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Abstract 

Tendon and ligament injuries are very frequent and often quite debilitating to 

the quality of life of the worldwide population, leading some professionals whose 

career is directly related to their physical health to early retirement. The main goal 

of this work was to compare different methods of functionalisation of braided 

structures for tendon and ligament repair to promote cell adhesion and proliferation 

without compromising the mechanical performance of the medical device, and 

therefore increase its long term success. The functionalisation methods were based 

on NH3 plasma treatment and an O2 plasma treatment followed by immersion in an 

aqueous ethylenediamine (EDA) solution, optimising the plasma pressure and 

exposure time. 

The braided structures were composed of poly(ethylene terephthalate) (PET) and 

poly(lactide) (PLA) fibres. Following the functionalisation treatments, a 

physicochemical characterisation was performed to determine, both quantitatively 

and qualitatively, the effectiveness of the grafting of primary amine groups on the 

surface. It was further observed that while the EDA grafting yielded more primary 

amino groups, the NH3 plasma treatment conferred more nitrogen-containing groups. 

Then, tensile tests were performed to determine if the treatments had an impact 

on the mechanical performance of the structures. The treated PLA fibres were the 

most affected, while the treated PET braids remained comparable to the untreated 

braided structures. 

Finally, an in vitro biological assay was performed on the samples with the best 

plasma conditions (7.5*10-2 mbar for 12 minutes), and it was determined that while 

both treatments had improved cell adhesion and proliferation, the NH3 plasma 

treatment had better results. This finding qualifies this approach for industrial 

application, as it is a one-step, sustainable, and easily upscale process.  

Keywords: Braided structures, PET fibres, PLA fibres, plasma, cell adhesion and 

proliferation, tendon and ligament repair  
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Resumo 

Lesões nos tendões e ligamentos são muito frequentes e tendem a impactar a 

qualidade de vida da população mundial, levando mesmo a alguns profissionais cuja 

carreira depende diretamente da sua performance física, a uma inesperada e 

indesejada mudança de profissão. O objetivo primário deste trabalho foi comparar 

diferentes métodos de funcionalização de estruturas entrançadas de matriz 

polimérica para a reparação de tendões e ligamentos, para promover a adesão e 

proliferação celular sem comprometer o comportamento mecânico do dispositivo 

médico, aumentando o seu sucesso a longo prazo. Os métodos de funcionalização 

estudados foram baseados num tratamento com plasma de NH3 assim como plasma 

de O2 seguido de imersão numa solução aquosa de etilenodiamina (EDA), otimisando 

a pressão exercida pelo plasma e o tempo de exposição ao mesmo. 

As estruturas fibrosas foram compostas por fibras de poli(etileno tereftalato) 

(PET) e poli(ácido láctico) (PLA). Após funcionalização, foi realizada a caracterização 

fisicoquímica das estruturas de modo a determinar, quantitativamente e 

qualitativamente, a eficiência dos tratamentos aplicados relativamente à presença 

de grupos amina na superfície dos materiais. Observou-se ainda que as amostras 

tratadas com plasma de NH3 apresentaram maior teor de azoto. No entanto, as 

estruturas modificadas com EDA revelaram maior quantidade de aminas primárias. 

Foram também realizados ensaios de tração para averiguar se os tratamentos 

aplicados teriam impacto no comportamento mecânico das estruturas. As fibras de 

PLA foram as mais afetadas após tratamento, enquanto que as fibras de PET tratadas 

mantiveram propriedades mecânicas comparáveis às fibras sem tratamento. 

Na fase final da dissertação foi realizado um ensaio biológico in vitro nas amostras 

tratadas com as melhores condições de plasma (7,5*10-2 mbar com 12 minutos) e foi 

observado que ambos os tratamentos aplicados promoveram a adesão e proliferação 

celular, mas o tratamento com plasma de NH3 apresentou melhores resultados. Este 

resultado revela a potencialidade industrial desta abordagem, por ser simples, 

sustentável e facilmente escalável. 

Palavras-chave: Estruturas fibrosas, fibras de PET, fibras de PLA, plasma, adesão e 

proliferação celular, reparação de tendões e ligamentos  
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1. Introduction 

 

1.1. Context and objective 

Professional athletes and performing artists spend most of their lives practising 

repetitive and often quite straining movements in order to achieve performative 

perfection. More often than not, this continuous effort results in very debilitating 

injuries that may lead to early retirement or loss of physical ability. Up to 50% of 

patients retire from their sport as a consequence of their injury. Around 75% of 

professional orchestral musicians may develop a musculoskeletal disorder from 

playing their respective instruments, and about 1.7 to 6.7 injuries may occur per 

professional dancer every year [1-3]. Old age may also be a decisive factor, as the 

prevalence of tendinopathies widens with age [4]. 

Most of these injuries are due to prolonged overuse of tendons and ligaments. In 

more severe cases, acute trauma may be the cause, but often the most commonly 

injured tissues are the ones that are more frequently exposed to repeated stress and 

strain [5]. 

These tissues are connective tissues whose function is to allow body movement 

by transmitting tensile forces from bone to bone or bone to muscle. They are also 

essential to skeletal and joint stability, and may also absorb excessive external force, 

thus preventing further muscle damage [6]. 

The natural healing process, however, is largely inefficient. Apart from being 

exceedingly slow, it also results in a loss of mechanical performance, which, 

undoubtedly, may affect the patient’s lifestyle and quality of life severely, especially 

if the patient’s line of work depends directly on their physical capabilities. This lack 

of functionality by the end of recovery is due to the formation of scar-like tissue 

during the earlier stages, which is never entirely replaced [1, 5, 7]. 

In order to improve the healing process, a variety of medical devices have been 

emerging. These include various types of scaffolds: biological scaffolds, which are 

made of human or animal tissues; natural scaffolds, which include silk and collagen, 

for example; and finally, synthetic scaffolds, which are the main focus of this work. 



 

2 
 

These synthetic scaffolds are made of polymers, such as poly(ethylene 

terephthalate) (PET) and poly(lactide) (PLA), and offer much more controllable and 

reproducible properties, compared to the previously discussed types. Nonetheless, 

the challenge lies in the development of a structure that properly supports and 

allows the healing of the native tissue. [5, 6]. 

Although synthetic scaffolds are advantageous mechanically, some polymeric 

surfaces, such as PET, lack surface energy and display poor adhesive properties. This 

work will explore different approaches to overcome these limitations, which is a key 

area of the research within the group where the work was developed and is linked 

to the doctoral thesis of Tânia Peixoto, dedicated to the development of complex 

hybrid structures for tendon and ligament repair. 

 

1.2. Document outline 

The present document is divided into 5 chapters. Chapter 1 describes the context 

behind the development of this work and its objective. In chapter 2, the state of the 

art is presented, addressing the anatomy and function of tendons and ligaments, 

their mechanical behaviour, common injuries and the natural healing process and 

current approaches for tendon and ligament repair. Then, a brief explanation of the 

material selection, textile technology and surface functionalisation to apply is 

presented. Chapter 3 describes the materials and methods used throughout the 

development of this work, such as the production of the braids and their 

functionalisation, as well as the characterisation methods used after the application 

of the treatments. In chapter 4 the results are presented and discussed, including 

physicochemical and mechanical tests, as well as a biological in vitro assay. Finally, 

the conclusions of this work are presented in chapter 5, followed by future work to 

be developed. 
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2. State of the art 

 

2.1. Tendons and ligaments 

Achilles tendon injuries can be very desolating, especially for professional 

athletes, whose career is directly correlated to peak physical health. An example of 

this is professional basketball players. Studies evaluating the return-to-play rate and 

performance of players after their return have shown that after an Achilles tendon 

rupture, even after recovery, 23.5% of players failed to return to the WNBA, while 

41.2% failed to play for more than one season [8, 9]. 

As these injuries are commonplace and quite detrimental to the quality of life of 

many, several products have come to light in order to aid the recovery of these 

tissues. 

Tendons and ligaments are mainly constituted of fibroblastic cells and an 

extracellular matrix (ECM), primarily constructed with type I collagen fibres in a 

highly organised hierarchical structure. Tendons transmit forces from muscle to 

bone, and ligaments from bone to bone. These connective tissues are essential for 

locomotion and joint stability [7]. 

These tissues exist in a wide variety of shapes and sizes, and their respective 

properties may vary along with the condition and age of the patient [5, 7]. 

 

2.1.1. Anatomy and function 

Tendons and ligaments display a highly organised hierarchical structure of 

increasing complexity [6, 7]. 

These tissues are primarily composed of type I collagen, whose structural unit is 

termed tropocollagen. Tropocollagen assembles into fibrils in order to form a fibre. 

These fibres are then assembled in parallel and form a bundle that is involved by the 

endotenon. These bundles are then further assembled and involved by another 
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connective tissue, termed the epitenon, and hence the tendon is conceived [6, 7]. 

This highly organised hierarchical structure of a tendon is illustrated in Figure 1. 

 

 

Figure 1: Hierarchical structure of a tendon [10].  

 

The extracellular matrix’s components are synthesised by the fibroblasts present 

in the tissue’s constitution, namely tenoblasts (immature cells) and tenocytes 

(matured tenoblasts). The tendon also includes in its constitution 1 to 2% of elastin 

that is embedded in a substance made up primarily of water, as well as glycoproteins 

and proteoglycans, both in residual quantities [6, 7]. 

In order for tendons and ligaments to connect to bone and muscle, there are 

specialised areas of tissue at the extremities (Figure 2). These specialised areas are 

known as fibrous and fibrocartilaginous enthesis, and these constitute the 

attachments of tendons to bone. In a fibrous enthesis, the tissue attaches directly 

to the bone. In contrast, in a fibrocartilaginous enthesis, there are transitional zones 

between the soft tissue and the bone, composed of uncalcified fibrocartilage, 

calcified fibrocartilage, and finally, bone. Furthermore, the enthesis also reduces 

peak stress by dissipating it at the junction between the soft tissue and the bone. In 

a myotendinous junction, which connects tendons to muscle, the transferring of 

tension across the tendon-muscle interface is permitted due to recesses formed by 

myocytes, into which the collagen fibrils are inserted [7, 11]. 
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Figure 2: Representation of a tendon and enthesis [12]. 

 

Generally, ligaments are tough connective tissues that connect bones, both 

directly and indirectly, and stabilise kinematic articulations. Direct insertion occurs 

in the following sequence: ligament, fibrocartilage, mineralised fibrocartilage, and 

bone. In indirect insertion, on the other hand, the superficial fibres are attached to 

the periosteum, and the deep fibres are connected to the bone [13]. 

Ligaments display a hierarchically organised structure, similarly to tendons, and 

are composed of mainly type I collagen fibres and small amounts of elastin, although 

proportionally more than tendons [7]. 

 

2.1.2. Mechanical behaviour 

Both tendons and ligaments display a viscoelastic behaviour when submitted to 

stress. As an example, the typical stress-strain curves of tendons and ligaments are 

shown in figure 3 [14]. 
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Figure 3: a) Representative stress-strain curve of a tendon [15]; b) Representative stress-

strain curve of ligaments [15]. 

 

The mechanical behaviour of these tissues is divided into three main stages: the 

first region, termed the ‘toe’ region, refers to the initial application of load. In this 

phase, the tendon is at rest, presenting a wavy configuration that is lost when 

stretched, gaining a linear arrangement. The collagen fibres begin to deform in the 

second region, showing a linear response to the increasing strain. Some microscopic 

tearing may occur. In the third region, the intermolecular crosslinks begin to fail, 

and the tissue may rupture [14, 16]. 

While the stress-strain curve of tendons and ligaments may appear similar, it is 

essential to note the difference in the range of stress and strain, represented in 

figure 3. 

The mechanical properties of tendons and ligaments also diminish with age, as 

shown in figure 4 [17, 18]. 
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Figure 4: Achilles tendon (AT) vs Anterior cruciate ligament (ACL) [17, 18]. 

 

2.1.3. Common injuries 

Tendon and ligament injuries usually stem from degenerative disorders, chronic 

overuse (damage accumulation), and acute trauma (excessive loading) [6]. 

Common tendon pathologies occur due to overload and overuse, causing lesions 

or even rupture. Tendinitis is caused by acute overload, causing micro-tears in the 

tissue. It is characterised as an inflammatory degeneration of the tissue. Tendinosis 

is caused by continued overuse, causing the degradation of collagen fibres. It is 

described as non-inflammatory tissue degeneration. The complete rupture of a 

tendon can also occur when excessive load is applied [6]. 

Connective tissues under the highest stress and repeated strain, as well as the 

less vascularised, are the most frequently damaged. One example is the Achilles 

tendon, which is the most commonly ruptured tendon in the human body, usually 

during the practice of sports. The presence of pathology and injury on this tendon is 

also more prevalent as age increases. Moreover, other injuries may occur during the 

practice of performing arts, such as dancing or playing a musical instrument, as these 

require repetitive movements over long periods of time [1, 4-6]. 
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2.1.4. Healing process 

Tendons and ligaments heal in a prolonged and inefficient manner. These 

connective tissues do not restore their properties entirely due to the fact that they 

do not respond to injury with a tissue regeneration process, but rather heal through 

a wound repair process that includes the formation of fibrous, scar-like tissue in the 

earlier stages, which is not entirely replaced by the end of the healing process. This 

results in inferior mechanical performance, compared to healthy tissue, which 

increases the chance of recurring rupture [6, 19]. 

As shown in Figure 5, the healing process can be divided into three stages: the 

inflammation stage, the proliferation stage, and the remodelling stage. These phases 

may overlap, and their duration and timing may change in accordance with the type 

of the injury, how severe it is, the condition of the patient, the tissue location, and 

the applied treatment [6, 19, 20]. 

 

 

Figure 5: Mechanical behaviour of a tendon during the healing process [6]. 

 

The inflammatory phase is the shortest, lasting days. It begins immediately after 

the occurrence of acute injury and starts with increasing the vascular permeability 

and the recruitment of inflammatory cells into the injury site. These include 

platelets, macrophages, monocytes, and neutrophils, which release vasoactive and 



 

9 
 

chemoactive factors, culminating in the recruitment of blood vessels, fibroblasts, 

and intrinsic tenocytes, consequently contributing to ECM deposition and 

remodelling [10, 20]. 

The proliferation phase, which may last weeks, consists of the multiplication of 

fibroblasts at the injury site and the synthesis of type III collagen, which is 

responsible for the repair of partial tissue continuity, as well as providing a scaffold 

for the migration of recruited cells into the wound area. Other ECM components are 

also synthesised [10, 20]. 

The remodelling phase, which may last months, displays a remarkable decrease 

in cellularity and vascularity in comparison to the previous phases. The synthesised 

type III collagen gradually remodels into type I collagen; collagen is crosslinked and 

aligned with the direction of muscle force, which increases tissue stiffness. The 

fibrovascular scar that forms during the earlier stages of the healing process is never 

entirely replaced, resulting in a loss of mechanical performance [5, 6, 10, 20]. 

By the end of the process, the tissue may only restore a portion of its previous 

mechanical properties. Thus, the improvement of the efficiency of this healing 

process is vital to repair the functionality of the injured tissue fully. In order to boost 

this healing process, human intervention is imperative. 
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2.2. Current treatment approaches for tendon and ligament 

injuries 

 

When the injury is of a low degree, conservative management may be used as a 

first approach to relieve the pain. This includes rest, mechanical conditioning, 

injection of corticosteroids, orthotics, ultrasound, laser, or shockwave treatment 

[6]. 

However, due to the aforementioned limitations of the self-healing process, such 

as the formation of scar tissue and the loss of critical mechanical properties, surgical 

intervention is often necessary [6, 19]. 

Surgical intervention is used to suture the ends of the injured tissue together, or 

to fix the tendon to the bone. However, this process may fail as a result of the 

limitations of the self-healing mechanism of the involved tissues, which can be 

improved by injecting growth factors and therapeutic cells into the damaged tissue 

[6]. 

Biological scaffolds are protein-based ECM, consisting of human or animal tissues 

such as the dermis, small intestine, or pericardium. These tissues are processed in 

order to remove non-collagen components, so that one may minimise the risk of 

rejection by the patient, but nonetheless maintain its natural collagen fibrous 

structure, providing a faster and better host-cell integration. Despite that, remaining 

trace chemicals may be toxic to the host cells, and these scaffolds may have 

biocompatibility variations, undefined degradation rates, and too low mechanical 

properties [5, 6]. 

Natural scaffolds, on the other hand, present much higher bio-functionality, 

biocompatibility and biodegradation when compared to synthetic scaffolds. 

However, they display a variety of limitations as well. These include limited 

processability, wide variability from batch to batch and overall lower mechanical 

properties [6]. 

A few of these devices are presented in table 1. Most of these devices are in the 

form of patches, aiming to aid in the restoration of the normal function of the tissue 
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by providing mechanical augmentation; that is, they may provide both protection 

after small ruptures, as well as aid in its mechanical function, not allowing excessive 

loads to be applied, thus offering the support for the repair process to occur [5]. 

 

 

Figure 6: TissueMend, by Stryker Orthopaedics [21]. 

 

One example is TissueMend by Stryker Orthopaedics, illustrated in figure 6, which 

is a collagen membrane aiming to reinforce the soft tissues repaired by sutures in 

tendon repair surgery [21]. 
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Table 1: Examples of biological extracellular-matrix products for tendon/ligament repair 

[5]. 

 

In order to counter the inferior mechanical properties of both natural and 

biological scaffolds, plentiful synthetic scaffolds have come to light. These are 

mainly derived from polymers such as poly(glycolide) (PGA), poly(lactide) (PLA), 

poly(caprolactone) (PCL), poly(L-lactide) (PLLA) and poly(lactic-glycolic acid) 

(PLGA). Synthetic scaffolds, when compared to natural scaffolds, achieve much more 

controllable and reproducible mechanical, chemical and degradation properties, as 

well as their shape and size, given the improved batch to batch uniformity. These, 

however, present a few drawbacks; for instance, the absence of functional chemical 

groups involved in cell adhesion, as well as the potential release of acidic by-

products into the bloodstream as a consequence of degradation, which may cause 

adverse reactions [5, 6]. 

Category Product name ECM type ECM 

source 

Marketed by 

Augmentation 

device 

Restore SIS Porcine Depuy 

Orthopaedics 

(USA) 

 CuffPatch SIS (crosslinked) Porcine Arthrotek (USA) 

 GraftJacket Dermis Human Wright Medical 

(USA) 

 ArthroFlex Dermis Human Arthrex (USA) 

 Conexa Dermis Porcine Tornier (USA) 

 TissueMend Dermis (fetal) Bovine Stryker 

Orthopaedics 

(USA) 

 Zimmer 

Collagen Repair 

Dermis (crosslinked) Porcine Zimmer (USA) 

 Bio-Blanket Dermis (crosslinked Bovine Kensey Nash 

(USA) 

 OrthADAPT 

Bioimplant 

Pericardium 

(crosslinked) 

Equine Pegasus Biologics 

(USA) 
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Presented in Table 2 are a variety of examples of synthetic medical devices for 

tendon and ligament repair. Both the Leeds-Keio (Neoligaments, UK) and the Lars 

Ligament (Lars, France) are mainly made of poly(ethylene terephthalate) (PET). The 

first is a woven porous tube attached to woven tapes, while the second is 

manufactured in a broad range of sizes and shapes, in order to provide the necessary 

functionality. The Kennedy ligament, on the other hand, is made of poly(propylene) 

(PP). It is produced in a diamond-braided structure [5, 22]. 

 

Table 2: Examples of synthetic products for tendon/ligament repair [5]. 

 

Products such as the Leeds-Kuff Patch, shown in figure 7, have been designed in 

order to promote tissue regeneration, and to be permanently implanted. It is 

constructed from knitted polyester [22, 23]. 

Category Product name Material Marketed by 

Augmentation 

device 

SportMesh Poly(urethane urea) Biomimet Sports 

Medicine (USA) 

 X-Repair Poly-L-lactide Synthasome (USA) 

 Biomerix Patch Polycarbonate 

poly(urethaneurea) 

Biomerix (USA) 

 Gore-Tex Poly(tetrafluoroethylene) WL Gore and 

Associates (USA) 

 Kennedy Ligament Polypropylene DAW Industries, 

3M (USA) 

 Leeds-Kuff Patch Polyester Neoligaments (UK) 

 Rota-Lok Polyester Neoligaments (UK) 

 AchilloCordPLUS Poly(ethylene terephthalate) Neoligaments (UK) 

Prosthetic 

device 

OrthoCoupler Poly(ethylene terephthalate) Surgical Energetics 

(USA) 

 Lars Ligament Poly(ethylene terephthalate) Lars (France) 

 Leeds-Keio Poly(ethylene terephthalate) Neoligaments (UK) 
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Figure 7: Leeds Kuff-Patch [23]. 

 

Products such as Lars Ligament, shown in figure 8, on the other hand, are indeed 

intended to reinforce the damaged tissue mechanically. However, these are built of 

non-biodegradable materials such as PET, given their adequate mechanical 

properties; therefore, they are permanent implants [22, 24].  

 

 

Figure 8: Lars Ligament [24]. 

 

While these synthetic devices may offer the required functionality to replace the 

injured tissue in the earlier stages, they fail over long periods of time, as they cannot 

wholly replace the mechanical response of the native tissue, which may lead to 

permanent deformation as a consequence of repeated strain, and may fail in the 

long term, deriving from problems such as fatigue [22].  
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2.3. Material selection, textile technology and surface 

functionalisation 

2.3.1. Material selection 

Ideally, a scaffold for tendon and ligament repair should possess a porous, 

biocompatible structure, in order to further support cell adhesion, new tissue 

formation, growth and integration. This scaffold should also sufficiently replace the 

mechanical attributes of the original tissue, as to temporarily maintain the 

mechanical function of the native tissue in order to allow the healing process to 

occur appropriately [5]. 

Material selection is of pivotal importance. The chosen material should not cause 

inflammation or any other adverse reactions that could hinder the healing process 

or cause the body to reject it. Moreover, it may allow the final fibrous structure to 

mimic the viscoelastic behaviour of the original tissues. This may also be 

accomplished while degradation to allow tissue growth and integration occurs [5]. 

Prominently used biodegradable materials in scaffold production fall into two 

categories: synthetic or naturally derived. Natural scaffolds, such as silk or collagen, 

for example, present higher bio-functionality, biocompatibility and biodegradation. 

These are biologically recognised by the body and are able to provide a better 

environment to support tissue healing. However, their limited processability and 

unpredictability due to high variability from batch to batch are substantial 

disadvantages [5, 6]. 

As for synthetic polymers, their properties are much more straightforward to 

control and reproduce. This includes mechanical and chemical properties, as well as 

degradation properties. Poly(glycolide) (PGA), poly(lactide) (PLA), poly(lactic-

glycolic acid) (PLGA), and poly(caprolactone) (PCL) are all decidedly inviting 

polymers, with biodegradable properties, utilised in medical applications. These 

materials are also approved by the Food and Drug Administration (FDA) for clinical 

use and are considered biocompatible. Furthermore, these materials normally 

degrade into non-toxic components, which are then either excreted by the human 

body, or metabolised by it [5, 6]. 
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Although biocompatible and biodegradable polymers exhibit numerous 

advantages, many challenges still remain to be overcome. These materials are 

usually inferior when considering their mechanical performance, compared to that 

of native tissues. Moreover, the decreased mechanical compatibility between the 

native tissue and the implemented medical device may interfere with the self-

healing process, hindering its repair and growth, and in some cases leading to failure. 

Furthermore, the needed balance between gradual degradability and native tissue 

healing and growth is still challenging to accomplish [5]. 

Another challenge lies in the development of a structure that efficiently supports 

the mechanical function of the tissue during the repair period [6]. 

In order to properly develop an implantable device, many vital aspects must be 

taken into consideration. Implants for tendon and ligament repair are usually strong 

and flexible materials. However, the mechanical efficiency of the material is not 

enough for a medical device, as there are many other safety aspects that are key to 

the proper development of these products. Toxicity and release of toxic substances 

are critical to the safety of the patient. These may cause an adverse body reaction 

to the device, and the release of harmful substances may be fatal. The porosity of 

the material is also to be taken into account, as it is essential to proper native tissue 

growth and integration. Lastly, biodegradability is fundamental for this particular 

application. If the material is biodegradable, then, ideally, the native tissue would 

grow and gradually integrate and replace the medical device [25]. 

While previously built braids were composed of both poly(propylene) (PP) and 

poly(ethylene terephthalate) (PET), it is essential to note that neither of these is 

biodegradable [26]. Therefore, poly(lactide) (PLA) may constitute an efficient 

alternative, as it is derived from natural materials, starch and cellulose, and is 

entirely biodegradable [25]. 

Considering the final application of the medical device, which is a hybrid 

structure composed of PET and PLA fibres, both these materials should have 

somewhat similar elastic regions, so as to avoid any irreversible plastic deformation. 

Therefore, the elastic limit of each material that composes the hybrid structure 

should be similar. In figure 9 is presented a schematic of biocompatible polymers, 

organised by tensile strength (MPa) and biodegradability, using the GRANTA EduPack 
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software. This schematic was obtained by limiting the materials shown to biomedical 

polymers of medical grade used in grafts and patches.  

 

Figure 9: Yield strength and biodegradability comparison of biocompatible polymers. 

 

Accordingly, a combination of PLA and PET’s properties may be adequate, when 

combined in a hybrid structure, based on a core/shell system. Whereas PLA is 

biodegradable, PET is not; however, given its superior mechanical performance, it 

would serve as a reinforcement in order to achieve mechanical prowess. Thus, PET 

yarns would serve the primary mechanical function, while PLA would provide porosity 

in the structure, after degrading, allowing for tissue integration and degradation. 

 

2.3.2. Textile technology and braided structures 

Medical devices with a hierarchical fibrous structure (rope-like structure) have 

previously been conceived through textile techniques by our research group. These 

structures attempt to replace the mechanical function of a tendon to allow its 

healing process to occur. These ropes are composed of braids bundled together and 

enveloped by a shell. These braids, as well as the shell, are composed of yarns of a 

certain biocompatible material, such as PET, PP and PLA, which were braided by the 

use of a vertical braiding machine. These structures resemble the hierarchical 

structure of tendons. This resemblance lies in the arrangement of a simple unit into 

Other polymers 
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a more and more complex structure [26]. This results in a core-shell structure, 

illustrated in figure 10. 

 

Figure 10: Core-shell structure of the medical device [26]. 

 

In the case of a hybrid structure of PET and PLA for tendon and ligament repair, 

PET would provide its high mechanical performance, whereas PLA would provide 

porosity after degrading in order to promote and support native tissue integration 

and growth. This is possible due to its biodegradability, shown in figure 9. 

There are a few key variables that need to be kept in mind when producing these 

braids and ropes, in order to properly reproduce their characteristics in a controlled 

and efficient manner. These include the type and diameter of the yarn, the draw-

off speed, the braiding angle of the sub-components, as well as their diameter and 

number, and the tension applied on the yarns, as well as on the sub-components, 

the bonding type and finally, the possible post-production treatments [26]. 

Previous results by our research group have shown that the stress-strain curve 

obtained is directly influenced by the braid angle, which is itself directly influenced 

by the draw-off speed. Further results have shown that the braids produced with 

lower draw-off speed, and consequently higher braid angle, displayed more strain at 

failure. Figure 11 shows the behaviour of the mentioned braids [27]. 
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Figure 11: Comparison of the mechanical behaviour of braids with varying draw-off speed 

and yarn number [27]. 

 

The 8YL ropes are composed of eight yarns produced at a lower draw-off speed. 

Similarly, 8YH is composed of eight yarns produced at a higher draw-off speed. Thus, 

The conclusion that lower draw-off speed and its consequent higher braid angle 

results in a higher strain at failure is drawn. 

Our research group has determined, in previous works, that the structure with 

the best mechanical performance is constituted of 22 PET braids with 16 PET yarns 

each, braided at the highest take-up rate setting, as the core, and 16 yarns braided 

as a shell, enveloping the core [26]. The mechanical performance of this final 

structure is illustrated in figure 12, in comparison to the mechanical performance of 

a single braid that composes the final structure’s core. 

 

Figure 12: Comparison of the mechanical behaviour between core-shell structure and a 

braid with 16 yarns [26] 

 

The braiding angle can be considered one of the most crucial parameters in the 

process of braiding. It is determined by the angle between braided yarns and the 
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longitudinal direction. The braiding angle can be manipulated during the process in 

order to create braided structures with different assets: that is, the braiding angle 

can affect pore size and the mechanical properties of the structure [28].  

If the braiding angle increases, the pore size decreases in the fabric, which can 

tweak cell growth on the braided structure. Moreover, an increase in the braiding 

angle leads to the yarns moving further away from the longitudinal axis, thus 

requiring more force to align with the longitudinal direction and increasing the length 

of the toe region. Similarly, a decreased braid angle produces a stiffer scaffold [28]. 

The diameter is another essential parameter to keep in mind in braiding. It can 

be easily changed along with the number of fibres used. Different diameters can be 

attained to achieve different properties, as well as improve compatibility in specific 

applications [28]. 

 

2.3.3. Surface functionalisation 

Although synthetic scaffolds are advantageous mechanically, some polymeric 

surfaces, such as PET, lack surface energy and display poor adhesive properties. 

However, techniques such as the activation of the polymer surface by plasma are 

able to overcome these limitations [29]. 

Plasma treatments have been used to enhance the culturing of cells and improve 

the biocompatibility of polymer materials, as well as for cleaning biomedical 

material surfaces [30]. 

Previously tested PET structures suffered from low wettability due to low surface 

energy and the absence of active functional groups, which hindered the cell adhesion 

process. So, the chemical grafting of amino groups (-NH2) on the PET surface was 

employed. This was done by activating the surface with oxygen plasma, and then 

soaking the structures in a 50% v/v EDA (Ethylenediamine, C2H8N2) solution. The 

anime groups should couple with the PET surface by one amine side, leaving the 

other available to react with the ECM macromolecules [31].  
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3. Materials and methods 

 

3.1. Materials 

PET multifilament yarn, with 192 filaments and a linear density of 1100 dtex, was 

purchased from Sarla Europe (Portugal), and PLA multifilament yarn with 108 

filaments was bought from Senbis Polymer (Netherlands). 

 

3.2. Production of the braided structures 

These braided structures were produced using a vertical braiding machine with 

16 carriers (Trenz Export Sa, Spain). The conditions were set so as to maintain a 

take-up rate of around 3.96 cm/s. All 16 carriers were loaded with only PET yarns, 

and then only PLA yarns, in order to produce PET braids and PLA braids with 16 yarns. 

Figure 13 illustrates the system used. 

 

  

  

Figure 13: Vertical braiding machine system used for braid production (Trenz Export Sa, 

Spain). 
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As seen in figure 13, the gears and weight at the end of the braid were used so 

as to attain a similar take-up rate to the previous structure developed by the 

research group. 

 

3.3. Surface functionalisation 

The produced braided structures were exposed to different plasma treatments in 

an Emitech K1050X plasma system (figure 14). The different plasma treatments were 

performed using O2 and NH3 gases with 99.999% and 99.99% purity, respectively. The 

reactive plasmas were produced with 100W power. 

 

 

Figure 14: Emitech K1050X plasma system used for surface treatment of the braids. 

 

All plasma treatments were applied on the braided structures, as opposed to the 

multifilament yarns, since the application of the plasma on the filaments directly 

could hinder the production of the braids afterwards due to expected changes on the 

surface. 

Firstly, the functionalisation parameters were optimised by studying the effect 

of the plasma pressure on PET braids. The braids were exposed to 8 and 12 minutes 

of each plasma (O2 and NH3). Immediately after each O2 plasma treatment, PET 

samples were immersed in an EDA solution, using water as solvent (50 % v/v), at 50 

ºC and 20 minutes. These conditions were based on previous findings obtained by the 

group [31]. After the immersion, the samples were removed from the solutions and 

rinsed in distilled water. Table 3 summarises the treatment conditions performed. 
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Table 3: Plasma treatment parameters: Reactive gas, plasma pressure and exposure time 

during functionalisation of PET braided structures. 

Sample name Reactive 

gas 

Plasma 

pressure 

(mbar) 

Exposure 

time (min) 

PET_NH3_7.5_8 

PET_NH3_7.5_12 
NH3 

7.5 × 10-2 8 

12 

PET_NH3_1_8 

PET_NH3_1_12 

1.1 × 10-1 8 

12 

PET_ EDA_7.5_8 

PET_ EDA_7.5_12 
O2 

7.5 × 10-2 8 

12 

PET_ EDA_1_8 

PET_ EDA_1_12 

1.1 × 10-1 8 

12 

 

Then, the plasma pressure of 7.5 × 10-2 mbar was maintained, and new exposure 

times were tested (3 minutes and 20 minutes), summarised in table 4.  

 

Table 4: Plasma treatment parameters: Reactive gas, fixed plasma pressure and exposure 

time during functionalisation of PET braided structures. 

 

 

 

 

 

 

 

 

 

Sample name Reactive gas Plasma 

Pressure 

(mbar) 

Exposure 

time (min) 

PET_NH3_7.5_3 

PET_NH3_7.5_8 

PET_NH3_7.5_12 

PET_NH3_7.5_20 

NH3 

 

7.5 × 10-2 

3 

8 

12 

20 

PET_ EDA_7.5_3 

PET_ EDA_7.5_8 

PET_ EDA_7.5_12 

PET_ EDA_7.5_20 

O2 

 

7.5 × 10-2 

3 

8 

12 

20 
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Then, the parameters of 12 minutes of exposure time and plasma pressure of 

7.5*10-2 mbar were applied to the PLA braids, summarised in table 5. 

 

Table 5: Plasma treatment parameters: Reactive gas, fixed plasma pressure and fixed 

exposure time during functionalisation of PET and PLA braided structures. 

 

 

3.4. Mechanical behaviour 

In order to determine the effect of the various surface treatment conditions on 

the mechanical behaviour of the braids, a series of uniaxial tensile tests were 

executed; namely, three per treatment condition. 

Each sample was set at a distance of 235 mm between grips, with a displacement 

rate of 8.5 mm/s. 

The equipment used to perform the tests was a Lloyd instruments LR30K tensile 

testing machine with a load cell of 2.5 kN. 

 

3.5. Physicochemical characterisation 

The detection of amino groups was done quantitatively and qualitatively. 

The quantification of primary amino groups was determined by the Orange II dye 

method. The grafted PET and PLA samples, measuring ~ 5 cm, were immersed in 20 

mL of dye acidic solution (14 mg/mL) (pH 3) and incubated for one hour at 40 ºC at 

150 rpm. After that, the samples were washed with an acidic solution (pH 3) to 

remove the non-reacted dye, and left to air-dry overnight (figure 15). 

Sample 

name 

Reactive 

gas 

Plasma Pressure 

(mbar) 

Exposure time 

(min) 

PET_NH3_7.5_12 

PLA_NH3_7.5_12 
NH3 

7.5 × 10-2 12 

PET_ EDA_7.5_12 

PLA_ EDA_7.5_12 
O2 

7.5 × 10-2 12 
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Figure 15: Orange II dyed samples, air drying. 

 

After air-drying, the samples were immersed in 5 mL of a basic solution (pH 12) 

and incubated for 20 min at room temperature at 150 rpm (figure 16).  

 

  

Figure 16: Braid samples immersed in basic solution, incubating at room temperature at 

150 rpm. 

 

The absorbance of the solution was determined at a wavelength of 485 nm in a 

UV spectrophotometer (UV-1800 Shimadzu, Japan), using quartz cells with a 10 mm 

path length. 

The qualitative method of detecting the presence of amino groups in PET was by 

staining the filaments with fuchsin acid at pH 2.7, which gives visual information 

about the concentration and location of the amino groups throughout the braids [31]. 

The grafted PET and PLA samples were stained with a 0.5% fuchsin acid in pH 2.7 

buffer solution, while maintaining agitation for 90 minutes at room temperature. 

The braids were then rinsed with the same pH 2.7 buffer solution to remove the non-

linked dye. 
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The surface chemistry was evaluated by X-ray Photoelectron Spectroscopy (XPS) 

using a Kratos Axis Ultra HAS spectrometer with the VISION software for data 

acquisition. The analysis was carried out with a monochromatic Al X-ray source, 

operating at 15 kV (90 W), with a pass energy of 40 eV for regions of interest and 160 

eV for the overall surveys. 

A vertical wicking test (figure 17) was also performed on each treatment 

condition. Each braid was cut in samples of 250mm in length, then suspended 

vertically on a stand. The braid was held on one end by a claw, while the other end 

was submerged in coloured distilled water. The height at which the water had risen 

was measured every minute over ten minutes. 

 

Figure 17: Vertical wicking test. 

All scanning electron microscopy (SEM) analyses were performed in a FEI Quanta 

400FEG microscope (ThermiFisher Scientific), in order to observe possible changes in 

the surface. 

 

3.6. In vitro biological characterisation 

Two treatment conditions, namely the NH3 plasma treated with 12 minutes of 

exposure and the O2 plasma treatment with 12 minutes of exposure followed by 

immersion in an EDA solution, were in vitro assessed. The braids were cut into 

samples of around 2cm in length each, and the edges of each sample were stuck with 

agar in order for the structure to stay the same throughout the process. These 

samples are presented in figure 18. 
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Figure 18: Braid samples for in vitro biological characterisation. 

 

Human dermal fibroblasts (Coriell Institute) were cultured in alpha-Minimal 

Essential Medium (α-MEM, Gibco) supplemented with 10% (V/V) fetal bovine serum 

(FBS, Gibco), 100 U/mL penicillin, 100 µg/mL streptomycin, 0.25 µg/mL 

amphotericin B (all from Gibco). Cells were seeded at two different locations, at 

1x104 cells per 2µL per location on each braid, namely untreated PET, NH3 plasma-

treated PET, and O2 plasma-treated PET with immersion in EDA. The plates were 

incubated for 1, 3, 6, 9, 12, 15 and 21 days at 37 ºC, in a 5% CO2 humidified 

atmosphere. 

 

3.6.1. Resazurin assay 

In order to quantitatively determine the metabolic activity of the seeded cells on 

each sample, a resazurin assay was performed. 

At each time point (1, 3, 6, 9, 12, 15 and 21 days), the medium was removed, 

and the seeded materials were incubated with a medium containing 10% resazurin 

(0.1 mg/mL, Sigma-Aldrich). The plates were incubated for 3 hours at 37 ºC in a 5% 

CO2 humidified atmosphere. 

Then, the fluorescence (excitation: 530 nm; emission: 590 nm) was measured in 

a microplate reader (Synergy HT, Biotek). Results are presented as relative 

fluorescence units (RFUs). 
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After each time point, two samples were removed from the batch for the 

following analysis in section 3.6.2. and 3.6.3.. So, at the first time point (day 1 of 

the experiment), a total of 16 samples were used. Then, on day 3 of the experiment, 

a total of 14 samples were used, and so on over the course of the experiment. At the 

final time point (day 21 of the experiment), a total of 4 samples were used for the 

resazurin assay. 

 

3.6.2. Optical microscopy 

The observation of the cell distribution on the braids was performed on a Zeiss 

Stemi 508 Stereo Microscope. At each time point, the cells were coloured by the 

ability of mitochondrial dehydrogenase to reduce the MTT [3-(4,5-dimethylthiazol-

2-yl)-2,5,diphenyltetrazolium] to a dark blue formazan product. Briefly, the seeded 

materials were incubated with a medium containing 10% MTT (0.5 mg/mL, Sigma-

Aldrich) for 2 hours at 37 ºC in a 5% CO2 humidified atmosphere, and then visualised. 

 

3.6.3. SEM analysis 

The morphology of the Dermal Fibroblasts seeded on the braids was analysed by 

SEM using a FEI Quanta 400 FEG ESEM microscope. 

All braid samples were washed with PBS and fixed with 1.5% (V/V) glutaraldehyde 

in sodium cacodylate buffer (pH 7.3) over 15 min. Afterwards, samples were 

dehydrated using graded ethanol solutions from 50 % (V/V) to 100% (V/V), and critical 

point dried (CPD 7501, Polaron Range). Finally, samples were sputter-coated (SPI-

Module) with a thin gold/palladium film and visualised. 

 

3.7. Statistical analysis 

Data is presented as mean value ± SD. Statistical differences between groups of 

data were tested using t-tests, and were considered significant at a level of p < 0.05. 
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4. Results and Discussion 

 

The experimental work of this dissertation is part of the optimisation of the 

complex hybrid structures to regenerate tendons and ligaments that have been 

pursued by the research group where the work was developed. More specifically, this 

dissertation intended to propose an approach that stimulates cell adhesion to braids, 

which are the basis for constructing complex hybrid structures. 

 

4.1. Physicochemical characterisation 

In order to compare the effect of the NH3 plasma and O2 plasma treatment 

followed by immersion in an EDA solution on the functionalisation of the braids, an 

analysis was done by the Orange II method, which is used to quantify primary amine 

groups [32]. This initial analysis was performed in order to determine the effect of 

the work pressure of each plasma on the amino group grafting on the braids. The 

results are presented in figure 19. 

 

 

Figure 19: Evaluation of amino groups grafting in PET braids by the Orange II method, 

with varying work pressures. 
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The first studied conditions were 8 and 12 minutes of exposure to NH3 and O2 

plasma, at the work pressures of 7.5*10-2 mbar and 1.1*10-1 mbar, being the O2 

plasma-treated braids immersed in an EDA solution for 20 minutes after plasma 

exposure. 

Considering the results presented in figure 19, it was concluded that the increase 

of the plasma pressure from 7.5*10-2 mbar to 1.1*10-1 mbar significantly decreased 

(p<0.05) the absorbance of the samples, which means less amino group grafting. 

It is likely that increasing the plasma pressure applied on the braids induced 

additional roughening on the fibres’ surface, due to the effect of thermal heating 

and etching, which may have led to material degradation [33, 34]. 

Then, the pressure of 7.5*10-2 mbar (p<0.05), which showed better results, was 

applied to more plasma treatments with additional exposure to plasma times, 

including 3 and 20 minutes of exposure, in order to evaluate the impact of the 

variable of time of exposure to the plasma has on the braid. 

 

 

Figure 20: Evaluation of amino groups grafting in PET braids by the Orange II method with 

varying times of exposure to plasma. 

 

Following these results, presented in figure 20, it was observed that the 

PET_NH3_7.5_3 braids had significantly lower (p<0.05) grafting than the braids 
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treated with 8 and 12 minutes of exposure. Furthermore, it was determined that the 

PET_EDA_7.5_3 braids had significantly lower grafting than the braids exposed to 8 

minutes of plasma, and that the PET_EDA_7.5_20 braids also had significantly lower 

grafting compared to the PET_EDA_7.5_8 braid. No other significant differences were 

found among the various treatment methods. Similarly to the increase in plasma 

pressure, when using an increased time of exposure to plasma (20 minutes), the 

etching effect may have overcome the grafting on the surface, while the usage of a 

lower exposure time may have led to an unsatisfactory grafting of the braids [30, 33, 

34]. 

Since the final medical device is meant to be a hybrid structure consisting of both 

PET and PLA braids, this same analysis was done on the PLA braids. The treatments 

and tests were applied on braids of each material in order to evaluate the 

effectiveness of the grafting and the difference between the materials.  

The conditions chosen for the second phase of testing, involving PLA, were 12 

minutes of oxygen plasma followed by immersion in a 50% v/v EDA solution, and 12 

minutes of ammonia plasma, both with a working pressure of 7.5*10-2 mbar. These 

conditions were chosen based on the results presented in figure 19 and 20, namely 

the fact that this work pressure displayed a better functionalisation, and that the 12 

minutes of exposure time was considered to be a balanced choice among the higher 

exposure times (8, 12 and 20 minutes). An analysis up to the fourth week after 

treatment was also done in order to evaluate if there was a decay of the 

functionalisation, which will have an impact on the shelf life of the braids. The 

results are shown in figure 21. 
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Figure 21: Evaluation of functionalisation stability of PET and PLA braids over 4 weeks. 

 

This final analysis presented in figure 21 served two purposes. Firstly, it was 

verified that the functionalisation of both materials with either treatment method 

did not decay over time, as this was tested on the fourth week after treatment, and 

no significant differences were found (p<0.05), which confirmed the stability of the 

treatment, as the formed surface bonds did not break over time. Furthermore, it can 

be observed that although the functionalisation works for both materials (PET and 

PLA) with either treatment, the O2 plasma treatment followed by EDA immersion 

displays higher absorbance levels than the NH3 plasma, for both materials (p<0.05). 

Moreover, while the NH3 treatment of PET and PLA braids did not display a significant 

difference (week 1), the EDA treatment displayed significantly lower amino groups 

grafting values. Both untreated PET and PLA displayed a non-significant Orange II 

concentration, which is explained by their lack of primary amino groups. On the other 

hand, all treatment conditions have shown the presence of primary amino groups in 

their constitution. This method indicates that the method with O2 plasma followed 

by immersion in an EDA solution has significantly more primary amino groups [32]. 

However, it is possible that the NH3 plasma formed other groups, such as secondary 

or tertiary amino groups, so further analyses were done.  

A qualitative method of detecting the presence of amino groups is the fuchsine 

method, which gives visual information about the concentration and location of the 



 

33 
 

amino groups throughout the braids [31]. Thus, the more saturated the purple taint, 

the more amino groups are present.  

This qualitative method is presented in figure 22. 

 

 

Figure 22: Qualitative evaluation of the amino groups’ distribution on PET and PLA braids 

after different treatments. 

 

By observing figure 22, it can be seen that in both materials, the untreated braid 

(PET and PLA) are not stained with the purple taint of the fuchsine acid. The same 

applies to the braids treated with the O2 plasma, without immersion in the EDA 

solution. 

However, both treated materials, namely the NH3 plasma-treated braids, as well 

as the braids immersed in EDA after O2 plasma exposure, display a very clear and 

homogeneously distributed purple taint. This means that, in both cases, the 

treatment was successful, meaning that each braid was homogeneously grafted with 

amino groups, as intended. 

As in the future the braids, once inserted in a more complex hybrid structure, 

will be implanted in vivo and interact with an aqueous medium and cells, a wicking 

test was performed, presented in figure 23. 
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Figure 23: Wicking test of PET and PLA braids, for both NH3 plasma-treated braids and O2 

plasma-treated braids with immersion in EDA. 

 

While the wicking ability of ammonia and oxygen plasma-treated braids is similar, 

a wider difference is displayed when compared to the untreated material; this is 

applied to both PET and PLA braids. This may be explained by the increase of the 

hydrophilicity of the structure due to the presence of amine groups, which will 

interact with the water during its rise through the pores throughout the structure. 

These are adhesion forces, which will lead to the retention of the water in the pores 

of the structure, thus slowing its rise through the structure. 

To observe the topography of the material before and after treatment, SEM 

images comparing each treatment condition for PET and PLA  samples are presented 

in figure 24 and 25, respectively. 
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Figure 24: SEM images of PET braids, with different treatment conditions. 

 

In both materials (figure 24 and 25). The O2 plasma-treated braids seem to have 

a cleaner surface than the rest. This is because the oxygen plasma may have cleaned 

some of the impurities present in the braid without damaging the surface [30]. 

Then, when comparing both the O2 plasma-treated braids and the braids 

immersed in EDA afterwards, there are noticeable changes on the surface. These 

changes are caused by the chemical etching by the EDA solution, in which the braids 

were immersed for 20 minutes at 50 ºC, and/or by the deposition of the EDA itself. 

 

 

 

PET PET O2_7.5_12 

PET NH3_7.5_12 PET EDA_7.5_12 
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Figure 25: SEM images of PLA braids, with different treatment conditions. 

 

The NH3 treated braids display more changes in the surface than the rest. As the 

oxygen plasma-treated braid appears to have a cleaner surface, this is not the case 

for the ammonia plasma-treated braid. This is to be expected, since the O2 plasma 

is already often used for this purpose, so it is better for that than the NH3 plasma 

[30]. The applied plasma treatments cause reactions on the polymeric surfaces, since 

plasma carries activated species which include addition reactions of new functional 

groups onto the surface, due to a recombination of radicals that are formed on the 

surface by the activated species in the plasma. Changes in the surface of the polymer 

surfaces can also be due to the bombardment of the fibre by high energy particles 

generated in the discharge, as well as surface etching reactions carried by the 

plasma, which can result in changes in the topography of the surface [35]. 

Nevertheless, the polymer surfaces were not significantly changed. 

PLA 

PLA O2_7.5_12 

PLA NH3_7.5_12 PLA EDA_7.5_12 
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An energy dispersive spectroscopy (EDS) analysis was done in order to check the 

presence of N in the braids. The results are presented in figure 26. 

 

 

 

Figure 26: EDS scan of treated PET and PLA braids. 

 

Contrary to what was determined by the Orange II method, no N was found by 

the EDS analysis. This may be explained by the sensitivity of the technique itself. 

Therefore, an XPS analysis was done in order to confirm the efficacy of the 

treatments. 

The surface chemical modifications induced by the studied treatments were 

determined by XPS analysis. By curve-fitting, the C1s, O1s and N1s peaks and 

chemical bonds on the surface of all samples could be determined. It must be noted 

that this technique can be used to detect all elements except H and He. 
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Concerning PET, attending to figure 28 and table 6, the untreated PET samples 

have an atomic composition of mainly carbon with oxygen, as expected from the 

chemical composition of this polymer (figure 27): mainly C-C from the benzene ring 

and C=O, and O-C=O from the ester groups [36]. 

 

 

Figure 27: Molecular structure of polu(ethylene terephthalate) [37]. 

 

Concerning the NH3 treated PET braids, attending to table 6, the peaks 

corresponding to PET are still visible, with small energy shifts due to the clear 

incorporation of nitrogen on the PET surface, overwhelmingly in the form of primary 

amines. Secondary amines, amides (N-C=O), and imines (C=N) are also present. 

Amines, in particular, are known to be very beneficial for initial attachment and 

later growth of several cell types, with particular emphasis on fibroblasts [38]. This 

phenomenon was the rationale for the plasma treatment. 
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Table 6 also shows the quantitative analysis of PET treated with O2 plasma 

followed by EDA grafting. Similarly to the NH3 plasma treatment, the purpose of 

endowing the braided structures with amines was accomplished, as seen in the 

presence of primary amines binding energies (C-NH2 and C-NH3
+). When comparing 

the different plasma treatments on PET (NH3 and O2 with immersion in EDA), it is 

important to mention that the NH3 plasma displayed a higher atomic concentration 

of nitrogen, resulting from nitrogen-containing functional groups (mainly primary 

amines). 

 

Figure 28: XPS overview and detailed spectra of untreated and treated PET braid 
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Table 6: Chemical bonds and binding energy (eV) of PET samples. Bellow each binding 

energy is atomic concentration (%). 

 
C 1s O 1s N 1s 

PET PET_NH3 PET_O2EDA PET PET_NH3 PET_O2EDA PET PET_NH3 PET_O2EDA 
C-C 
C=C 

284.6 
68.9 % 

284.6 
59.3 % 

284.7 
63.3 % 

      

C-O 
C-N 
C=N 

286.0 
23.5 % 

285.9 
32.8 % 

286.1 
29.8 % 

      

O-C=O 
N-C=O 

288.7 
7.5 % 

288.6 
7.9 % 

288.9 
6.9 % 

      

NHx-C=O     
530.4 
51.4 % 

530.8 
69.9 % 

   

C=O 
N-C=O 

   532.0 
60 % 

531.3 
34.6 % 

532.2 
9.5 % 

   

C-O 
C-O-C 
O-C-O 

   
533.3 
40 % 

532.5 
14.0 % 

532.9 
20.6 % 

   

C-NH2        398.4 
91.4 % 

398.3 
89.7 % 

C-NHR 
C=N 

C-NH3
+ 

       400.2 
8.6 % 

399.0 
10.3 % 

 

For PLA braids, the analysis of the untreated samples (table 7) showed the 

expected bonds and binding energies that are typical of this polymer (figure 29), 

namely C-C and ester (O=C-C) (figure 30). However, after the NH3 plasma treatment 

(table 7), along with the previous bonds, nitrogen-containing groups can be detected 

in the form of amines and imines [39-41]. 

 

 

Figure 29: Molecular structure of poly(lactide) [42]. 
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Conversely, for O2 plasma followed by EDA grafting (table 7), amines and imines 

are also detectable; however, this treatment yields a much higher concentration of 

amines when compared with PLA NH3 plasma-treated samples. This difference 

corroborates the results obtained by the Orange II and fuchsin acid methods (figures 

21 and 22), where there is a significantly higher content of primary amines in the 

PLA samples with EDA grafting compared to the PLA treated with NH3 plasma. 

In all treated samples (for both PET and PLA braids), there was a clear indication 

of the effective functionalisation with nitrogen-containing groups. 

 

Table 7: Chemical bonds and binding energy (eV) of PLA samples. Bellow each binding 

energy is atomic concentration (%) 

 
C 1s O 1s N 1s 

PLA PLA_NH3 PET_O2EDA PLA PLA_NH3 PET_O2EDA PLA PLA_NH3 PLA_O2EDA 
C-C 
C-H 

284.6 
68.0 % 

284.6 
58.5 % 

284.5 
37.1 % 

      

C-O 
C-NH2 

285.9 
26.0 % 

285.7 
29.2 % 

286.0 
43.4 % 

      

O-C=O 
C=O 

288.9 
6.0 % 

288.2 
12.3 % 

288.8 
19.5 % 

      

C-O    
531.0 
74.4 % 

530.8 
60.7 % 

529.5 
14.7 % 

   

C=O    532.4 
60 % 

532.2 
39.3 % 

530.9 
85.3 % 

   

C=N        398.8 
93.3 % 

397.5 
5.9 % 

C-N        400.4 
6.7 % 

398.9 
94.1 % 
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Figure 30: XPS overview and detailed spectra of untreated and treated PLA braids. 

 

4.2. Mechanical behaviour 

While PET is a polymer broadly used for its high strength and thermal resistance 

[35, 43], static tensile tests were performed on the braids treated with the best-

determined parameters, namely NH3 plasma and O2 plasma, for 12 minutes, the latter 

followed by immersion in an EDA solution. Braids treated with O2 plasma without 

immersion in the EDA solution were also tested in order to test the effect of this 

immersion on the mechanical performance of the braids. PLA braids were also tested 

since the final medical device is a hybrid structure composed of both materials (PET 
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and PLA). The tests were applied on braids of each material in order to evaluate the 

effect of the treatment on that specific material, and respective differences.  

The results of the mechanical testing are presented in figure 31. 

 

 

 

 

Figure 31: Results of the mechanical tests of treated and untreated PET and PLA braids. 

 

The results show that the treated PET braids show comparable results to the 

untreated PET braids in all evaluated mechanical properties, with the exception of 
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stiffness, as the braids treated with O2 plasma (both immersed in an EDA solution and 

not) display significantly less (p<0.05) stiffness. 

On the PLA braids, however, the difference is much more significant, especially 

on the braid immersed in EDA. All treated PLA braids displayed significantly less 

(p<0.05) load at the elastic limit. While the stiffness was statistically the same in 

both plasma treatments on PLA fibres when compared to the untreated PLA braids, 

the braids immersed in EDA displayed significantly less stiffness (p<0.05). While the 

strain at break on the latter was not significantly different when compared to 

untreated PLA, the load at break of all treated PLA braids was significantly less 

(p<0.05) than the untreated PLA braids. The increased difference in the PLA braids 

immersed in EDA was most likely caused by hydrolysis, as PLA degrades by hydrolysis 

and this treatment method requires immersion in an aqueous EDA solution [44]. 

Another factor to consider is the temperature at which this immersion was performed 

(50 ºC), which may have increased the degradation on this polymer [45]. 

The differences in the mechanical behaviour of the treated braids are of most 

importance in the elastic region: namely, the load at elastic limit and the stiffness, 

since the final medical device is intended to perform within the elastic region of the 

final hybrid rope-like structure. As such, a major change in stiffness and load at 

elastic limit may compromise the mechanical performance of the final rope 

structure; however, differences were mostly seen on the PLA braids, which will not 

cause a relevant impact on the rope-like structure due to the fact that it is 

mechanically supported by the PET braids, and that the PLA will eventually degrade 

[46]. 

This structure is mechanically supported by the PET braids [46], so while the 

stiffness is significantly less in the O2 plasma-treated braids, the NH3 plasma-treated 

braids displayed statistically the same stiffness. Furthermore, none of the 

treatments on PET braids displayed significantly different results in load at the 

elastic limit, meaning that the fibre integrity was mostly maintained. It must be 

noted, though, that the PET braids immersed in an EDA solution after exposure to O2 

plasma have shown significantly less load at the elastic limit when compared to both 

plasma-treated braids. This difference can be attributed to the additional chemical 

etching the braids underwent, by the EDA solution. 
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To summarise, while all treated braids presented comparable results to the 

untreated PET braids, the NH3 plasma treatment was the treatment that caused the 

least changes in the mechanical properties, when compared to the EDA treatment. 

Furthermore, on the PLA braids, the differences are much more noticeable, 

especially due to hydrolysis on the EDA immersed braids [44]; however, similarly to 

the PET braids, the NH3 plasma treatment caused fewer changes in the mechanical 

properties, when compared to the EDA treatment. 

The final hybrid rope-like structure is intended to temporarily support the 

mechanical function of the native tissue to allow healing, and this hybrid medical 

device is mechanically supported by the PET braids [46]. While PLA suffered a loss in 

mechanical performance, including in the elastic region where the medical device 

will operate, the final medical device is mechanically supported by the PET braids, 

meaning that any possible changes in the PET braids are much more relevant to the 

final application than in PLA braids; the PET braids, however, mostly maintained 

fibre integrity after treatment. Furthermore, PET braids had fewer changes when 

treated with the NH3 plasma, and the changes that occurred in the PLA braids were 

mostly caused by hydrolysis [44], which occurred while the braids were immersed in 

an aqueous EDA solution, meaning that, for both materials, the NH3 plasma treatment 

method is advantageous when compared to the treatment with the EDA solution. 

 

4.3. In vitro biological characterisation 

To elucidate the impact of the surface treatments on cell adheasion and 

proliferation, cell culture assays were performed on PET samples (namely untreated 

PET, PET treated with NH3 plasma for 12 minutes, and PET treated with O2 plasma 

for 12 minutes, followed by immersion in an aqueous EDA solution) using fibroblasts. 

The metabolic activity of the seeded materials was analysed and compared by 

the resazurin assay over the course of the experiment, at different time points (days 

1, 3, 6, 9, 12, 15 and 21). As observed in figure 32, all treated samples display an 

increase in metabolic activity over time, being the ammonia plasma-treated braids 

the samples with the most notable growth.  
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Figure 32: A) Metabolic activity of fibroblast cells on PET braids, measured up to 21 days 

by resazurin assay. *p<0.05, significant differences from PET, for each time-point. 

#p<0.05, significant differences of EDA from NH3, for each time-point; B) Growth rate 

comparing Day 1 to Day 15; C) Microscopic images of fibroblast cells on PET braids, after 

cells colouring by MTT assay. 

 

The presence of primary amine groups on polymeric surfaces is of pivotal 

importance for cell adhesion and proliferation [41]. The goal of both treatments 

applied to the produced PET braids is to bond the surface with these amine groups, 

in order to promote cell adhesion and proliferation. As seen from the resazurin assay, 

as well as the microscopic images, the grafting of the amine groups into the polymer 

surface does promote, as expected, cell adhesion and proliferation. Furthermore, 

although both treatments showed significantly more growth compared to the 

untreated PET braids, the ammonia plasma-treated braids displayed an even more 

prevalent growth, as seen in figure 32. 
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It can be concluded that while both treatments promote cell adhesion and 

proliferation significantly, the ammonia plasma treatment showed better results. 

Images of the cells adhering to the surface of the treated PET braids (NH3 plasma 

and O2 plasma with immersion in EDA) are presented in figure 31. 

 

   

   

Figure 33: SEM images of cell adhesion in PET braids treated with NH3 plasma and O2 

plasma followed by immersion in EDA, day 15 of the experiment. 

  

In figure 33, the dermal fibroblasts can be seen adhering to the structure. These 

images are of samples taken from the 15th day of the experiment, which was the 

peak measured in the resazurin assay. From the SEM analysis, it is clear that the 

seeded cells have migrated to the interior of the braids porous structure and have 

populated it, which is beneficial having in mind their final application. 

The morphology of the seeded human dermal fibroblasts varies in accordance 

with the type of surface treatment. The cells seeded on the untreated PET fibres 

displayed adhesion, but were unable to expand the cytoplasm, preventing 

proliferation and interaction with adjacent fibres. However, the cells seeded on the 

NH3 EDA PET 

PET NH3 EDA 
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EDA treated fibres display an extended morphology with a somewhat restricted 

interaction with the surrounding fibres. The cell morphology adhering to the NH3 

plasma-treated samples display cytoplasmic spreading with several projections to 

the surrounding fibres, as depicted in figure 31, meaning that there is strong 

adhesion to the material, that the cells are well adapted to the material topography, 

and that there is good interaction within the fibres. 
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5. Main conclusions and future work 

 

The primary focus of this work was to compare two methods of surface 

functionalisation of polymeric braided structures for tendon and ligament repair, 

namely PET and PLA braids, in order to enhance cell adhesion and proliferation. 

From the physicochemical characterisation of the treated braids, it was 

concluded that the purpose of grafting amino groups onto the braids was achieved in 

both braided materials (PET and PLA) with both the applied treatment methods (NH3 

plasma treatment and O2 plasma treatment with EDA immersion). It was further 

observed that while the EDA grafting yielded more primary amino groups, the NH3 

plasma treatment conferred more nitrogen-containing groups. 

Concerning the tensile testing performed on the braids, it was concluded that 

while the PET fibres mostly maintained their mechanical properties, the PLA braids 

displayed a more considerable loss, especially after immersion in the EDA solution 

due to hydrolysis. Concerning the overall changes in mechanical properties of each 

material after each treatment, it was concluded that the NH3 plasma treatment was 

advantageous in this field. 

Based on the physicochemical and tensile results, the samples treated with a 

plasma pressure of 7.5*10-2 mbar for 12 minutes showed the best results. 

Regarding the cell culture, the growth rate on the NH3 plasma-treated braids, as 

well as the morphology of the cells seeded in these samples, was much more 

preferable. The observed cytoplasmic spreading and projections to the surrounding 

fibres show that there is strong adhesion to the material, thus concluding the NH3 

treatment was very successful and achieved the objective of enhancing cell adhesion 

and proliferation on the material. 

Thus, the NH3 plasma treatment presents clear advantages compared to the usage 

of O2 plasma treatment with immersion in an EDA solution. The in vitro biological 

test and the tensile tests both confirmed that the NH3 plasma treatment is the better 

alternative for this application. Furthermore, considering the reduced chemical 
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waste and the fact that it is a one-step process, as the immersion phase is removed, 

the NH3 plasma treatment is a more sustainable and easily upscaled process.  

Considering the more promising results of the NH3 plasma treatment on both 

materials (PET and PLA), the hybrid medical device treated with NH3 plasma should 

be in vivo tested to evaluate its degradation, mechanical and biological behaviour 

under conditions similar to the clinical trials. 
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