosities and can be designed with 

different fiber diameters, spacings and laydown patterns. The need for a reliable method for 

scaffold characterization is essential for quality assurance and research purposes. Here we 

describe the use of sub-micrometer X-ray tomography for the generation of local thickness 

maps of volume porosity of 16 different scaffold groups, comprising of two diameter groups, 

two fiber spacing groups and four different laydown patters (0/90°, 0/60/120°, 0/45/90/135° 

and 0/30/60/90/120/150°), all made using a custom-built MEW printer with medical-grade 

poly(ε-caprolactone). The results showed a porosity range between 77.7 and 90.7% for all the 

scaffolds. Moreover, the influence of the scaffold regularity and flatness in the more regular 

pore shapes (0/90°, 0/60/120°) lead to the shift of the local thickness graph to one side, and 

thus the prevalence of one pore size. This non-destructive method for MEW scaffold 

characterization overcomes the limitations of microscopic methods of pore shape and size 

estimation.” 

The text of this chapter was edited, updated and extended with new, unpublished experiments, while 

the abstract above is quoted from the original publication, under the Creative Commons CC-BY-NC 

license. The publication has been cited a total of 6 times (Google Scholar; accessed 12.12.2020)  
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4.1 Introduction 

The fabrication of three-dimensional (3D) scaffolds is a cornerstone of tissue engineering (TE) 

(Langer and Vacanti 1993, Hutmacher 2000). The scaffold acts as an artificial temporary support 

structure, which can act by itself to replace lost tissue parts or be seeded with cells or coated with 

effector molecules to cause a biological effect (Hutmacher 2000). These scaffolds are used within the 

field of TE both in vitro and in vivo. Based on the biomaterial selection and what the intended usage 

of the final product is, there has been, over the past few decades, many different fabrication methods 

to produce 3D scaffolds with a porous structure which can function as TE scaffolds (Moroni et al. 

2018). However, in recent years and with the introduction of additive manufacturing (AM) concepts, 

the focus has shifted to defined, customizable and reproducible scaffolds (Dalton et al. 2020, Sharma 

et al. 2018). The production of such scaffolds through AM approaches represents several challenges 

to long established regulatory pathways and supply chains inside healthcare facilities, which are still 

based on a 20thCentury concepts of medical devices. The regulatory framework of the US Food and 

Drug Administration towards medical devices and a discussion of the application of AM technologies 

towards the production of patient-specific, safe and regulated medical devices were thoroughly given 

in Chapter 2 (Youssef et al. 2017). 

Porous scaffolds aim to mimic the tissue structure by substituting for the extracellular matrix 

(ECM), which is a complex, fibrous network responsible for several biological functions and the 

formation of cell niches (Hynes 2009). Several methods were used to produce TE scaffolds using 

traditional manufacturing methods, e.g. electrospinning (Agarwal et al. 2009), salt leaching (Hou et al. 

2003), gas forming (Salerno et al. 2009), phase separation (Guan et al. 2005) or sphere templating 

(Marshall and Ratner 2005), or AM techniques, e.g. micro-extrusion (Bartnikowski et al. 2014), 

stereolithography (Melchels, Bertoldi, et al. 2010), selective laser sintering (Roosa et al. 2010) and 

melt electrowriting (MEW) (Powell et al. 2014). The architectural design of the scaffold directly affects 

physical parameters of the scaffold, provided that the AM technique is of high enough resolution, such 
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as total porosity, pore size and interconnectivity and scaffold surface area (Melchels, Barradas, et al. 

2010, Fuller et al. 2016). These parameters need to be quantified as a quality control method for the 

produced scaffolds, but it is often the case that they are difficult to be quantified (Ho and Hutmacher 

2006). Several authors have proposed quantification methodologies to overcome these challenges, 

however, each method has its resolution and feature size limits (Ho and Hutmacher 2006, Lin et al. 

2003, Loh and Choong 2013). 

MEW produces flexible, structured, highly porous, customizable scaffolds, with precise and 

uniform fibers (Robinson et al. 2019), typically between 2 and 50 µm (Hrynevich et al. 2018) but can 

be as little as 820 nm (Hochleitner et al. 2015). The customizability of the scaffolds makes MEW 

suitable for many applications, whether as flat sheets for cell seeding in vitro experiments (Muerza-

Cascante et al. 2015) and up to tubular constructs to be used in critical-sized bone defects in rodents 

(Gonzalez-Gil et al. 2019). The printing parameters control the overall morphology of the scaffold, 

through physical properties such as fiber diameter, spacing and laydown pattern. When parameters 

are optimized, scaffolds with different morphologies, porosities and pore shapes can be fabricated in 

a reproducible and customizable manner. The printing parameters can be tailor-made to have an 

effect on the mechanical properties of the scaffolds, opening the door to a plethora of applications 

(Bas, D'Angella, et al. 2017, Saidy et al. 2019, Liashenko et al. 2020).  

In the published MEW literature, the 0/90° laydown pattern has been the most-used 

approach. This laydown pattern gives pores shaped like regular boxes with open base and top. The 

lateral walls of the box are made of fibers and the vertices are the intersections, or interdigitation of 

the fiber walls in the two laydown paths (Hochleitner et al. 2016, Tourlomousis et al. 2017, Wunner, 

Wille, et al. 2018). Another reported laydown pattern is the 0/60/120° one, where the pores are 

shaped like isosceles triangles (Bas et al. 2015, Farrugia et al. 2013, Tylek et al. 2020). When spacing 

is kept constant between the fibers in these box- and triangular-shaped pores, the result is a regular 

scaffold with a predictable architecture and a straightforward quality assessment method (Castilho, 
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Hochleitner, et al. 2018). The investigator will need to examine the scaffolds for the regularity of the 

pores, to have an overall view of the production fidelity. These symmetric and simple approaches to 

produce a structured scaffold do not simply correspond to how complex the ECM is, where pores are 

heterogeneously sized and arranged (Hynes 2009). 

While MEW is capable of the fabrication of complex-shaped scaffolds with different laydown 

patterns, these produced scaffolds require a method of characterization that can describe and 

quantify the shape and size of the pores. Quality assurance is an important aspect of process validation 

with the ultimate aim of having a process and a product that can pass regulatory requirements for the 

production of medical devices under Good Manufacturing Process (GMP) (Hollister 2009a). Recent 

progress in MEW-related research led to in-process control and quantification by being able to inspect 

the fibers being printed and modify the printing parameters when and as needed (Wunner, 

Mieszczanek, et al. 2019). MEW also adds the possibility of multimodal scaffolds with a spectrum of 

different diameters with a single nozzle during a single print by changing the pressure (Hrynevich et 

al. 2018).  

While MEW scaffolds had a general upper limit of a few millimeters thickness, it was only 

recently that this limit was overcome and scaffolds up to 7 mm in thickness were fabricated with MEW 

through dynamic parameter adjustment (Wunner, Wille, et al. 2018). However, the impression that 

MEW scaffolds are “flat” objects, led to many authors characterizing the pore size in such scaffolds 

with methods that generate two-dimensional (2D) images, e.g. stereomicroscopy or scanning electron 

microscopy (SEM) (Hochleitner et al. 2016). These 2D images are unsuitable for the analysis of complex 

3D structures, and only report on the vertical pore size when looked at from an axial plane. Other 

methods like confocal microscopy have restrictions on how deep they can image (Shah et al. 2017). A 

promising technique that would alleviate these problems in a non-destructive way is the use of X-ray 

microtomography (µCT) for the quantitative analysis of volume porosity in MEW scaffolds. 
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Through the use of µCT, it is possible to capture the entire thickness of a typical MEW scaffold 

with micrometer accuracy within a field-of-view (FOV) which can reach several cubic millimeters 

(Hanke et al. 2016). Through the volume image analysis with modern software tools, the calculation 

of the average porosity, together with the quantification of several porosity-based properties, e.g. the 

distribution of local pore spaces, is now possible (Bradley et al. 2017). These quantification data make 

it possible to understand the available space for cell seeding in in vitro experiments as well as that for 

cellular infiltration in in vivo ones (Bradley and Withers 2016). 

In this study, we investigate the use of µCT for the quantification of structural parameters of 

porosity in symmetric, highly ordered MEW scaffolds, while conducting a 2D stereomicroscopic image 

analysis to show the limits of such technique. The accuracy of the µCT methodology needed to be 

verified and the limits of spatial resolution for the technique needed to be investigated. Finally, after 

the accuracy of the determination of total porosity was verified, the influence of three different 

printing parameters were investigated, namely, fiber laydown pattern, diameter and spacing on 

porosity related parameters in 16 different scaffold types. 
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4.2 Materials and methods 

4.2.1 Scaffold design and fabrication 

The MEW setup used here is the same one described in Chapter 3. Briefly, a custom-made 

MEW printer was used for the scaffold fabrication as previously described (Hochleitner et al., 2016). 

Medical-grade poly(ε-caprolactone) (PCL) (PURASORB PC 12, lot number 1412000249, 03/2015, 

Corbion, Gornichem, The Netherlands) was heated to 73 ± 1 °C in a disposable plastic syringe with a 

22G flat-tipped nozzle (both from Nordson EFD Deutschland GmbH, Pforzheim, Germany) under 

computer-controlled pneumatic pressure. The polymer was stored at -80 °C after aliquoting under 

argon atmosphere in a glove box. A positive voltage was applied to the nozzle while a negative one 

was supplied to the stainless-steel movable, computer-controlled collector. The net voltage value is 

the one provided in Table 4.1. Both the pressure and voltage differed between the different scaffold 

groups. 

Table 4.1. Summary of different scaffold fabrication parameters. Due to the difference in diameter 
between both target diameter groups, the conditions had to be changed to fabricate scaffolds with 
the designed morphological properties of certain fiber spacings and laydown patterns. 

Target diameter 

(µm) 

Pneumatic pressure 

(bar) 

Applied voltage 

(kV) 

Collector distance 

(mm) 

Collector speed 

(mm/min) 

10 0.4 4.5 2.5 600 

20 1.2 6 3.5 400 

 

The scaffolds were designed to study the effect of fiber diameter, spacing and laydown 

pattern on porosity and pore size. Through adjusting the printer parameters, the target fiber diameter 

was either 10 µm or 20 µm. Table 4.1 summarizes the printing parameters needed to fabricate the 

scaffolds with the different target diameters. The other two studied factors, fiber spacing and laydown 

pattern, did not require changes to the printing parameters, but rather changes to the G-Code to 

enable the changed collector movement. A sample G-Code file is listed in Appendix 1. To show the 
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effect of pore size on the scaffold morphology, two fiber spacing values were selected, 125 and 

250 µm. Finally, to demonstrate the effect of pore shape, scaffolds with fibers in four different 

laydown patterns: 0/90°, 0/60/120°, 0/45/90/135° and 0/30/60/90/120/150° were printed.  

Table 4.2. Scaffold nomenclature system. The scaffold naming system is derived from its shape, with 
a grouping of four different scaffolds with different laydown patterns in four different groups with 
different fiber diameters and spacings. Reproduced from (Youssef et al. 2019) under the Creative 
Commons CC-BY-NC license. 

 

For more clarity, the scaffold nomenclature from now on is based on their architecture, with 

the first number indicating the targeted fiber diameter, the second number the fiber spacing, and the 

Scaffold Laydown pattern (°) 
Target fiber 

diameter (µm) 

Fiber spacing 

(µm) 
Layer count 

10-125-2x5L 0/90 10 125 2x5 layers 

10-125-3x4L 0/60/120 10 125 3x4 layers 

10-125-4x3L 0/45/90/135 10 125 4x3 layers 

10-125-6x2L 0/30/60/90/120/150 10 125 6x2 layers 

10-250-2x5L 0/90 10 250 2x5 layers 

10-250-3x4L 0/60/120 10 250 3x4 layers 

10-250-4x3L 0/45/90/135 10 250 4x3 layers 

10-250-6x2L 0/30/60/90/120/150 10 250 6x2 layers 

20-125-2x5L 0/90 20 125 2x5 layers 

20-125-3x4L 0/60/120 20 125 3x4 layers 

20-125-4x3L 0/45/90/135 20 125 4x3 layers 

20-125-6x2L 0/30/60/90/120/150 20 125 6x2 layers 

20-250-2x5L 0/90 20 250 2x5 layers 

20-250-3x4L 0/60/120 20 250 3x4 layers 

20-250-4x3L 0/45/90/135 20 250 4x3 layers 

20-250-6x2L 0/30/60/90/120/150 20 250 6x2 layers 
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last two numbers being the number of fiber rotations in a single repeat of the scaffold and the number 

of total repeats in the whole scaffold (e.g. 10-250-3x4L). Table 4.2 outlines the nomenclature of the 

16 different scaffold types investigated in this study and Figure 4.1 shows schematic illustrations of 

the four different laydown patterns (done by Mr. Andrei Hrynevich), these served as guidelines when 

writing the G-Code. Apart from the 2x5L scaffolds, the number of layers in the all the other scaffolds 

was kept at 12 layers in total (3x4, 4x3 and 6x2 all equal 12). The base G-Code prior to editing was 

originally written by Mr. Andrei Hrynevich and adopted to the current experiment. 

 

Figure 4.1. Computer renderings of the four different fiber laydown patterns. (A) 0/90° (2x5L), (B) 
0/60/120° (3x4L), (C) 0/45/90/135° (4x3L) and (D) 0/30/60/90/120/150° (6x2L). Reproduced from 
(Youssef et al. 2019) under the Creative Commons CC-BY-NC license. Renderings were done by Mr. 
Andrei Hrynevich. 

After fabrication, the scaffolds were sprayed with absolute ethanol to facilitate separation 

from the stainless-steel collector, then stored in plastic Petri dishes and sealed with Parafilm until 

used. Before collection, the scaffolds were checked with a Zeiss stereomicroscope (Discovery V20, Carl 
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Zeiss Microscopy GmbH, Göttingen, Germany) for defects like fiber pulsing. Fibers with visible defects 

were discarded. 

4.2.2 Scanning electron microscopy (SEM) 

A Zeiss Crossbeam 340 SEM (Carl Zeiss Microscopy GmbH, Göttingen, Germany) was used for 

the qualitative and quantitative analysis of the scaffold micro-structure and morphology. The scaffolds 

were mounted on aluminum stubs and glued with conductive tape (both from Plano GmbH, Wetzlar, 

Germany). Prior to SEM visualization, the scaffolds were sputter coated with a layer of 4 nm of 

platinum using a Leica EM ACE600 sputter coater (Leica Microsystems GmbH, Wetzlar, Germany). The 

SEM preparation steps were previously reported in detail (Hochleitner et al. 2016). Ten different 

scaffolds from each diameter group were imaged and the diameters of ten different random fibers 

per scaffold were (n=100). SEM imaging was performed by Mr. Andrei Hrynevich.  

4.2.3 2D image analysis 

Although SEM images have higher magnification and are better resolved than 

stereomicroscope ones, but they have a lower FOV. Pore size analysis using 2D stereomicroscopic 

images of the scaffolds was done using the open-source software package Fiji (Schindelin et al. 2012), 

which is a modification of ImageJ (Abràmoff et al. 2004). The base ImageJ version underneath was 

v1.52p (National Institute of Health, USA). From each of the 16 different scaffold groups, three 

scaffolds were imaged and from each, three different images were taken from the scaffold center with 

a polarizer-equipped 0.63x lens using a Zeiss AxioCam ICc 5 color camera (Carl Zeiss Microscopy GmbH, 

Göttingen, Germany). 

In Fiji, the images were converted into binary ones through the application of a threshold. This 

was followed by the measurement of local thickness, which is a measurement of the diameter of a 

sphere (here, a circle) that fits inside the pore space, outlined by the thresholding process. An ImageJ 

macro script was written based on individual measurements and used to batch process the images 
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from each scaffold group (the ImageJ macro code is listed in Appendix 2). The grey value threshold 

was different among the groups but remained the same inside the group itself. During the 

optimization of the experiment, it was evident that selecting one threshold for the 16 groups would 

result in too much or too little closure of the pore space, leading to inaccurate measurements. The 

measurement outcome was the frequency of diameter measurements of the pores. The images 

represented 4x3.5 mm rectangular areas of the center of the scaffold.  

4.2.4 X-ray microtomography (µCT) 

The µCT scans were recorded on a detector-based sub-micrometer custom-built CT scanner 

which is based on a liquid metal-jet anode and was previously described in detail (Fella et al. 2017). 

Scaffolds were placed in a plastic, radiolucent sleeve to keep them from vibrating and moving during 

the scan. The voxel sampling in all scans was 2.83 µm/voxel, the volume of interest was a cylinder of 

6.1 mm diameter and 7.2 mm height. For simplicity, this scanning mode will be called medium 

resolution. For evaluating the accuracy of the present method, one scaffold was measured at a very 

high resolution: 0.53 µm/voxel sampling. However, the FOV at this resolution is much smaller: a 

cylinder that is only 1.2 mm in diameter and 1.4 mm in height. Initial scaffold scanning was done by 

Dr. Simon Zabler and Mr. Andreas Balles for the establishment of the methodology. The rest of the 

samples were scanned by Mr. Logan Faldeland. Detailed description of the imaging protocol and the 

reconstruction steps for the phase contrast images is available elsewhere (Baranowski et al. 2019, 

Fella et al. 2017, Ullherr and Zabler 2015, Youssef et al. 2019). 

4.2.5 Volume image analysis 

A high-resolution X-ray phase contrast image was generated after scanning the region of 

interest (ROI). To transform into a binary volume image, a global threshold value had to be applied to 

the pixels which were cast from floating point numbers to 16-bit grey values [0-65535]. The threshold 

was set to the 50% grey level between fibers and surrounding air.  To evaluate the sensitivity of these 

results on the choice of the grey value, the value of the threshold was changed for all scaffolds by 
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± 12.5% of the entire grey value interval. The 12.5% range was chosen as an arbitrary number. Changes 

in total porosity of the scaffold were assessed. The pore size was measured by the generation of a 

local thickness map of the 3D image stack of each scaffold measured. The image analysis was also 

performed using Fiji, based on ImageJ v1.52c. For the 3D renderings of the µCT scans, Avizo v9.0 

(ThermoFischer, Waltham, Massachusetts) was used. Volume image analysis was done by Dr. Simon 

Zabler and Mr. Logan Faldeland. 
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4.3 Results 

4.3.1 Scaffold characterization with SEM 

The MEW printer parameters used for each of the fiber diameter were previously empirically 

tested and selected based on previous experience with MEW scaffold fabrication. However, SEM 

measurement of fiber diameters was performed to verify the actual diameters of the printed scaffolds. 

The fiber diameter measured using SEM for the 10 µm target group was 11.15 ± 0.45 µm, while for 

the 20 µm one, it was 22.69 ± 0.52 µm. The direct-written fibers were uniform throughout the 

scaffolds with no fiber pulsing observed due to the appropriate adjustment and validation of the MEW 

printer parameters before scaffold production (Hochleitner et al. 2016). A collage of representative 

SEM images of all the 16 different scaffold groups with different fiber diameters, spacings and laydown 

patterns is shown in Figure 4.2. Except for the 20-125-6x2L group, the fibers stacked well upon each 

other into walls. The accurate placement of fibers within the 20-125-6x2L sample was likely affected 

by electrostatic attractions towards fibers already deposited (refer to Chapter 3). 
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Figure 4.2. Scanning electron microscopy images of the 16 different scaffold types investigated in 
this study. The different fiber diameters, spacings and laydown patterns are shown. Scale bars are 
100 µm. Reproduced from (Youssef et al. 2019) under the Creative Commons CC-BY-NC license. 
Images were taken by Mr. Andrei Hrynevich. 

 In general, the fibers were regular and round with a smooth surface. The more complex fiber 

laydown patters (4x3L and 6x2L) had a heterogenous distribution of pore sizes and shapes compared 

to the more regular ones (2x5L and 3x4L). The 2x5L laydown pattern represented the most regular 

and reproducible pore shape, followed by the 3x4L one. The center point in the 6x2L scaffolds had the 

intersection point of the six fibers forming a single repetition (1L) of the scaffold and represented the 

most regular point. These scaffolds had two repetitions in total, making the central point that of the 

interdigitation of 12 different fibers stacking in the vertical plane. 
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Figure 4.3. Workflow of the two-dimensional local thickness analysis (2D-Tloc) of steromicroscopy 
images. Here is an example of the measurement process in the four different fiber laydown patterns 
in the 20-250 group. Briefly, stereomicroscopy images (left side) were captured, then converted to a 
binary image by applying a thresold (middle). The binary image is used to calculate the 2D-Tloc of the 
detected pores. Colour coding of the right column: yellow: large pore, dark blue: small pore, black: 
scaffold fibers. Scale bars are 500 µm. 

4.3.2 2D local thickness measurement (2D-Tloc) 

The stereomicroscope images were taken with a polarizer-equipped lens to create sufficient 

contrast between the fibers and background, for a more uniform and reproducible thresholding. The 

local thickness analysis resulted in the diameter of a theoretical sphere (in the case of a 2D image, a 

circle) that would fit a given pore space. An overview of the measurement workflow is shown in Figure 
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4.3 with all the laydown patterns of the scaffolds of the 20-250 groups. The mean, standard deviation 

and maximum of 2D-Tloc values are listed in Table 4.3. Figure 4.4 shows a graphical summary of the 

pore size distribution using the 2D measurement method. The selection of the grey value threshold is 

considered the main source of error in this measurement. A higher value would entail lower 2D-Tloc 

and vice versa.  

 
Figure 4.4. Graphical summary of the two-dimensional local thickness measurements for each of the 
investigated 16 scaffold types grouped under laydown pattern. (A) 2x5L, (B) 3x4L, (C) 4x3L, (D) 6x2L. 
Each graph shows the four different combinations of fiber diameters and fiber spacings per laydown 
pattern (10-125, 10-250, 20-125 and 20-250). 

4.3.3 µCT scanning of the scaffolds 

The µCT imaging of the scaffold resulted in X-ray phase contrast images as shown in 

Figure 4.5A. The data from these images are the basis for the reconstruction and the further analysis 

of the scaffold morphology. In Figure 4.5B, the 20-125-6x2L scaffold is shown from an axial and in a 

cross-sectional view, as an example of the output of an X-ray phase contrast image. This scaffold type, 
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based on a dodecagonal unit design, represented the most fiber-dense and irregular one, as previously 

mentioned.  

 
Figure 4.5. X-ray phase contrast imaging of melt electrowritten scaffolds. (A) High-resolution X-ray 
phase contrast image of a 20-250-6x2L scaffold in flattened view. (B) Axial view of a section of the 
reconstructed volume image of the same scaffold in (A). Contrast is inverted for better visibility of the 
scaffold fibers. Scale bar is 200 µm. Reproduced from (Youssef et al. 2019) under the Creative 
Commons CC-BY-NC license. Images were taken by Dr. Simon Zabler. 

Figure 4.6 represents 3D graphical renderings from the µCT data of the four laydown patterns 

in the 20-250 group. Through the rendering, it was possible to visualize, in 3D, the underlying fibers of 

the scaffolds and observe their ability to stack upon each other, especially in tilted views, which is also 

technically possible with the SEM but only to a certain depth and is limited by how the sample is 

mounted inside the SEM vacuum chamber. Excessive tilting of the sample inside the SEM can result in 

damage to the device and the sample. 
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Figure 4.6. Graphical renderings using X-ray microtomography (µCT) scans of the four investigated 
laydown patterns. All images are from the 20-250 group. (A) 2x5L, (B) 3x4L, (C) 4x3L and (D) 6x2L. 
Scalebare are 500 µm. Reproduced from (Youssef et al. 2019) under the Creative Commons CC-BY-NC 
license. Renderings were generated by Dr. Simon Zabler. 

4.3.4 Porosity calculation 

Once the binary volume image was set, part of the scanned volume (V0) (which is a volume 

mask of the volume of the space between the upper- and lowermost borders in a cross section of the 

MEW scaffold, i.e. excluding the air above and below the scaffold), which also included the volume of 

the fibers (VF) and on which total scaffold porosity (Ptot), needed to be defined and calculated through 

the following equation: 

Ptot=(V0-VF)/ V0 . 100% (1) 

Defining V0 was achieved through a binary closing operation. The result of this process is 

illustrated in Figure 4.7, where the scaffold and surrounding space are shown, followed by the closing 

of the open spaces on the upper and lower borders of the scaffold and finally the generation of local 
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thickness map. This process was optimized and evaluated for the different scaffold groups on account 

on the different fiber diameter and spacing, and hence, the complexity. These optimizations when 

changed had no more than a difference in 2% in the value of Ptot (Youssef et al. 2019). 

 
Figure 4.7. Workflow of the three-dimensional local thickness analysis (3D-Tloc) of reconstructed 
X-ray microtomography (µCT) scans. All images represent the same 20-125-6x2L scaffold. (A) A binary 
volume image of the scaffold in axial view highlights the position of the fibers inside the scaffold. (B) 
A mask is created by binary closure to remove empty volume above and below the scaffold. (C) The 
binary volume image and the mask are superimposed on each other to create a pore volume image. 
(D) Local thickness analysis is performed to display the sphere with the largest diameter that would fit 
a given pore space. Scale bars are 100 µm. The color scale for local thickness is linear and ranges from 
0 to 123 µm. Reproduced from (Youssef et al. 2019) under the Creative Commons CC-BY-NC license. 
Images were taken by Dr. Simon Zabler. 

4.3.5 Total porosity of the different scaffolds 

Using a 50% grey value threshold between the fibers and air (Figure 4.8A), the calculation of 

Ptot ranged between a maximum of 90.7% for the 10-250-2x5L scaffold and a minimum of 77.7% for 

10-125-6x2L. By changing the grey value threshold by ± 12.5%, the resulting change in Ptot was to be 

regarded as the upper and lower limits of the scaffold porosity measurement. Figure 4.8D shows these 
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changes as the error bars in the graph. The choice of the grey value threshold was the principle source 

of error in the current study. 

Despite these perceived subjectivity in the measurement, Figure 4.8D shows that the least 

dense scaffolds (10-250 group) had the largest porosity whereas the densest (20-125 group) had the 

lowest. In terms of laydown patterns, the most regular (2x5L) scaffolds had the largest values of Ptot, 

whereas the group with the most complex structure (6x2L group) yielded the smallest value for every 

fiber spacing and fiber diameter groups. The two intermediate structures (4x3L and 3x4L) featured 

very similar values of Ptot, which was between the two values of those of the 2x5L and 6x2L groups. 

There was a slight tendency of 4x3L scaffolds towards having larger porosities in the 20-250 group, 

compared with the 3x4L ones. 

 
Figure 4.8. (A) Grey value range over a single PCL fiber. For binary segmentation, the selected grey 
value threshold is set to 50% of the range. (B) Applying the local thickness (3D-Tloc) analysis to the fiber 
instead of the pores can be used to measure the fiber diameter. (C) An overlap of 3D-Tloc of a 20-125-
6x2L scaffold measured using high resolution (HR, line plot) on a medium-resolution (MR, histogram) 
one. Reproduced from (Youssef et al. 2019) under the Creative Commons CC-BY-NC license. Graphs 
were made by Dr. Simon Zabler. 
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4.3.6 3D local thickness measurement (3D-Tloc) 

Compared to the measured 2D-Tloc, the corresponding 3D variant was 3D-Tloc and is computed 

using the pore volume shown in Figure 4.7C. To every detected pore, the diameter of the largest 

sphere which could fit that space was measured (Figure 7D). The diameter of these spheres was given 

in voxels and was converted from voxels to micrometer by multiplying by the voxel size in micrometer, 

which was 2.83 for medium and 0.53 for high-resolution scans. Figure 4.9 is a graphical representation 

of the 3D-Tloc of all 16 scaffold variants. Table 4.3 summarizes 3D-Tloc for all scaffold types (as well as 

total porosity and 2D-Tloc). 

 
Figure 4.9. Graphical summary of the three-dimensional local thickness measurements for each of 
the investigated 16 scaffold types grouped under laydown pattern. (A) 2x5L, (B) 3x4L, (C) 4x3L, (D) 
6x2L. Each graph shows the four different combinations of fiber diameters and fiber spacings per 
laydown pattern (10-125, 10-250, 20-125 and 20-250).  Reproduced from (Youssef et al. 2019) under 
the Creative Commons CC-BY-NC license. Graphs were made by Dr. Simon Zabler. 
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Table 4.3. Summary of the calculated values for each of the 16 different scaffold types. Adapted 
from (Youssef et al. 2019) under the Creative Commons CC-BY-NC license. Table initially made by 
Dr. Simon Zabler. 

Group Sample 
Total Porosity  

(Ptot)  

3D local thickness  

(3D-Tloc) 

2D local thickness  
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2x
5L

 

10-125-2x5L 88.6%+3.4%
−4.0% 96.22 69.01 24.54 79 40 23.38 

10-250-2x5L 90.7%+2.1%
−2.3% 85.09 58.95 14.98 163 82 47.63 

20-125-2x5L 83.8%+4.9%
−5.4% 200.03 88.26 32.73 97 49 28.58 

20-250-2x5L 88.2%+2.6%
−2.8% 198.75 135.19 47.98 163 82 47.63 

3x
4L

 

10-125-3x4L 84.1%+3.8%
−4.6% 96.39 48.05 17.95 47 24 14.14 

10-250-3x4L 89.0%+2.5%
−3.4% 119.40 66.75 20.42 149 75 43.59 

20-125-3x4L 79.5%+4.0%
−4.5% 131.16 65.99 23.72 39 20 11.83 

20-250-3x4L 88.0%+2.4%
−2.7% 185.14 99.33 43.55 107 54 31.46 

4x
3L

 

10-125-4x3L 84.0%+3.9%
−4.8% 131.16 50.86 24.25 65 33 19.34 

10-250-4x3L 89.2%+2.5%
−2.9% 82.41 52.73 16.74 157 79 45.9 

20-125-4x3L 80.4%+3.8%
−4.2% 135.84 70.02 26.34 31 16 9.52 

20-250-4x3L 84.6%+3.0%
−3.4% 169.23 95.67 44.36 121 61 35.51 

6x
2L

 

10-125-6x2L 77.7%+6.3%
−9.6% 79.24 33.26 13.47 45 23 13.56 

10-250-6x2L 84.9%+4.5%
−7.2% 90.21 40.69 14.22 121 61 35.51 

20-125-6x2L 78.2%+4.1%
−4.5% 154.49 68.84 27.64 35 18 10.68 

20-250-6x2L 84.0%+3.7%
−3.5% 144.75 73.01 32.87 83 42 24.54 
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4.3.7 Scan resolution 

To validate the high-resolution scan method, an attempt to measure the fiber diameter using 

the high-resolution scan data was performed (Figure 4.8B). The µCT-measured fiber diameter for the 

targeted 20 µm fiber diameter was 22.6 ± 1.8 µm, which corresponds with that measured using SEM: 

22.69 ± 0.52 µm. Moreover, to compare the accuracy of the measurements taken from the medium-

resolution scans, the 20-125-6x2L scaffold was also scanned by the high-resolution method. Figure 

4.8C shows a comparison of the distribution of 3D-Tloc between both scan methods on the same 

scaffold.  

 
Figure 4.10. (A) A 3D rendering of a high-resolution scan of a 20-125-6x2L scaffold with partial fusion 
between two fiber layers (black arrows). (B) A SEM image of a different scaffold showing the same 
partial melting effect (white arrows). To take the image, the sample had to be significantly tilted inside 
the SEM. (C) An overlap of a 3D rendering of a 20-125-6x2L scaffold with its local thickness analysis. 
(D) is similar to (C) after the removal of the scaffold rendering and replacement with black spaces. 
Reproduced from (Youssef et al. 2019) under the Creative Commons CC-BY-NC license. (A), (C) and (D) 
were rendered by Dr. Simon Zabler. (B) was taken by Mr. Andrei Hrynevich.  
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4.4 Discussion 

4.4.1 MEW scaffolds and their design 

MEW is a new technology that is a recent addition to the AM family (Brown et al. 2011). PCL 

is a slowly degrading polymer that has been the polymer of choice for much of the reported MEW 

literature for both in vivo and in vitro applications (Muerza-Cascante et al. 2016, Baldwin et al. 2016, 

Martine et al. 2017, Delalat et al. 2017a). It is already available in medical-grade purity and is in use 

for several approved medical devices produced through other AM approaches (Youssef et al. 2017, 

Woodruff and Hutmacher 2010). Contrary to other melt micro-extrusion AM approaches, MEW can 

produce scaffolds with small fiber diameters in a reproducible and precise manner. These small-

diameter PCL MEW scaffolds require a characterization method, which the use of µCT could fulfill. The 

method could quantitatively and quantitatively characterize MEW scaffolds of different fiber 

diameters, spacings and laydown patterns.  

4.4.2 Effect of scaffold design on porosity 

The total porosity calculation showed a clear trend indicating that larger values of fiber spacing 

lead to higher porosity. Concerning laydown patterns, less complex scaffolds (e.g., 2x5L) have higher 

porosity, whereas more complex structures (e.g., 6x2L) have a lower porosity. Due to the very large 

specific surface of the layer-by-layer printed structures, changing the value of the grey value threshold, 

which estimates the volume space between air and the PCL fibers, by 12.5% can alter the measured 

scaffold porosity by approximately 5% in total. We previously mentioned that this step was the main 

cause of error in the experiment. This effect was present, although the same measurement routine, 

initial grey value threshold estimation and data analysis were systematically applied to all samples by 

one person (Mr. Logan Fladeland). On the other side, by changing the closing radius by up to 50% for 

the generation of the binary mask, the effect on porosity was ten times less pronounced than changes 

to the grey value threshold.  
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4.4.3 Effects of scaffold design on pore size 

4.4.3.1 2D local thickness analysis 

The 2D-Tloc, shown in Figure 4.4, represents a 2D measurement of a 3D property. Pores are 3D 

empty spaces inside solid objects. In the MEW literature, it has been a long-standing tradition to 

describe pore size by mentioning the targeted fiber spacing between in the layer-by-layer fabrication 

of the scaffold. This methodology did not fully accommodate more complex scaffolds with irregular, 

but ordered architecture, similar to the 4x3L and 6x2L groups in the current study. 

The use of local thickness measurement in 2D, however, came with limitations. First, the 3rd-

dimension is absent with this approach, which is increasingly important with higher order structures 

that result in small, suspended, fibers within the morphology (Hrynevich et al. 2018). Second, by using 

the stereomicroscope to do the imaging, this meant that the raw images were not of high 

magnification. The use of SEM images would require an extra step before thresholding to digitally 

subtract the stub surface (bottom of the image) from the image. MEW scaffolds are typically 2-3 mm 

in height and usually are easily visualized under an optical microscope, although, recently, heights of 

up to 7 mm were described, but this approach is not yet practiced in the majority of laboratories with 

MEW devices, as it required z-axis and electric field computerized control (Wunner, Wille, et al. 2018). 

Using stereomicroscopy, the choice of the ROI for imaging and the application of the grey value 

threshold to create the binary images were the only manual and subjective input in the analysis 

(similar to the µCT measurement, disregarding the closing radius adjustment). 

The analysis showed in the more complex scaffolds a bell-shaped distribution of the pore sizes, 

compared with the localized peaks of the more regular scaffolds. The 2x5L group, as well as the 

10-250-3x5L scaffold, all showed peaks to the right side of the graph, indicating a preference for the 

increased frequency of large-sized pores, of similar diameter. In the other scaffold groups, the bell-

shaped distribution indicated a spread of pore diameters across a wide range, owing to the complex 

scaffold architecture. The limitations of the image acquisition method should always be taken into 
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consideration when viewing the results of this method. But through the estimation of 2D-Tloc, an 

overall, arguably, more accurate understanding of the available pore spaces in the scaffold can be 

achieved, other than the target fiber spacing in the G-Code as an indication of pore size. 

4.4.3.2 3D local thickness analysis 

Repeating the local thickness analysis in 3D using the µCT reconstructed, thresholded sliced 

images overcame the resolution limitation of the stereomicroscope, without the background and 

tilting limitations of the SEM. Similar to the measurements in 2D-Tloc,, the 3D-Tloc histograms of the 

2x5L scaffold groups (Figure 4.9A) all showed a peak to the right-hand side of the distribution. The 

scaffolds with 10 µm targeted fibers had smaller pores than those with 20 µm fibers. From a visual 

inspection of the structure (compare with SEM images in Figure 4.2), it appeared that pore size 

measured was limited by the flat scaffold, meaning that, on account of the flat MEW scaffold, the 

3D-Tloc, could not be higher than the diameter the sphere that would fit the height of the scaffold. In 

this case, even in the more porous group, the 10-250-2x5L, the measured 3D-Tloc did not approach the 

theoretical limit of 250 µm, which is the maximum pore size possible. Instead, in this group, the 

maximum was 85.09 µm and the mean was 58.95 ± 14.98 µm, while in the 20-250-2x5L group, where 

the scaffold is higher than that in 10-250-2x5L, on account of the doubled fiber diameter, the 

maximum was 198.75 µm and the mean was 135.19 ± 47.98 µm. 

The impression that was obtained from the 3x4L structures (Figure 4.9B) was similar to the 

4x3L ones where there is a right-hand side peak of the distribution of 3D-Tloc for the 10-250 scaffolds, 

i.e. the groups with the highest porosity. Unlike the other three groups in this laydown pattern, the 

20-125 scaffold appeared to be unaffected by the flatness of the structure and hence, provide a more 

varied distribution of 3D-Tloc. The mean pore diameter here was 66.0 ± 23.7 µm, while the largest pore 

was 131.2 µm, which is larger than the target fiber spacing in the scaffold. Furthermore, the 

distribution of 3D-Tloc for the 10-125 scaffold appeared to follow the 20-125 one up to a pore diameter 
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of approximately 60 µm, afterwards the 10-125 scaffold displayed a decreased distribution, most likely 

caused by flatness effects, as it was less thick than the 20-125 one.  

We observed the same trend for the 4x3L structures (Figure 4.9C) where the distribution of 

3D-Tloc for the 10-250 scaffold had the same pronounced peak on the right side of the graph. The 20-

250 and the 10-125 structures, however, featured a bimodal distribution, where there were peaks on 

the left and right of the graph, indicating a more varied pore size in the scaffolds. This could be 

attributed to only partial limitation by the flatness effect. The 20-125 scaffold finally showed a broad 

continuous distribution of pores with little effects from the flatness of the structure. Here, similar to 

20-125-3x4L, the scaffold had a maximum pore size greater than the targeted fiber spacing (135.84 

µm). The 12-125 scaffold also showed a maximum higher than 125 µm (131.16 µm). 

Finally, the distribution of the 6x2L structures (Figure 4.9D) supported the observation that 

the pore size in more complex structures was hardly affected by the flatness of the scaffold. Only the 

10-250 structure showed a right-handed peak in the distribution of 3D-Tloc. While the 20-250 

distribution appeared more evenly distributed, it featured a little elevation towards the right, the 

10-125 and 20-125 scaffolds appeared to be more affected by their architectural pattern. The 20-125 

scaffold had the broadest distribution of all the 6x2L scaffold groups. Here, the maximum pore size 

was 154.5 µm, much higher than the targeted 125 µm. The height effect could be an explanation to 

the smaller pore sizes observed in the 10-125 compared to the 20-125 one. 

4.4.3.3 Local thickness analysis summary 

The 3D nature of µCT scans allowed for the analysis of the pore space by calculating the 3D-Tloc, 

in a precision that is not possible using 2D methods. Unlike calculations of Ptot, the analysis of the 

3D- Tloc took a closer look at a design-influenced property: pore size. Using the 3D µCT scans, it was 

evident that for less complex scaffolds, e.g., 2x5L or in particular, those printed with a target fiber 

diameter of 10 µm, the pore size was essentially limited by the flatness of the scaffolds, i.e. the fiber 

spacing is larger than the height of the entire scaffold thickness. This prevented the calculation of pore 
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sizes which correspond to the planned fiber spacing, as the generated pore, in this instance, is not as 

big as a sphere with a diameter equal to the fiber spacing. For the more complex structures, e.g., 6x2L 

and for the scaffolds with a target fiber diameter of 20 µm, a continuous pore distribution was found, 

which could be used as a morphological fingerprint for the 3D characterization of porosity. 

Furthermore, this flatness effect is totally invisible when Tloc is calculated using a 2D method, e.g. the 

calculation of 2D-Tloc through stereomicroscope images. Such 2D images disregard the fact that MEW 

scaffolds are 3D AM scaffolds which are made layer-by-layer, through translation in the x-, y- and z-

axes. The perception that MEW scaffolds are mostly flat sheets could limit the spread and application 

of MEW scaffolds as medical devices. It is worth noting that, as discussed in Chapter 2 (Youssef et al. 

2017), almost all the MEW in vivo experiments were performed using tubular MEW scaffolds, which 

provided more structured 3D pore spaces that allowed tissue ingrowth and infiltration (Martine et al. 

2017). 

4.4.4 High-resolution scanning 

The spatial resolution accuracy of this analysis can be addressed by comparing the distribution 

of 3D-Tloc in the 20-125-6x2L scaffold to a high-resolution scan that was recorded in addition to the 

medium-resolution one. As mentioned before, the scaffold with the least fiber stacking, compared to 

the other scaffolds was the 20-125-6x2L sample. This resulted in a more irregular fiber deposition 

highlighted by multiple suspended fibers rather than stacked ones. By scanning this scaffold with the 

high-resolution mode and then calculating the 3D-Tloc based on the new values, a broad continuous 

distribution (Figure 4.8C), with a maximum of 123.2 µm (slightly smaller than the fiber spacing) and a 

mean of 66.0 ± 29.3 µm, was observed.  

The abrupt cut off seen in the high-resolution scan after the 3D-Tloc value of approximately 

120 µm was probably caused by the narrow FOV of this scanning modality (Figure 4.8C). The high-

resolution method also was able to describe smaller pores in the scanned section, and this explains 

the difference in mean and SD values between the high- and medium-resolution scans for the same 
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20-125-6x2L scaffold, 66 ± 29.03 µm and 68.8 ± 27.6 µm, respectively. Apart from this limited volume 

effect, both distributions showed a congruent linear slope at the smaller pores, which is an indication 

that medium-resolution scans in this regime were equally valid, despite the lower spatial resolution, 

compared to the high-resolution scan. The maximum pore size of 80 µm for this scaffold (20-125-6x2L) 

was accurately reproduced from both scans (Figure 4.8C). 

The high-resolution scan mode made it possible to visualize the fibers, pores and the surface 

of the fibers using 3D reconstruction of the µCT data. Figures 4.10 show a capture of a graphical 

rendering of a high-resolution scan of the 20-125-6x2L scaffold with both the fiber surface (Figure 

4.10A) and a scaffold cross section, showing the pores (Figure 4.10C) and the 3D-Tloc map (Figure 

4.10D). These reconstructions depicted fine surface details of the fibers such as the occasional fusion 

between two fibers, seen during deposition of the upper fiber on the lower one, before the former 

has cooled down and solidified. These details could only be visualized with the SEM after significant 

tilting and/or cutting of the scaffold (Figure 4.10B).  The creation of a 3D-Tloc map (Figure 4.10C) and 

the subsequent subtraction of the scaffold (Figure 4.10D) in the 3D reconstructions, provided 

a dynamic and accessible approach to visualizing a porous MEW scaffold, which could provide a 

feedback loop to the design and finally, the potential application of the scaffold.  

4.4.5 The potential of µCT scanning in MEW 

Through MEW, it is possible to print precise scaffolds in a variety of complex and reproducible 

geometric shapes and patterns (de Ruijter, Hrynevich, et al. 2018, Liashenko et al. 2020), using fiber 

diameters that span the gap between solution electrospinning and micro-extrusion techniques 

(Hrynevich et al. 2018), all with medical-grade polymer and without the use of solvents (Youssef et al. 

2017). However, the desire for perfect geometrical shapes might not represent the native ECM that 

the whole objective of scaffolds for TE was to mimic. Using µCT scanning, it was possible to observe 

the effect of the scaffold flatness on the local thickness in the 2x5L and 3x4L fiber laydown groups 

(and to some extent, the 10-250 group in the 4x3L and 6x2L fiber laydown groups). This disappears in 
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the rest of the groups of the 4x3L and 6x2L, indicating that the pore size distribution was becoming 

more dependent on the complex architecture of the scaffold. Complex but defined and reproducible 

porous scaffolds could be potentially more physiologic when used in vitro and in vivo, than flat, simple 

ones. 

While µCT analysis of MEW scaffolds was previously described for porosity estimation (Powell 

et al. 2014), explanted MEW scaffolds as a TE bone model for the study of metastasis (Holzapfel et al. 

2014), analysis of particles in fibers (Ren et al. 2014), and the creation of a finite element model for 

mechanical properties (Castilho, Hochleitner, et al. 2018, Bas et al. 2018), none so far analyzed the 

effect of the three scaffold properties that were discussed in this chapter (fiber diameter, spacing and 

laydown pattern) on the total porosity and pore size distribution of the scaffold (Youssef et al. 2019). 

By changing the laydown pattern and coupled with the possibility of changing the fiber diameter in a 

single print (Hrynevich et al. 2018), as well as the offset and tilt of the fiber walls (Liashenko et al. 

2020), the complexity of the scaffold could be tailored to fit a target structure for an in vitro or in vivo 

application. As it was recently possible to produce MEW scaffolds that were up to 7 mm in thickness 

(Wunner, Wille, et al. 2018), the work discussed here could help in the design and quality assurance 

of the produced scaffolds, for the potential biomedical application. With such scaffold thickness, 

determining and assessing the morphology of the scaffold could be challenging. With in-process 

quality control of printed fibers now a possibility (Wunner, Mieszczanek, et al. 2019), post-production, 

non-destructive quality assurance using µCT scanning could benefit the spread and acceptance of 

MEW scaffolds towards development of medical devices. For MEW scaffolds, this data might help in 

the design optimization, feedback loops and characterization of printed scaffolds, in the aim to 

optimize cellular infiltration both in vitro and in vivo by changing the scaffold porosity. Moreover, using 

the same method, which was applied to the empty PCL scaffolds, it could be possible to quantify the 

volume of deposited tissue (in vivo) or cells (in vitro) in MEW scaffolds, as part of TE research.  
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4.5 Conclusion 

This work explored the non-destructive, 3D quantitative analysis of porosity in MEW scaffolds 

using µCT. The 3D analysis of porosity in thin fibrous scaffolds or in any other open porous structure 

is potentially more difficult compared to the analysis of closed pores (e.g., foams or rocks). A set of 16 

different scaffolds with different fiber diameters, spacing and laydown patterns was produced via 

MEW. The produced scaffolds were characterized using SEM to check their morphological similarity 

to the intended design. A 2D method for the evaluation of pore size was tested and finally, µCT 

scanning of the scaffolds was conducted, partly using a high-resolution scanner to compare the validity 

of the main, medium-resolution method. After scanning, the X-ray phase contrast images were 

processed and images masked and thresholded, with the local thickness of the entire pore space 

calculated and analyzed for its histographical distribution. Scaffold morphological parameters like 

total porosity and pore size distribution were obtained by this routine. Using the high-resolution scan 

mode, it was possible to examine additional parameters, e.g., the fiber diameter and it was possible 

to obtain values that were comparable to those obtained using the SEM. 

The precision in calculating Ptot has been shown to depend on the accuracy of the grey value 

threshold which separates voxels belonging to the scaffold from the surrounding air. However, with 

this error margin in mind, it was possible to show that µCT accurately and quantitatively characterized 

porosity and pore sizes in all scaffolds.  

The use of µCT is suited for analyzing and comparing volume porosity and related parameters 

in PCL scaffolds and can be potentially used for creating a unique fingerprint of their 3D structure. This 

non-destructive method could be applied for MEW scaffold quality assurance, to verify that the AM 

structure fabricated, is indeed the one that was designed. There is the potential for using the same 

approach for MEW scaffolds used in in vitro and in vivo experiments, with the aim of translating MEW 

to the production of precise, on-demand and customizable medical devices. 
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Chapter 5 

A manuscript based on the work discussed in this chapter is in preparation: 

Youssef, A., et al. “The foreign body reaction to micro-scale melt electrowritten flat polycaprolactone 

scaffolds.” 
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5.1 Introduction 

The surgical procedure typically required for the implantation of a medical device usually 

creates a traumatic event that requires a regenerative reaction, which is, at its core, an innate 

immune-mediated one (Huber-Lang et al. 2018). Furthermore, the presence of a medical device inside 

the body, which is immunologically regarded as a foreign material, prevents the completion of healing 

and leads to the formation of the foreign body reaction (FBR) (Kastellorizios et al. 2015). The FBR is 

defined as a chronic inflammatory, persistent reaction of vascularized tissue to a foreign material in 

the body (Anderson 1988). This includes a spectrum of objects, from the aforementioned medical 

devices (Anderson et al. 2008) to deposited crystals (Nakayama 2018), stones and parasite eggs 

(Ozkanli et al. 2014). 

 

Figure 5.1. Graphical representation of the events occurring after the implantation of a foreign 
material into the body. The first events after the implantation and the exposure of the material to 
blood and plasma proteins is the non-specific protein adsorption to the surface. This is followed by 
the migration of granulocytes and tissue-resident macrophages to the implant surface. Blood 
monocytes home towards the implantation area and differentiate into macrophages. Fibroblasts will 
start to infiltrate the region and deposit collagen. When the macrophages are unable to remove the 
foreign body, the fuse together and form foreign body giant cells. As a last resort, the body seals off 
the implant with a thick fibrous capsule to protect against potential harm. Reproduced from (Grainger 
2013)1, with permission from Springer Nature. 

1 Grainger, D. W. (2013). "All charged up about implanted biomaterials." Nat Biotechnol 31(6): 507-509. 
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The FBR is mostly conserved in mammals and follows the same cascade (Klopfleisch and Jung 

2017). In this chapter, the focus is on the FBR to implantable medical devices, which in this case 

constitute the foreign material which stimulates the inflammatory reaction (Figure 5.1). The cascade 

starts with the exposure of the bare biomaterial surface to plasma proteins and the interstitial, as well 

as extracellular fluid, leading to non-specific protein adsorption (Anderson et al. 2008). This event is 

the starting point and results in the activation of the complement system. This step of protein 

adsorption is potentially a controllable bottleneck for the whole cascade, for example, through the 

use of zwitterionic polymers or coatings (Blackman et al. 2019). The innate immune system responds 

by mobilizing the acute inflammatory cells to the implantation site (Huber-Lang et al. 2018). These 

cells include neutrophils, tissue resident macrophages and monocytes (Varol et al. 2015). The acute 

reaction gives rise to a chronic one with the abundance of macrophages, lymphocytes, plasma cells 

and fibroblasts (Sheikh et al. 2015). The macrophages fuse together and form foreign body giant cells 

(FBGCs). FBGCs attempt to further phagocytose the foreign body, often leading to “frustrated 

phagocytosis”, where FBGCs release damaging phagocytic enzymes into the implant-tissue interface 

(Junge et al. 2012), a step which could complicate implant infection in case a biofilm has already 

formed on the implant surface (Patel et al. 2012). Giant cells are usually found in granulomata of 

different origins and as osteoclasts in bone (Miron et al. 2016, ten Harkel et al. 2015, Zhang et al. 

2019), but in the case of a foreign body granuloma, the giant cells are usually of the foreign body type 

and not the Langhans variant (Pritchard et al. 2003, Al-Maawi et al. 2017). The distinction between 

both is usually through the arrangement of nuclei (Al-Maawi et al. 2017). Giant cells can have up to 

hundreds of nuclei and reach up to 120 µm in size (Gupta et al. 2014). 

Further inflammation leads to the encapsulation of the foreign body with a fibrous capsule 

made of newly deposited collagen to seal off the offending agent away from the body. This step serves 

to shield the body away from any potential effects of this foreign, unremovable and indigestible 

foreign body (Kastellorizios et al. 2015). Once formed, the foreign body reaction persists for the 

lifetime of the implant, independent of the biomaterial from which it was made (Anderson 1988). The 
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collagen is primarily produced from the fibroblasts which migrated during the initial inflammation, as 

well as fibrocytes, which are cells of mesenchymal origin, originating, most probably, from monocytes 

(Reilkoff et al. 2011). 

The FBR can lead to implant dysfunction, fibrosis, pain and swelling, and the functional effect 

on the implant can be detrimental, e.g. in case of pacemakers (Yoko et al. 2013). Conversely, the scar 

tissue formation can play a vital role in tissue reinforcement, such as for hernia repair using surgical 

meshes (Schumpelick et al. 2006). The contraction of the fibrous capsule can also lead to positional 

changes of the implant as well as adhesions and chronic pain (Prantl 2009). 

There has been a significant research output on the analysis of the FBR towards polymeric flat 

meshes, as these have been used for decades for the treatment of hernias and pelvic floor prolapse 

(Klinge et al. 2014). The ideal mesh is the one that allows the integration of new tissue inside the mesh 

pores with deposition of new collagen fibers, blood vessels and a decreased FBR. The search for such 

a “perfect” surgical mesh, however, is an ongoing process (Serafini et al. 2020). One aim of hernia 

repair using surgical meshes is to avoid the formation of a scar plate, which is a layer of stiff, poorly 

integrated connective tissue, ultimately leading to mesh shrinking and recurrence (Amato et al. 2015). 

Instead, the goal is to use a mesh that will lead to tissue ingrowth through its pores, with proper 

integration of the implant, followed by resorption (Jordan et al. 2018). It was reported that large pores 

and thick fibers produce a favorable FBR in vascular scaffolds compared to small pores and thinner 

fibers (Wang et al. 2014). Likewise, the same result was reported in surgical meshes, where the use of 

low-weight, large-pore meshes leads to better tissue integration compared to high-weight, small-pore 

ones (Junge et al. 2012). The implantation of high-weight meshes was associated with scar plate 

formation and “a bridging scar”, where the proximity of the formed foreign body granulomata to each 

other, lead to a reduction of the effective porosity and a decrease in tissue infiltration (Cobb et al. 

2005).  
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The effect of size and topography was also noticed for microsphere implantation, with better 

biocompatibility of spheres of 1.5 mm diameter compared to those with a diameter of 0.5 mm or less. 

The larger spheres had little fibrous capsule and appeared to escape the foreign body reaction, 

compared to smaller ones. Moreover, a spherical shape dictated a milder reaction than other 

geometrical shapes, independent from the total implanted surface area, as well as independent from 

the material (Veiseh et al. 2015). The size of the implant also affected the fusion of macrophages, 

where particles larger than 10 µm can be deemed non-phagocytosable and in turn, surrounded by 

FBGCs and a fibrous capsule (Sheikh et al. 2015). It is worth noting that when pores are less than 10 µm 

in size, this can provide a site for bacterial infiltration and biofilm formation. Bacteria can infiltrate 

these pores, however macrophages and neutrophils will be excluded, giving such microbes immunity 

against phagocytosis (Amid 1997, Falagas and Kasiakou 2005).  

It has been shown, mostly in vitro, that the scaffold topographical cues can influence the 

macrophage behavior (Chen et al. 2010, Sridharan et al. 2015), including polarization from the pro-

inflammatory M1 type towards anti-inflammatory M2 type (Zhang et al. 2017, Sussman et al. 2014). 

There has been a sustained research output from the group of Prof. Buddy Ratner in Washington 

University to develop poly(2-hydroxyethylmethacrylate) (polyHEMA) scaffolds with spherical 40 µm 

pores which are interconnected through 16 µm inlets. These scaffolds were found to induce little FBR 

(Bhrany et al. 2013) and a shift of the macrophage phenotype to the M2 type (Sussman et al. 2014) 

when compared to solid scaffolds from the same material or to controls. It should be noted that such 

implants are considered as hydrogel scaffolds (Fukano et al. 2010) and are not fibrous. 

Melt electrowriting (MEW) is an additive manufacturing (AM) technique which can produce 

fibrous, highly porous scaffolds with controllable, micro-scale fiber diameters and spacings, using 

medical-grade, solvent-free thermoplastic polymers. The freedom of scaffold design and fabrication 

presented by MEW, enable further research possibilities on the effect of scaffold morphology on the 

FBR, with the aim of producing scaffolds that can downregulate the FBR with anti-inflammatory 
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features. To date, there have been no fundamental in vivo studies on the FBR of empty, unaltered 

MEW scaffolds. Most of the in vivo MEW literature focused on the application of calcium phosphate-

coated MEW tubular scaffolds as a model for the study of metastasis in prostate and breast cancer 

(Dondossola et al. 2016, Holzapfel et al. 2015, Martine et al. 2017).  

Our group has recently shown a change in macrophage polarization from M1 to M2 when 

macrophages were cultured on MEW scaffolds with a box pore shape and a size of 40 µm (Tylek et al. 

2020). Part of this in vivo study was the analysis of the effect of the pore geometry of the scaffold on 

the macrophage polarization between M1 and M2 types by other members of our group. However, 

the work done for this thesis and presented in this chapter will only discuss the FBR to the implanted 

constructs, with both geometrical pore shapes (box and triangle), without focusing on macrophage 

polarization. 
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5.2 Materials and methods 

5.2.1 Study design 

To investigate the in vivo response to the subcutaneous implantation MEW scaffolds, four 

different experimental groups were planned (box, triangle, PCL film and sham). Two groups were 

implanted subcutaneously in every mouse on either side. Study animals had box scaffolds on the right 

side and triangular scaffolds on the left one and control animals had a PCL film on the right side and 

an empty pocket (sham group) on the left side. The terminology of the scaffolds is explained in the 

next subsection. 

Prior to the start of the experiment, both cryosectioning and formalin-fixed, paraffin-

embedded (FFPE) samples were tested as a method for tissue processing and done on in vitro cell-

seeded MEW scaffolds, as well as excised mouse tissue (skin and subcutaneous tissue and spleen). 

Ultimately, FFPE was chosen owing to better preservation of morphological details and the ability to 

process a larger number of samples in a faster way.  

A pilot experiment was performed with eight of the planned 60 mice. The pilot phase was 

used to check for the effectiveness of the implantation technique, the establishment of histological 

and immunostaining methods as well as microscopy techniques.  

5.2.2 MEW scaffold fabrication 

5.2.2.1 Groups 

This in vivo experiment was planned as a proof of principle of an ongoing in vitro experiment, 

featured in (Tylek et al. 2020). Accordingly, the scaffold design was carried over from the in vitro 

experiment, albeit with modifications. The scaffold designs used were the samples with the laydown 

patterns and fiber spacing which showed the highest effect during the in vitro phase. These scaffolds 

were with a laydown pattern of 0/90° and a 50 µm fiber spacing (herein referred to as “box scaffolds”) 
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and with a laydown pattern of 0/60/120° and a 60 µm fiber spacing (referred to as “triangular 

scaffolds”).  

5.2.2.2 Scaffold design 

The identical scaffold designs used in the in vitro experiments, however, could not be adopted 

for the in vivo component. Changes in the scaffold design had to be implemented, to accommodate 

the need for increased handling, sterilization and manipulation steps before and during the surgical 

procedure. Consequently, the scaffolds were thicker and had a reinforcing ring surrounding the 

sample. 

The initial scaffold production for the pilot phase was done by Dr. Carina Blum, who printed 

the scaffolds for the in vitro experiments, based on G-Code produced by Mr. Joachim Liebscher, similar 

to that used in Chapter 3, for the box scaffolds and by Mr. Andrei Hrynevich for the triangular scaffolds. 

The scaffold parameters were similar to what was previously used in the in vitro phase of the 

experiments (Tylek et al. 2020). The layer count was increased to a more handleable 42 intersecting 

fiber layers (2x21 for box and 3x14 for triangular scaffolds). A frame was printed on the outer edges 

of the scaffold to reinforce the scaffold and improve handling.  

The modified scaffold production was based on a G-Code produced by Mr. Andrei Hrynevich 

that include a circular motion to reposition the jet when a complete layer is finished, to avoid build-

up of fibers on the first line of fibers during repositioning to start a new layer, both in the x- and y-

axes. Automation and modulation of the MEW process was maximized so that the same code was 

used to print the box as well as triangular scaffolds. This allowed proper and precise positioning of the 

frames on top of the already printed scaffolds without trial and error. In total, 42 layers were printed 

(2x21 for box scaffolds and 3x14 for triangular scaffolds), similar to what was produced during the 

pilot phase. In general, scaffolds were printed first and stored for a few days (during which quality 

assurance was also performed) and then frame production was done en masse.  
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5.2.2.3 MEW process 

MEW was performed on a custom-built MEW printer that was designed and built by 

Dr. Tomasz Jüngst and Mr. Andrei Hrynevich (Figure 5.2A). The printer is similar in design to that which 

was used for scaffold productions in Chapters 3 and 4 and previously described in (Hochleitner et al. 

2016). However, the difference was the addition of a computer-controlled z-axis, and a collector that 

accommodated glass slides in fixed positions. Medical-grade PCL (PURASORB PC 12, Lot# 1412000249, 

03/2015, Corbion Inc., Gorinchem, Netherlands) was heated inside the printing head in a plastic 

disposable syringe equipped with a 30G nozzle (Nordson EFD Deutschland GmbH, Pforzheim, 

Germany) to 73 °C for 30 minutes then allowed to cool down in room temperature (RT) for 15 minutes 

and then reheated to 66 °C for another 30 minutes. A pneumatic pressure of 2 bar was used to force 

the molten PCL through the nozzle. The printing head was positioned 1.8 mm above the surface of a 

normal (non-charged and non-coated) glass slide (VWR International, Radnor, PA, USA), on which 

printing of 12x12 mm scaffolds was done (Figure 5.2B). The glass slides, the metal collector and the 

underside of the printing head were all cleaned with absolute, undenatured ethanol before printing 

followed by wiping with a fiber-free clean-room wipe to minimize dust particles. Voltage was set to 

0 kV for the collector and +4 kV using negative (LNC 10000-5 neg) and positive (LNC 10000-5 pos) high 

voltage sources (both from Heinzinger Electronic GmbH, Rosenheim, Germany).  
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Figure 5.2. The MEW printer setup. A) The MEW printer inside the polycarbonate protective housing 
with the two voltage devices at the bottom. Inside is the printing head and the moving collector with 
the computer-controlled axes. B) Close up of the printing head with the two-column arrangement of 
glass slides on the metal collector. Triangular scaffolds were being printed at that moment.  

In the pilot in vivo experiment scaffolds, the linear collector speed was 1050 mm/min, with a 

turn speed of 600 mm/min and pauses of 20 and 10 ms before and after the turns, respectively. For 

the main experiment scaffold, collector speed was set to 1050 mm/min for the linear motion and 950 

mm/min for the turns, with pauses of 50 and 1 ms before and after the turns, respectively. The G-Code 

used in the production of the main experiment scaffolds is annotated and listed in Appendix 1. After 

printing, scaffolds (while still on top of the glass slides) were stored under dust free conditions in Petri 

dishes or glass slide boxes until the frames were printed on top of them. 

5.2.2.4 Frames 

The glass slides with the scaffolds on top were repositioned back into the MEW printer, in the 

same slide position and printing order. To fulfil a minimum target scaffold surface area of 

approximately 1 cm², a frame with an inner radius of 6 mm and an outer radius of 7 mm was printed 

with a 22G nozzle using a melting temperature of 73 °C and 2 bar pneumatic pressure. The collector 
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speed was adjusted to 35 mm/min to print irregularly deposited fibers below the critical translation 

speed. The collector distance was kept at 8.2 mm and -1.5 kV applied to the collector and 8 kV to the 

nozzle. 

5.2.2.5 Final scaffolds and quality assurance 

The diameter of the final scaffolds was 14 mm. Scaffolds were individually inspected via 

stereomicroscope while they are still on the glass slides and given a score regarding the presence of 

structural defects that would prevent their use. An empirical scoring system of “+”, “-” or “+/-” was 

adapted from Dr. Carina Blum and used. A scaffold with a “+” score was perfect without any visible 

defects. A one with “-” had either multiple small defects, like fibers not stacking upon each other, 

tilted walls or the presence of large structural defects, caused by, for example, a dust particle or a 

fiber pulsing incident. A scaffold with a “+/-” had 1-2 small jumping fiber defects that were away from 

the center of the scaffold. Only scaffolds with a “+” or “+/-” score were used. The decision to use “+/-

” scaffolds was to improve scaffold yield, as the combined “+” and “+/-” scaffolds constituted less than 

50% of the printed scaffolds. A single scaffold took almost 4.5 hours to be printed, without a frame. 

5.2.2.6 Scaffold collection and sterilization 

After printing of both the scaffold and the frame into the composite scaffold (from now on, 

simply referred to as scaffold), absolute undenatured ethanol was pipetted on top of the scaffold to 

separate it from the glass slide. The scaffold was then moved via forceps into a Petri dish with absolute 

denatured ethanol. After all the scaffolds were collected, the Petri dish was moved under a sterile 

laminar air flow hood. The scaffolds were then moved to a new sterile Petri dish with 70% ethanol 

(prepared from absolute undenatured ethanol with autoclaved double distilled water (ddH2O) under 

sterile conditions) for 15 minutes. Then the scaffolds were moved to a new Petri dish using new sterile 

forceps for another round of sterilization in fresh 70% ethanol for another 15 minutes. The scaffolds 

were then washed in three changes of sterile phosphate-buffered saline (1X PBS), each for 5 minutes. 
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This was followed by moving into sterile 100 mL containers in 1X PBS to be stored until used at 4 °C. 

Films were sterilized in the same way, in the same session. 

5.2.3 PCL film preparation 

To prepare PCL films as one of the two control groups, a film casting device (Film Applicator 

510, Erichsen GmbH, Hemer, Germany) was used. A glass surface was cleaned twice with chloroform, 

twice with acetone and twice with absolute ethanol, then an metal applicator (cleaned in the same 

way) with a clearance of 200 µm was filled with medical-grade PCL (same as that used for MEW) and 

manually heated using a heat gun at full power, held from a distance of 20 cm. Temperature was 

controlled using an infrared thermometer and was between 80 and 110 °C. The applicator progressed 

at 1 mm/s. The film was left to solidify for one hour and then absolute ethanol was used to separate 

it from the glass undersurface (Figure 5.3). The film thickness was then measured using a digital 

caliper.  

 

Figure 5.3. Fabrication of the film scaffolds. A) The melt drawing device with the already melted PCL 
film on top of the glass substrate. B) Close up of the produced film showing the area used for the 
punching out of circular, 14 mm wide film scaffolds (ellipse). 

The films were then punched with a stainless-steel hollow sharp punch with a diameter of 

14 mm. The punch was initially cleaned by submerging in chloroform, followed by acetone and finally 

absolute ethanol. Punched-out films were then collected and placed in a Petri dish under dust-free 
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conditions and sealed by Parafilm until sterilized. Sterilization was done in the same way as with the 

MEW scaffolds. 

5.2.4 Scaffold characterization 

5.2.4.1 Scanning electron microscope (SEM) analysis 

Representative samples were selected and imaged using a stereomicroscope (Zeiss Discovery 

V.20, Carl Zeiss, Oberkochen, Germany) to measure total scaffold diameter and the width of the frame. 

Other samples were sputter-coated with 4 nm of platinum (Leica EM ACE600, Leica Microsystems, 

Wetzlar, Germany) and then imaged using a Zeiss Crossbeam 340 SEM (Carl Zeiss, Oberkochen, 

Germany) to check scaffold structure and measure fiber diameter. Measurements were performed by 

Mr. Andrei Hrynevich. For the measurement of fiber diameters, three scaffolds per group were 

selected and in each, the diameters of ten different fibers were measured (n=30). Tilted images in a 

45° angle were also acquired to characterize the fiber walls in the scaffolds. Sterilized scaffolds were 

also characterized to check if the sterilization process had an effect on scaffold morphology, albeit 

with a lower number of measurements (n=7). PCL films were similarly characterized. 

5.2.4.2 2D local thickness 

The established routine used in Chapter 4 to measure the two-dimensional local thickness 

(2D-Tloc) as a correlation to pore size was used with the current scaffolds. Briefly, using high 

magnification with the 1.5x lens of the stereomicroscope, three images from three different scaffolds 

from each scaffold group were taken (n=9). Using the open-source software package, Fiji (Schindelin 

et al. 2012), running ImageJ v1.52p, the images were thresholded and analyzed with the function local 

thickness to give the diameter of a circle that will fit inside the available pores. The ImageJ macro code 

is listed in Appendix 2. 
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5.2.5 In vivo study 

5.2.5.1 Study design and animals 

The animal experiments were approved by the Government of Lower Franconia, Germany (ID: 

55.2-DMS-2532-2-482). 60 Naval Medical Research Institute (NMRI) outbred female mice were 

ordered from the company Charles River (Sulzfeld, Germany). For each of the four time points (2-, 4-, 

7- and 14-days post-implantation), 15 mice were used. These mice were divided into 10 mice for the 

scaffold groups and 5 as controls. Table 5.1 summarizes the design of the experiment. Mice were 

delivered to the animal facility of the Department of Functional Materials in Medicine and Dentistry, 

University of Würzburg at 11 weeks of age and were left for two weeks before the start of the 

experiment to acclimatize. The mice were caged, under controlled temperature and humidity, in 

groups before the surgery and then individually afterwards. Food and water were supplied ad libitum 

and a 12-hour light/dark cycle was applied. Enrichment elements were added in the cages for the 

welfare of the animals. The average preoperative weight of the animals was 34.27 ± 2.72 g. 

Table 5.1. Summary of the experimental setup. The mice were distributed in four different time 
points with two experimental groups in each. 

Group Day 2 Day 4 Day 7 Day 14 
Control  

(Right side: Film, 
left side: sham) 

5 5 (3 done in Pilot) 5 5 

Scaffold  
(Right side: box, left 

side: triangle) 
10 10 (5 done in Pilot) 10 10 

Group total 15 15 15 15 
Grand total 60 

 

5.2.5.2 Surgical procedure 

All surgical procedures were performed under aseptic conditions, and by the same operator 

(Almoatazbellah Youssef). The surgical technique that was used was previously described for a 

different implant (Pavia-Jimenez et al. 2014). Dr. Andrea Ewald performed the anesthesia. The mice 

were weighed then anesthetized. For induction of anesthesia, the mice were placed in an air-tight 
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chamber with 4% isoflurane and then for maintenance, 1-3% isoflurane was delivered through a mask. 

Subcutaneous injection of 25 mg/kg of tramadol was given preoperatively as an analgesic.  

The skin on both flanks was shaved using an electric razor. Skin disinfection was done using 

Octenisept (Schülke, Norderstedt, Germany). The animal was then covered with sterile surgical 

drapes, on top of a thermal pad adjusted to 30 °C. A skin incision 10 mm in length was performed 

using Metzenbaum scissors in the lateral side (flank) of the animal between the costal margin and the 

inguinal area. Blunt dissection was performed with scissors to create a pocket in the subcutaneous 

tissue superficial to the abdominal muscles of approximately 15x15 mm in dimension, then irrigated 

with sterile 0.9% sodium chloride solution. The sterilized scaffold was then taken out of the sterile PBS 

solution and placed in the pocket, according to the group distribution. For the scaffold groups, the 

side of the scaffold that was in contact with the metal collector of the MEW printer (smooth side) was 

placed on the floor of the pocket (superficial to the abdominal muscles), similarly for the PCL films, 

the side in contact with the glass surface of the film casting device (smooth side) was also placed on 

the floor of the pocket. For the sham group, just the pocket was created without implanting anything 

inside. The surgical procedure is summarized in Figure 5.4. 
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Figure 5.4. Steps of the implantation procedure. (A) Mice are anesthetized, and the surgical site is 
disinfected and prepared. (B) A lateral incision is made, and a subcutaneous pocket is created through 
blunt dissection. (C-E) The scaffold is implanted in the pocket and checked for correct positioning and 
flatness. The wound is checked for hemostasis. (F) Closure of the wound in a single layer. (G and H) 
Mice are allowed to recover under an infrared lamp before being caged individually.  
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Appropriate positioning of the implants was checked before closing the wound to make sure 

that the scaffolds, as much as possible, were flat without folding, as well as to check for proper 

hemostasis. The wound closure was done in one layer (skin and subcutaneous tissue) with Vicryl 6-0 

uncoated, undyed sutures equipped with a reverse cutting needle (Ethicon, Somerville, NJ, USA). After 

both sides were operated on, the mouse was allowed to recover in an individual cage, warmed by an 

infrared lamp. In general, five mice were operated on per day. 

The wound closure technique was altered twice during the course of the study. During the 

pilot phase, an inverted running suture was chosen to close the wounds. During the main experiment, 

the technique was changed to a simple interrupted one, however, this was accompanied by a high 

complication rate, and the original inverted running technique was reused again, albeit with 

decreased suture tension.  

5.2.5.3 Follow up and animal care 

The mice were followed up 4-5 hours postoperatively and then daily until the day they were 

to be sacrificed. In case of open wounds within the first 24 hours postoperatively, re-suturing was 

attempted, under complete aseptic conditions and under general anesthesia (isoflurane inhalation, 

same protocol as in the surgery). Tramadol in drinking water (20 mg/mL) was administered for 7 days 

postoperatively in the Day 14 group, or until euthanasia in Day 2, Day 4 and Day 7 groups. 

5.2.5.4 Sacrifice and sample collection 

On the assigned day for sacrifice for each group, the mice were individually euthanized by 

carbon dioxide inhalation, confirmation of death was done by checking the corneal reflex, followed by 

cervical dislocation. The implantation site was carefully inspected (and when any abnormality was 

detected, photographed) and then shaved with an electric razor. The mouse is then placed in the 

supine position and pinned down through the limbs for fixation. Figure 5.5 provides a summary of the 

sample excision steps. 
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Figure 5.5. Steps of sample excision. (A) Mice are euthanized with CO2 inhalation and cervical 
dislocation. The excision site is wetted for easier dissection. A tissue block is excised (B), inspected (C 
and D) and cut in two parts. One part is placed inside a standard histology cassette for fixation in 
formaldehyde solution (E).  

A median abdominal incision through the skin, subcutaneous tissue, abdominal muscles and 

peritoneum was done and extended cranially till the xiphoid process and caudally till the urethral 

orifice. The incision was then extended laterally on both sides till the scapular line. When possible, the 

implantation site of the constructs was superficially identified through the contour of the implanted 

scaffold frame, or the film. If this was not possible, then the suture line was used as a landmark for 

the excision. A tissue block of approximately 20x20 mm was dissected out, composed of the overlying 

skin, subcutaneous tissue (with the scaffold, film or empty pocket inside), and the abdominal muscles. 

The gross appearance of the tissue block was noted in terms of vascularization and inflammation. The 

remaining subcutaneous tissue around the excision site was then thoroughly inspected to make sure 

that the no constructs were left behind. Finally, the tissue block was cut into two halves using a razor 
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blade in one move. One half was handed over for further experiments for RNA isolation. The other 

half was placed between two pieces of filter paper, inside a standard histology cassette to preserve 

the flat shape of the tissue block. During the pilot phase, tissue was fixed in a commercial, methanol-

stabilized 4% formaldehyde solution (Merck 1.00496.5000), while in the main experiment in also a 

similar, commercial, methanol-stabilized, albeit 4.5% formaldehyde solution (Roti Histofix, Carl Roth 

2213.6). 

One additional NRMI mouse was sacrificed for tissue collection without undergoing any 

surgeries. A tissue block corresponding to that taken from the study animals, as well as spleen and 

liver tissue parts were collected to be used as normal controls in the immunohistochemical staining. 

5.2.5.5 Tissue processing 

The tissue was kept in the fixative solution at RT for 48 hours during the pilot phase and 

24 hours during the main experiment. Afterwards, the tissue, while still inside the cassette, was 

washed twice with ddH2O, before being placed in an automatic tissue processor (Thermo Scientific 

Mircrom STP 120, Thermo Fischer Scientific Inc., Schwerte, Germany) for a 14-hour program of 

immersion in: one change of each of 50%, 70%, 80%, 99% ethanol, two changes of 2-propanol, one 

change of 2-propanol/xylene 1:2, two changes of xylene, and two changes of paraffin. The cassettes 

were then collected, and the tissue taken out to be embedded into a paraffin block using an 

embedding system (MEDITE TES Valida, Burgdorf, Germany) with molten paraffin at 65 °C, then left to 

cool down in RT. Embedding was always done in the same way, so that the sharp edge that resulted 

from cutting the tissue block in two halves was placed down first to be at the paraffin block outer 

surface, i.e. sectioning should be from central part of the scaffold to the periphery. 

5.2.5.6 Sectioning 

A manual rotary microtome (microTec CUT 4060, Forchheim, Germany), equipped with 

disposable low-profile microtome blades (SLEE Medical GmbH, Mainz, Germany, article number: 

28407000), was used to first surface the blocks using 10 and 20 µm steps, then to cut 5 µm sections 
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that were floated in ddH2O at 42 °C and mounted on positively charged glass slides (R. Langenbrinck 

SuperFrost Plus, Emmendingen, Germany). Slides were left overnight inside a 37 °C oven to dry. The 

blade movement to section the paraffin block was always from the muscle layer (deep) towards the 

skin layer (superficial) to decrease the paraffin ribbon fragmentation. Mr. Esteban Ceballos assisted in 

the sectioning of the paraffin blocks. Sequential sections were used in all experiments. 

5.2.6 Staining 

5.2.6.1 Histochemical staining 

The protocols for the various histochemical staining methods were kindly provided by Ms. 

Purificación Ripalda Cemborain from the University of Navarra, Pamplona, Navarra, Spain. The 

protocols were individually adapted for use and updated from the literature (Riedelsheimer and Büchl-

Zimmermann 2015). The detailed staining protocols for each method are summarized in Appendix 3. 

A common step in all protocols is the deparaffinization step. Slides were deparaffinized by 

placement in a 60 °C oven for 15 minutes, followed by submerging in two changes of xylene, one for 

15 minutes and the other for five minutes, then two minutes in each of a graded series of ethanol 

concentrations (100% twice, 96%, 80%, and 60%). Slides were rehydrated in ddH2O for five minutes. 

Histological staining was then performed using hematoxylin and eosin (HE), as well as picrosirius red 

(PSR) stains (Riedelsheimer and Büchl-Zimmermann 2015). Following staining, dehydration was 

performed in an ascending concentration of ethanol (96% twice, 100% twice) then two incubations in 

xylene. Coverslipping was done with a synthetic resin, Roti-Histokitt (Carl Roth 6638.2) and 24x60 mm 

coverslips, with a thickness of 0.13-0.16 mm (R. Langenbrinck, Emmendingen, Germany). Slides were 

left overnight under a fume hood for drying. Afterwards, excess resin from coverslipping was removed 

with a razor blade, if any. 
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5.2.6.1.1 Hematoxylin and eosin 

The standard HE stain was used as the primary stain to assess the sections and decide if further 

sectioning was needed to find the region of interest (ROI) of the implant inside the tissue block. After 

deparaffinization and rehydration, the slides were incubated in Mayer’s hematoxylin (Sigma-Aldrich 

MHS32-1L) for 15 minutes, then briefly rinsed in tap water. Bluing was done by either washing for ten 

minutes in running tap water or incubation in 0.1% sodium bicarbonate solution (w/v, in ddH2O) for 

two minutes. Using either method, two minutes of washing in ddH2O followed, before incubation in 

0.5% Eosin-Y solution (Carl Roth X883.2) for two minutes. Slides were briefly washed in running water, 

before being dehydrated and coverslipped, as mentioned above.  

5.2.6.1.2 Picrosirius red 

PSR was used to assess the collagen deposition around the scaffold/film and the new collagen 

formation inside the scaffolds. After deparaffinization, the slides were placed in ddH2O for five 

minutes, then for one hour in a solution of 0.5 g sirius red (Direct Red 80, Sigma-Aldrich 365548) 

dissolved in 500 mL of 1.3% saturated picric acid solution (Sigma-Aldrich P6744-1GA). Two quick 

washings (dipping for three times for each) in 0.5% acetic acid solution (in ddH2O) were done followed 

by rapid dehydration and coverslipping, as previously mentioned. 

5.2.6.2 Immune staining 

5.2.6.2.1 General 

Several iterations and optimization steps to reach a final working protocol for 

immunohistochemistry (IHC) were performed. This included multiple antigen retrieval methods, 

primary and secondary antibodies and detection systems. Moreover, immunofluorescence was also 

attempted. Ultimately, the protocol presented in this chapter was the most robust one and with the 

best reproducible results. The detailed staining protocols are listed in Appendix 3. 
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5.2.6.2.2 Immunohistochemistry 

The working protocol was partly based on protocols from Ms. Purificación Ripalda Cemborain 

and later adapted to the manufacturer (Vector Labs, Abcam and Dianova) recommendations for the 

IHC detection system and antibodies, resepctively. 

5.2.6.2.2.1 Antigen retrieval 

Owing to the use of FFPE, antigen retrieval (AR) was deemed necessary to unmask antigens 

after being crosslinked by formaldehyde during fixation (Shi et al. 2011, Webster et al. 2009). The two 

available retrieval methods, heat-induced and proteolytic-induced epitope retrieval (HIER and PIER, 

respectively) were tested (Webster et al. 2009). For PIER, treating the sections with trypsin (Sigma 

Aldrich T7168-20TAB) and proteinase K (Merck 21627) was done. For HIER, heating the sections in 

10 mM citrate buffer (pH 6) (Carl Roth X863.1) or Tris-Ethylenediaminetetraacetic acid (EDTA) buffer 

(TE buffer) (pH 9) inside a domestic, electric pressure cooker or a domestic microwave was tested. 

After thorough testing, the method of choice was HIER with citrate buffer inside the pressure cooker. 

The duration of the heating and amount of pressure inside the cooker were empirically tested until 

proper settings were reached, where the tissue sections did not sustain damage or were washed away 

due to the process.  

5.2.6.2.2.2 Antibodies and controls 

Based on previous literature, IHC was used to visualize macrophage infiltration of the 

implants, as well as blood vessels in and around the constructs (Roman Regueros et al. 2014, Slezak 

et al. 2018). To identify macrophages and giant cells in the tissue sections, a pan-macrophage anti-

CD68 polyclonal rabbit anti-mouse antibody (1:500, Abcam ab125212) was selected. While for 

endothelial cells, a monoclonal anti-CD31 rat anti-mouse antibody (1:50, clone SZ31, Dianova DIA-

310) was used.  

Secondary antibodies were part of a horseradish peroxidase (HRP) polymerized reporter 

enzyme staining system from Vector Labs (Burlingame, CA, USA). The detection kit included secondary 
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antibodies, which were raised in goat against the respective species of the primary antibodies and 

were conjugated to micropolymeric HRP, allowing a one-step detection system with amplification. 

As positive controls, mouse liver tissue was used. As negative controls, three controls were 

used: 1) normal mouse skin (with subcutaneous tissue and abdominal muscle), 2) omission of primary 

antibody and overnight incubation with PBS instead, and 3) immunoglobulin isotype control in the 

same concentration as the primary antibodies (Rabbit IgG or Rat IgG, Vector Labs I-1000 or I-4000, 

respectively) (Hewitt et al. 2014). Representative images of all different controls are shown in 

Appendix 4. 

5.2.6.2.2.3 Staining 

After the deparaffinization, samples were immersed in ddH2O for five minutes followed by 

five minutes in PBS. Antigen retrieval with 10 mM citrate buffer (pH 6) was performed in a domestic 

electric pressure cooker (SAGE SPR700BSS4EEU1) for five minutes with pressure set to 50 kPa. Slides 

were allowed to cool down to RT for 20-30 minutes before being washed again in PBS for five minutes. 

Quenching of endogenous peroxidases was done in 3% hydrogen peroxide (in ddH2O) for 15 minutes 

followed by another five-minute wash in PBS. Blocking of non-specific protein binding was done with 

a 2.5% normal goat serum solution (from Vector ImmPRESS HRP Kit, Vector Labs MP-7444 for anti-rat 

kit and MP-7451-15 for anti-rabbit kit) for 45 minutes. Excess blocking solution was removed, and then 

primary antibodies (diluted in PBS) were applied and incubated overnight in 4 °C in a humidified 

chamber. 

The following day, slides were washed for ten minutes in PBS, then secondary antibodies from 

the respective HRP detection kits against either rabbit or rat primaries were applied as is without 

dilution (Vector ImmPRESS HRP, Vector Labs, see above) in a humidified chamber at RT for 30 minutes. 

Afterwards, the slides were washed three times for ten minutes each in PBS. As an HRP substrate, 

Vector ImmPACT NovaRED Kit (Vector Labs SK-4805) was incubated for three minutes, followed by 

incubation in ddH2O for five minutes. Counterstaining was done for seven seconds in Modified Harris’ 
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hematoxylin solution (Sigma-Aldrich HHS32-1L), washed with tap water and then dehydrated and 

coverslipped, as previously described. 

5.2.7 Microscopy 

HE-stained slides were checked using a Zeiss Imager.M1 microscope (Carl Zeiss, Oberkochen, 

Germany) for the presence of the implanted constructs inside the tissue block. When no construct 

was visible, the paraffin block was sectioned again, and the staining process repeated. Initial slide 

checking was done with a 10x lens. Imaging was achieved with the 20x lens for an overview and with 

40x for high-powered field (HPF) images. When needed, the automated microscope stage was used 

to capture tiled images of the tissue sections, which were auto-stitched, to capture a greater area of 

the slide. The capture settings were kept constant during imaging of the IHC images (same illumination 

and exposure time) using the brightfield mode of the microscope. In addition, all slides were scanned 

at 40x with a 3DHISTECH Panoramic SCAN II (3DHISTECH, Budapest, Hungary) for archiving and further 

image analysis. 

5.2.8 Image analysis 

5.2.8.1 Histomorphological analysis 

5.2.8.1.1 Hematoxylin and eosin 

HE-stained were qualitatively analyzed with a focus on the scaffold integrity, presence and 

type of inflammatory cells at implant-tissue interface and inside the scaffold pore spaces. 

5.2.8.1.2 Picrosirius red 

PSR-stained slides from all groups were examined with brightfield microscopy for the 

presence of collagen deposits (appears red in the stained tissue) inside the pore spaces and at the 

scaffold-tissue interface. The slides from the Day 7 and Day 14 groups were qualitatively analyzed. 
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5.2.8.2 Quantification of CD68 staining 

At least ten representative HPF micrographs from a representative slide per sample were 

used. Images were saved in the proprietary Carl Zeiss format (CZI). A custom macro was written for 

the open-source image processing package Fiji (Schindelin et al. 2012), running ImageJ v1.52n, to 

automate the analysis, reducing user bias (The ImageJ macro code is listed in Appendix 2). User 

interaction was only needed to adjust the position of the ROI, which was a rectangle of the same size 

in all images (120x150 µm), whether by simple placement adjustment or by rotating the ROI to 

coincide with the rotating scaffold segment. Briefly, based on published methods for image analysis 

(Fusser et al. 2019) and for color deconvolution (Fuhrich et al. 2013), stain separation for the CD68 

stained IHC micrographs was done on the truecolor (RGB) image (converted from the 8-bit color CZI 

original image) to separate the NovaRED-stained structures from the blue hematoxylin counterstain, 

and then a threshold was applied to create a binary mask to the image. ROI selection was done on the 

RGB image and saved to be used on the masked binary image. The threshold was empirically selected 

and was the same in all analyzed images. The stained area of CD68 was calculated as a percentage of 

the selected ROI (120x150 µm). 

5.2.8.3 Qualitative analysis of CD31 staining 

The slides were examined for the presence of CD31-positive vascular structures around the 

implants and inside the pore spaces of the scaffolds as previously reported (Slezak et al. 2018). 

Although not factored into the analysis, the difference in vascularization between the scaffold and its 

reinforcing frame was also observed. 

5.2.9 Statistical analysis 

For the IHC quantification, the mean and standard deviation (SD) were presented. Statistical 

analysis was performed using OriginPro 2020 (OriginLab, Northampton, MA, USA). A two-way analysis 

of variance (ANOVA) test followed by Tukey test were performed, although the data showed a non-
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normal distribution using the Shapiro-Wilk test. It was previously shown that ANOVA was robust 

enough and can accept as input non-parametric data (Blanca et al. 2017) when sample size is high 

enough. For IHC quantification, after exclusion of defective samples, at least n=40 per control group 

(4 mice and at least ten HPF images per implant) or n=80 per scaffold group (8 mice and at least ten 

HPF images per implant) were used in the statistical analysis. Statistical significance was defined as 

p < 0.05. 
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5.3 Results 

5.3.1 Scaffold characterization 

5.3.1.1 Gross appearance 

The PCL MEW-fabricated scaffolds as well the PCL films had on one side a smooth, shiny 

surface, which was the surface in contact with the glass surface during production. The upper side in 

the case of scaffolds had multiple intersections of the fiber walls, creating small, projecting domes, as 

well as the outer frames, which were visibly thicker than the scaffold they were reinforcing. The upper 

side of the film was in contact with the metal applicator used to cast it and had a matt, whitish surface. 

The different side for both types of implants could be readily visualized. 

The cross section of the scaffold was not possible to directly measure whether by a caliper or 

by cutting and vertical mounting for SEM measurement. Instead a calculation was done, based on the 

fiber diameter (see below) and the layer count. The frame, however, was possible to be measured 

directly by a caliper, and had a thickness of approximately 450 µm. The film was measured also by a 

digital caliper and a thickness of 250 µm was recorded.  
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Figure 5.6. Stereomicroscope images of the scaffold groups. (A) shows a sample triangular scaffold 
with the frame and (B) a box one (Scale bar is 2 mm). (C) and (D) are higher magnification images of 
(A) and (B), respectively (Scale bar is 100 µm). 

 

 

Figure 5.7. Printing of the frame around the scaffold for support. (A) shows the circular frame without 
a scaffold, while (B) is a higher magnification of a different scaffold showing the frame on top of a box 
scaffold. Scale bar is 2 mm in (A) and 500 µm in (B). 
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5.3.1.2 Stereomicroscopy 

The individual examination of scaffolds rendered many scaffolds unusable due to the presence 

of defects that landed them in the “-” category. The overall success rate of printing a scaffold that was 

fit for implantation was less than 50%. Figure 5.6 shows a representative scaffold from each of the 

box and the triangular groups. There was a visible difference between the scaffold itself and the frame, 

which was composed of thicker fibers with irregular spacing, by design. The frame fibers were 

deposited on top of the scaffold on the outer edges in a random coiling writing mode (Figure 5.7). The 

diameter of the scaffold with the frame was approximately 14 mm. In the box scaffolds, the corners 

of the scaffolds could still be observed outside the four quadrants of the circular frame, while in the 

triangle scaffolds, the six corners could still be observed, but to a lesser extent. Figure 5.8 shows 

examples of rejected scaffolds with defects. 

 

Figure 5.8. Examples of rejected scaffolds. (A) and (B) show scaffolds that would be rated as - in the 
three-rating system (+, - and +/-) in low magnification and (C) and (D) in a higher magnification. (A) 
and (C): Box scaffolds. (B) and (D): Triangular scaffolds. Scale bar in (A) and (B) is 2 mm and in (C) and 
(D) is 1 mm. Scaffolds were rejected when the defective morphology affected the intended design of 
the scaffold. 
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5.3.1.3 SEM 

5.3.1.3.1 Pilot scaffolds 

Using the SEM, the pilot experiment scaffolds, produced by Dr. Carina Blum, revealed an 

average diameter of 2.34 ± 0.25 µm for the triangular scaffolds and 2.32 ± 0.2 µm for the box scaffolds 

(n=30, three scaffolds from each type with ten random fiber measurements from the center). 

Sterilized samples showed diameters of 2.48 ± 0.12 µm and 2.5 ± 0.2 µm for triangular and box 

scaffolds, respectively (n=7 for each). The limited number of measurements were due to the limited 

number of scaffolds available, after excluding ineligible scaffolds. The morphological examination of 

scaffolds (Figure 5.9) showed that the fiber spacing was 62.46 ± 3.08 µm and 48.93 ± 2.83 µm for 

triangular and box scaffolds (n=7), respectively. The unsterilized box scaffolds had regular box-shaped 

pores (Figure 5.9A), while the triangular scaffolds had pores which were mostly triangular (Figure 

5.9E). In some cases, there was a slight translation of the fiber walls, this resulted in pores with 

a quadrilateral part and a small triangular one at its apex. These small triangles were occasionally 

blocked by partially molten fibers from the intersecting fiber wall (Figure 5.9G). This translation was 

likely caused by a minor shift in the axis of the MEW printer. The sterilized samples from the pilot 

group were not as straight as the non-sterile ones and showed visible waviness and relaxation of the 

fibers (Figure 5.9 A-B and E-F). There were signs of fusion of the fibers with those beneath them 

(Figure 5.9E, G), especially in the triangular groups. The fibers in both box and triangular scaffolds of 

the pilot samples showed a slightly rough surface with some banding (Figure 5.9C), except when 

melting was observed (Figure 5.9G). Some crystalline structures were also visible on the surface of the 

fibers in the sterilized group, probably due to the salt precipitation from the PBS solution, in which 

they were washed and stored (Figure 5.9D, H). 
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Figure 5.9. SEM images of MEW scaffolds from the pilot experiment. (A) shows a box scaffold before 
sterilization in two changes of 70% ethanol and washing multiple times in 1X PBS and (B) afterwards. 
(C) and (D) are higher magnification images of the intersection points of the fiber walls, before and 
after sterilization, respectively. (E) and (F) are images of a triangular scaffold before and after 
sterilization, respectively, with (G) and (H) representing higher magnification images of the 
intersection points of the fiber wall at one of the apices of the triangular pores, before and after 
sterilization, respectively. Scale bar is 25 µm in (A), (B), (E) and (F). Scale bar is 10 µm in (C), (D), (G) 
and (H). Relaxation of the fibers could be seen after sterilization. In (G), the intersection points showed 
melting of the fibers and fusion. Scaffolds were produced by Dr. Carina Blum. SEM images were 
captured by Mr. Andrei Hrynevich. 
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5.3.1.3.2 Main experiment scaffolds 

Fiber diameters of the box and triangular, non-sterilized scaffolds from the main experiment 

were 2.47 ± 0.25 µm and 2.48 ± 0.15 µm, respectively (n=30). Qualitive evaluation of the constructs 

using the SEM revealed scaffolds with uniform pore shapes for the box scaffolds (Figure 5.10A-B). In 

the triangle scaffolds (Figure 5.10C), similar to what was seen in the pilot phase, the apex of the 

triangular pores was isolated by the fiber walls, creating a small triangle in the apex and a larger 

quadrilateral below it (Figure 5.10D). This was uniformly present in the samples and could not be 

removed at the time of the experiments by changing printing parameters (Figure 5.10C). It was 

probably due to a minor shift in the axis of the MEW printer.  

 

Figure 5.10. SEM images of the main experiment scaffolds. (A-B) Box scaffolds. (C-D) Triangular 
scaffolds. The box scaffolds showed regular box-shaped pores, while the triangular ones had a larger 
quarilateral pore and a smaller triangular one at the apex. Scale bar is 25 µm in (A) and (C) and 10 µm 
in (B) and (D). SEM images were captured by Mr. Andrei Hrynevich. 
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The fiber walls fused incompletely and at isolated foci. This meant that some sections of the 

fiber wall were made of clustered, fused fibers, forming mini-walls. These in turn were separated from 

each other by lateral pores (Figure 5.10B, D). This phenomenon was observed in both box and 

triangular scaffolds and was probably related to the low collector distance that was used for the 

printing. This could be caused directly through the melting of the top of the just-printed fiber by the 

proximity of the heated printing head, or through the small collector distance, where the short travel 

distance of the molten polymer jet might not have allowed for proper solidification before being 

deposited on the previous fiber. However, individual fibers could still be observed in the fiber walls in 

other sections of the scaffolds. The relaxation effect observed in the pilot scaffolds after sterilization 

was not seen in the main experiment scaffolds when examined under the SEM, which could mean that 

the effect could be handling-related during sample preparation for SEM visualization (Figure 5.11A-B 

and E-F). The fibers in both box and triangular groups showed a rough surface and occasional banding 

(Figure 5.11C-D and G-H), similar to what was already observed with the pilot scaffolds. Furthermore, 

some crystalline structures were detected on the fiber surface of the sterilized scaffolds, similar to 

what was seen in the pilot, and was probably due to some PBS remnants on the surface from the wash 

steps after sterilization (Figure 5.11D, H). 
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Figure 5.11. Further SEM images of main experiment scaffolds. (A-D) Box scaffolds. (E-H) Triangular 
scaffolds. The non-sterile scaffolds (A), (C), (E) and (G) and the 70% ethanol-sterilized scaffolds (B), (D), 
(F) and (H) show identical morphology with the exception of some crystal diposition on the fibers at 
higher magnification (D) and (H), compared to the already rough fiber surface in the non-sterile 
scaffolds (C) and (G). Scale bar is 25 µm in (A), (B), (E) and (F) and 2.5 µm in (C), (D), (G) and (H). SEM 
images were captured by Mr. Andrei Hrynevich. 
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SEM analysis of both sides of the film were also conducted (Figure 5.12). For the matt surface, 

the spherulite arrangement of the polymer were evident with gaps at the meeting point of adjacent 

spherulites (Figure 5.12A-B). For the smooth side of the film, it was challenging to focus the SEM, as 

the surface was too smooth with only occasional depressions in the film (Figure 5.12C-D). The same 

observation regarding the precipitation of crystals in the sterilized scaffold samples was also noted in 

the film samples (Figure 5.12B, D). 

 

Figure 5.12. Scanning electron microscopy of PCL films. The melt drawn PCL film had a rough side 
that was in contact with the metal spacer (A) and (B) and a smooth side, that was in contact with the 
glass surface (C) and (D). (B) and (D) show films after sterilization in 70% ethanol and washing in 1X 
PBS. SEM images were captured by Mr. Andrei Hrynevich. 

5.3.1.4 2D local thickness analysis 

The analysis of the pore spaces in the images taken with the stereomicroscope gave 2D local 

thickness (2D-Tloc) maps which gave the diameter of the largest sphere (here, as the images are in 2D 

and not a 3D stack, a circle) which would fit a given pore space. Figure 5.13 shows the workflow of the 
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measurement process for both the box and triangular scaffolds. The mean, standard deviation and 

maximum values of the measurement are listed in Table 5.2. The assignment of the grey value 

threshold to create the binary mask for the image is considered the main source of error in this 

measurement, as it was given subjectively, however, it remained the same for all measurements. 

Figure 5.14 shows a graphical representation of the pore size distribution in both scaffold types. 

 

Figure 5.13 Workflow of the two-dimensional local thickness analysis (2D-Tloc) of stereomicroscopy 
images. The measurement process is shown for box scaffolds (A-C) and for triangular ones (D-F). 
Briefly, stereomicroscopy images (left side) were captured, then converted to a binary image by 
applying a thresold (middle). The binary image is used to calculate the 2D-Tloc of the detected pores. 
Colour coding of the right column: yellow: large pore, dark blue: small pore, black: scaffold fibers. Scale 
bars are 100 µm. 
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Figure 5.14 Graphical summary of 2D-Tloc for box (A) and triangular (B) scaffolds. Box scaffolds show 
a higher frequency of repeating pore sizes compared to triangular ones with a wider distribution. 

 

Table 5.2. Summary of 2D-Tloc results for box and triangular scaffolds. 

Scaffold 
2D local thickness (2D-Tloc) 

Maximum 
(µm) 

Mean 
(µm) 

Standard deviation 
(µm) 

Box 
(50 µm spacing) 63 32 18.76 

Triangle 
(60 µm spacing) 55 28 16.45 

 

5.3.2 Animal surgery 

5.3.2.1 Pilot experiment surgical outcome 

During the pilot experiment (all from the Day 4 group), the control group of animals (with PCL 

film on one implantation pocket and a sham surgery in the other) handled the surgery well, there were 

no local wound complications with no signs of inflammation or hemorrhage at the wound site. For the 

scaffold group, one mouse completely pulled the suture material from the wound, however the 

wound remained closed. On the assigned day for sacrifice, the wound was seen to be partially open, 

however, the implant was not externally visible. Another mouse had the wound completely open, 

although there were no signs of inflammation or hemorrhage, and the general condition of the mouse 

was normal. On excision, the wound was also partially open, and the scaffold could be seen in the 

wound floor. This mouse (both sides) was excluded from the analysis. 
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5.3.2.2 Main experiment surgical outcome 

Two mice from Day 7 group bit off their sutures after 48 hours (excluding them from 

secondary closure by re-suturing) of the surgery and started to lose weight, so according to the 

humane endpoints of the study they had to be euthanized and the surgery was repeated with two 

new mice. However, when the surgery was redone, one mouse completely bit off the wound open on 

the day of the sacrifice (Day 7). After euthanasia, no scaffold was detected in the subcutaneous pocket, 

and it is presumed that the mouse took the scaffold out of the pocket. It is worth mentioning that in 

all these cases, the affected side was the right side in a scaffold group mouse (i.e. involving a box 

scaffold).  

5.3.2.3 Re-suturing of open wounds 

When the single interrupted sutured technique was used during the main experiment, 8 out 

of 15 animals required re-suturing of one or both sides. The affected side was the right side in two 

cases, the left side in another three and both sides were involved in the remaining three. A wound 

that required re-suturing was that which had more than two sutures missing, and this happened less 

than 24 hours from the primary closure. Figure 5.15 summarizes the number of animals that suffered 

from complications and required re-suturing. All cases requiring re-suturing were in Day 2 or Day 7. 

Once the running inverted suture technique (as in the pilot) was used again, with decreased 

suture tension, there were no further cases requiring re-suturing, except in the previously mentioned 

(see above) two cases in the Day 7 group but there, re-suturing was not performed as the injury 

occurred after 24 hours from the surgery. Once the animals were re-sutured, the wounds were 

considered closed, but afterwards they were, as with the rest of the mice, subjected to daily follow up 

and inspected thoroughly at the time of excision for further wound complications. 
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5.3.2.4 Wound complication 

In total, 14 out of 62 mice (the two extra mice were to replace those euthanized from Day 7) 

had wound complications, observed at the time of sacrifice. At the time of excision, the right side was 

the site of the most complications in 10 of 14 animals (72%), followed by the left side in 3 of 14 animals 

(21%) or both sides in 1 of 14 animals (7%). Out of the ten mice that had an injury in the right side at 

excision, only one of them was in a control group mouse (1 of 14) (here, containing a PCL film). All the 

remaining nine mice contained box scaffolds. The definition of an injury at the time of excision was 

when more than two sutures were missing. Usually the wound was sutured close with at least five 

sutures. No mice from the sham group had any wound complications. 

While it could be attributed to the change in the suturing technique, most of the complications 

were in the Day 2 and Day 7 animals. Day 14 had the least rate of complications. All of the five mice 

that were re-sutured in the Day 2 group had wound complications at the time of excision, compared 

to one of the three mice from Day 7. In total, six mice in Day 2, three in Day 4, four in Day 7 and one 

in Day 14 had wound complications. Figure 5.15 summarizes the overall rate of complications that 

were faced in all the groups. 
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Figure 5.15. Graphical summary of the overall complications observed after surgery. (A) Wound 
complications were analyzed across the different time points regarding the performed counter 
measures and whether the wound was still problematic at the time of animal sacrifice. (B) The 
frequency of the need for re-suturing per side. (C) The right side was the most observed side with 
complications at the time of excision. 

5.3.2.5 Gross evaluation of excised tissue 

An uncertainty in the experiment was pinpointing the location of the scaffold for excision 

(Figure 5.16A). Attempting to relocate based on the contour of the frame was not always reliable 

(Figure 5.16B). The reliance on observing the slight elevation in the skin (or the muscle layer when 

looking from inside the abdominal cavity, was not always possible. It was not desired to dissect the 

constructs away from the tissue block, as it would nullify the sham group, and possibly cause damage 

to the scaffold-tissue interface or introduce artefacts. To work around this issue, a large tissue part of 

the abdominal wall was excised and then trimmed down, while taking care not to cut through where 

the implant was thought to be (Figure 5.16C-F). The other safety measure was to check for scaffold 

remnants in the remaining skin and subcutaneous tissue of the mouse. Another issue was dividing the 

scaffold into two parts, for RNA analysis. Although this was done in one motion with force and with a 

sharp, fresh razor blade, the exact location of the scaffold in the tissue block was not initially certain. 



141 
 

Moreover, the cutting could have led to lateral movement of the constructs inside the block, 

potentially causing detachment, if there was no sufficient tissue ingrowth in the constructs. 

 

Figure 5.16. Sacrifice and sample excision. (A) Visualizing the implanted scaffold by observing the 
raised edges of the frame, while in (B) the results of this maneuver were not as successful. (C) An 
example of an excised film sample, with (D) showing the result of cutting the sample in two parts. The 
rigid film was not stationary inside the tissue block and was seen moving after the cutting. (E) An 
example of an excised scaffold sample (here a triangular one). (F) An example of a cut scaffold sample 
(different scaffold than the one in (E)). 
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The excised tissue with film implants showed poor tissue integration, as the film was freely 

movable inside the pocket and when the tissue block was cut, it tended to move out of the pocket 

(Figure 5.16D). In the scaffold groups, noticeable swelling in the region where the scaffold should be 

(by means of locating the circular frame) probably would signify folding of the scaffold in the pocket 

(Figure 5.16E-F). In all time points, the sham group tissue samples were excised using the suture lines 

as landmarks for the subcutaneous pocket location, as there were no bulging or contour changes from 

the scaffold frame or the PCL film. Figure 5.16 shows examples of excised tissue and illustrates several 

challenges related to localization and cutting of different implants. Figure 5.17 shows an assortment 

of wound sites from all the different groups.  

 

Figure 5.17. Wound sites at the time of excision. (A) Non-complicated wounds in a Day 2 mouse. (B) 
Partially open Day 2 wound on the right side. (C) The wound shown in (B) after excision of the tissue 
block containing the scaffold. (D) Day 4 mouse showing two bitten sutures with closed, non-
complicated wound. (E) Closed, non-complicated Day 4 wound. (F) Open, complicated Day 4 wound 
showing scaffold in the wound floor. No signs of infection or exudate are seen. (G) Non-complicated 
Day 7 wounds. (H) One of the two mice that had to be euthanized early after sustaining the wound on 
the right side after 48 hours postoperative. (I) Non-complicated, healed Day 14 wound. 
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5.3.3 Histology 

5.3.3.1 Sectioning  

The initial identification of the implants in the paraffin blocks was challenging, owing to the 

uncertainty in macroscopically locating the implantation area during excision. Moreover, no inking of 

the samples was performed before fixation or microtomy. Approximately half of the paraffin blocks 

(57 out of 120) required further resurfacing to achieve deeper sections from the block until the implant 

appeared. This was done based on the initial HE staining and screening. In 16 out of 120 blocks, the 

paraffin blocks had to be melted and re-embedded, as it was discovered that the tissue was embedded 

in the other direction (frame side), instead of the cut side from the center. Although strict microtomy 

technique was followed, it could not prevent the dissociation of tissue layers from each other in some 

of the sections, especially in Day 2 samples, where tissue ingrowth was expected to be at the least. 

The scaffolds or films were not the cause of the ribbon dissociation, as they dissolved during paraffin 

embedding. The same was true for the Vicryl sutures used in wound closure, as the majority of 

dissociation was located at the implant-tissue interface, while suturing was further superficial to that 

site. 

5.3.3.2 HE staining 

5.3.3.2.1 General findings 

The PCL MEW scaffolds, as well as the PCL films, dissolved during the paraffin embedding of 

the scaffolds, leading to the presence of a scaffold phantom, where the fibers were seen as empty 

spaces, and fiber walls were a stack of these empty spaces upon each other. The standard HE staining 

confirmed the location of the implants in the intended implantation site: subcutaneous between the 

external abdominal muscle (deep) and the dermis (superficial) (Figure 5.18). In most sections, the 

panniculus carnosus muscle could be clearly seen superficial to the implant. Across several samples 

from all time points, there was a variation in the presence or absence of adipose tissue, often with 
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mammary tissue (all mice used in the experiments were female). Oftentimes, the adipose layer was 

superficial to the scaffold, below the panniculus carnosus muscle, but it could also be found deep to 

the scaffold, superficial to the epimysium of the external abdominal muscle. The sham and film 

samples also captured this diversity. Occasionally, lymphoid tissue whether skin-associated 

lymphocyte aggregates (SALT) or inguinal lymph nodes were seen around the construct area. 

Figure 5.19 presents a summary of some of the common findings related to the positioning of the 

constructs inside the tissue block.  

Scaffolds in all time points tended to show several grades of folding (Figure 5.19A-B) while 

being integrated in the tissue, i.e. the folding happened when the animal was alive and is not caused 

by excision and processing, from a simple “wave”, to an isolated folded segment, followed by a straight 

segment, to finally the frame itself folding on top of the scaffold or on top of itself. Another 

morphological finding in the scaffolds, was the rotation in some areas, meaning that instead of seeing 

the scaffold in a transverse section, one could see it in a longitudinal one, with the vertical pore spaces 

visible. All these variations happened across all time points and seem to be caused by the structure of 

the scaffolds, on account of the small diameter fibers (approximately 2.5 µm across both scaffold 

types) and the fiber layer count (42 layers). In total, the scaffolds were calculated to be approximately 

105 µm thick at the fiber wall intersections. Appendix 5 includes additional representative images of 

the frame parts of the scaffold, which were not assessed during the qualitative analysis of HE-, PSR- 

and CD31-stained images or the quantitative one of CD68-stained images. 



145 
 

 

Figure 5.18. HE staining of a typical Day 14 box scaffold. The scaffold (between the dotted lines) is 
seen implanted in the intended position: subcutaneously, deep to the dermal layer (arrow) and above 
the striated abdominal muscle layer (arrowhead). The panniculus carnosus (asterisk) is seen superficial 
to the scaffold. In all figures shown later, the skin is always to the left (superficial layer) while the 
abdominal muscles are always to the right (deep layer). The scaffold material itself (PCL) is fully 
dissolved during the paraffin embedding in the tissue processing machine, by the effect of xylene. 
FBGCs shown are both the classic FBR type as well as the Langhans type.  

The healing skin wound was occasionally visible with or without suture material. The wound 

granuloma consisted of a dense infiltration of inflammatory cells in a fibrin matrix with blood vessels 

in the periphery. The suture material could be identified through the presence of partially empty 

spaces, and by polarized light during microscopy. The Vicryl (polyglactin 910) braided suture lines 

partially dissolved during paraffin embedding. 

* 
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Figure 5.19: A summary of variations seen during the examination of HE stained sections. (A) A 
scaffold folded on itself twice and both segments could be seen. This creates layers in between that 
allow for cellular infiltration between the individual segments. (B) The scaffold rotated so that when 
sectioned, the cut shows a longitudinal section (with pores visible, surrounded by walls) instead of a 
transverse section. (C) The scaffold is seen implanted on top of fat tissue (right) instead of directly on 
the abdominal muscle. (D) The scaffold was implanted on mammary tissue instead of the abdominal 
muscles. (E) In Day 2 scaffolds, the scaffold was not properly supported by extracellular matrix, and 
during the dissolution of the scaffold during paraffin embedding resulted in loss of potential cellular 
elements. Excessively damaged samples were excluded from analysis. (F) Lymphocyte aggregates 
could be seen in several blocks.  
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5.3.3.2.2 Day 2 

The scaffold groups showed similar results to each other (Figure 5.20A-F). The scaffolds were 

mostly not infiltrated by inflammatory cells throughout the full length of the cross-section of the 

scaffold (Figure 5.20B-C). The cellular infiltration occurred occasionally at the scaffold-tissue interface 

and more on the deep side (Figure 5.20E-F). The pore spaces could be seen with an acidophilic, 

homogenous material inside, which is probably fibrin from the post-implantation hematoma (Figure 

5.20B-C and E-F). In the non-infiltrated scaffold parts, the skeleton of the dissolved fibers could be 

seen either partially or completely broken apart (Figure 5.19 E and Figure 5.20B). This could be due to 

the dissolution of the scaffold in xylene during paraffin embedding, without the presence of cellular 

and extracellular matrix elements which could hold the integrity of the structure, as seen at later time 

points. When the scaffolds were focally infiltrated with acute inflammatory cells, there were 

neighboring empty parts of the scaffold, where no infiltration occurred. The region of the frames 

appeared either completely non-infiltrated or with individual cells scattered in the random pore 

spaces between the frame fibers. The decreased cellular infiltration in the scaffold groups could be 

explained with the presence of air bubbles inside the scaffold pores which originated during 

implantation.  

For the films, a hematoma could be seen both superficial (Figure 5.20G) and deep (Figure 

5.20H) to the space previously occupied by the film. Surrounding this layer was an infiltration of 

inflammatory cells, which also infiltrated the subcutaneous fat and the septa between the adipocytes. 

Some skeletal muscle cells were seen undergoing necrosis (data not shown). 

The sham samples showed a mild infiltration of inflammatory cells like neutrophils, 

eosinophils, macrophages and lymphocytes (Figure 5.20I). The cells are found in the loose areolar 

connective tissue, with occasional interstitial hemorrhage (evident by the presence of erythrocytes in 

multiple levels of the connective tissue layers). The reaction seemed more intense around the 

epimysium of the abdominal muscles. Excessive inflammatory cell accumulation was seen surrounding 
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hair particles which got erroneously implanted and were treated as a foreign body by the mouse 

immune cells (data not shown). No FBGCs were seen in any of the four groups at this time point. 

 

Figure 5.20. HE-stained sample micrographs of all study groups at Day 2. (A-C) Box scaffolds. (D-F) 
Triangular scaffolds. (G-H) PCL film. (D) Sham group with no implant. At Day 2 there was little cellular 
infiltration (A and D) of the full length of the scaffolds, with most pores empty or filled with fibrin (B-
C and E and F). Cellular infiltration could be seen along the scaffold-tissue interface (E-F). In the film 
group, the implant-tissue interface had an organized hematoma with few inflammatory cells (G-H). In 
the sham group (I), the empty pocket had infiltrating acute inflammatory cells. Scale bars are 25 µm. 

5.3.3.2.3 Day 4 

The scaffold samples were more populated with inflammatory cells, compared to the Day 2 

samples (Figure 5.21A-B and D-E), although empty parts of the scaffolds still managed to occasionally 

appear (Figure 5.21C), but even then, they were surrounded by a denser layer of inflammatory cells 

at the scaffold-tissue interface (Figure 5.21F). FBGCs started to appear, engulfing fused segments of 

the fiber wall, but not the whole wall (Figure 5.21D). Because of the overlap with other mononuclear 

cells like macrophages and lymphocytes, it was not possible to accurately count the number of FBGCs 
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per HPF, especially that FBGCs are multinuclear. Qualitatively, the triangular scaffolds had more FBGCs 

compared to the box ones (Figure 5.21D). There were no FBGCs detected in either the film or the sham 

groups. 

 

Figure 5.21 HE-stained sample micrographs of all study groups at Day 4. (A-C) Box scaffolds. (D-F) 
Triangular scaffolds. (G-H) PCL film. (D) Sham group with no implant. At Day 4 the scaffold groups 
showed a massive increase in mononuclear inflammatory cellular infiltration in the box scaffolds (A-
B) and more prominently in the triangular ones (D-E), including the appearance of FBGCs (D). Scaffolds 
still showed non-infiltrated regions (C, F). Film samples (G-H) still had the organized hematoma at the 
implant interface with more pronounced cellular infiltration with fibrosis. The sham group (I) had 
fibroblasts as well as inflammatory cells in the empty pocket. Scale bars are 25 µm. 

In the film samples, the organized hematoma layer was less in thickness and the inflammatory 

cellular reaction was more condensed and in a more organized connective tissue layer, where it 

integrated with the epimysium of the abdominal muscles. This connective tissue layer appeared 

thicker, but more areolar in the superficial layer, directly below the panniculus carnosus muscle. 
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Sham samples of Day 4 had, similar to the ones from Day 2, acute inflammatory cellular 

infiltration and fibroblasts in the loose areolar connective tissue (Figure 5.21I). Also, some skeletal 

muscle fibers underwent necrosis and were surrounded by macrophages (data not shown).  

 

Figure 5.22. HE-stained sample micrographs of all study groups at Day 7. (A-C) Box scaffolds. (D-F) 
Triangular scaffolds. (G-H) PCL film. (D) Sham group with no implant. At Day 7 there were no more 
non-infiltrated pores in both scaffold types. Mononuclear inflammatory cells infiltrated the pores (A, 
B and F) while large FBGCs engulfed the fiber wall (C-E), with some reaching a size of almost 50 µm 
(D). The film group had fewer inflammatory cells (G) with visible blood vessels, fibrosis and muscle 
necrosis deep to the implant (H). The sham group had less inflammation and more fibroblasts and 
collagen deposition (I). Scale bars are 25 µm. 

5.3.3.2.4 Day 7 

The scaffold samples represented an increase in cellular infiltration compared to what was 

seen before in Days 2 and 4 (Figure 5.22A-F). There were no more non-infiltrated areas detected, with 

the frames showing a relatively moderate infiltration of mostly mononuclear cells with occasional 

FBGCs stretched around and trying to engulf the large diameter fibers of the frame. The frequency of 

FBGCs increased towards the scaffold itself away from the frames. In the scaffold center, FBGCs were 
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seen around entire fiber walls or segments of the wall (Figure 5.22C-E), with some reaching sizes as 

large as the pore itself (> 50 µm) (Figure 5.22D). Again, a FBGC quantification was not possible here 

as well. A qualitative difference between box and triangular scaffolds was not detected. No FBGCs 

were detected in film or sham samples. 

The inflammatory infiltration around the implanted films was less than Day 4 (Figure 5.22G). 

Persistent neutrophils and eosinophils could still be observed, along with fibroblasts, and 

macrophages. Blood vessels could be seen in the implantation bed, deep to the film (Figure 5.22H). 

The sham samples showed less inflammation with increased collagen deposition and 

fibroblasts. The number of inflammatory cells dropped and became mostly localized close to the 

epimysium of the abdominal muscles (Figure 5.22I).  

5.3.3.2.5 Day 14 

The clearest feature of the Day 14 scaffold samples (Figure 5.23A-F) was the presence of large 

FBGCs (of both the classic type, as well as the Langhans one) that were larger than the whole thickness 

of the scaffold, or they tended to engulf several walls and occupy several pores, simultaneously. In 

this regard, there was no difference, qualitatively, between both the box and the triangular scaffolds. 

When pores were not occupied by FBGCs, they had signs of neovascularization in or through them, 

which was mostly observed near the frame areas. Other visible cells in or around the scaffolds were 

lymphocytes, plasma cells as well as still-persistent neutrophils and eosinophils. The large diameter 

fibers of the frame (Appendix 5) were also engulfed by FBGCs but the number of cells and the number 

of nuclei per cell were less than those seen in the scaffold center. This even extended to the parts of 

the scaffold situated beneath the frame (at the edges of the scaffold, where the large-diameter fibers 

of the frame were printed). 
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Figure 5.23. HE-stained sample micrographs of all study groups at Day 14. (A-C) Box scaffolds. (D-F) 
Triangular scaffolds. (G-H) PCL film. (D) Sham group with no implant. At Day 14 regardless of either 
scaffold type (A-F), they were infiltrated with large FBGCs reaching the size of several pores. The FBGCs 
are of both the Langhans type (D) and classic type (E). Film samples had peri-implant new blood tissue 
formation and fibrosis (G-H). The sham group had fibroblasts and fibrosis with few signs of 
inflammatory cells (I). Scale bars are 25 µm. 

The film samples of Day 14 continued the trend of having no morphologically detectable 

FBGCs, with the inflammatory cells and fibroblasts in a fibrotic layer directly above and below the 

space once occupied by the film. These cells showed no histomorphological signs of being fused 

together (Figure 5.23G-H).  

The sham group showed a resolution of the inflammatory reaction with almost no 

inflammatory infiltration. The empty pocket site showed collagen fibers with fibroblasts (Figure 5.23I). 

In samples where the cutaneous wound was seen, there was wound granuloma formation with 

chronic inflammatory cells, as well as persistent FBGCs around the suture material. 
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5.3.3.3 PSR staining 

PSR staining (Figure 5.24) was only analyzed for Days 7 and 14, as it was expected, according 

to the literature (Anderson et al. 2008), that formation of the foreign body capsule to be a late event 

in the FBR. While there was a detectable increase in the thickness of the deposited collagen layer 

around the scaffolds or the film groups between Day 7 and Day 14, an objective quantitative 

assessment of the thickness of this layer was not possible without a significant amount of doubt. The 

problems already described with shredding and tissue separation at the implant-tissue interface 

during microtomy, prevented an objective measurement of the capsular thickness because of possible 

tissue expansion. Moreover, the collagen layer surrounding the constructs was seen in continuity with 

that surrounding nearby fibrous layers, for example, the epimysium deep to the implant or the adipose 

tissue septa superficial to it. However, qualitatively, it was evident that the Day 14 scaffolds had more 

collagen deposition inside the frame part surrounding the scaffold, and to a lesser extent, inside the 

scaffolds itself, when the pores were not completely blocked by FBGCs, compared to the Day 7 groups. 

When collagen deposition did occur inside the scaffold pores, it was inbetween the FBGCs. The same 

observation was seen in the film samples, where the superficial and deeper layers to the film space 

had thicker collagen deposition in Day 14 compared to Day 7. Given the binary contrast in the PSR 

staining (collagen red, cells yellow), it was shown that the layers around the film implants in Day 7 and 

Day 14 had more cellular infiltrates, compared to the layers around both kinds of scaffolds. In the 

sham group, there was no detectable difference between both timepoints, or between either and 

control tissue (normal mouse skin and subcutaneous tissue from the same anatomical location, data 

not shown). 
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Figure 5.24. Representative images of PSR staining of Days 7 and 14. Day 7 samples (A-D) exhibited 
collagen deposition around, with little to none inside the scaffolds (A-B). There was mild collagen 
deposition around the film (C) and in the empty pocket (D). Day 14 scaffold samples had collagen 
around the implants as well (E-F) with limited deposition inside the pores due to the FBGCs. Due to 
sectioning artefacts like shredding, as well as the fusion of the deposited collagen with surrounding 
connective tissue layers, it was not possible to quantitatively measure the thickness of the new 
deposited collagen. Scale bars in A-B, D-F and H are 100 µm. Scale bars in (C) and (G) is 200 µm. 

5.3.3.3 IHC staining 

5.3.3.3.1 CD68 staining 

For the quantification of macrophages in the available sections, the percentage of the area 

positively stained for CD68 was used (Figure 5.25). Because of the tight packing of the FBGCs in Days 
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7 and 14 and the morphological changes seen in all groups within the scaffolds, it was not possible to 

do a cell count for CD68 positive cells. Figure 5.26 displays representative CD68 IHC staining results 

across all implant groups at all time points. 

 

Figure 5.25: Workflow of the IHC quantification for the CD68 positively stained area. A custom-
written script for the image processing suite Fiji was written to first pick a region of interest (ROI) and 
then do color deconvolution, thresholding of the image, mask creation, smoothing and finally area 
measurement within the ROI (as shown in B). User interaction was needed before every image was 
processed to place the ROI accurately and rotate it if needed. ROI dimensions: 120x150 µm. Scale bar 
is 25 µm. 

 

Table 5.4: Summary of mean and SD values of the area stained positive with CD68 across all samples. 
“N” refers to the number of mice investigated, for every mouse, at least 10 HPF were analyzed. 

Group 
Area positively stained with CD68 (%) 

Day 2 Day 4 Day 7 Day 14 

Box 3.31 ± 3.55 (N=9) 20.46 ± 14.96 (N=9) 23.84 ± 10.27 (N=9) 32.66 ± 10.89 (N=9) 

Triangle 3.38 ± 3.18 (N=8) 15.34 ± 11.04 (N=9) 32.43 ± 10.03 (N=10) 34.43 ± 9.63 (N=10) 

Film 7.04 ± 3.70 (N=5) 3.38 ± 2.57 (N=5) 3.91 ± 2.82 (N=5) 4.31 ± 3.30 (N=4) 

Sham 7.04 ± 5.38 (N=5) 7.97 ± 4.49 (N=5) 1.24 ± 0.88 (N=5) 1.92 ± 1.53 (N=5) 

 

Table 5.4 shows a summary of the mean and standard deviation values of positively stained 

areas with CD68 across all groups and all time points. Figures 5.27 and 5.28 show a box plot of the 

results of the CD68-positive area percentage across timepoints and implant type.  
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Figure 5.26. Representative images for IHC staining for CD68 as a pan-macrophage marker. In the 
scaffold groups number of positively stained cells increased with time from Day 2 (A-E), Day 4 (F-J), 
Day 7 (K-O) to Day 14 (P-T). Macrophages and FBGCs stain positive (reddish brown, Vector NovaRED). 
Some weak non-specific staining can be observed in skeletal muscles. Scale bars are 25 µm. 

While looking at the individual groups in the different timepoints, in the box scaffold groups, 

there was a highly significant (p ≤ 0.001) increase of the percentage of CD68-stained areas across the 

time points except from Day 4 to Day 7. The Day 4 box scaffold group was the one with the most 

outliers of all the scaffold groups. In the triangular scaffold groups, a similar picture could be seen, 

where there was a highly significant (p ≤ 0.001) increase in the stained area, until Day 7, then the 

increase between Day 7 and Day 14 groups was not significant anymore. In the film groups, there was 
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no significant change across all timepoints. In the sham groups, the increase was moderately 

significant (p ≤ 0.01) between Day 4 and Day 7, and mildly significant (p ≤ 0.05) between Day 2 and 

Day 7, as well as between Day 4 and Day 14 (Figure 5.27). 

 

Figure 2.27. Box plot of the CD68-positively stained area per implant type across the four timepoints. 
There was a significant increase in the CD68-positvely stained area across the timepoints in the box 
and triangular scaffold groups except for from Day 4 to Day 7 in the box scaffold group and from Day 7 
to Day 14 in the triangular one. There was no significant change due to the presence of the film 
implants across all time points, while for the sham group, there were mild increases with time. A two-
way ANOVA was performed with a post hoc Tukey test. n.s.: not significant; * = p ≤ 0.05; ** = p ≤ 0.01; 
*** = p ≤ 0.001. 

When comparing the different groups in individual timepoints, there was no significant 

difference between any of the implant groups as well as with the sham group in Day 2. In Day 4, the 

increase of the percentage of the CD68-positive area was highly significant (p ≤ 0.001) between box 

and triangular scaffolds, as well as between each of them and the sham and film groups. However, 

there was no significant difference between the film and the sham groups. In Day 7, the mean in the 

triangular scaffolds group was seen significantly higher (p ≤ 0.001) than that of the box scaffolds, 

correlating with the morphological findings in HE staining. As with Day 4, there was a highly significant 

increase (p ≤ 0.001) between each of the scaffold groups and the film and sham groups, as well as 

between each other (with the triangular scaffolds having a higher positive area for CD68). Finally, on 

Day 14, there was no significant difference between the box and triangular scaffolds, or between the 
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film and sham groups. However, the interactions between each of the box scaffolds or the triangular 

scaffolds with either the film or the sham groups, were highly significant (p ≤ 0.001).  

Except in Day 2, the presence of either the box or the triangular scaffolds led to a highly 

significant increase in the percentage of CD68-positive area relative to either the film or the sham 

groups. This indicated that both scaffold types evoked a strong macrophage- and FBGC-rich foreign 

body reaction in comparison to a comparatively sized solid film of the same material (PCL). The surgical 

procedure itself did not cause the reaction as there was also a significant increase between the 

scaffold groups and the empty surgical pocket. In this regard, the sham group is comparable to the 

PCL film.  

 

Figure 5.28. Box plot of the CD68-positively stained area in all time points per implant type. There 
was no significant effect of the presence of any of the implants at Day 2. At all timepoints, there was 
no difference between sham and film groups. The presence of either the box or the triangular scaffolds 
always led significant between either the film or the sham groups. There were significant differences 
between each of the box and triangular scaffolds at Day 4 and Day 7, with the box group and the 
triangular one taking the lead, respectively. At Day 14, there was no difference between either scaffold 
groups. There was always a significant difference between the scaffold groups and film or sham 
groups. A two-way ANOVA was performed with a post hoc Tukey test. n.s.: not significant; * = p ≤ 0.05; 
** = p ≤ 0.01; *** = p ≤ 0.001. 
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5.3.3.3.2 CD31 staining 

The CD31 immune staining of endothelial cells was used as an indicator to vascularization 

around or inside the constructs (only around in case of the film group). No positive staining for 

endothelial cells was detected in any of the scaffold groups (both box and triangular) in Day 2, both in 

the scaffold center or in the frame (Figure 5.29A-B). Blood vessels were seen in the surrounding 

tissues, but not in direct proximity of the scaffold. This was also true to the film and the sham groups 

(Figure 5.29C-E). In the sham group, there were no blood vessels in the implantation area. 

In the Day 4 group, there were little to no blood vessels seen in the centers of the box or 

triangular scaffolds or in the frame. There were single instances of blood vessels seen across only one 

scaffold, within proximity of the frame. The blood vessels around the scaffolds were more prominent 

and were more proximal to the scaffold, compared to those seen in the Day 2 group.  

Moving to Days 7 and 14 groups, vascularization was observed in random manner with more 

vessels observed inside the scaffold, but only in that part of the scaffold adjacent to the frame. The 

frames themselves were generally well vascularized, especially in the Day 14 group (Appendix 5). 

Similar to Days 2 and 4, blood vessels surrounding the scaffolds were more prominent than those 

inside the scaffolds themselves.  
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Figure 5.29. Representative images for IHC staining for CD31 as an endothelial marker. The number 
of new blood vessels increased over time from Day 2 (A-E), Day 4 (F-J), Day 7 (K-O) to Day 14 (P-T). The 
increase was mainly in the area surrounding the scaffolds (box and triangular), as well as the film and 
in the empty pocket in the sham group. Infiltration of new blood vessels was higher in the frame area 
and directly next to it (data not shown) compared to the scaffold itself. Endothelial cells stain positive 
(reddish brown, Vector NovaRED). Scale bars are 25 µm. 
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5.4 Discussion 

Controlling the extent of the FBR around implanted medical devices can lead to significant 

improvement in patient morbidity and a decrease in the need for reoperation, especially in case of 

surgical meshes for the treatment of hernias and pelvic prolapse (Bringman et al. 2010). The promise 

of AM for the design of medical devices can lead to such flexibility and customizability of design and 

fabrication, producing better medical devices for better surgical outcomes, towards the long-term 

goal of achieving personalized medicine (Baylon et al. 2017, Serafini et al. 2020).  

MEW scaffolds bridge the gap between already clinically used micro-extrusion techniques and 

solvent-using solution electrospinning (Robinson et al. 2019). MEW uses medical-grade thermoplastic 

polymers to produce defined, high resolution structures (Youssef et al. 2017) that can be further used 

to study the effect of scaffold architecture on the FBR (Dondossola et al. 2016). Compared to micro-

extrusion scaffolds, MEW ones are highly porous, albeit with smaller heights and thinner fibers 

(Youssef et al. 2019). MEW was used to process polypropylene (Haigh et al. 2017), which has seen 

decades of use in the clinic as a non-degradable polymer in hernia meshes (Cortes et al. 2008b) and 

suture lines (Greenberg and Clark 2009) as well as polydioxanone (unpublished data, Hochleitner et 

al.) and poly(vinylidene difluoride) (Florczak et al. 2019) as examples of degradable ones (Pillai and 

Sharma 2010).  

Previous work has shown that MEW scaffolds could be used in vitro to promote the 

polarization of macrophages towards the healing M2 type (Tylek et al. 2020), thus, theoretically, 

producing a milder reaction when implanted in vivo. In the current experiment, similar scaffolds were 

used but with a higher number of layers, to produce scaffolds which could be easily manipulated for 

the surgical procedure, as well as more easily visualized in histological sections using standard 

brightfield microscopy. The characterization of the scaffolds showed that the final product matched 

the designed one, with scaffolds of two different pore shapes, either box- or triangular-shaped, with 

fiber laydown patterns of 0/90° and 0/60/120°, respectively. The fiber diameter in both scaffold types 
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was approximately 2.5 µm, and the spacing, was as designed, approximately 50 µm in the box scaffolds 

and 60 µm in the triangular ones. The decision to use such spacing, which meant that the two scaffolds 

types did not have the same pore size, as seen through the 2D-Tloc analysis, was based on the decision 

that this in vivo study was a proof of principle to the, then, on-going in vitro experiment investigating 

macrophage polarization on MEW scaffolds by Tylek and colleagues (Tylek et al. 2020). 

The current experiments were planned to examine the effect that the group of Prof. Buddy 

Ratner described, where hydrogel scaffolds with identical 40 µm spherical pores were found to induce 

a mild FBR (Bhrany et al. 2013) and induce a shift to M2 macrophages when implanted in vivo 

(Sussman et al. 2014). The difference between these scaffolds and what was used in the current 

experiment is first of all the material (polyHEMA versus PCL), the fabrication method (multi-step 

hydrogel casting versus one-step, solvent-free MEW) and scaffold “type” (partially solid, partially 

porous versus totally porous, fibrous scaffold). The fibrous nature of MEW scaffolds meant that the 

scaffolds are porous in 3D with lateral communicating pores between the fiber walls and across fiber 

intersections at crossing points. These lateral pores are poorly reported and characterized in the 

current MEW literature. In Chapter 4 we have discussed this limitation and offered a potential solution 

by using non-destructive X-ray microtomography to analyze the 3D local thickness of the scaffolds and 

determine the interconnectivity of MEW scaffolds (Youssef et al. 2019). 

The research output originating from the field of surgical meshes has led to very important 

progress in the understanding of the biology of flat polymeric implantable scaffolds, with access to an 

incredible amount of tissue material as well as archival samples (Klinge and Klosterhalfen 2012, 

Klosterhalfen and Klinge 2013). Hernia repair using surgical meshes has been performed since the 

1890s (Baylon et al. 2017). Inguinal hernia repair is the most performed general surgical procedure 

(Berger 2016). A definitive classification of surgical meshes does not exist (Klinge and Klosterhalfen 

2012). However, there have been attempts to classify them based on the pore size (Amid 1997). This 

led to four classes: Class I with macropores of more than 75 µm, Class II with macropores and 
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micropores of less than 10 µm, Class III with micropores, and finally Class IV with sub-micropores. Class 

IV meshes were found to be unsuitable for use as hernia repair implants. Class II and III were associated 

with the potential for bacterial infection, as immune cells were not able to penetrate biomaterials 

with pores less than 10 µm in size (Amid 1997). Large pores were associated with better fibrovascular 

tissue formation between the pores and less chances of infection (Bringman et al. 2010, Klosterhalfen 

and Klinge 2013). It is challenging to position the scaffolds used in the current study into a classification 

of hernia meshes, but they could fit into the Class II meshes with a mixture of macro- and micropores. 

This could potentially indicate a tendency to cause a surgical site infection, in case a contamination 

occurred during implantation or afterwards. 

While most MEW in vivo experiments reported to date were performed on 

immunocompromised mice (refer to Chapter 2), the current experiment was performed on 

immunocompetent, outbred NMRI mice. This provided an opportunity to analyze the FBR of these 

micro-scale MEW scaffolds, which was not the intended scope of most of the previously published in 

vivo experiments. Moreover, the implantation of pure, medical-grade PCL was not the focus of most 

of the in vivo MEW studies, with scaffold pore sizes of 100 µm (Dondossola et al. 2016). The results 

showed that the animals handled the procedure and the implantation sufficiently well. However, the 

frequency of wound complications on the right side, which harbored the box scaffolds could be 

explained to either an increased reaction to the box scaffolds per se, which was not seen with CD68 

staining as well as HE sections, or an operator error. The same operator performed the surgeries in all 

the mice in the same exact manner, excluding the difference in skin closure techniques which was 

thoroughly discussed in the results section. What pointed to an adverse reaction towards the box 

scaffolds, was the fact that there were hardly any wound complications in the PCL film groups, which 

were also implanted in the right side of the mice in exactly the same technique as that for the box 

scaffolds. Anderson has described that solid, smooth implants, such as breast implants, generate a 

FBR in the form of one- to two-layer proliferation of macrophages, while those with a rough surfaces, 

such as poly(tetrafluroethylene) vascular scaffolds, had macrophages and FBGCs at the tissue-material 
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interface (Anderson 1988). Moreover, he and colleagues have shown that PCL films had the best 

healing process with the least inflammatory response, when compared to aligned and non-aligned 

electrospun PCL nanofibers (Cao et al. 2010). In the current experiment, we have not detected, at any 

time point, the presence of FBGCs surrounding the PCL film implants. Ideally, the location of the 

constructs would have been randomized to mitigate such uncertainties in the analysis. Another 

potential solution would have been to adopt a dorsal midline implantation approach, where more (at 

least two) scaffolds could be implanted through the same dorsal incision. The dorsal implantation 

technique has the added benefit of keeping the suture lines away from the reach of the mouse, so 

potential gnawing on the sutures could be avoided. Ideally, the surgical procedure should provide very 

mild irritation to the mouse that it warranted no gnawing from the host. 

The HE-stained sections showed, as expected, a timewise increase in the inflammatory 

reaction as we moved from Day 2 to Day 14. The appearance of macrophages from Day 4 was also 

accompanied by early fusion to form FBGCs with a lower number of nuclei, compared to the FBGCs 

seen later in Day 7 and Day 14, where the number of nuclei greatly increased, although in all cases, 

the number of nuclei per FBGC was not quantitively assessed. The minimal cellular infiltration 

observed in the Day 2 scaffolds, which is a described and expected early outcome of the FBR (Anderson 

1988), led to the loss of structural integrity of the scaffolds when it was processed for paraffin 

embedding, making histological evaluation difficult. This could have been due to the inability of the 

deposited fibrin in the formed hematoma inside the scaffolds in Day 2 to be retained, once the 

skeleton of the scaffold was dissolved in xylene during paraffin embedding. This led to Group 2 being 

the one with the highest number of excluded scaffolds, as that effect led to tissue sections where the 

scaffold area could not be properly identified without significant doubt.  

The position of the scaffold and film was as intended in the subcutaneous space, superficial 

to the abdominal muscles and deep to the dermis. The panniculus carnosus muscle in the subcutis 

also served to histologically identify the implantation area in both the implant as well as the sham 
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groups. The use of IHC as the immunological staining technique also provided a more secure method 

of associating the histomorphological and immunological results, as it was possible to perfectly locate 

and align the ROIs in relation to the implant location, compared with immunofluorescence. In the 

latter case, the navigation of the slides had to be done with reliance on the autofluorescence, which 

was not always a reliable method when performed during the pilot phase of the study. 

The computerized analysis of the percentage of the CD68-positive area in a fixed-sized ROI 

across all samples allowed the objective analysis of all groups in terms of macrophage infiltration. 

CD68 is a pan-macrophage marker which could also potentially stain fibroblasts positively (Gottfried 

et al. 2008). However, as the same methodology was applied to all the slides analyzed, the effect of 

the side staining could be mitigated. Proper immunohistochemical controls were employed with 

positive tissue control (liver) and two negative controls (IgG control and omission of primary antibody) 

(Appendix 4). Moreover, normal mouse skin was also added as an extra control, as CD68 staining was 

observed to cause non-specific staining in sweat glands, keratin and occasionally in skeletal muscles. 

The addition of skin as a control insured that these non-specific staining effect could be excluded from 

the study samples. The analysis showed that, except at Day 2, the presence of either scaffold types 

led to a highly significant increase in the percentage of the CD68-positive area compared to either the 

film or the sham group. Across all timepoints, the film groups showed very minimal reaction that was 

comparable to that of the sham group. This indicated that the implanted material, medical-grade PCL, 

was not the cause of the massive reaction seen in the MEW scaffold groups, but rather the scaffold 

micro-architecture. While there were significant differences between both the box and triangular 

scaffolds in the early timepoints, with box scaffolds having a higher stained-area percentage, this 

effect reversed in Day 7, with the triangular scaffolds having a higher area percentage. The difference 

between both groups was not detected in the Day 14 groups, which could also be morphologically 

correlated with the HE staining. 
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The presence of higher FBGC infiltration in small pore scaffolds was already reported in the 

literature and described as the development of a scar plate or a bridging scar (Cobb et al. 2005), where 

the foreign body granulomata around adjacent fibers would merge together and prevent cellular and 

vascular infiltration of the pores. In both HE and IHC staining, there is a stark difference between the 

center of the scaffold itself and the area with the frame in the periphery. The frame was not subjected 

to the same quantitative analysis in the IHC section for a number of reasons. First, the frame total area 

was much less compared to the total area of the scaffold. The scaffolds were designed with a total 

area of 1 mm², with the frame forming a 2-2.5 mm outer, thicker rim. Second, the frame was always 

located at the periphery of the scaffold and was used for manipulation using forces, which could have 

caused potential structural changes to the frame fibers. Third, the frames could not be always 

demonstrated in each slide (Ideally the frames would be seen on either side of the scaffold, but this 

was not always readily available). Fourth, because how the assembled scaffold was fabricated, there 

is always a part of the scaffold beneath the frame part, which could affect the results. Finally, there is 

a substantial thickness difference between both the scaffold and the frame (calculated 105 µm for the 

scaffolds versus digital caliper-measured 450 µm for the frames). With all these reasons in mind, with 

HE staining, the frame part showed more fibrovascular growth in the later timepoints and earlier 

cellular infiltration in the earlier ones. The collagen deposition was also relatively higher in the frame 

area using the PSR stain. With IHC, the number and size of FBGCs ingulfing the fibers was less than 

that in the scaffold itself. The effect seen in the scaffold, where one FBGC would ingulf a whole fiber 

wall, or may extend to multiple adjacent walls, potentially simultaneously blocking several pores, was 

not seen in the frames at all. Finally, with CD31 staining, there were more observed blood vessels in 

the frame part compared to the scaffold starting from Day 4 onwards. 

The reason for the scaffolds not being well vascularized, in comparison to the frame, could 

also be due to the thickness of the constructs. The theoretical thickness of the scaffold is 

approximately 105 µm, while that of the frame was approximately 450 µm. This meant that there was 

less of a need for vascularization across the scaffold, as it was less than the 200 µm diffusion limit for 
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vascularized tissues (Lovett et al. 2009). Moreover, the frames were always externally located, 

compared to the center of the scaffold, which also meant that if vascularization was happening in 

a radial manner, moving towards the center of the scaffold, the frame would be first to be 

vascularized, followed by the scaffold regions close to it, which was what we observed (Appendix 5). 

The formed FBR due to the implantation of these two scaffold types would fit the scar plate 

that was described in hernia meshes-related research. This plate would ultimately lead to the fibrous 

capsule contraction and shrinkage of the mesh (Cobb et al. 2005, Jordan et al. 2018). While in many 

sections, it was evident that the scaffold was deformed through folding or rotation, the highest 

observed timepoint (Day 14) would not be a proper timepoint to make a conclusion that the FBR led 

to morphological changes of the scaffolds. However, it is described in the literature that implantation 

of flat surgical meshes leads to scaffold shrinkage by means of the FBR (Amid 1997, Cobb et al. 

2005).The observed FBR in the scaffold group could ultimately lead to a higher degradation rate of the 

PCL used in the scaffolds. Previous research has shown PCL particles using electron microscopy inside 

macrophages and fibroblasts post implantation, with all PCL particles smaller than 10 µm cleared after 

six months (Woodward et al. 1985) (Refer to Chapter 2). While the individual fibers of the implanted 

scaffolds in the current study was around 2.5 µm, the fibers almost always fused together in walls (or 

bands) due to the MEW parameters used. A proper investigation of the effect of 2.5 µm fibers would 

require them to be individually implanted, probably across a support frame or through the cage 

system, which some groups reported to use (Anderson 1988). Previous research in single polymeric 

fibers showed that smaller fibers (1-5 µm thick) could be surrounded by a significantly smaller FBR 

capsule compared to thicker one (6-10 or 11-15 µm thick) (Sanders et al. 2002). However, the 

implantation of single fibers is beyond the scope of this project and would be of no practical value 

within the scope of the development of an implantable polymeric medical device. 

The poor tissue ingrowth that was observed in the scaffold groups could be the reason for the 

sectioning artefacts observed, where dissociation of tissue layers happened. This prevented a 
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quantitative analysis of the thickness of the deposited collagen fibers around the scaffolds using the 

PSR stain. However, due to the merging of the new collagen layers with the already present epimysium 

and adipose tissue septa, it was not possible to do an objective analysis, without choosing a cutoff 

point between both. Such dilemma could be prevented by using a cage system (Anderson 1988, 

Anderson et al. 2008), where the cage would keep the surrounding tissue and the scaffold separate.  

There has been a growing interest in using biomaterial scaffolds as drug or vaccine delivery 

tools (Weber and Mule 2015, Zhang et al. 2018). Through the modification or coating of scaffolds, it 

could be possible to achieve local delivery of substances in a controlled manner (Chen et al. 2018). 

This could also be applied to the field of vaccine research, where the scaffold serves to attract dendritic 

cells to the drug of interest (Ali et al. 2009). In our research, the MEW PCL scaffolds generated a strong 

immune reaction that could be further adapted for such research purposes. However, the pores would 

need to be more microporous enough to allow for more tissue ingrowth and vascularization (Junge et 

al. 2012). In the field of immune therapy, MEW scaffolds have already been used as an expansion 

medium for chimeric antigen receptor T-cell therapy (Delalat et al. 2017b). It is worth mentioning that 

the sphere-templated scaffolds from the Ratner group have already been used for the scaffold-

mediated delivery of mRNA vaccines (Chen et al. 2018). 

Several limitations of the current study have already been discussed above. However, MEW 

PCL scaffolds have so far not been implanted with such high definition in vivo. To reach a definitive 

conclusion regarding the severe FBR that the scaffolds seem to have induced would require the repeat 

of the experiments with some modifications. First, the scaffolds would need to be with comparable 

effective pore size across box and triangular scaffolds, and objectively characterized using X-ray 

microtomography, as established in Chapter 4, before implantation, and potentially also after excision. 

Second, the scaffolds would need to be fabricated with a higher layer count. This was previously a 

challenging aspect for MEW scaffolds, but Wunner and colleagues have recently showed that it was 

possible to print thicker MEW scaffolds (Wunner, Wille, et al. 2018). However, this will need to be 
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established in fiber spacings as low as 50 µm. Third, the different groups will need to include scaffolds 

with larger diameters, to determine if the recorded effect was a pore or a diameter effect. Fourth, a 

group composed of randomly written fibers with the same characteristics as the frame will need to be 

included in the analysis. Finally, the experiment will probably need to be extended past 14 days, at 

least to 21 days to reach a comparable implantation period to the Ratner group (Sussman et al. 2014).  
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5.5 Conclusion 

MEW can be used to fabricate customizable, precise scaffolds through an AM technique that 

can be easily translated to medical device production. The in vivo implantation of MEW scaffolds for 

analysis of adverse effects as a validation towards potential medical device applications is under 

reported in the literature, where the focus has been on the creation of cancer study models. In the 

current experiment, the implantation of two types of scaffolds with different fiber laydown patterns 

and spacing and the analysis of the resulting FBR, led to the conclusion that the combination of small 

pores and small fibers led to a massive FBR (observed up to 14 days post implantation) compared to 

a flat sheet of the same material, medical-grade PCL. The FBR could be due to either the small pores 

or the thin fibers or both, as the current experiment could not isolate the cause of that effect. Here, 

we reported that the presence of either scaffold types led to massive increase in CD68-positive stained 

areas, as well as an increase in size and frequency of FBGCs compared to flat films of the same material 

or empty pockets. This immune reaction prevented proper tissue ingrowth and vascularization of the 

scaffold. 

To our knowledge, this is the first reported in vivo study using highly resolved flat MEW 

scaffolds. There needs to be further optimization steps towards the scaffold design for in vivo 

experiments that is built on previous knowledge from comparable mesh systems. The reliance on the 

translation of in vitro results to in vivo experiments does not always work as expected. In vitro systems 

lack many of the unique properties of implantation (Jannasch et al. 2019), chief among them the lack 

of the injury hematoma and the hemostasis that occurs as a result of the implantation process. From 

a classical tissue engineering perspective, the investigated scaffolds do not appear to be suitable for 

regenerative strategies, and the outcomes deviate substantially from previous MEW PCL scaffold in 

vivo experiments. The mechanism for this immune response is not apparent and would need to be 

investigated in future research. 
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Chapter 6 
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Additive manufacturing (AM) represents a new promising field for the development and 

manufacture of medical devices (Youssef et al. 2017, Touri et al. 2019). Contrary to conventional, 

factory-based manufacturing, AM makes it possible to produce patient-customized implants, while 

providing solutions for niche markets, like pediatric implants (Les et al. 2019). The regulatory 

framework governing traditional manufacturing still, however, applies to AM. The best strategy for 

the quick introduction of new AM-based solutions to the market would be to adapt materials and 

fabrication modalities (e.g. melt processing) which have proved their efficacy and safety over decades 

of use in the clinic, and take them forward towards patient-specific customization. Through the use of 

the US Food and Drug Administration 510(k) pathway, and its equivalent in other regulatory bodies, 

AM-based medical devices can survive the so-called “Valley of Death” and move ahead to the bedside 

(Hollister 2009a, Hollister 2009b, Pashuck and Stevens 2012). 

The focus of this thesis was the development and application of melt electrowriting (MEW) as 

a AM fabrication method to produce solvent-free scaffolds from medical-grade thermoplastic 

polymers, followed by the optimization of the printing process, the non-destructive characterization 

of the scaffolds, and finally, the implantation of such constructs subcutaneously in mice. The structure 

of the thesis intentionally mimicked the road which a new medical device must take to gain regulatory 

approval for wider market distribution. 

MEW is a new addition to AM technologies (Brown et al. 2011), and it bridges the gap between 

micro-extrusion technologies, which already witnessed a successful translation to the bedside (Probst 

et al. 2010), and solution electrospinning, which uses toxic solvents in its operation (Robinson et al. 

2019). Although MEW devices can produce tubular scaffolds, the focus here is on highly resolved flat 

meshes and while MEW scaffolds were used in several in vivo experiments, those were with larger 

fiber dimensions and pore sizes. Furthermore, the aims of previous MEW in vivo studies were mainly 

the development of a platform for cancer research (Martine et al. 2017).  
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The in vivo experiment described in Chapter 5 aimed at evaluating the foreign body reaction 

(FBR) of high-resolution MEW scaffolds with 50 and 60 µm fiber spacings and 2.5 µm fiber diameters 

in two different laydown patterns, 0/90° and 0/60/120°. This experiment was mainly influenced by 

pioneering work done by Prof. Buddy Ratner’s group in Washington University (Marshall and Ratner 

2005), where sphere-templated poly(2-hydroxyethylmethacrylate) (polyHEMA) scaffolds with 40 µm 

spherical pores induced very little FBR (Bhrany et al. 2013) and a shift in macrophage polarization from 

the inflammatory M1 phenotype to the healing M2 one (Sussman et al. 2014). This inspired our group 

to undergo in vitro experiments with MEW scaffolds with up to 40 µm fiber spacing in an attempt to 

shift the macrophage polarization towards the M2 phenotype (Tylek et al. 2020). The experiment in 

Chapter 5 demonstrated how in vitro outcomes are not always indicative of in vivo results, especially 

for the complex immune system. The analysis of the FBR is provided here as an endpoint to the 

experiment, which is difficult to recapitulate in vitro (Chen et al. 2010, Jannasch et al. 2019). 

The results in Chapter 5 showed an extensive immune reaction that was driven by the 

scaffolds themselves and not by the poly(ε-caprolactone) (PCL) material or the surgical procedure. 

Whether either the fiber spacing, diameter, or both were responsible for this effect, will need to be 

further investigated in future research. The laydown pattern led to conflicting results in Day 4 and Day 

7 groups, with no significant differences in Day 2 and Day 14 ones. In vitro experiments have no 

established method to mimic the FBR to MEW implants, especially that cell seeding is a challenging 

procedure in MEW scaffolds (Blaudez et al. 2020). However, the results from Chapter 5 seem to be in 

agreement with the extensive literature from decades of surgical meshes research (Jordan et al. 2018, 

Amid 1997, Cobb et al. 2005, Klinge and Klosterhalfen 2012). Flat surgical meshes are used in one of 

the most performed surgical interventions, hernia repair. It is estimated that 20 million hernia repair 

surgeries are performed annually (HerniaSurge Group 2018). This provided a wealth of available 

material for histopathological research and evaluation in the search for the ideal mesh (Klinge and 

Klosterhalfen 2012). The design of future MEW in vivo experiments could benefit from the surgical 

mesh literature more than from polyHEMA hydrogel implants, as such implants are physically different 
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from each other (Refer to Chapter 5). What could prove imperative to the success of such experiments, 

is, ultimately, the intended application of such flat MEW scaffolds. This thesis provides a framework 

for the qualitative assessment of future MEW scaffolds, as well as a histopathological basis for the 

qualitative and quantitative evaluation of the in vivo performance. 

Biomaterial research started through collaboration between pioneering physicians with 

clinical problems and engineers who could solve them. The field saw multiple revolutions with the 

development of new biomaterials and tissue engineering approaches. This led to a growing trend of 

interdisciplinarity, which might have led to a lack of focus in this research field. There have been tens 

of thousands of research articles on a multitude of biomaterial and tissue engineering solutions, but 

the translation to the clinic remain extremely and unproportionally slow, echoing an apparent 

disconnect between the clinical needs and the research outputs, and a lack of appreciation of the 

regulatory guidelines that control the introduction of new medical devices into the market (Ratner 

2019). The general thinking should shift from “what the new technologies can be used for” to “what 

the current problems that can be solved with this approach are” (Castro et al. 2017). 

As previously discussed in Chapter 2, AM medical devices as bronchotracheal pediatric 

implants addressed a real clinical need, while using a clinically approved AM technique (selective laser 

sintering) and a medical-grade, clinically approved thermoplastic polymer (PCL) (Zopf et al. 2013). The 

same could be said about micro-extrusion techniques (Schantz et al. 2006). MEW as a technology is in 

a position where a direct (and relatively easy) translation pathway to the clinic can exist, if the research 

questions target the strengths of MEW, while avoiding the weaknesses. MEW scaffolds are mainly 

non-woven fibrous meshes, which as implants could see potential use in several tissue types, using 

thermoplastic polymers without the use of solvents (Kade and Dalton 2020, Robinson et al. 2019). 

MEW scaffolds, however, are probably not suitable for load-bearing applications in a way similar to 

micro-extrusion scaffolds, like the Osteopore ones (Chhaya et al. 2015). Tubular MEW scaffolds were, 

nonetheless, investigated in vivo in a critical-sized bone defect in rats (Gonzalez-Gil et al. 2019). The 
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limitations that faced MEW at its start have been more or less addressed in the past few years, one at 

a time (Wunner, Wille, et al. 2018, Wunner, Eggert, et al. 2019, Wunner, Mieszczanek, et al. 2019). 

The dual approach of in-process control of the MEW device (Wunner, Mieszczanek, et al. 2019) and 

the use of non-destructive volumetric analysis using X-ray microtomography (µCT) (Youssef et al. 

2019) could prove crucial for quality control of produced scaffolds. The vertical mounting of MEW 

devices could reduce the needed footprint (Wunner, Maartens, et al. 2018, Wunner, Eggert, et al. 

2019), opening the door for a potential implementation in operating theaters or clean rooms where 

space is at a premium. 

Through continuous innovation, characterization and troubleshooting of the technique, 

investing in making new, medical-grade polymers printable, following the research established by 

similar, approved and clinically tested implants, fabricated using traditional methods and finally the 

careful planning of in vivo work using the appropriate designs, MEW may be the next prime candidate 

for translation into the clinic. 
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Appendix 1 
G-Code listings 
 

Chapter 3 codes 

Code written by Mr. Joachim Liebscher and modified by Dr. Tomasz Jüngst, Mr. Andrei Hrynevich and 
the author. 

Main code 

;----------------------------------------------------------- 
; Construct 1  - stabilizing of parameters (2L) 
; Construct 2-4 prints  
; 0.250 mm 
; +5.00 kV -1.50 kV 
; F750 
; pause for 0.10 s before loop 
; PURAC 1 days at 85 °C;  
; 24 °C 35% rH 
; 22 G 
;----------------------------------------------------------- 
 
 
; Temperature and pressure configuration 
 
T1=850 
T2=850  
DRUCK=10 
 
; Number of layer pairs per construct 
1 DIM #LC (4) 
1 #LC (1)  = 2 : #LC (2)  = 5 : #LC (3)  = 10 : #LC (4)  = 40 
 
 
; Construct description 
; - lines:  
1 #LLENGTH  = 45 
1 #LSPEED  = 750 
1 #LDIST  = 0.25 
1 #LNUM  = INT(#LLENGTH / (2*#LDIST)) 
 
; - turns: 
1 #TRADIUS  = -1.5 
1 #TSPEED  = 500 
1 #TIPAUSE  = 0.1 
1 #TOPAUSE  = 0.05 
 
 
 
; Initialize time measurement 
1 #GSTART = CLOCK 
1 #GLINES = (#LC(1)+#LC(2)+#LC(3)+#LC(4))*#LNUM*2 
1 #GFLINES = 0 
 
; Part 1 - starting position 
G17 G90 
G1 X210 Y160 F800 
 
; Construct 1 
LP BUILDLAYER [1] 
 
 
 
; Position construct 2  
G90  
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G1 X150 Y160 F800 
 
; Construct 2 
 
LP BUILDLAYER [2] 
 
 
; Position construct 3 
 
G90  
G1 X90 Y160 F800 
G1 X90 Y100 F800 
G1 X150 Y100 F800 
 
; Construct 3 
 
LP BUILDLAYER [3] 
 
; Position construct 4 
 
G90  
G1 X210 Y100 F800 
 
; Construct 4 
 
LP BUILDLAYER [4] 
 
 
; Parking position with movement 
 
; Move to parking positon 
 
G90  
G1 X215 Y100 F800 
G1 X215 Y165 F800 
 
; Movement parking position 
1 FOR I%=1 TO 2000 
1 WAIT 
LP PARKLOOP 
1 WAIT 
1 NEXT I% 
 
 
; Programm END 
DRUCK=0 
T1=0 
T2=0 
M30 
 
 
;----------------------------------------------------------- 
 
; Function: Build X-Layer, then Y-Layer 
LPS BUILDLAYER 
 ;move in 
 G91 
 G1 X-8 Y-8 F800 
 G4 F0.5 
  
 ;build 
 1 FOR I%=1 TO #LC(P1) 
  1 WAIT 
  LP DOXLAYER 
  LP DOYLAYER 
  1 WAIT 
 1 NEXT I% 
 
 ;move out 
 G91  
 G1 X8 Y8 F800 
PEND 
 
 
 
; Function: Build a X-layer 
LPS DOXLAYER 
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1 FOR I%=1 TO #LNUM 
 G1 X[-#LLENGTH] Y0              F[#LSPEED] 
 G4 F[#TIPAUSE] 
 G3 X0            Y[-#LDIST]    R[#TRADIUS] F[#TSPEED] 
 G4 F[#TOPAUSE] 
 
 G1 X[#LLENGTH] Y0              F[#LSPEED] 
 G4 F[#TIPAUSE] 
 G2  X0            Y[-#LDIST]    R[#TRADIUS] F[#TSPEED] 
 G4 F[#TOPAUSE] 
1 WAIT 
 
 ; Time Calculations: 
1 #GFLINES = #GFLINES+1 
1 DIFF = (CLOCK - #GSTART)/ 1000 : DIFFH = INT(DIFF/3600) : DIFFM = INT((DIFF-
DIFFH*3600)/60) : DIFFS = INT(DIFF-DIFFH*3600-DIFFM*60) 
1 EST = DIFF/#GFLINES*#GLINES - DIFF  : ESTH = INT(EST/3600) : ESTM = INT((EST-
ESTH*3600)/60) : ESTS = INT(EST-ESTH*3600-ESTM*60) 
1 PRN#(0, "Elapsed time: ##h ##min ##s, est. remaining time: ##h ##min ##s", DIFFH, 
DIFFM, DIFFS, ESTH, ESTM, ESTS) 
1 NEXT I% 
G1   X[-#LLENGTH]    Y0           F[#LSPEED] 
G4 F0.05 
PEND 
 
 
; Function: Build a Y-Layer 
LPS DOYLAYER 
1 FOR I%=1 TO #LNUM 
 G1 X0            Y[#LLENGTH]        F[#LSPEED] 
 G4 F[#TIPAUSE] 
 G2 X[#LDIST]       Y0  R[#TRADIUS] F[#TSPEED] 
 G4 F[#TOPAUSE] 
 
 G1 X0            Y[-#LLENGTH]       F[#LSPEED] 
 G4 F[#TIPAUSE] 
 G3 X[#LDIST]       Y0  R[#TRADIUS] F[#TSPEED] 
 G4 F[#TOPAUSE] 
1 WAIT 
 
 ; Time Calculations: 
1 #GFLINES = #GFLINES+1 
1 DIFF = (CLOCK - #GSTART)/ 1000 : DIFFH = INT(DIFF/3600) : DIFFM = INT((DIFF-
DIFFH*3600)/60) : DIFFS = INT(DIFF-DIFFH*3600-DIFFM*60) 
1 EST = DIFF/#GFLINES*#GLINES - DIFF  : ESTH = INT(EST/3600) : ESTM = INT((EST-
ESTH*3600)/60) : ESTS = INT(EST-ESTH*3600-ESTM*60) 
1 PRN#(0, "Elapsed time: ##h ##min ##s, est. remaining time: ##h ##min ##s", DIFFH, 
DIFFM, DIFFS, ESTH, ESTM, ESTS) 
1 NEXT I% 
G1   X0          Y[#LLENGTH]      F[#LSPEED] 
G4 F0.05 
PEND 
 
 
; Function: Movement at parking position 
LPS PARKLOOP 
1 FOR I%=1 TO 100 
 G1 G91 Y-130 F500 
 G4 F0.05 
 Y130 
 G4 F0.05 
1 WAIT 
1 NEXT I% 
PEND 
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Chapter 4 codes 

Code written by Mr. Andrei Hrynevich and modified by the author. 

Main code 

; Scaffolds for µCT.  
; Log: Printing with ~ 20 µm fiber diameters with 250 µm spacing 
; 12 mm scaffold, 2x5 - 6x2 - 250 µm spacing 
; 3.5 mm working distance 
; external SRs: SRRBv1, SRXLv1, SRRSQv3 
; duration measurement, written in the file "TM" 
; Turn radius is 1 turn speed is 400 
; -1,5+4.5 kV; ~3.5 mm 
; 22G; 1.2 bar 
; 23.3 °C, 35% rH; 85 °C 
; shifted XMIN, YMAX 
; PURAC PCL 3 Days 85° C 
;Parameters 
(------------------------------------------------------------------) 
; Temperature and pressure configuration 
T1=850 
T2=850  
P=12 
 
;Working area 
1 #XMAX=230 
1 #XMIN=90 
1 #YMAX=185 
1 #YMIN=30 
 
1 #CSIZE=16 
1 #SPACING=20 
 
;Base feedrate for the linear and circular movement  
1 #FEEDF=400 
1 #FEEDR=400 
1 #ECTS=300 
 
;Turn radius 
1 #XRAD=1.5 
 
;Pause 
1 #TI=0.04 
1 #TO=0.00 
 
 
;main program 
(------------------------------------------------------------------) 
 
N010 G17 G8 G90 
;Starting time 
0015 STARTTIME%=CLOCK 
 
;First glass slide for stabilization; 
N020 G1 X[#XMAX] Y[#YMAX]  F[#FEEDF] 
N030 G91 
0040 CALL SRRBv1 (10, 1,1,12,28,800) 
 
1 NDROWS%=INT((#YMAX-#YMIN)/(2*(#CSIZE+#SPACING))) 
1 NCOLUMNS%=INT((212-#XMIN)/(#CSIZE+#SPACING)) 
 
1 FOR I%=1 TO NDROWS% 
1 FOR J%=1 TO NCOLUMNS% 
N045   G90 
N050   G1 X[212-(J%-1)*(#CSIZE+#SPACING)]  Y[#YMAX-(2*I%-
2)*(#CSIZE+#SPACING)]  F[#FEEDF] 
N060  G91 
1 CALL SRRSQv3(16,0.25,3,4) 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height 
1 NEXT J% 
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1  FOR J%=1 TO NCOLUMNS%  
N045   G90 
N050   G1 X[212-(#CSIZE+#SPACING)*(NCOLUMNS%-1)+(J%-1)*(#CSIZE+#SPACING)] 
 Y[#YMAX-(2*I%-1)*(#CSIZE+#SPACING)]  F[#FEEDF] 
N060  G91 
1 CALL SRRSQv3(16,0.25,6,2) 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height 
1 NEXT J% 
1 NEXT I% 
  
;Measure the time, switch off the pressure and go to initial position 
0145 ENDTIME%=CLOCK 
0150 TIMEH%=INT((ENDTIME%-STARTTIME%)/3600000) 
0160 TIMEM%=INT((ENDTIME%-STARTTIME%-(TIMEH%*3600000))/60000) 
0165 OPENW(1, "TM") 
0163 REWRITE(1) 
0170 PRN#(1, "Running time was:",TIMEH%,"h",TIMEM%,"min")  
0180 CLOSE(1) 
 
P=0 
N210 G90 
N220 G1 X[#XMAX] Y[#YMAX-70] F[#FEEDF] 
N220 G1 X[#XMAX] Y[#YMAX] F[#FEEDF] 
M30 

 

Subroutines 

SRRBv1 

;Rectangular construct with width in X- and length in Y-direction 
;Parameters: P1-hight(layers), P2 - X-direction fiber pitch, P3 - Y-direction fiber pitch 
;P4 - Size in X-direction, P5 - size in Y-direction, P6 - linear speed 
;!!!!! diagonal entering movement cancelled 
 
 
1 H=P1 
1 XPITCH=P2 
1 YPITCH=P3 
1 XSIZE=P4 
1 YSIZE=P5 
1 FEEDL=P6 
 
1 #XRAD=1 
1 #YRAD=1 
 
;Pause calculation 
 
 
;G1 X-3 Y-3 F[#FEEDF] 
1 FOR I%=1 TO H 
 LP XLAYER_ST[XPITCH, XSIZE, YSIZE, FEEDL] 
 LP YLAYER_ST[YPITCH, XSIZE, YSIZE, FEEDL] 
1 NEXT I% 
;G1 X3  Y3 F[#FEEDF] 
PEND 
 
 
LPS XLAYER_ST 
;SWP with the lines parallel to the X-axis; 
; P1 - lines spacing, P2 - X-dimension, P3 - Y-dimension; P4 - linear speed 
 
1 FOR I%=1 TO INT(P3/(2*P1)) 
 G1 X[-P2]  Y0   F[P4] 
 G4 F[#TI] 
 G3 X0   Y[-P1] R[-#XRAD] F[#FEEDR] 
 G4 F[#TO] 
 G1 X[P2]  Y0          F[P4] 
 G4 F[#TI] 
 G2 X0   Y[-P1] R[-#XRAD] F[#FEEDR] 
 G4 F[#TO] 
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1 NEXT I% 
G1 X0 Y[2*P1*INT(P3/(2*P1))] F[P4] 
G4 F[#TI] 
PEND 
 
 
LPS YLAYER_ST 
;SWP with the lines parallel to the Y-axis; 
;P1 - lines spacing, P2 - X-dimension, P3 - Y-dimension; P4 - linear speed 
 
1 FOR I%=1 TO INT(P2/(2*P1)) 
 G1 X0   Y[-P3]   F[P4] 
 G4 F[#TI] 
 G2 X[-P1]  Y0 R[-#YRAD] F[#FEEDR] 
 G4 F[#TO] 
 G1 X0  Y[P3]           F[P4] 
 G4 F[#TI] 
 G3 X[-P1]  Y0 R[-#YRAD] F[#FEEDR] 
 G4 F[#TO] 
1 NEXT I% 
G1 X[2*P1*INT(P2/(2*P1))] Y0 F[P4] 
G4 F[#TI] 
PEND 

 

SRRSQv3 

;rotated linear arrays, even angular distribution 
;external SR for the "CALL" command 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height 
;Used External SRs: SRXLv1 
G91 
G1 X-8 Y-8 F[#FEEDF] 
1 WAIT 
1 POLECX= MCS(1) - P1/2 
1 POLECY= MCS(2) - P1/2 
POP([POLECX], [POLECY]) 
PLS(X[POLECX], Y[POLECY]) 
1 FOR J%=1 TO P4 
1  FOR I%=1 TO P3 
  ROT([180*(I%-1)/P3]) 
1  CALL SRXLv1(P2, P1, P1, #FEEDF) 
  ;P1 - lines spacing, P2 - X-dimension, P3 - Y-dimension; P4 - linear speed 
  ROT() 
  G90 
  G1 (POL) Y[P1/SQRT(2)] A[-45+(180*I%/P3)] F[#FEEDF]  
  G91 
1  NEXT I% 
 G90 
1 IF P3<5 THEN 
 G1 X=IC(0)   Y[POLECY+P1/2] F[#FEEDF] 
    X[POLECX+P1/2] Y=IC(0) 
1 ELSE  
 G1 X[POLECX+P1/2]  Y=IC(0)  F[#FEEDF] 
    X=IC(0)  Y[POLECY+P1/2] 
1 ENDIF 
 G91 
1 NEXT J% 
G1 X8 Y8 F[#FEEDF] 
M30 

 

SRXLv1 

;SWP with the lines parallel to the X-axis; 
; P1 - lines spacing, P2 - X-dimension, P3 - Y-dimension; P4 - linear speed 
 
1 FOR I%=1 TO INT(P3/(2*P1)) 
 G1 X[-P2]  Y0   F[P4] 
 G4 F[#TI] 
 G3 X0   Y[-P1] R[-#XRAD] F[#FEEDR] 
 G4 F[#TO] 
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 G1 X[P2]  Y0          F[P4] 
 G4 F[#TI] 
 G2 X0   Y[-P1] R[-#XRAD] F[#FEEDR] 
 G4 F[#TO] 
1 NEXT I% 
G1 X0 Y[2*P1*INT(P3/(2*P1))] F[P4] 
G4 F[#TI] 
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Chapter 5 codes 

Code written by Mr. Andrei Hrynevich and modified by the author. 

Main code 

; Scaffolds for D2H in vivo experiments 
; 12x12 mm Box scaffolds 
; 2.9 mm from metal to head working distance (Z=0.9) 
; external SRs: SRRBv1, SRXLvP4, SRRSQvPx2 (loop radius changed) 
; duration measurement, written in the file "TM" 
; Turn radius is 0.5 
; 0 +5.0 kV; ~2.9 mm 
; 30G; 2.0 bar 
; 23.3 °C, 37% rH; 77 °C 
; shifted XMIN, YMAX 
; PURAC PCL 0 Days 77 °C - Heated to 85 °C for 30 minutes and then 77 °C for 30 minutes 
;Parameters 
(------------------------------------------------------------------) 
; Temperature and pressure configuration 
T1=770 
T2=770  
P=20 
 
;Working area 
1 #XMAXR=218 
1 #XMINR=150 
1 #XMAXL=148 
1 #XMINL=80 
1 #YMAX=206 
1 #YMIN=102 
 
1 #CSIZER=12 
1 #CSIZEL=12 
1 #SPCX=10 
1 #SPCY=26-#CSIZER 
 
;Base feedrate for the linear and circular movement  
1 #FEEDF=1100 
1 #FEEDR=1000 
1 #ECTS=300 
 
;Turn radius 
1 #XRAD=1.5 
1 #LR=0.6 
 
;Pause 
1 #TI=0.05 
1 #TO=0.001 
 
 
;main program 
(------------------------------------------------------------------) 
 
N010 G17 G8 G90 
;Starting time 
0015 STARTTIME%=CLOCK 
 
;Start of Right Side: Box 
 
;First glass slide for stabilization; 
N020 G1 X[#XMAXR] Y[#YMAX]  F[#FEEDF] 
N030 G91 
0040 CALL SRRBv1 (5,0.2,0.2,6,14,1100) 
 
1 NDROWS%=INT((#YMAX-#YMIN)/(2*(#CSIZER+#SPCY))) 
1 NCOLUMNS%=INT(((#XMAXR-11)-#XMINR)/(#CSIZER+#SPCX)) 
 
1 FOR I%=1 TO NDROWS% 
1 FOR J%=1 TO NCOLUMNS% 
N045   G90 
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N050   G1 X[(#XMAXR-11)-(J%-1)*(#CSIZER+#SPCX)]  Y[#YMAX-(2*I%-
2)*(#CSIZER+#SPCY)]  F[#FEEDF] 
N060  G91 
1 #TI=0 
1 #TO=0 
1 CALL SRRSQvPx2(12,0.06,3,14,#TI,#TO) 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height, TI - pause before loop, TO - 
pause after loop 
1 NEXT J% 
 
1  FOR J%=1 TO NCOLUMNS%  
N045   G90 
N050   G1 X[(#XMAXR-11)-(#CSIZER+#SPCX)*(NCOLUMNS%-1)+(J%-1)*(#CSIZER+#SPCX)] 
 Y[#YMAX-(2*I%-1)*(#CSIZER+#SPCY)]  F[#FEEDF] 
N060  G91 
1 #TI=0 
1 #TO=0 
1 CALL SRRSQvPx2(12,0.06,3,14,#TI,#TO) 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height, TI - pause before loop, TO - 
pause after loop 
1 NEXT J% 
1 NEXT I% 
 
;Docking after Right Side: 
N210 G90 
N220 G1 X[#XMAXR] Y[#YMAX-70] F[#FEEDF] 
N220 G1 X[#XMAXR] Y[#YMAX] F[#FEEDF] 
 
 
;Start of Left Side: Triangle 
 
;First glass slide for stabilization; 
N020 G1 X[#XMAXL] Y[#YMAX]  F[#FEEDF] 
N030 G91 
0040 CALL SRRBv1 (1,0.2,0.2,6,14,800) 
 
1 NDROWS%=INT((#YMAX-#YMIN)/(2*(#CSIZEL+#SPCY))) 
1 NCOLUMNS%=INT(((#XMAXL-11)-#XMINL)/(#CSIZEL+#SPCX)) 
 
1 FOR I%=1 TO NDROWS% 
1 FOR J%=1 TO NCOLUMNS% 
N045   G90 
N050   G1 X[(#XMAXL-11)-(J%-1)*(#CSIZEL+#SPCX)]  Y[#YMAX-(2*I%-
2)*(#CSIZEL+#SPCY)]  F[#FEEDF] 
N060  G91 
1 #TI=0 
1 #TO=0 
1 CALL SRRSQvPx2(12,0.06,3,14,#TI,#TO) 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height, TI - pause before loop, TO - 
pause after loop 
1 NEXT J% 
 
1  FOR J%=1 TO NCOLUMNS%  
N045   G90 
N050   G1 X[(#XMAXL-11)-(#CSIZEL+#SPCX)*(NCOLUMNS%-1)+(J%-1)*(#CSIZEL+#SPCX)] 
 Y[#YMAX-(2*I%-1)*(#CSIZEL+#SPCY)]  F[#FEEDF] 
N060  G91 
1 #TI=0 
1 #TO=0 
1 CALL SRRSQvPx2(12,0.06,3,14,#TI,#TO) 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height, TI - pause before loop, TO - 
pause after loop 
1 NEXT J% 
1 NEXT I% 
  
;Measure the time, switch off the pressure and go to initial position 
0145 ENDTIME%=CLOCK 
0150 TIMEH%=INT((ENDTIME%-STARTTIME%)/3600000) 
0160 TIMEM%=INT((ENDTIME%-STARTTIME%-(TIMEH%*3600000))/60000) 
0165 OPENW(1, "TM") 
0163 REWRITE(1) 
0170 PRN#(1, "Running time was:",TIMEH%,"h",TIMEM%,"min")  
0180 CLOSE(1) 
 
;Docking after Left Side 
P=0 
N210 G90 
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N220 G1 X[#XMAXL] Y[#YMAX-70] F[#FEEDF] 
N220 G1 X[#XMAXL] Y[#YMAX] F[#FEEDF] 
M30 

 

Subroutines 

SRXLvP4 

;rounded connnection btw the circles and lines via splines 
;Parameters: P1-hight(layers), P2 -fiber spacing, P3 - size 
;P4 - linear speed, P5 - turn speed 
;to be called with the "CALL" command 
;!!!!!Pause switched off 
 
;SR executable code 
(-------------------------------------------------------------------) 
 
1 H=P1 
1 PITCH=P2 
1 SIZE=P3 
1 FEEDL=P4 
1 FEEDR=P5 
1 TIPAUSE=P6 
1 TOPAUSE=P7 
 
SplineDef(1213) 
 
;radius calc 
1 IF PITCH<0.5 THEN 
1 RAD=#LR 
1 ELSE  
1 RAD=PITCH 
1 ENDIF 
 
1 APPD=0.4*RAD 
 
1 FOR J%=1 TO H 
1  FOR I%=1 TO INT(SIZE/(2*PITCH)) 
  G1 X[-SIZE]  Y0  F[FEEDL] 
  G4         F[TIPAUSE] 
    
  G6 X[-APPD] Y[APPD]    F[FEEDR] 
  G3 X0  Y[-PITCH-2*APPD] R[-RAD] F[FEEDR] 
  G6 X[APPD] Y[APPD]    F[FEEDR] 
  G4         F[TOPAUSE]  
  G1 X[SIZE] Y0           F[FEEDL] 
  G4        F[TIPAUSE] 
  G6 X[APPD] Y[APPD]    F[FEEDR] 
  G2 X0  Y[-PITCH-2*APPD] R[-RAD] F[FEEDR] 
  G6 X[-APPD] Y[APPD]    F[FEEDR] 
  G4         F[TOPAUSE]  
1  NEXT I% 
 G1 X0 Y[2*PITCH*INT(SIZE/(2*PITCH))] F[FEEDL] 
 G4          F[TIPAUSE] 
1 NEXT J% 
M30 

 

SRRSQvPx2 

;rotated linear arrays, even angular disribution 
;external SR for the "CALL" command 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height 
;Used External SRs: SRXLv3 
G91 
G1 X-2 Y-2 F[#FEEDF] 
1 WAIT 
1 POLECX= MCS(1) - P1/2 
1 POLECY= MCS(2) - P1/2 
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POP([POLECX], [POLECY]) 
PLS(X[POLECX], Y[POLECY]) 
1 FOR J%=1 TO P4 
1  FOR I%=1 TO P3 
  ROT([180*(I%-1)/P3]) 
1  CALL SRXLvP4(1, P2, P1, #FEEDF, #FEEDR, P5, P6) 
  ;P1-hight(layers), P2 -fiber spacing, P3 - size, P4 - linear speed, P5 - turn 
speed, PauseIN, PauseOUT 
  ROT() 
  G90 
  G4 F[P5] 
  G3 (POL) Y[P1/SQRT(2)] A[-45+(180*I%/P3)] R[P1/SQRT(2)] F[#FEEDF] 
  G4 F[P5] 
  G91 
1  NEXT I% 
 G90 
1 IF P3<5 THEN 
 G3 X[POLECX+P1/2] Y[POLECY+P1/2] R[-P1/SQRT(2)] F[#FEEDF] 
 G4 F[P5] 
1 ELSE  
 G2 X[POLECX+P1/2]  Y[POLECY+P1/2] R[-P1/SQRT(2)] F[#FEEDF] 
 G4 F[P5] 
1 ENDIF 
 G91 
1 NEXT J% 
 
;1 CALL FRML (1.5, 0.25, 10, 10, 10) 
; P1 -  width, P2 - spacing, P3 - inner size Y, P4- inner size X, P5 - speed 
 
G1 X8 Y8 F[#FEEDF] 
M30 

 

Frame main code 

; Scaffolds for D2H in vivo experiments 
; Log: Printing of frames around scaffolds - SRFRLSv2 (6, 2, 7, 3, 35, 1) 
; 12x12 mm Box scaffolds 
; XXX mm working distance (Z=7) 
; external SRs: SRRBv1, CFRAMEv2, SRFRLSv2  
; duration measurement, written in the file "TM" 
; Turn radius is 0.5 
; -1.5 +8.0 kV; ~XXX mm 
; 22G; 2.0 bar 
; 22.7 °C, 34% rH; 85 °C 
; shifted XMIN, YMAX 
; PURAC PCL 5 Days 77-85 °C 
;Parameters 
(------------------------------------------------------------------) 
; Temperature and pressure configuration 
T1=850 
T2=850  
P=20 
 
;Working area 
1 #XMAXR=218 
1 #XMINR=150 
1 #XMAXL=148 
1 #XMINL=80 
1 #YMAX=206 
1 #YMIN=102 
 
1 #CSIZER=12 
1 #CSIZEL=12 
1 #SPCX=10 
1 #SPCY=26-#CSIZER 
 
;Base feedrate for the linear and circular movement  
1 #FEEDF=500 
1 #FEEDR=300 
1 #ECTS=300 
 
;Turn radius 
1 #XRAD=1.5 
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1 #LR=0.5 
 
;Pause 
1 #TI=0.1 
1 #TO=0.05 
 
 
;main program 
(------------------------------------------------------------------) 
 
N010 G17 G8 G90 
;Starting time 
0015 STARTTIME%=CLOCK 
 
;Start of Right Side: Box 
 
;First glass slide for stabilization; 
N020 G1 X[#XMAXR] Y[#YMAX]  F[#FEEDF] 
N030 G91 
0040 CALL SRRBv1 (5,0.5,0.5,6,14,800) 
 
1 NDROWS%=INT((#YMAX-#YMIN)/(2*(#CSIZER+#SPCY))) 
1 NCOLUMNS%=INT(((#XMAXR-11)-#XMINR)/(#CSIZER+#SPCX)) 
 
1 FOR I%=1 TO NDROWS% 
1 FOR J%=1 TO NCOLUMNS% 
N045   G90 
N050   G1 X[(#XMAXR-11)-(J%-1)*(#CSIZER+#SPCX)]  Y[#YMAX-(2*I%-
2)*(#CSIZER+#SPCY)]  F[#FEEDF] 
N060  G91 
1 #TI=0.05 
1 #TO=0.001 
1 CALL CFRAMEv2 
;SRFRLSv2 (6, 2, 7, 3, 35, 1) 
1 NEXT J% 
 
1  FOR J%=1 TO NCOLUMNS%  
N045   G90 
N050   G1 X[(#XMAXR-11)-(#CSIZER+#SPCX)*(NCOLUMNS%-1)+(J%-1)*(#CSIZER+#SPCX)] 
 Y[#YMAX-(2*I%-1)*(#CSIZER+#SPCY)]  F[#FEEDF] 
N060  G91 
1 #TI=0.05 
1 #TO=0.001 
1 CALL CFRAMEv2 
;SRFRLSv2 (6, 2, 7, 3, 35, 1) 
1 NEXT J% 
1 NEXT I% 
 
;Docking after Right Side: 
N210 G90 
N220 G1 X[#XMAXR] Y[#YMAX-70] F[#FEEDF] 
N220 G1 X[#XMAXR] Y[#YMAX] F[#FEEDF] 
 
 
 
;Start of Left Side: Triangle 
 
;First glass slide for stabilization; 
N020 G1 X[#XMAXL] Y[#YMAX]  F[#FEEDF] 
N030 G91 
0040 CALL SRRBv1 (1,0.2,0.2,6,14,800) 
 
1 NDROWS%=INT((#YMAX-#YMIN)/(2*(#CSIZEL+#SPCY))) 
1 NCOLUMNS%=INT(((#XMAXL-11)-#XMINL)/(#CSIZEL+#SPCX)) 
 
1 FOR I%=1 TO NDROWS% 
1 FOR J%=1 TO NCOLUMNS% 
N045   G90 
N050   G1 X[(#XMAXL-11)-(J%-1)*(#CSIZEL+#SPCX)]  Y[#YMAX-(2*I%-
2)*(#CSIZEL+#SPCY)]  F[#FEEDF] 
N060  G91 
1 #TI=0.05 
1 #TO=0.001 
;1 CALL CFRAMEv2 
;SRFRLSv2 (6, 2, 7, 3, 35, 1) 
1 NEXT J% 
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1  FOR J%=1 TO NCOLUMNS%  
N045   G90 
N050   G1 X[(#XMAXL-11)-(#CSIZEL+#SPCX)*(NCOLUMNS%-1)+(J%-1)*(#CSIZEL+#SPCX)] 
 Y[#YMAX-(2*I%-1)*(#CSIZEL+#SPCY)]  F[#FEEDF] 
N060  G91 
1 #TI=0.05 
1 #TO=0.001 
;1 CALL CFRAMEv2 
;SRFRLSv2 (6, 2, 7, 3, 35, 1) 
1 NEXT J% 
1 NEXT I% 
  
;Measure the time, switch off the pressure and go to initial position 
0145 ENDTIME%=CLOCK 
0150 TIMEH%=INT((ENDTIME%-STARTTIME%)/3600000) 
0160 TIMEM%=INT((ENDTIME%-STARTTIME%-(TIMEH%*3600000))/60000) 
0165 OPENW(1, "TM") 
0163 REWRITE(1) 
0170 PRN#(1, "Running time was:",TIMEH%,"h",TIMEM%,"min")  
0180 CLOSE(1) 
 
;Docking after Left Side 
P=0 
N210 G90 
N220 G1 X[#XMAXL] Y[#YMAX-70] F[#FEEDF] 
N220 G1 X[#XMAXL] Y[#YMAX] F[#FEEDF] 
M30 

 

Frame subroutines 

CFRAMEv2 

;rotated linear arrays, even angular disribution 
;external SR for the "CALL" command 
;P1 - size, P2 - spacing, P3 - number of rotations, P4 - Height 
;Used External SRs: SRFRLSv2 
G91 
;G1 X-8 Y-8 F[#FEEDF] (Disabled,not needed) 
 
G91 
G1 X-1 Y-8  F[#FEEDF]  
;X2 for the 2mm thickness of the construct, Y-6 is to go to the middle of the construct 
1 CALL SRFRLSv2 (6, 2, 7, 3, 35, 1) 
; P1 - Inner radius, P2 - number of spiral turnings (defines density), P3 - outer radius, 
; P4 - Number of rotated unit spirals, P5 - speed, P6 - height 
 
G1 X1 Y8  F[#FEEDF] 
;go back to previous position 
;G1 X8 Y8 F[#FEEDF] (not needed) 
M30 

 

SRFRLSv2 

;"Fermat" spiral starting fron the side 
; exponential function 
; absolute coordinates 
; rotated array 
; approach in -X direction 
 
 
;P1 - Inner radius, P2 - number of spiral turnings (defines density), P3 - outer radius, 
;P4 - Number of rotated unit spirals, P5 - speed, P6 - height 
 
1 RMIN=P1 
2 NTURNS=P2 
3 RMAX=P3 
4 NUNITS=P4 



190 
 

5 FEEDR=P5 
6 HEIGHT=P6 
 
1 APWR=1 
;smaller APWR values increase the density in the middle and vice versa, APWR=1 -> Archimedean 
spiral  
 
1 RSTEP=(RMAX-RMIN)/EXP(APWR, NTURNS) 
1 DANGLE=5 
 
1 WAIT 
  
1 XSPCNT=MCS(1)-RMAX 
1 YSPCNT=MCS(2) 
POP([XSPCNT],[YSPCNT]) 
PLS(X[XSPCNT],Y[YSPCNT]) 
SplineDef(1213) 
G90 
1  FOR K%=1 TO HEIGHT 
 1 FOR J%=1 TO  NUNITS 
  1 ADDA=360/NUNITS 
   1  FOR I%=1 TO INT((NTURNS*360/DANGLE)+1)  
     G6 (POL) X[RMAX-RSTEP*EXP(APWR,DANGLE*(I%-1)/360)]
 A[-DANGLE*(I%-1)-ADDA*(J%-1)] F[FEEDR] 
   1  NEXT I% 
   1  FOR I%=INT((NTURNS*360/DANGLE)+1) STEP-1 TO 1 
     G6 (POL) X[RMAX-RSTEP*EXP(APWR,DANGLE*(I%-1)/360)]
 A[DANGLE*(I%-1)-ADDA*(J%-1)] F[FEEDR] 
   1  NEXT I% 
  1  IF J%<NUNITS THEN 
   G2 (POL) X[RMAX] A[-ADDA*J%] R[RMAX]  F[FEEDR] 
  1  ELSE 
   G2 (POL) X[RMAX] A0 R[RMAX] F[FEEDR] 
  1 ENDIF 
 1 NEXT J% 
1  NEXT K% 
G91 
 
PEND 
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Appendix 2  
ImageJ macro code listing 
 

Chapter 4 ImageJ macro codes 

Two-dimensional local thickness analysis macro 

input=getDirectory("Choose a Directory"); 
list=getFileList(input); 
output=getDirectory("Choose a Directory"); 
 
for(i=0;i<list.length;i++){ 
    open(input+list[i]); 
 
 //Auto thresholding is enabled; 
 run("Set Scale...", "distance=0.5869 known=1 pixel=1 unit=µm global"); 
 run("Threshold..."); 
 //Manually input values based on previous testing; 
 setThreshold(0, 20); 
 setOption("BlackBackground", false); 
 run("Convert to Mask"); 
 run("Close"); 
 
 //Save a Tiff of the thresholded image; 
 saveAs("Tiff", output+ "ThresholdImage" + list[i] + ".tiff"); 
  
 run("Local Thickness (complete process)", "threshold=60"); 
 
 //Save a Tiff and RGB Jpeg of the LocThk image; 
 saveAs("Tiff", output+ "LocThickImage" + list[i] + ".tiff"); 
 //saveAs("Jpeg", output+ "LocThickImage" + list[i] + ".jpeg"); 
 
 //Trial to save output of histogram automatically. Doesn't work!; 
 //saveAs("Tiff", output+ list[i] + ".tiff"); 
  
 run("Histogram", "bins=82 x_min=1 x_max=165 y_max=Auto"); 
 
 //Doesn't work (see Line 25); 
 //selectWindow("Histogram of " + list[i]); 
 saveAs("Results", output+ "Histogram of " + list[i] + ".csv"); 
} 
 
print("Done"); 
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Chapter 5 ImageJ macro codes 

Two-dimensional local thickness analysis macro 

input=getDirectory("Choose a Directory"); 
list=getFileList(input); 
output=getDirectory("Choose a Directory"); 
 
for(i=0;i<list.length;i++){ 
    open(input+list[i]); 
 
 //Auto thresholding is enabled; 
 run("Set Scale...", "distance=0.5869 known=1 pixel=1 unit=µm global"); 
 run("Threshold..."); 
 //Manually input values based on previous testing; 
 setThreshold(0, 20); 
 setOption("BlackBackground", false); 
 run("Convert to Mask"); 
 run("Close"); 
 
 //Save a Tiff of the thresholded image; 
 saveAs("Tiff", output+ "ThresholdImage" + list[i] + ".tiff"); 
  
 run("Local Thickness (complete process)", "threshold=60"); 
 
 //Save a Tiff and RGB Jpeg of the LocThk image; 
 saveAs("Tiff", output+ "LocThickImage" + list[i] + ".tiff"); 
 //saveAs("Jpeg", output+ "LocThickImage" + list[i] + ".jpeg"); 
 
 //Trial to save output of histogram automatically. Doesn't work!; 
 //saveAs("Tiff", output+ list[i] + ".tiff"); 
  
 run("Histogram", "bins=82 x_min=1 x_max=165 y_max=Auto"); 
 
 //Doesn't work (see Line 25); 
 //selectWindow("Histogram of " + list[i]); 
 saveAs("Results", output+ "Histogram of " + list[i] + ".csv"); 
} 
 
print("Done"); 
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CD68 positively stained area analysis macro 

input=getDirectory("Choose a Directory"); 
list=getFileList(input); 
output=getDirectory("Choose a Directory"); 
 
for(i=0;i<list.length;i++){ 
    open(input+list[i]); 
 
 imageTitle=getTitle(); 
 setBatchMode(false); 
 
 run("RGB Color"); 
 selectWindow(imageTitle + " (RGB)"); 
 
 //selectWindow(imageTitle); 
 
 makeRectangle(0,0, 1739.13, 1739.13); 
 waitForUser("Draw ROI", "Draw ROI in original image"); 
 roiManager("Add"); 
 
 run("Colour Deconvolution", "vectors=[H DAB] hide"); 
 
 selectWindow(imageTitle + " (RGB)-(Colour_3)"); 
 //selectWindow(imageTitle + "-(Colour_3)"); 
 close(); 
 
 selectWindow(imageTitle + " (RGB)-(Colour_1)"); 
 //selectWindow(imageTitle + "-(Colour_1)"); 
 close(); 
 
 selectWindow(imageTitle + " (RGB)-(Colour_2)"); 
 //selectWindow(imageTitle + "-(Colour_2)"); 
 setAutoThreshold("Default"); 
 //run("Threshold..."); 
 //setThreshold(0, 174); 
 setOption("BlackBackground", false); 
 run("Convert to Mask"); 
 
 roiManager("Select", 0); 
 roiManager("Update"); 
 saveAs("Tiff", output+ "Decon-Thr" + list[i] + ".tiff"); 
 run("Set Measurements...", "area perimeter area_fraction display redirect=None 
decimal=3"); 
 run("Measure"); 
 
 roiManager("Deselect"); 
 roiManager("Delete"); 
  
 
} 
 
print("Done"); 
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Appendix 3 
Staining protocols 
 

Hematoxylin and eosin staining of formalin-fixed, paraffin-
embedded sections 
 

The following protocol is based on the literature (Riedelsheimer and Büchl-Zimmermann 2015) and 
protocols kindly provided by Ms. Purificación Ripalda Cemborain from the University of Navarra, 
Pamplona, Navarra, Spain. 

Material: 
• Glass cuvettes or jars 
• Metal (or glass) slide mounting rack  
• Stopwatch(es) 
• Cellulose filter paper and glass funnel 
• Water hose 

Chemicals and reagents: 
• Xylol (Carl Roth 9713.3) or Roti-Histol (Carl Roth 6640.1) 
• Roti-Histokitt (Carl Roth 6638.2) 
• Mayer’s hematoxylin (Sigma MHS32-1L) (Filter before each use) 
• Eosin G 0.5% water-soluble (Carl Roth X883.2) 
• 100% Ethanol (EtOH) (and dilutions) 
• Double distilled water (ddH2O) 
• Tap water (In Würzburg, degree of hardness: 3, more than 14 °dH or more than 2.5 mM 

CaCO3, available from:  
https://www.wvv.de/de/privatkunden/trinkwasser/wissenswertes/wasserhaerte/) 

Procedure: 
1. After sectioning, the slides have to be left overnight in an oven at 37 °C to dry out. 
2. Mount the slides on a metal rack. 
3. Place slides in the oven at 60 °C for 30 minutes. 
4. Immediately immerse the rack in: 

i. 15 minutes in xylol I  
ii. 5 minutes in xylol II 

iii. 2 minutes in 100% EtOH I 
iv. 2 minutes in 100% EtOH II 
v. 2 minutes in 96% EtOH  

vi. 2 minutes in 80% EtOH 
vii. 2 minutes in 60% EtOH  

viii. 5 minutes in ddH2O  
5. 15 minutes in Mayer’s hematoxylin  

https://www.wvv.de/de/privatkunden/trinkwasser/wissenswertes/wasserhaerte/
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6. Remove and place the rack in the sink and wash it with a hose with tap water until no color is 
coming out. 

7. For bluing wash in 10 minutes in running tap water using a hose, aimed at the side of the 
cuvette or alternatively use 0.1% NaHCO3 (in ddH2O) for 2 minutes. 

8. 2 minutes in ddH2O 
9. 2 minutes in eosin 0.5% 
10. Remove and place the rack in the sink and wash it with a hose with tap water until no color is 

coming out. 
11. Dehydrate: 

i. 3-5 dips in 96% EtOH II 
ii. 3-5 dips in 96% EtOH III 

iii. 3-5 dips in 100% EtOH III 
iv. 3-5 dips in 100% EtOH IV 
v. 2 minutes in xylol III  

vi. Move to Xylol IV  
12. To cover with a coverslip, take the slide out, plot out the extra xylol with tissue paper, add 

a drop of Roti-Histokitt on the section and place the coverslip on top. Press on the coverslip 
(gently) from one direction to the other to get out the air bubbles. 

13. Leave to dry overnight under hood. 
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Picrosirius red staining of formalin-fixed, paraffin-embedded 
sections 
 

The following protocol is based on the literature (Riedelsheimer and Büchl-Zimmermann 
2015) and protocols kindly provided by Ms. Purificación Ripalda Cemborain from the 
University of Navarra, Pamplona, Navarra, Spain.  

Material: 
• Glass cuvettes or jars 
• Metal (or glass) slide mounting rack  
• Stopwatch(es) 
• Cellulose filter paper and glass funnel 
• Water hose 

Chemicals and reagents: 
• Xylol (Carl Roth 9713.3) or Roti-Histol (Carl Roth 6640.1) 
• Roti-Histokitt (Carl Roth 6638.2) 
• Direct Red 80 (Sigma-Aldrich 365548) 
• 1.3% saturated picric acid solution (Sigma-Aldrich P6744-1GA) 
• 100% Ethanol (EtOH) (and dilutions) 
• Double distilled water (ddH2O) 
• Tap water (In Würzburg, degree of hardness: 3, more than 14 °dH or more than 2.5 mM 

CaCO3, available from:  
https://www.wvv.de/de/privatkunden/trinkwasser/wissenswertes/wasserhaerte/) 

• 0.5% acetic acid solution in ddH2O 
Picrosirius red staining solution preparation from an IHC World protocol (accessed 14.11.2020, 
https://www.ihcworld.com/_protocols/special_stains/sirius_red.htm): Dissolve 0.5 g of Direct Red 80 
in 500 mL of 1.3% saturated picric acid solution. Mix well. Solution can be stored for at least 3 years 
and reused several times. 

Procedure: 
1. After sectioning, the slides have to be left overnight in an oven at 37 °C to dry out. 
2. Mount the slides on a metal rack. 
3. Place slides in the oven at 60 °C for 30 minutes. 
4. Immediately immerse the rack in: 

i. 15 minutes in xylol I  
ii. 5 minutes in xylol II 

iii. 2 minutes in 100% EtOH I 
iv. 2 minutes in 100% EtOH II 
v. 2 minutes in 96% EtOH  

vi. 2 minutes in 80% EtOH 
vii. 2 minutes in 60% EtOH  

viii. 5 minutes in ddH2O 
5. Stain for 1 hour in picrosirius red solution. 
6. Wash by dipping 3 times in two changes of 0.5% acetic acid. 

https://www.wvv.de/de/privatkunden/trinkwasser/wissenswertes/wasserhaerte/
https://www.ihcworld.com/_protocols/special_stains/sirius_red.htm
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7. Dehydrate: 
i. 3-5 dips in 96% EtOH II 

ii. 3-5 dips in 96% EtOH III 
iii. 3-5 dips in 100% EtOH III 
iv. 3-5 dips in 100% EtOH IV 
v. 2 minutes in xylol III  

vi. Move to Xylol IV  
8. To cover with a coverslip, take the slide out, plot out the extra xylol with tissue paper, add 

a drop of Roti-Histokitt on the section and place the coverslip on top. Press on the coverslip 
(gently) from one direction to the other to get out the air bubbles. 

9. Leave to dry overnight under hood. 
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Immunohistochemical staining of formalin-fixed, paraffin-
embedded sections 
 

The following protocol is based on the recommendations of the manufacturers of the used reagents 
(Abcam, Vector Labs, and Dianova) and modified with protocols kindly provided by Ms. Purificación 
Ripalda Cemborain from the University of Navarra, Pamplona, Navarra, Spain. 

Material: 
• Glass cuvettes and plastic Hellendahl staining jars 
• Metal (or glass) slide mounting racks 
• Pressure cooker  
• Cellulose filter paper and glass funnel 
• Water hose 

Chemicals and reagents: 
• Xylol (Carl Roth 9713.3) or Roti-Histol (Carl Roth 6640.1)  
• 100% Ethanol (EtOH) (and dilutions) 
• Double distilled water (ddH2O) 
• Tap water (In Würzburg, degree of hardness: 3, more than 14 °dH or more than 2.5 mM 

CaCO3, available from:  
https://www.wvv.de/de/privatkunden/trinkwasser/wissenswertes/wasserhaerte/) 

• 1X Phosphate buffered saline (PBS) 
• Roti-Histokitt (Carl Roth 6638.2) 
• Harris hematoxylin (Sigma HHS32-1L) (Filter before each use) 
• ImmPACT NovaRED (Vector Labs SK-4805) or Enhanced DAB (Sigma D3939-1SET) 
• 5X BSA (Histological grade) or supplied normal serum in ImmPRESS kit.  
• Primary antibodies: 

1. anti-CD68 polyclonal rabbit anti-mouse antibody (1:500, Abcam ab125212) 
2. anti-CD31 rat anti-mouse antibody (1:50, clone SZ31, Dianova DIA-310) 
3. Rabbit IgG control (same concentration as CD68 antibody, Vector Labs I-1000) 
4. Rat IgG control (same concentration as CD31 antibody, Vector Labs I-4000) 

• ImmPRESS HRP kits, Vector Labs: 
1. Goat anti-rat MP-7444 
2. Goat anti-rabbit MP-7451-15 

• 3% hydrogen peroxide (H2O2) in ddH2O 
• Citric acid (anhydrous) (Carl Roth X863.1) 

Antigen retrieval solution recipe for heat-induced epitope retrieval from an IHC World protocol 
(accessed 14.11.2020, http://www.ihcworld.com/_protocols/epitope_retrieval/citrate_buffer.htm): 
Dissolve 1.92 g of anhydrous citric acid in 1 L of water. Adjust the pH to 6.0 using 1 N NaOH. Add 0.5 mL 
of Tween-20 and mix well. Store at room temperature for 3 months or at 4 °C for longer periods. 
 

 

 

https://www.wvv.de/de/privatkunden/trinkwasser/wissenswertes/wasserhaerte/
http://www.ihcworld.com/_protocols/epitope_retrieval/citrate_buffer.htm
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Procedure: 

 Day 1: 

1. After sectioning, the slides have to be left overnight in an oven at 37 °C to dry. 
2. Mount the slides on the metal rack. 
3. Place slides in the oven at 60 °C for 30 minutes. 
4. Immediately immerse the rack in: 

i. 15 minutes in xylol I 
ii. 5 minutes in xylol II 

iii. 2 minutes in 100% EtOH I 
iv. 2 minutes in 100% EtOH II 
v. 2 minutes in 96% EtOH I 

vi. 2 minutes in 80% EtOH 
vii. 2 minutes in 60% EtOH 

viii. 5 minutes in ddH2O 
5. 5 minutes in PBS 
6. Antigen retrieval stage: 

i. Make sure that the cooker has at least 1 L of water inside. 
ii. Place the slides in the 10 mM citrate buffer solution (use once) at room temperature 

(RT) in a plastic Hallendahl jar and lower into the water in the cooker. 
iii. Heat in pressure cooking mode for 5 minutes at 50 kPa, then release the steam and 

carefully open the pressure cooker. 
iv. Take out the jar and leave at RT for 20 minutes. 

7. 5 minutes in PBS at RT 
8. Quenching of endogenous peroxidase activity by incubation in 3% of H2O2 (in ddH2O) 
9. 5 minutes in PBS at RT 
10. Mark around the sample with hydrophobic pen. Move into humidified chamber. 
11. Incubate in blocking solution for 45 minutes at RT in humidified chamber: 

i. Either 5% BSA in PBS (Mix well, do not shake and filter with 0.2 µm filter before usage. 
Solution can be aliquoted and frozen at -20 °C. Thaw just once). 

ii. Or from the ImmPRESS HRP Polymer Detection Kit, use the supplied 2.5% normal 
goat serum. 

12. Do not wash afterwards, just remove excess fluid. 
13. Prepare primary antibodies (dilute in PBS): 

i. CD68 1:500  
ii. CD31 1:50   

iii. Rat IgG control (same concentration as in CD31) 
iv. Rabbit IgG control (same concentration as in CD68) 

14. Add primary antibody diluted in PBS. Incubate in humidified chamber for overnight at 4 °C. 

Day 2: 

1. Take out of 4 °C and wash for 10 minutes in PBS. 
2. Add ImmPRESS secondary antibody for 30 minutes in humidified chamber. 
3. Wash 3x10 minutes in PBS. 
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4. Incubate with HRP substrate after removing excess PBS. For NovaRED, 3 minutes or for 
Enhanced DAB, 5 minutes. 

5. Stop further substrate reaction by immersion in ddH2O. 
6. Place slides back in a metal rack and counterstain with Harris’ hematoxylin for 7 seconds. 
7. Wash adequately with tap water using a hose. 
8. Dehydrate: 

i. 3-5 dips in 96% EtOH II 
ii. 3-5 dips in 96% EtOH III 

iii. 3-5 dips in 100% EtOH III 
iv. 3-5 dips in 100% EtOH IV 
v. 2 minutes in xylol III  

vi. Move to Xylol IV  
9. To cover with a coverslip, take the slide out, plot out the extra xylol with tissue paper, add a 

drop of Roti-Histokitt on the section and place the coverslip on top. Press on the coverslip 
(gently) from one direction to the other to get out the air bubbles. 

10. Leave to dry overnight under hood. 
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Appendix 4 
Immunohistochemical staining controls 
 

 

Supplementary Figure 1. Representative micrographs for the controls used in both CD68 and CD31 
IHC staining. CD68 staining with a polyclonal rabbit anti-mouse primary antibody and a goat anti-
rabbit secondary detection system. CD31 staining with a monoclonal rat anti-mouse primary antibody 
and a goat anti-rat secondary detection system. IgG controls were used from the same species as the 
primary antibody. Secondary controls were performed with omission of primary antibodies and 
incubation in PBS instead. Positive controls show Kupffer cells (CD68) and endothelial cells (CD31) in 
mouse liver tissue. Scale bars in (A-E) are 25 µm. Scale bar in (F) is 50 µm. 
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Appendix 5 
Additional images for Chapter 5 
 

The following micrographs are captured using sequential sections and show histochemical staining 
with HE and PSR, as well as IHC staining for CD68 and CD31. The same ROI was selected in each figure, 
representing frame area (Supplementary Figure 2), scaffold area immediately adjacent to the frame 
(Supplementary Figure 3) and an area in the middle of the scaffold (Supplementary Figure 4). All 
images were taken from the same, whole slide scans of a Day 14 box sample. 
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Supplementary Figure 2. Representative images from the frame region. Scale bars are 200 µm. 
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Supplementary Figure 3. Representative images from the area adjacent to the frame region. Scale 
bars are 200 µm. 
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Supplementary Figure 4. Representative images from the middle of the scaffold. Scale bars are 
200 µm 
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